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Green Nanotechnology in Food Systems: A Critical Review of the Standardization, Reproducibility, and Safety of Plant- and Food-Waste-Derived Nanoparticles




Abstract
Green nanotechnology has emerged as a promising framework for developing sustainable, biocompatible nanomaterials that align with circular-economy principles. Within this context, plant- and food-waste-derived nanoparticles (PFW-NPs) have gained considerable attention for applications across food packaging, preservation, sensing, and agriculture. Their synthesis relies on naturally occurring phytochemicals that function as reducing and stabilizing agents, offering an environmentally responsible alternative to conventional chemical methods. However, despite rapid growth in this field, significant challenges persist. A critical barrier to progress is the lack of standardization and reproducibility in PFW-NP synthesis. Variability in biomass composition, driven by species differences, seasonal fluctuations, and processing or storage factors, leads to inconsistent nanoparticle properties. Diverse extraction methods, poorly defined reaction conditions, and incomplete physicochemical characterization further complicate comparisons across studies. Safety assessment remains equally limited, with insufficient data on cytotoxicity, genotoxicity, nanoparticle–food interactions, gut microbiome effects, and environmental fate. These gaps hinder regulatory approval and impede translation to commercial applications. This review systematically evaluates these challenges and proposes a framework to advance the field, including minimum information reporting guidelines, development of reference materials, adoption of high-throughput and computational tools, and alignment of nanoparticle production with circular-economy strategies. Addressing these issues through coordinated methodological, regulatory, and interdisciplinary efforts is essential for realizing the full potential of PFW-NPs. With improved rigor, transparency, and cross-sector collaboration, green nanotechnology can play a pivotal role in shaping safer, more sustainable food systems.
Introduction
Green nanotechnology has emerged as a transformative approach in materials science, emphasizing the design, synthesis, and application of nanomaterials through environmentally responsible, energy-efficient, and non-toxic processes(Olaniyan et al., 2025). Unlike conventional physical or chemical methods that often rely on hazardous reagents, high energy inputs, or non-renewable resources, green nanotechnology leverages biological systems and sustainable feedstocks to produce functional nanoparticles. Within this paradigm, the use of plant-derived extracts and food-waste biomaterials has gained considerable interest due to their natural reducing agents, inherent biocompatibility, and potential to support circular-economy models(Osman et al., 2024; Ugo et al., 2024). This approach aligns with the broader goals of sustainable development, including reducing environmental burdens, minimizing chemical residues, and valorizing waste streams.
In recent years, plant- and food-waste-derived nanoparticles (PFW-NPs) have emerged as a distinct and rapidly expanding subcategory within green nanotechnology. These nanomaterials are typically synthesized using phytochemicals, polyphenols, proteins, organic acids, and other bioactive compounds present in leaves, fruits, peels, seeds, husks, and diverse agro-industrial residues(Jimoh, Mensah, et al., 2025). Their unique organic coronas and surface functionalities not only influence nanoparticle formation and stability but also impart intrinsic antimicrobial, antioxidant, or catalytic properties. Such features make PFW-NPs particularly attractive for integrating into food-related applications, where safety, biodegradability, and synergistic bioactivity are essential(Gunasena et al., 2025; Lawal, Njoba, et al., 2025).
The potential value of PFW-NPs in food systems spans multiple domains. In food packaging and preservation, these nanoparticles can confer enhanced antimicrobial protection, oxidative stability, and improved barrier properties, offering a sustainable alternative to synthetic additives and petroleum-derived materials. In intelligent and active packaging, PFW-NPs have been used as components of colorimetric, electrochemical, and fluorescence-based sensors for monitoring freshness, contamination, and spoilage indicators in real time. Agricultural applications—including nano-enabled fertilizers, nano-pesticides, and plant growth stimulants—highlight their promise in promoting nutrient efficiency and reducing chemical inputs. Furthermore, PFW-NPs have also been explored for post-harvest treatments aimed at extending shelf life and reducing microbial loads on fresh produce(Muthu et al., 2025; Peng et al., 2025).
Despite these promising advancements, the field faces critical challenges that limit broader scientific, regulatory, and industrial adoption. A major concern is the lack of standardization and reproducibility in the synthesis of PFW-NPs, driven by inherent variability in biological feedstocks, diverse extraction protocols, poor control of reaction conditions, and inconsistent reporting practices. This variability affects not only nanoparticle size, shape, and surface chemistry but also their biological activity, stability, and safety outcomes. Consequently, comparisons across studies are often unreliable, and translating laboratory results to scalable, industrial processes remains difficult. Equally important are gaps in safety assessments, particularly regarding nanoparticle interactions with food matrices, gastrointestinal transformations, long-term toxicity, and environmental fate.
Given these limitations, there is a pressing need for harmonized methodologies, minimum reporting standards, improved characterization frameworks, and more rigorous toxicological assessments. Addressing these gaps will be crucial for enabling reliable cross-laboratory comparisons, supporting regulatory development, and ensuring safe and effective integration of PFW-NPs into food systems.
The aim of this review is to critically examine the current state of plant- and food-waste-derived nanoparticles within the context of food-related applications, with particular emphasis on the challenges of standardization, reproducibility, and safety assessment. The review synthesizes recent literature on PFW-NP synthesis pathways, raw material variability, physicochemical characterization, and functional performance, while evaluating existing toxicological data and regulatory guidelines. It also proposes a structured framework to guide future research toward achieving methodological harmonization and establishing pathways for responsible innovation. Through this analysis, we seek to provide researchers, regulatory bodies, and industry stakeholders with a comprehensive understanding of both the potential and the limitations of PFW-NPs in advancing sustainable food systems.“Figure 1 illustrates the main synthesis approaches for nanoparticles, including the green routes relevant to plant- and food-waste-derived nanoparticles.”	Comment by USER: Font style is different from others.
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Figure 1. Overview of nanoparticle synthesis approaches, including top-down, bottom-up, and biological/green methods.
Physical top-down techniques (e.g., mechanical milling, ultrasonication, laser ablation) reduce bulk materials into nanoscale structures, whereas chemical bottom-up methods (e.g., sol–gel, hydrothermal, co-precipitation) build nanoparticles from molecular precursors. Biological/green synthesis uses natural reducing and stabilizing agents present in plant tissues and food-waste biomasses. Representative examples include leaves, flowers, fruits, seeds, husks, pomace, and other agro-industrial residues, which align with circular-economy and waste-valorization principles.

