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Potential of Corncob-Derived Nanosilica for Controlled Hexanal Release in Tomato Preservation: A Review
ABSTRACT 
The tomato (Solanum lycopersicum L.) is a crop that is both economically and nutritionally important, but its high perishability causes huge postharvest losses, especially in warm climates with inadequate cold-chain infrastructure. Conventional preservation techniques such as refrigeration, chemical and natural preservations, biological control, edible coatings, modified atmosphere packaging, and active packaging can delay ripening and spoilage but are limited by high energy and equipment costs, safety and regulatory issues, and uneven performance in commercial settings. Hexanal, a C6 aldehyde produced from plants through the lipoxygenase pathway, is one of the promising plant-derived volatiles that has demonstrated dual efficacy in suppressing postharvest pathogens and delaying ripening by modifying ethylene production and membrane-degrading enzymes. However, the efficacy and durability of conventional application techniques such as spray, dips, and basic vapor treatments are limited by hexanal’s high volatility and oxidation susceptibility. Nanoencapsulation is a method that makes volatile molecules more stable, easier to handle, and allows for controlled release. Mesoporous nanosilica is a good carrier because it has a large surface area, a pore size that can be changed, and is stable in heat and chemicals. Recent developments reveal that silica may be produced sustainably from agricultural wastes, including corncobs, transforming underutilized biomass into valuable nanoparticles for food and agricultural use. This review summarizes existing knowledge of tomato postharvest losses and preservation strategies, the biochemical functions and mode of application of hexanal, corncobs as a sustainable silica source, and nanoencapsulation approaches for plant volatiles. It discovers important gaps at the intersection of these fields and suggests corncob-derived mesoporous nanosilica as a sustainable method for regulated hexanal delivery in tomato supply chains. The paper presents a research roadmap for creating waste-to-value, hexanal-based nanoencapsulation systems that are suited to resource-constrained environments by combining findings from postharvest technologies, plant volatiles, agricultural waste valorization, and nanotechnology.
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1. [bookmark: _Toc222037253]INTRODUCTION
Tomatoes (Solanum lycopersicum L.) are one of the most extensively grown and consumed vegetable crops in the world, and are a significant source of lycopene, vitamins, and antioxidants as well as revenue for both smallholder and commercial farmers (Wakene & Sharew, 2024). Postharvest losses of tomatoes remain a major challenge in the world, particularly in developing countries. Significant postharvest losses of tomatoes, ranging from 2.5 to 45.3%, have been found in a number of studies carried out throughout Ethiopia (Wakene & Sharew, 2024). According to a recent survey, Nigerian tomato production experiences annual postharvest losses of more than 45% (Ojeleye et al., 2023). These losses, which lead to significant food, economic, and nutritional insecurity in producing countries, are caused by mechanical damage, pest and disease pressure, inadequate road and transportation infrastructure, a lack of market knowledge, and inadequate storage facilities (Ojeleye et al., 2023; Wakene & Sharew, 2024). Therefore, lowering tomato postharvest losses is essential for enhancing food security, farmer livelihoods, and the general sustainability of tomato value chains, particularly in low- and middle-income nations. 
Many postharvest preservation techniques have been developed to reduce the deterioration of tomato fruit, including chilling and low temperature storage (Ochida et al., 2018),  chemical and natural preservatives (Bwade et al., 2025), biological control agents, edible coatings (Wang et al., 2025), modified atmosphere packaging (MAP) (Khalid et al., 2024), and, more recently active, and intelligent packaging systems (Mkhari et al., 2025). Although MAP and low temperature storage can successfully lower respiration, ethylene production, and water loss, their application is limited in many tropical and rural areas due to their reliance on expensive equipment, dependable energy supplies, and cautious gas management (Khalid et al., 2024). Synthetic chemical preservatives like potassium metabisulfite and sodium benzoate can prolong tomato shelf life but raise toxicological and regulatory concerns (Gupta & Yadav, 2021; Rajadurai et al., 2022). While some natural extracts and essential oils require high concentrations that negatively affect aroma and flavor (Duguma, 2022; Pobiega et al., 2019). The regulatory approval of biological agents as bioprotective cultures in fresh produce is still complicated, and despite their potential, they may show variable performance and stability at the commercial scale (Wang et al., 2025). Overall, preservation strategies that are efficient, safe, low-priced, and compatible with warm climates and low-resource supply chains are still needed (Cheema et al., 2014). 