2. Sources, Synthesis, and Mechanistic Pathways
2.1 Plant-Derived Nanoparticles
Plants represent one of the most extensively studied biological systems for green nanoparticle synthesis due to their rich repertoire of secondary metabolites, ease of extract preparation, and scalability. A wide range of plant parts—including leaves, roots, stems, flowers, seeds, bark, fruit peels, and whole aqueous extracts—have been used as reducing and stabilizing agents in the synthesis of metallic and metal oxide nanoparticles. Leaves are the most common source because they generally contain high concentrations of polyphenols, flavonoids, terpenoids, and organic acids, all of which are effective in facilitating redox reactions(El-Seedi et al., 2024). Roots, bark, and seeds also provide unique phytochemical profiles, such as alkaloids, tannins, and amino acids, that influence nanomaterial morphology and functionality. Fruit peels, often rich in phenolics, lignins, and pectins, serve as efficient reductants and capping agents and provide a sustainable alternative to conventional chemical reagents(S. g & B, 2024; Ugo et al., 2022).
The phytochemicals present in these plant matrices play critical roles in nanoparticle formation. Polyphenols and flavonoids are particularly important due to their ability to donate electrons, enabling the reduction of metal ions to their zerovalent or oxide forms. Proteins, polysaccharides, terpenoids, and alkaloids participate in both reduction and capping, forming complex organic coronas on nanoparticle surfaces(Abuzeid et al., 2023). This organic corona not only stabilizes nanoparticles but also affects their size distribution, morphology, optical properties, and surface reactivity. Because each plant species has a distinct phytochemical fingerprint, the nature and abundance of these biomolecules strongly determine the resulting nanoparticle characteristics(Singaravelu et al., 2025).
In addition to species-level differences, factors such as chemotype, geographic origin, soil composition, plant age, harvesting time, and seasonality contribute substantially to variations in phytochemical content. Climatic conditions (temperature, rainfall, photoperiod), biotic stressors, and post-harvest handling can further modify metabolite profiles. These sources of variability represent a major barrier to achieving reproducible nanoparticle synthesis, as even minor fluctuations in phytochemical composition may lead to significant changes in nanoparticle nucleation rates, morphology, or functional performance(Jimoh, Falakin, et al., 2025; Mudau et al., 2022).
2.2 Food-Waste-Derived Nanoparticles
Food and agro-industrial waste represent an abundant, low-cost, and environmentally beneficial resource for nanoparticle synthesis. Residues such as fruit and vegetable peels, pulp, pomace, seed coats, husks, shells, bran, and processing by-products contain high concentrations of bioactive compounds similar to those found in fresh plant materials. These residues often retain significant amounts of polyphenols, reducing sugars, proteins, pectins, and organic acids that make them effective reducing and stabilizing agents. As such, food-waste-derived nanoparticles offer a promising approach to valorizing waste streams while simultaneously reducing reliance on synthetic chemicals(Yadav et al., 2024).
The composition of food waste is highly variable and influenced by crop type, processing method, storage conditions, and the extent of degradation. Polyphenol-rich residues (e.g., citrus peels, grape pomace, tea waste) are especially potent reductants, while protein- and polysaccharide-rich by-products (e.g., rice bran, soybean hulls, potato peels) contribute to nanoparticle stabilization and biocompatibility. This diversity can be beneficial, providing a spectrum of functional properties, but also presents challenges for standardization. Differences in extraction procedures—such as solvent type, temperature, pH, and extraction time—further amplify variability in the composition of the bioactive fractions used for nanoparticle synthesis(Baiano, 2014; Jimoh & Falakin, 2025).
Beyond their chemical utility, food-waste-derived nanoparticles offer clear environmental and economic advantages. Utilizing waste biomass helps reduce landfill burden, lower greenhouse gas emissions, and improve resource efficiency. It aligns with circular-economy principles by transforming low-value residues into high-value functional nanomaterials. In food systems, their use can simultaneously improve sustainability performance and reduce manufacturing costs, making them attractive for both academic research and industrial development(Pal et al., 2024; Shehu et al., 2025).
2.3 Mechanistic Insights
Understanding the mechanistic basis of nanoparticle formation in plant- and food-waste-mediated systems is essential for improving control over synthesis and achieving reproducible outcomes. The process typically begins with bioreduction, in which phytochemicals donate electrons to metal ions such as Ag⁺, Au³⁺, or Cu²⁺. Polyphenols, flavonoids, reducing sugars, and organic acids often serve as primary reducing agents. Their redox potential, concentration, and structural features influence the rate of ion reduction and the initial nucleation of metal atoms(Hanna et al., 2025; Olawale et al., 2025).
Nanoparticle nucleation occurs when reduced atoms aggregate to form small clusters, which then grow through coalescence or Ostwald ripening. The nucleation-to-growth transition is highly sensitive to environmental conditions such as pH, temperature, and ionic strength. These parameters modulate the reactivity of phytochemicals and can shift the balance between homogeneous nucleation (leading to uniform particles) and heterogeneous nucleation (leading to broader distributions)(Harish et al., 2022; Maduforo et al., n.d.).
Following nucleation, stabilization and capping are mediated by biomolecules—including proteins, polysaccharides, polyphenols, and lipids—that adsorb onto nanoparticle surfaces. These molecules prevent uncontrolled aggregation by providing steric or electrostatic repulsion. The specific composition and structure of capping layers influence colloidal stability, surface charge, solubility, and functional performance in food systems. In many cases, the organic corona also confers biological functionality, such as antimicrobial or antioxidant activity(Lawal, Babatunde, et al., 2025; Sidhu et al., 2022).
Several key factors determine nanoparticle morphology, size distribution, yield, and stability. These include precursor concentration, extract composition, reaction pH, temperature, mixing rate, light exposure, and reaction time. The complex interplay among these variables underscores the importance of systematic optimization and detailed reporting to enhance reproducibility. A mechanistic understanding also supports the development of predictive models and machine-learning approaches that could help standardize synthesis across disparate biological sources(Dube et al., 2025).
3. Critical Appraisal of Standardization Challenges
3.1 Variability in Raw Biomass
A major barrier to the reproducible synthesis of plant- and food-waste-derived nanoparticles (PFW-NPs) is the intrinsic variability of the raw biological materials used as reducing and stabilizing agents. The phytochemical composition of plant extracts or food residues is inherently heterogeneous, reflecting complex mixtures of polyphenols, flavonoids, terpenoids, alkaloids, amino acids, proteins, and polysaccharides. These biomolecules not only initiate metal-ion reduction but also influence nucleation kinetics, growth dynamics, and nanoparticle stabilization. Even subtle differences in metabolite profiles can markedly alter nanoparticle size, shape, surface chemistry, and functional properties, making it difficult to achieve consistent outcomes(Jaison et al., 2023).
This variability is further compounded by numerous external factors associated with plant cultivation and food production systems. Growing conditions—including soil composition, nutrient availability, water stress, ambient temperature, light exposure, and pest pressure—significantly affect metabolic pathways and thereby the abundance and diversity of phytochemicals. Seasonal fluctuations and plant developmental stage also contribute to shifts in secondary metabolite levels. In the case of food-waste materials, processing steps such as blanching, drying, juicing, fermentation, or milling modify chemical composition through enzymatic activity, thermal degradation, or leaching of bioactive compounds. Post-harvest storage conditions (temperature, humidity, duration, and microbial activity) can further induce oxidation, hydrolysis, or polymerization of key metabolites. Collectively, these factors introduce substantial and often unpredictable variability into the biological extracts used for nanoparticle synthesis, posing a major obstacle to standardization across laboratories and industrial settings(Omer et al., 2024).
3.2 Lack of Unified Synthesis Protocols
Another critical challenge in the field is the absence of harmonized protocols for extract preparation, reaction conditions, and nanoparticle synthesis. Current practices vary widely across studies, spanning differences in solvent selection, extraction temperature, extraction duration, solid-to-solvent ratios, pH adjustment strategies, and filtration or centrifugation steps. Such inconsistency leads to extracts with markedly different concentrations and profiles of reducing and capping agents. Without standardized extraction methods, it becomes nearly impossible to compare results across studies or establish reproducible synthetic workflows.
Beyond extraction, reaction conditions such as temperature, pH, and precursor concentration exert significant influence over nanoparticle characteristics. Higher temperatures typically accelerate reduction kinetics but may degrade thermosensitive biomolecules that serve as stabilizers. Reaction pH affects the ionization state and reactivity of phytochemicals, thereby shaping nanoparticle nucleation and growth dynamics. Similarly, the concentration of metal precursors modulates supersaturation levels, which dictate the rate and extent of particle formation. Additionally, mixing intensity, reaction volume, and exposure to light may alter reaction pathways. Despite the clear impact of these parameters, they are often optimized independently across studies, resulting in protocols that lack comparability and reproducibility(Velgosova et al., 2025).
A pervasive consequence of these inconsistencies is batch-to-batch variability, even within the same laboratory. Slight changes in extract age, extraction conditions, or precursor quality can result in dramatic shifts in nanoparticle size, morphology, and yield. This variability undermines the reliability of biological assays, complicates scale-up efforts, and impedes regulatory evaluation. The current absence of shared methodological frameworks highlights the urgent need for unified, validated, and widely adopted synthesis protocols(Gimondi et al., 2023).
3.3 Inadequate Reporting in Literature
A further limitation in the current body of research is the widespread lack of comprehensive and standardized reporting. Many studies omit essential metadata related to biomass source, plant part identity, cultivar or variety, harvest season, geographic origin, and pre-processing treatments. Likewise, details of extract preparation—such as solvent composition, pH, heating profile, filtration method, and storage duration—are frequently underreported. For food-waste-derived extracts, information regarding the upstream processing history of the waste material is often absent, despite its known influence on chemical composition.
In addition, critical parameters governing nanoparticle synthesis—precursor concentration, reaction kinetics, mixing conditions, reaction termination criteria, and purification steps—are inconsistently described or omitted altogether. Characterization methods may be reported without specifying instrument settings, statistical treatment of data, or the number of replicates performed. Such inconsistencies severely limit reproducibility and hinder attempts to validate or build upon previous findings.
Given these issues, the field would benefit from the adoption of minimum reporting standards analogous to those implemented in other nanotechnology and biological disciplines. These standards should require detailed documentation of raw biomass characteristics, extraction protocols, synthesis conditions, and nanoparticle characterization workflows. Establishing such guidelines would improve transparency, facilitate cross-study comparisons, and support the development of shared databases and predictive models. Ultimately, comprehensive reporting is essential for ensuring scientific integrity, fostering reproducibility, and accelerating translation of PFW-NP research into practical applications.
4. Reproducibility and Characterization Issues
4.1 Physicochemical Characterization
Robust physicochemical characterization is fundamental to ensuring reproducibility in the synthesis and application of plant- and food-waste-derived nanoparticles (PFW-NPs). Given the inherent complexity of biological extracts and the multifaceted nature of nanoparticle formation, multi-technique characterization approaches are essential. Techniques such as UV–Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) provide preliminary insights into nanoparticle formation, surface chemistry, and crystallinity. However, these individual methods cannot sufficiently capture the full spectrum of structural and morphological features that determine nanoparticle behavior in biological or food-related environments(Karnwal, Jassim, Mohammed, Sharma, Al-Tawaha, Sivanesan, et al., 2024).
A persistent challenge in the literature is the prevalence of incomplete or inconsistent characterization. Many studies rely on a limited set of techniques or provide insufficient detail regarding instrument settings, calibration standards, or data processing methods. This lack of methodological rigor leads to uncertainties in reported particle size, shape, dispersity, and surface functionalities. Moreover, the presence of organic coronas derived from phytochemicals often complicates interpretation of spectroscopic data, resulting in underestimation of particle size or misassignment of surface functional groups(Adekoya et al., 2025).
To overcome these limitations, the integration of advanced analytical tools has become increasingly important. High-resolution transmission electron microscopy (HR-TEM) enables direct visualization of atomic-scale features, lattice structures, and morphological heterogeneity. Atomic force microscopy (AFM) provides topographical information and nanomechanical properties under near-physiological conditions. Surface-sensitive techniques such as X-ray photoelectron spectroscopy (XPS) allow detailed analysis of oxidation states, elemental composition, and surface-bound phytochemicals. Dynamic light scattering (DLS) is widely used to assess hydrodynamic size and colloidal stability, although it must be interpreted cautiously for polydisperse systems. Techniques like small-angle X-ray scattering (SAXS) and zeta potential analysis further enhance understanding of particle aggregation and surface charge behavior. Together, these methods form a complementary suite of tools that can significantly improve reproducibility and comparability across studies(Gong et al., 2025).
4.2 Biological and Functional Reproducibility
Reproducibility of the biological and functional properties of PFW-NPs remains a major challenge due to the influence of extract composition, synthesis conditions, and nanoparticle surface chemistry. Reported antimicrobial, antioxidant, and catalytic activities often vary widely across studies, even when similar plant sources or metal precursors are used. Such variability is partly attributable to differences in nanoparticle morphology and size distribution, but also reflects the complexity of the organic capping layers that form during synthesis.
Capping agents and residual phytochemicals play an integral role in determining nanoparticle behavior. Organic coronas composed of polyphenols, proteins, carbohydrates, and lipids can enhance or inhibit biological activity by modulating surface reactivity, ROS-generation potential, and interactions with microbial cells or food matrices. However, because the composition of these biomolecular layers is rarely characterized in detail, their contribution to functional outcomes is often overlooked. In some cases, the biological activity attributed to nanoparticles may partially or primarily result from unbound phytochemicals present in the extract—a factor rarely controlled for in experimental designs(Elechi et al., 2025).
This issue is further complicated by the interference of plant metabolites in biological assays. Polyphenols and pigments may influence colorimetric or fluorescence-based measurements, leading to misleading results in antioxidant, antimicrobial, cytotoxicity, or enzyme inhibition assays. For example, phenolic compounds may independently scavenge free radicals, confounding assessments of nanoparticle-specific antioxidant activity. Without proper controls—such as extract-only treatments, rigorous purification steps, or metabolite quantification—it is difficult to disentangle nanoparticle-specific effects from those of residual biomolecules. These challenges underscore the need for standardized assay conditions, careful experimental controls, and more thorough characterization of nanoparticle surfaces to improve biological reproducibility(Christodoulou et al., 2022).
4.3 Data Transparency and FAIR Principles
Improving reproducibility in PFW-NP research requires not only better methods and experimental controls but also enhanced data transparency. Many studies fail to provide complete datasets, raw files, or detailed metadata describing the synthesis conditions, extract preparation, reaction kinetics, or characterization methods. This lack of systematic data sharing severely limits the ability of other researchers to replicate findings, perform meta-analyses, or develop predictive models based on collective evidence(Enabulele et al., 2025).
The adoption of the FAIR principles—that scientific data should be Findable, Accessible, Interoperable, and Reusable—represents a promising pathway to address these issues. Establishing dedicated data repositories for green-synthesized nanomaterials would facilitate centralized storage of physicochemical characterization data, synthesis parameters, and biological assay results. Such repositories could enable machine-learning approaches to predict nanoparticle features based on extract composition or synthesis conditions, thereby accelerating the development of standardized protocols(Animashaun et al., 2025; de Groot et al., 2024).
Equally critical is the implementation of standard metadata reporting for nanomaterial synthesis. Metadata should include details about biomass origin, extraction steps, solvent composition, reaction parameters, purification methods, and characterization instrumentation settings. These reporting standards would not only strengthen reproducibility but also support regulatory assessments and cross-disciplinary collaborations. Ultimately, integrating FAIR-compliant data practices will be essential for advancing the reliability, scalability, and broader adoption of PFW-NPs in food systems and beyond.
5. Applications in Food Systems: Promise and Limitations
5.1 Food Packaging and Preservation
Plant- and food-waste-derived nanoparticles (PFW-NPs) have shown substantial promise as functional additives in food packaging materials due to their intrinsic antimicrobial and antioxidant activities. Incorporating these nanoparticles into biopolymers such as chitosan, cellulose, starch, or polylactic acid (PLA) can significantly enhance barrier properties, inhibit microbial growth, delay lipid oxidation, and extend shelf life. The natural phytochemical corona present on many PFW-NPs provides synergistic antioxidant and antibacterial effects, reducing the need for synthetic preservatives. Additionally, the green synthesis process aligns well with sustainability-oriented packaging trends, including biodegradable and compostable materials(Muthu et al., 2025; Suvarna et al., 2022).
Despite these advantages, several limitations constrain their broader adoption. A key concern is nanoparticle migration from packaging materials into foods, which may be influenced by particle size, surface chemistry, polymer compatibility, storage time, and environmental conditions (temperature, pH, moisture). Limited long-term data exist on the extent of nanoparticle release under realistic storage scenarios, and the potential impacts on food safety are not fully understood. Stability during processing—such as heat sealing, extrusion, or sterilization—also poses challenges, as the phytochemical capping layers may degrade or alter nanoparticle functionality. Interaction with food matrices adds another layer of complexity; nanoparticles may bind to proteins, lipids, or polysaccharides, affecting both their efficacy and fate within food systems(Gupta et al., 2024). Addressing these concerns requires comprehensive migration studies, standardized testing protocols, and improved characterization of nanoparticle–food interactions.
5.2 Nano-Enabled Sensors and Smart Packaging
PFW-NPs offer significant potential in developing smart packaging systems and nano-enabled sensors for real-time monitoring of food quality, spoilage, and contamination. Their diverse optical and electrochemical properties make them suitable for colorimetric, electrochemical, and fluorescence-based sensing platforms. For instance, silver or gold nanoparticles synthesized from plant extracts can exhibit tunable plasmonic responses, enabling the detection of gases (e.g., ammonia), pH changes, or volatile organic compounds associated with spoilage. Similarly, metal oxide nanoparticles derived from food waste have been integrated into biosensors for detecting pathogens or toxins(Dodero et al., 2021).
However, translating these technologies into commercial settings remains challenging. Reliability and real-world performance gaps persist due to variations in nanoparticle stability, sensor drift, and interference from complex food matrices. PFW-NPs may exhibit batch-dependent optical or electrochemical properties, leading to inconsistent sensor responses. Environmental conditions such as humidity, temperature fluctuations, and mechanical stress can further impact sensor performance. Furthermore, integration with packaging materials requires attention to mechanical durability, printability, and cost-effectiveness. Achieving dependable, large-scale, and standardized nano-sensing platforms will require improved nanoparticle reproducibility, robust encapsulation strategies, and rigorous validation under real storage and distribution conditions(Jangid et al., 2025)
5.3 Agriculture and Post-Harvest Applications
Beyond packaging and sensing, PFW-NPs have been increasingly explored for agricultural and post-harvest applications. Green-synthesized nano-fertilizers can enhance nutrient uptake efficiency, reduce fertilizer loss, and promote sustainable crop productivity. Similarly, nano-pesticides derived from plant or food-waste extracts offer targeted delivery of active ingredients, improved environmental compatibility, and reduced chemical residues. Some PFW-NPs also exhibit plant growth–modulating effects, potentially influencing germination, photosynthetic performance, and stress tolerance. In post-harvest systems, PFW-NPs have been applied as antimicrobial coatings or wash treatments to reduce microbial spoilage and extend the freshness of fruits and vegetables(Kekeli et al., 2025).
Despite these potential benefits, ecotoxicity and accumulation concerns remain significant barriers to widespread agricultural deployment. The environmental fate of PFW-NPs—particularly their interactions with soil microbiota, plant tissues, and aquatic ecosystems—is poorly understood. While plant-based capping agents may enhance biodegradability, nanoparticles can still accumulate in soil or be taken up by plants, raising questions about trophic transfer and long-term environmental impacts. Additionally, chronic exposure effects on beneficial microorganisms, pollinators, and non-target organisms have received limited study. Regulatory oversight in agricultural nanotechnology remains fragmented, making it difficult to evaluate risks consistently or develop guidelines for safe use(Bouhadi et al., 2025).
As shown in Figure 2, the diverse applications of PFW-NPs in food packaging, sensing, and agriculture are closely linked to safety considerations that are addressed in the following section.”
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Figure 2. Applications of Plant- and Food-Waste-Derived Nanoparticles in Food Systems and Associated Safety Considerations.  Adapted  from X, Hwang HM. Nanotechnology in food science: Functionality, applicability, and safety assessment. J Food Drug Anal. 2016 Oct;24(4):671-681. doi: 10.1016/j.jfda.2016.06.001. Epub 2016 Jul 16. PMID: 28911604; PMCID: PMC9337296.

6. Safety Assessment: Human Health and Environmental Considerations
6.1 Toxicology of PFW-NPs
Safety assessment of plant- and food-waste-derived nanoparticles (PFW-NPs) remains a developing area, with current evidence suggesting a complex interplay between nanoparticle physicochemical properties, biological interactions, and the residual phytochemicals present on their surfaces. Studies investigating cytotoxicity have reported outcomes ranging from negligible effects to measurable reductions in cell viability, depending on nanoparticle size, shape, concentration, and capping composition. Smaller particles and those with highly reactive surfaces tend to exhibit greater cytotoxic potential due to enhanced cellular uptake and increased generation of reactive oxygen species (ROS). Similarly, genotoxicity assessments have shown variable outcomes, with some reports demonstrating DNA strand breaks or chromosomal aberrations under high-dose exposures, while others show minimal genotoxic effects at realistic exposure levels. Immunological responses are also context-dependent; certain PFW-NPs can activate inflammatory pathways, whereas others appear to suppress inflammation, likely reflecting the bioactive properties of their plant-derived coronas(Karnwal, Jassim, Mohammed, Sharma, Al-Tawaha, & Sivanesan, 2024).
A major challenge in interpreting these results is the confounding influence of natural phytochemicals that remain bound to nanoparticle surfaces or co-exist in residual extracts. Polyphenols, flavonoids, terpenoids, and other metabolites can independently modulate oxidative stress, influence inflammatory signaling, or interfere with in vitro assay readouts. Without rigorous purification or extract-only controls, distinguishing nanoparticle-specific toxicity from phytochemical effects is difficult. Consequently, current toxicological findings must be interpreted with caution, and there is a pressing need for standardized assessment protocols and well-characterized nanoparticle samples.
6.2 Interactions with Food Components and the Gut Microbiome
Understanding how PFW-NPs interact with food components and the human gastrointestinal system is critical for assessing their safety within food-related applications. Nanoparticle bioavailability is strongly influenced by transformations during digestion, including protein corona formation, pH-dependent aggregation, enzymatic degradation, and interactions with dietary fats, carbohydrates, and proteins. These transformations can alter nanoparticle size, surface charge, and reactivity, thereby modulating intestinal uptake and systemic distribution. Some PFW-NPs may dissolve partially under gastric conditions, releasing metal ions that differ toxicologically from the parent nanoparticles(Ghebretatios et al., 2021).
The potential impacts of PFW-NPs on the gut microbiome have received increasing attention. Early evidence indicates that nanoparticles may alter microbial community structure, metabolic activity, or short-chain fatty acid production, depending on their composition and concentration. While some plant-derived metabolites in the nanoparticle corona may exert prebiotic or antimicrobial effects, others could disrupt commensal microbial balance. The long-term consequences of these interactions are poorly understood, and most studies rely on simplified in vitro or animal models. Comprehensive, longitudinal research is needed to evaluate potential microbiome perturbations, host–microbe interactions, and downstream health effects, especially under chronic low-dose exposure that reflects real-world conditions(Ghebretatios et al., 2021).
6.3 Environmental Fate and Life Cycle Analysis
The environmental fate of PFW-NPs is influenced by their biodegradability, dispersal pathways, and interactions with biotic and abiotic components of ecosystems. Owing to their plant-derived capping agents, PFW-NPs may exhibit enhanced biodegradation compared to chemically synthesized nanoparticles; however, this is far from universal. Nanoparticles may be released into the environment through wastewater discharge, agricultural runoff, landfill leachates, or degradation of nano-enabled packaging materials. Once released, they can undergo transformations such as dissolution, aggregation, adsorption onto soil or sediment particles, or interactions with organic matter and minerals. These processes influence ecotoxicity, which may manifest as oxidative stress, growth inhibition, or behavioral changes in aquatic and terrestrial organisms(Zhou et al., 2025).
Current environmental risk assessments are limited by substantial gaps in exposure data, including the concentrations of PFW-NPs released from consumer products, their persistence, and their long-term ecological impacts. Most existing studies use unrealistically high nanoparticle concentrations or simplified test systems, limiting their relevance to real-world contexts. Integrating life cycle analysis (LCA), environmental modeling, and standardized ecotoxicity assays will be essential for developing a more accurate understanding of environmental risks associated with PFW-NPs(Masseroni et al., 2022).
6.4 Regulatory Landscape
The regulatory framework for nanomaterials—including those derived from plant and food waste—varies significantly across regions. Agencies such as the European Food Safety Authority (EFSA), the U.S. Food and Drug Administration (FDA), and the International Organization for Standardization (ISO) have begun to develop guidelines for evaluating nanoparticle safety, but current regulations often lag behind technological innovation. EFSA requires rigorous characterization and risk assessment for nanomaterials in food or feed applications, emphasizing particle size distribution, dissolution behavior, and potential for consumer exposure. The FDA evaluates nanomaterials within existing food additive and packaging regulations but provides limited nanotechnology-specific guidance. ISO has developed several technical standards for nanomaterial terminology, characterization, and safety testing, but adoption varies(Rasmussen et al., 2025).
Despite progress, significant barriers to commercialization and approval remain. Regulatory agencies face challenges in reviewing PFW-NPs due to inconsistent nanoparticle characterization, lack of standardized toxicology data, and insufficient information on environmental fate. Variability in raw biomass sources and synthesis conditions complicates the designation of PFW-NPs as uniform, well-defined materials, a prerequisite for regulatory approval. Industry adoption is further constrained by uncertainties regarding consumer acceptance and the potential need for nanoparticle-specific labeling. Bridging these gaps will require coordinated efforts to establish harmonized standards, validated testing protocols, and transparent data reporting that support regulatory decision-making(Desai, 2012).
7. Toward Standardization and Reproducibility: Proposed Framework
7.1 Minimum Information Reporting Guidelines (MIRG-GreenNano)
Achieving standardization in the synthesis and characterization of plant- and food-waste-derived nanoparticles (PFW-NPs) requires the establishment of unified guidelines that ensure transparency, comparability, and reproducibility. The proposed Minimum Information Reporting Guidelines for Green Nanoparticles (MIRG-GreenNano) aim to address current inconsistencies by defining a core set of data elements that must accompany all published or submitted work. These guidelines should mandate detailed documentation of biomass source (species, plant part, cultivar, geographical origin, harvest time, storage history), extraction conditions (solvent type, pH, extraction time, temperature, filtration, concentration steps), synthesis parameters (precursor concentration, reaction time, mixing protocol, temperature profile, light conditions), and purification strategies (centrifugation speeds, washing cycles, dialysis, or chromatographic methods). By ensuring that each step of the synthesis workflow is transparently reported, MIRG-GreenNano would facilitate rigorous cross-study comparisons, provide a foundation for regulatory evaluation, and support reproducibility across diverse research environments(Abuzeid et al., 2023; Hano & Abbasi, 2021).
7.2 Reference Materials and Benchmark Nanoparticles
Standardization also requires the availability of reference materials to calibrate instruments, validate protocols, and benchmark biological or functional outcomes. At present, the field lacks well-defined reference nanoparticles synthesized via green pathways, hindering inter-laboratory reproducibility. Developing PFW-NP reference libraries—comprising nanoparticles synthesized from common plant or food-waste sources under tightly controlled conditions—would enable researchers to compare their materials against normalized benchmarks. Such libraries could include a range of particle sizes, shapes, and surface chemistries, each accompanied by exhaustive physicochemical and biological characterization datasets(Sharifi et al., 2022).
These reference materials would support inter-laboratory studies designed to assess variability, validate protocols, and establish performance baselines for analytical techniques such as TEM, DLS, XPS, or FTIR. Collaborative round-robin testing initiatives, akin to those used in analytical chemistry and pharmaceutical development, could identify sources of methodological variance and refine consensus protocols. Ultimately, reference materials would accelerate the adoption of standardized practices and help align academic research with regulatory and industrial requirements.
7.3 Integration of Omics, Machine Learning, and Predictive Modeling
The integration of advanced computational and analytical tools represents a powerful avenue for improving reproducibility and predictive control over PFW-NP synthesis. Omics technologies—including metabolomics, proteomics, and glycomics—can provide detailed profiles of the biomolecules present in plant extracts or food-waste materials, enabling more accurate predictions of reducing and stabilizing capacity. Mapping these chemical fingerprints to nanoparticle outcomes would clarify mechanistic pathways and help identify biomarkers associated with high-quality or reproducible nanoparticle production(Lawal, Igwe, et al., 2025).
Machine learning (ML) and statistical modeling can further enhance reproducibility by uncovering hidden relationships between synthesis parameters, extract composition, and nanoparticle properties. ML algorithms can support data-driven quality control, flagging anomalous batches, predicting deviations in size or morphology, and optimizing synthesis conditions in real time. Similarly, predictive toxicology models integrating nanoparticle characteristics with biological response datasets could help forecast toxicity outcomes, reducing reliance on extensive—and often inconsistent—in vitro or in vivo testing. These computational approaches will become increasingly powerful as FAIR-aligned datasets accumulate, enabling multivariate modeling that spans biological, chemical, and environmental domains(Enabulele et al., 2025; Lawal, Igwe, et al., 2025).
7.4 Circular-Economy-Aligned Production Models
Aligning PFW-NP production with circular economy principles is essential to achieving long-term sustainability and industrial feasibility. Scalable, low-impact synthesis pathways should prioritize the use of renewable biomass, energy-efficient extraction methods, closed-loop water systems, and minimal chemical inputs. Technologies such as microwave-assisted extraction, enzyme-assisted extraction, or continuous-flow reactors may improve process efficiency while reducing environmental footprints. Moreover, valorizing agro-industrial residues through nanoparticle synthesis can create new revenue streams, reduce waste disposal costs, and support the transition to more sustainable food production systems(Khlaifat et al., 2025).
Industrial symmetry—the integration of PFW-NP production within existing food, agricultural, or biorefinery supply chains—offers additional advantages. For example, citrus-processing facilities could supply peel waste directly to on-site nanoparticle synthesis units, minimizing transportation costs and ensuring freshness of biomass-derived reducing agents. Similarly, breweries, wineries, or grain-processing plants could convert by-products into functional nanomaterials, supporting waste valorization strategies that reinforce circularity. By embedding nanoparticle synthesis within broader sustainability frameworks, these production models can facilitate regulatory compliance, enhance economic viability, and accelerate commercialization(Lee et al., 2024).
8. Future Research Priorities
Despite significant advancements in plant- and food-waste-derived nanoparticles (PFW-NPs), critical knowledge gaps remain that must be addressed to enable safe, reproducible, and scalable applications in food systems. The following research priorities outline key directions for the field.
High-throughput screening for safety and functionality.
Current toxicological and functional assessments of PFW-NPs are labor-intensive, heterogeneous, and often limited in scope. High-throughput platforms—incorporating automated sample handling, microfluidic systems, multi-omics readouts, and machine-learning-driven analytics—could dramatically accelerate the evaluation of cytotoxicity, genotoxicity, antimicrobial efficacy, antioxidant capacity, and environmental impact. Such systems would not only generate more standardized datasets but also help identify nanoparticle features that predict safe and effective performance(Son et al., 2024).
Harmonizing analytical methods globally.
Achieving consistency across laboratories requires the establishment of unified, internationally recognized analytical protocols for nanoparticle characterization, synthesis reporting, and biological testing. Consensus standards developed through coordinated efforts among researchers, regulatory bodies, and standards organizations (e.g., ISO, OECD) would improve comparability of results and support international regulatory approval. Inter-laboratory validation and the adoption of reference materials will be essential to this harmonization(Sharifi et al., 2022).
Large-scale production and consistency.
Transitioning from lab-scale synthesis to industrial production poses substantial challenges due to the inherent variability of biomass feedstocks and the sensitivity of green nanoparticle synthesis to reaction conditions. Research is needed to develop scalable extraction and synthesis technologies—such as continuous-flow reactors, intensified green-chemistry processes, and process analytical technologies (PAT)—that can deliver consistent nanoparticle properties at high volume. Systematic quality control frameworks, supported by real-time monitoring and feedback loops, will be crucial(Sajini & Joseph, 2025).
Bridging lab-scale research with industry needs.
To facilitate commercial translation, research must address the practical constraints and performance requirements of food, packaging, and agricultural industries. This includes studying nanoparticle stability under real processing conditions, integration with conventional packaging or agricultural inputs, compatibility with existing manufacturing infrastructure, and cost–benefit analyses. Collaborative partnerships with industry stakeholders will help define performance benchmarks and inform product development pipelines(Olaoye et al., 2024).
Long-term exposure and chronic safety data.
Most existing toxicological studies focus on acute or short-term exposures. Long-term and chronic safety assessments—incorporating realistic exposure levels, repeated dosing, and environmentally relevant conditions—are essential for evaluating cumulative effects on human health, the gut microbiome, and ecosystems. Multi-generational studies, environmental fate modeling, and longitudinal assessments will be necessary to fully characterize risks and inform regulatory decision-making (Ugo et al., 2022).
9. Conclusion
Plant- and food-waste-derived nanoparticles (PFW-NPs) represent a rapidly evolving frontier in green nanotechnology, offering a sustainable alternative to conventional nanomaterials for applications across food packaging, preservation, sensing, and agriculture. Yet despite their promise, this review highlights persistent and significant gaps in standardization, reproducibility, and safety that currently limit broader scientific, regulatory, and industrial adoption. Variability in biomass composition, inconsistent extraction and synthesis protocols, incomplete reporting, and insufficient characterization collectively undermine comparability across studies. Likewise, the lack of long-term toxicological data, limited understanding of nanoparticle–food and nanoparticle–microbiome interactions, and major uncertainties regarding environmental fate and ecotoxicity pose substantial challenges for safety assessment.
Despite these obstacles, PFW-NPs hold substantial potential to enable more sustainable and circular food systems. Their intrinsic antimicrobial and antioxidant properties, low environmental footprint, and compatibility with biodegradable packaging materials position them as attractive candidates for next-generation food technologies. Moreover, integrating food-waste valorization into nanoparticle production supports resource efficiency and aligns with global sustainability goals. With advances in high-throughput screening, machine learning, omics-guided synthesis, and green manufacturing, the field is now poised to transition from proof-of-concept studies to scalable, industry-relevant solutions.
Realizing this potential will require a unified regulatory, methodological, and interdisciplinary framework. Standardized reporting guidelines, validated reference materials, harmonized analytical protocols, and FAIR-aligned data practices are essential to improving reproducibility and accelerating scientific progress. Collaboration among chemists, food scientists, toxicologists, engineers, computational modelers, industry partners, and regulatory agencies is equally critical to ensuring that PFW-NPs are developed responsibly and safely. By addressing current limitations through coordinated international efforts, the field can unlock the full promise of green nanotechnology and contribute meaningfully to the sustainability, resilience, and safety of global food systems.

REFRENCES
 Abuzeid, H. M., Julien, C. M., Zhu, L., & Hashem, A. M. (2023). Green Synthesis of Nanoparticles and Their Energy Storage, Environmental, and Biomedical Applications. Crystals, 13(11), 1576. https://doi.org/10.3390/cryst13111576
Adekoya, A., Okezue, M. A., & Menon, K. (2025). Medical Laboratories in Healthcare Delivery: A Systematic Review of Their Roles and Impact. Laboratories. https://doi.org/10.3390/laboratories2010008
Animashaun, T. A., Sunday, O., Ogunleye, E., Agbahiwe, O. K., Afolayan, O. N., Okpoko, O. A., Enabulele, A. B. O., Enobakhare, B. O., & Ifionu, E. S. (2025). AI-Powered Digital Twin Platforms for Next-Generation Structural Health Monitoring: From Concept to Intelligent Decision-Making. Journal of Engineering Research and Reports, 27(10), 12–37. https://doi.org/10.9734/jerr/2025/v27i101652
Baiano, A. (2014). Recovery of Biomolecules from Food Wastes—A Review. Molecules, 19(9), 14821–14842. https://doi.org/10.3390/molecules190914821
Bouhadi, M., Javed, Q., Jakubus, M., Elkouali, M., Fougrach, H., Ansar, A., Ban, S. G., Ban, D., Heath, D., & Černe, M. (2025). Nanoparticles for Sustainable Agriculture: Assessment of Benefits and Risks. Agronomy, 15(5), 1131 https://doi.org/10.3390/agronomy15051131
Christodoulou, M. C., Orellana Palacios, J. C., Hesami, G., Jafarzadeh, S., Lorenzo, J. M., Domínguez, R., Moreno, A., & Hadidi, M. (2022). Spectrophotometric Methods for Measurement of Antioxidant Activity in Food and Pharmaceuticals. Antioxidants. https://doi.org/10.3390/antiox11112213
de Groot, R., van der Graaff, F., van der Doelen, D., Luijten, M., De Meyer, R., Alrouh, H., van Oers, H., Tieskens, J., Zijlmans, J., Bartels, M., Popma, A., de Keizer, N., Cornet, R., & Polderman, T. J. C. (2024). Implementing Findable, Accessible, Interoperable, Reusable (FAIR) Principles in Child and Adolescent Mental Health Research: Mixed Methods Approach. JMIR Mental Health. https://doi.org/10.2196/59113
Desai, N. (2012). Challenges in Development of Nanoparticle-Based Therapeutics. The AAPS Journal. https://doi.org/10.1208/s12248-012-9339-4
Dodero, A., Escher, A., Bertucci, S., Castellano, M., & Lova, P. (2021). Intelligent Packaging for Real-Time Monitoring of Food-Quality: Current and Future Developments. Applied Sciences. https://doi.org/10.3390/app11083532
Dube, E., & Okuthe, G. E. (2025). Silver Nanoparticle-Based Antimicrobial Coatings: Sustainable Strategies for Microbial Contamination Control. Microbiology Research. https://doi.org/10.3390/microbiolres16060110
Elechi, K. W., Igboaka, C. D., Tiamiyu, B. B., Ugbor, M.-J. E., Arthur, C., Ezeh, O. M., Faderin, E. A., Olowookere, A., & Lawal, O. P. (2025). Phytochemical Screening of Ficus globosa Latex (Moraceae) as a Source of Novel Antimicrobial Compounds. Path of Science, 11(3), 9001-9010. https://doi.org/10.22178/pos.115-28
El-Seedi, H. R., Omara, M. S., Omar, A. H., Elakshar, M. M., Shoukhba, Y. M., Duman, H., Karav, S., Rashwan, A. K., El-Seedi, A. H., Altaleb, H. A., Gao, H., Saeed, A., Jefri, O. A., Guo, Z., & Khalifa, S. A. M. (2024). Updated review of metal nanoparticles fabricated by green chemistry using natural extracts: Biosynthesis, mechanisms, and applications. Bioengineering, 11(11), 1095. https://doi.org/10.3390/bioengineering11111095
Enabulele, A. B. O., Eleweke, C. C., Okechukwu, O., Akanbi, O. O., & Majesty, C. (2025). A Strategic Project Management Framework for Implementing Patient-Centered Digital Health Record Systems to Improve Chronic Disease Outcomes in the United States. Journal of Sustainable Research and Development, 1(2), 55–67. https://doi.org/10.69739/jsrd.v1i2.1217
Ghebretatios, M., Schaly, S., & Prakash, S. (2021). Nanoparticles in the Food Industry and Their Impact on Human Gut Microbiome and Diseases. International Journal of Molecular Sciences. https://doi.org/10.3390/ijms22041942
Gimondi, S., Ferreira, H., Reis, R. L., & Neves, N. M. (2023). Microfluidic Devices: A Tool for Nanoparticle Synthesis and Performance Evaluation. ACS Nano. https://doi.org/10.1021/acsnano.3c01117
Gong, T., Chen, L., Wang, X., Qiu, Y., Liu, H., Yang, Z., & Walther, T. (2025). Recent Developments in Transmission Electron Microscopy for Crystallographic Characterization of Strained Semiconductor Heterostructures. Crystals, 15(2), 192. https://doi.org/10.3390/cryst15020192
Gunasena, M. D. K. M., Galpaya, G. D. C. P., Abeygunawardena, C. J., Induranga, D. K. A., Priyadarshana, H. V. V., Millavithanachchi, S. S., Bandara, P. K. G. S. S., & Koswattage, K. R. (2025). Advancements in Bio-Nanotechnology: Green Synthesis and Emerging Applications of Bio-Nanoparticles. Nanomaterials, 15(7), 528. https://doi.org/10.3390/nano15070528
Gupta, R. K., Pipliya, S., Karunanithi, S., Eswaran U, G. M., Kumar, S., Mandliya, S., Srivastav, P. P., Suthar, T., Shaikh, A. M., Harsányi, E., & Kovács, B. (2024). Migration of Chemical Compounds from Packaging Materials into Packaged Foods: Interaction, Mechanism, Assessment, and Regulations. Foods, 13(19). https://doi.org/10.3390/foods13193125
Hanna, D. H., Nady, D. S., Wasef, M. W., Fakhry, M. H., Mohamed, F. S., Isaac, D. M., Kirolos, M. M., Azmy, M. S., Hakeem, G. E., & Fathy, C. A. (2025). Plant-derived nanoparticles: Green synthesis, factors, and bioactivities. Next Materials, 9, 101275. https://doi.org/10.1016/j.nxmate.2025.101275
Hano, C., & Abbasi, B. H. (2021). Plant-Based Green Synthesis of Nanoparticles: Production, Characterization and Applications. Biomolecules, 12(1), 31. https://doi.org/10.3390/biom12010031
Harish, V., Ansari, M. M., Tewari, D., Gaur, M., Yadav, A. B., García-Betancourt, M.-L., Abdel-Haleem, F. M., Bechelany, M., & Barhoum, A. (2022). Nanoparticle and Nanostructure Synthesis and Controlled Growth Methods. Nanomaterials, 12(18), 3226. https://doi.org/10.3390/nano12183226
Jaison, J. P., Balasubramanian, B., Gangwar, J., James, N., Pappuswamy, M., Anand, A. V., Al-Dhabi, N. A., Arasu, M. V., Liu, W.-C., & Sebastian, J. K. (2023). Green Synthesis of Bioinspired Nanoparticles Mediated from Plant Extracts of Asteraceae Family for Potential Biological Applications. Antibiotics. https://doi.org/10.3390/antibiotics12030543
Jangid, H., Panchpuri, M., Dutta, J., Joshi, H. C., Paul, M., Karnwal, A., Ahmad, A., Alshammari, M. B., Hossain, K., Pant, G., & Kumar, G. (2025). Nanoparticle-based detection of foodborne pathogens: Addressing matrix challenges, advances, and future perspectives in food safety. Food Chemistry: X. https://doi.org/10.1016/j.fochx.2025.102696
Jimoh, T. S., & Falakin, T. O. (2025). Microalgae as Fishmeal Replacements in Rainbow Trout: Effects on Growth, Feed Use and Nutrient Excretion. Journal of Applied Life Sciences International, 28(5), 186–202. https://doi.org/10.9734/jalsi/2025/v28i5726
Jimoh, T. S., Falakin, T. O., & Mensah, E. K. (2025). Advancing Sustainable U.S. Aquaculture: Microalgae as a Fishmeal Alternative for Rainbow Trout. Journal of Agriculture, Aquaculture, and Animal Science. https://doi.org/10.69739/jaaas.v2i2.1055
Jimoh, T. S., Mensah, E. K., Falakin, T. O., & Blessing, A. A. (2025). Black Soldier Fly Meal as a Sustainable Alternative to Fishmeal in Rainbow Trout: Impacts on Growth, Nutrient Utilization, and Sustainability. Journal of Agriculture, Aquaculture, and Animal Science https://doi.org/10.69739/jaaas.v2i2.1054
Karnwal, A., Jassim, A. Y., Mohammed, A. A., Sharma, V., Al-Tawaha, A. R. M. S., & Sivanesan, I. (2024). Nanotechnology for Healthcare: Plant-Derived Nanoparticles in Disease Treatment and Regenerative Medicine. Pharmaceuticals. https://doi.org/10.3390/ph17121711
Karnwal, A., Jassim, A. Y., Mohammed, A. A., Sharma, V., Al-Tawaha, A. R. M. S., & Sivanesan, I. (2024). Nanotechnology for Healthcare: Plant-Derived Nanoparticles in Disease Treatment and Regenerative Medicine. Pharmaceuticals. https://doi.org/10.3390/ph17121711
Kekeli, M. A., Wang, Q., & Rui, Y. (2025). The role of nano-fertilizers in sustainable agriculture: Boosting crop yields and enhancing quality. Plants, 14(4), 554. https://doi.org/10.3390/plants14040554
Khlaifat, A., Fakher, S., Ezzat, F. H., Alalaween, M., & Galiotos, J. (2025). Integrating Circular Economy Principles in Petroleum Produced Water Management: Toward Sustainable Resource Recovery and Waste Minimization. Processes. https://doi.org/10.3390/pr13113604
Lawal, O. P., Babatunde, J. O., Owusu-Ansah, S., Ani, C. P., Adegbesan, A. C., Hashim, H., Okeke, J. C., Okei, N. C., Igunma, A. A., Ubebe, D. O., Ugoagwu, K. U., Agbo, O. S., & Ani, C. F. (2025). Antibiogram and Molecular Characterization of Extended-Spectrum Beta-Lactamase-Producing Klebsiella pneumoniae in a Nigerian Teaching Hospital. Microbes, Infection and Chemotherapy. https://doi.org/10.54034/mic.e2305
Lawal, O. P., Igwe, E. P., Olosunde, A., Chisom, E. P., Okeh, D. U., Olowookere, A. K., Adedayo, O. A., Agu, C. P., Mustapha, F. A., Odubo, F., & Orobator, E. T. (2025). Integrating Real-Time Data and Machine Learning in Predicting Infectious Disease Outbreaks: Enhancing Response Strategies in Sub-Saharan Africa. Asian Journal of Microbiology and Biotechnology, 10(1), 147–163 https://doi.org/10.56557/ajmab/2025/v10i19371
Lawal, O. P., Njoba, C. F., Olorunkosebi, M. T., Jacob, H., Igweonu, C., Dilioha, J. O., Fagbemi, B. T., Amesimenu, R., Jimoh, T. S., & Obiechi, M. N. (2025). Microplastics as emerging reservoirs of antimicrobial resistance: Clinical relevance and environmental mechanisms. Journal of Clinical and Experimental Investigations, 16(4), em00852. https://doi.org/10.29333/jcei/17401
Lee, S.-H., Park, S. H., & Park, H. (2024). Assessing the Feasibility of Biorefineries for a Sustainable Citrus Waste Management in Korea. Molecules https://doi.org/10.3390/molecules29071589
Maduforo, A. N., Ngene, B. A., Chikwendu, J. N., Okorie, J. N., Ugo, C. H., & Aloysius-Maduforo, M. C. (2023). Effect of processing methods on the nutritional quality of Solanum aethiopicum and Colocasia esculenta leafy vegetables commonly consumed in Ebonyi State, Nigeria. Journal of Dietitians Association of Nigeria, 13(2), 25-34. https://doi.org/10.4314/jdan.v13i2.4
Masseroni, A., Rizzi, C., Urani, C., & Villa, S. (2022). Nanoplastics: Status and Knowledge Gaps in the Finalization of Environmental Risk Assessments. Toxics. https://doi.org/10.3390/toxics10050270
Mudau, H. S., Mokoboki, H. K., Ravhuhali, K. E., & Mkhize, Z. (2022). Effect of Soil Type: Qualitative and Quantitative Analysis of Phytochemicals in Some Browse Species Leaves Found in Savannah Biome of South Africa. Molecules. https://doi.org/10.3390/molecules27051462
Muthu, A., Nguyen, D. H. H., Neji, C., Törős, G., Ferroudj, A., Atieh, R., Prokisch, J., El-Ramady, H., & Béni, Á. (2025). Nanomaterials for Smart and Sustainable Food Packaging: Nano-Sensing Mechanisms, and Regulatory Perspectives. Foods, 14(15), 2657. https://doi.org/10.3390/foods14152657
Muthu, A., Nguyen, D. H. H., Neji, C., Törős, G., Ferroudj, A., Atieh, R., Prokisch, J., El-Ramady, H., & Béni, Á. (2025). Nanomaterials for Smart and Sustainable Food Packaging: Nano-Sensing Mechanisms, and Regulatory Perspectives. Foods, 14(15), 2657. https://doi.org/10.3390/foods14152657
Olaniyan, O. F., Ariwaodo, C. A., Ibrahim, S. O., Atolani, O., & Kambizi, L. (2025). Advances in green synthesis and application of nanoparticles from crop residues: A comprehensive review. Scientific African. https://doi.org/10.1016/j.sciaf.2025.e02654
Olaoye, J., Bakare-Abidola, T., Chinaza, O. F., Jude, D., Jimoh, T. S., Babatunde, E. T., & Isiaka, S. A. (2024). Bioaccumulation and toxicological effects of heavy metals in wildlife: Implications for ecosystem health and human exposure. International Journal of Science, Architecture, Technology, and Environment, 1(8), 294–303. https://doi.org/10.63680/ijsate0325035.07
Olawale, F., Alake, S. E., Chandrashekar, R., Islam, P., Sutton, B., Chaffin, N., Ugo, C. H., Jin, J. B., Lightfoot, S., Debédat, J., Schilmiller, A., Chowanadisai, W., Knotts, T. A., Smith, B. J., & Lucas, E. A. (2025). Pinto Bean Supplementation Modulates Gut Microbiota and Improves Markers of Gut Integrity in a Mouse Model of Estrogen Deficiency. The Journal of Nutrition. https://doi.org/10.1016/j.tjnut.2025.07.008
Omer, E., Szlatenyi, D., Csenki, S., Alrwashdeh, J., Czako, I., & Láng, V. (2024). Farming Practice Variability and Its Implications for Soil Health in Agriculture: A Review. Agriculture. https://doi.org/10.3390/agriculture14122114
Osman, A. I., Zhang, Y., Farghali, M., Rashwan, A. K., Eltaweil, A. S., Abd El-Monaem, E. M., Mohamed, I. M. A., Badr, M. M., Ihara, I., Rooney, D. W., & Yap, P.-S. (2024). Synthesis of green nanoparticles for energy, biomedical, environmental, agricultural, and food applications: A review. Environmental Chemistry Letters, 22(2), 841–887. https://doi.org/10.1007/s10311-023-01682-3
Pal, P., Singh, A. K., Srivastava, R. K., Rathore, S. S., Sahoo, U. K., Subudhi, S., Sarangi, P. K., & Prus, P. (2024). Circular Bioeconomy in Action: Transforming Food Wastes into Renewable Food Resources. Foods, 13(18), 3007. https://doi.org/10.3390/foods13183007
Peng, B., Qi, X., Qiao, L., Lu, J., Qian, Z., Wu, C., Xue, Z., & Kou, X. (2025). Nanocomposite-Enabled Next-Generation Food Packaging: A Comprehensive Review on Advanced Preparation Methods, Functional Properties, Preservation Applications, and Safety Considerations. Foods. https://doi.org/10.3390/foods14213688
Rasmussen, K., Sayre, P., Kobe, A., Gonzalez, M., & Rauscher, H. (2025). 25 years of research and regulation: Is nanotechnology safe to commercialize?. Frontiers in Toxicology, 7, 1629813. https://doi.org/10.3389/ftox.2025.1629813
Gopala, D. S., & Mahesh, B. (2024). A comprehensive review on current trends in greener and sustainable synthesis of ferrite nanoparticles and their promising applications. Results in Engineering. https://doi.org/10.1016/j.rineng.2023.101702
Sajini, T., & Joseph, J. (2025). Microwave-assisted synthesis of nanomaterials: a green chemistry perspective and sustainability assessment. RSC Sustainability. https://doi.org/10.1039/D5SU00584A
Sharifi, S., Mahmoud, N. N., Voke, E., Landry, M. P., & Mahmoudi, M. (2022). Importance of Standardizing Analytical Characterization Methodology for Improved Reliability of the Nanomedicine Literature. Nano-Micro Letters. https://doi.org/10.1007/s40820-022-00922-5
Shehu, H., Sunday, O., Ojo, D. A., Afolayan, O. N., Adebanjo, T. A., Eromosele, E. I., Enabulele, A. B. O., Okpoko, O. A., Okeke, F. C., & Enobakhare, B. O. (2025). Conceptual Framework for Smart Sensor–driven Predictive Maintenance in Infrastructure Management. Journal of Engineering Research and Reports, 27(9), 25–40. https://doi.org/10.9734/jerr/2025/v27i91623
Sidhu, A. K., Verma, N., & Kaushal, P. (2022). Role of Biogenic Capping Agents in the Synthesis of Metallic Nanoparticles and Evaluation of Their Therapeutic Potential. Frontiers in Nanotechnology. https://doi.org/10.3389/fnano.2021.801620
Singaravelu, S., Motsoene, F., Abrahamse, H., & Dhilip Kumar, S. S. (2025). Green-synthesized metal nanoparticles: A promising approach for accelerated wound healing. Frontiers in Bioengineering and Biotechnology https://doi.org/10.3389/fbioe.2025.1637589
Son, A., Park, J., Kim, W., Yoon, Y., Lee, S., Ji, J., & Kim, H. (2024). Recent Advances in Omics, Computational Models, and Advanced Screening Methods for Drug Safety and Efficacy. Toxics, 12(11), 822. https://doi.org/10.3390/toxics12110822
Suvarna, V., Nair, A., Mallya, R., Khan, T., & Omri, A. (2022). Antimicrobial Nanomaterials for Food Packaging. Antibiotics, 11(6) https://doi.org/10.3390/antibiotics11060729
Ugo, C. H., Ekara, E. C., Chukwudi, O. C., Chiwenite, M. C., Osuji, R. C., Nnanna, G., & Onuorah, U. M. (2022). Knowledge, Attitude and Practices (KAP) of Preconceptional Folic Acid supplementation among pregnant women (18-45years) attending antenatal clinic in Alex Ekwueme Federal University Teaching hospital Abakaliki, Ebonyi State, Nigeria. Saudi Journal of Medicine, 7(9), 485–500. https://doi.org/10.36348/sjm.2022.v07i09.006
Ugo, C. H., Eme, P. E., Eze, P. N., Obajaja, H. A., & Omeili, A. E. (2024). Chemical assessment of the quality of palm oil produced and sold in major markets in Orlu zone in Imo state, Nigeria. World Journal of Advanced Research and Reviews, 21(2), 1025–1033. https://doi.org/10.30574/wjarr.2024.21.2.0529
Ugo, C. H., Nnaemeka, M., Arene, E. C., Anyadike, I. K., Opara, S. O., Eze, P. N., Osuji, R. C., & Ohiri, Z. C. (2022). Nutritional Composition, Bioavailability, Medicinal Functions and Uses of Turmeric: A Review. Scholars Bulletin, 8(8), 248–260. https://doi.org/10.36348/sb.2022.v08i08.003

Velgosova, O., Mačák, L., Lisnichuk, M., & Varga, P. (2025). Influence of pH and Temperature on the Synthesis and Stability of Biologically Synthesized AgNPs. Applied Nano, 6(4), 22. https://doi.org/10.3390/applnano6040022
Yadav, S., Malik, K., Moore, J. M., Kamboj, B. R., Malik, S., Malik, V. K., Arya, S., Singh, K., Mahanta, S., & Bishnoi, D. K. (2024). Valorisation of Agri-Food Waste for Bioactive Compounds: Recent Trends and Future Sustainable Challenges. Molecules, 29(9). https://doi.org/10.3390/molecules29092055
Zhou, X., El-Sappah, A. H., Khaskhoussi, A., Huang, Q., Atif, A. M., Elhamid, M. A. A., Ihtisham, M., El-Maati, M. F. A., Soaud, S. A., & Tahri, W. (2025). Nanoparticles: A promising tool against environmental stress in plants. Frontiers in Plant Science, 15, 1509047.  https://doi.org/10.3389/fpls.2024.1509047 
image1.png
Methods of Nanoparticles Synthesis

v

A4
Top-doun Approach Bottom-up/Approach

Biological
/Green
Synthesis

Sol-gel method
Sonochemical
Co-precipitation
Inert gas condensition
Hydrothermal
Microemulsion

Mechanical milling
Electrochemical
Ultrasonication
Pulse laser ablation
Irradiation
Evaporation
Condensation
Laser pyrolysis

Green plants Food-Waste Biomass
‘ Leaves  Flowers Fruits ’ ‘ Seeds Husks Pomace l

Leaves Flowers Fruits Fruit peels Poma : Bran/shells





image2.jpeg
Agsintblgcl deterorat

s
sy

i

NaretechnoogyinFood
e

e
[—
Nt davery

Protc chamcal ngres