Due to their antioxidant and antibacterial properties, with possibly less impact on the environment than many synthetic chemicals, volatile organic compounds originating from plants have become attractive substitutes (Mun & Townley, 2021). Of them, hexanal, a C6 aldehyde generated in damaged plant tissues by the lipoxygenase pathway, has gathered special interest as a postharvest bioactive substance for fruits, such as tomatoes (Mun & Townley, 2021; Nirujogi et al., 2025). Hexanal-containing "enhanced freshness formulations" can double firmness in comparison to untreated fruit, while studies on greenhouse tomatoes demonstrate that preharvest sprays and postharvest dips of aqueous hexanal formulations improve firmness, delay color development, and maintain quality during storage (Ashitha et al., 2020). The potential of hexanal in low-energy settings, which are common in many African supply chains, was highlighted by recent work using electrospun hexanal nanofiber matrices for noncontact packaging of tomato fruit. This work increased the shelf life from 18 to 32 days under ambient conditions, with lower weight loss, higher firmness, and reduced decay (Gbabe et al., 2024). However, traditional application techniques (sprays, dips, and simple vapor) frequently only offer temporary protection and variable dose management since hexanal is extremely volatile, oxidizable, and has a relatively low boiling point and high vapor pressure. One of the biggest obstacles to practical deployment is still achieving a prolonged, controlled release of hexanal close to the fruit surface (Gbabe et al., 2024; Mun & Townley, 2021).
By adding volatile or labile bioactive substances to protective carrier matrices, nanoencapsulation technologies can overcome these drawbacks and enhance stability, handling, and controlled release (Rehman Sheikh et al., 2024). Mesoporous silica nanoparticles are especially appealing for the encapsulation of volatile plant compounds and essential oils because of their high specific surface area, adjustable pore diameters, and strong thermal and chemical stability (Yang et al., 2020). According to recent developments in sustainable synthesis routes, silica nanoparticles can be made from agricultural residues, such as rice husk and corncobs, using chemical or biological processes that minimize hazardous byproducts and valorize agro waste streams (Okoronkwo et al., 2016; Prabha et al., 2021).
Hexanal and silica nanoparticles made from agricultural waste can thus be used to provide a unique system for the continuous delivery of a natural preservative in tomato supply chains, combining postharvest effectiveness with financial and environmental advantages. Based on the research on the nanoencapsulation of plant volatiles and essential oils, as well as studies on formulations containing hexanal and silica nanoparticles from agricultural waste, this idea may offer a means of "waste to value" postharvest solutions that are appropriate for resource-constrained scenarios (Fakhariha et al., 2025; Rehman Sheikh et al., 2024). Therefore, this review aims to evaluate the potential of corncob-derived nanosilica for controlled hexanal release in tomato preservation and to critically discuss the key postharvest challenges, existing knowledge gaps, and future research directions for its sustainable application.
2. Methodology 
The literature search of this review was conducted using major scientific databases, such as PubMed, Web of Science, MDPI, SpringerLink, and ScienceDirect, supplemented by Google Scholar. It used certain keywords and related terms such as corncobs, hexanal, nanosilica, nanoencapsulation, tomato preservation, agro-waste valorization, volatile bioactive compounds, controlled release, and shelf-life extension, alone and in combination with these terms. The literature search was conducted in English, and references were chosen based on their relevance. The search focused on studies related to tomato postharvest physiology, preservation technologies, hexanal applications, and nanoencapsulation of volatile compounds, with particular emphasis on systems relevant to low-resource and warm-climate settings. In this review, we first identified the titles and abstracts for relevance, searched them by title, read the full article, and then analyzed them thematically and incorporated them into the narrative structure of this review.
3. [bookmark: _Toc222037254]Tomatoes
Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family, which originated from South America. Then, it was taken to Europe and later distributed to numerous areas of the world, including the United States (Beecher, 1998; Benjamin et al., 2016; Peralta-Ruiz et al., 2020; Trong et al., 2024). It is a widely grown vegetable crop that varies in tropical and subtropical weather. Tomato has become a potential crop worldwide since it is easy to cultivate, nutritious, and high-yielding, which contributes to improving the lives of farmers and economic development (Trong et al., 2024).
Globally, in 2023, the annual tomato production is estimated to be above 192 million tons (Wang et al., 2025), with leading producers being China, the United States, Turkey, Egypt, and India (Suleiman, N. J. et al., 2024). China is the top country in the world with a total production of about 70 million tons, and plays a significant role in the agricultural economy of the country (Wang et al., 2025). In Africa, the tropical and subtropical climates are prominent growing zones, with Egypt and Nigeria ranking fifth and tenth, respectively, in the world's production output (Ogunsola & Ogunsina, 2021).
3.1. [bookmark: _Toc222037255] Nutritional Content and Bioactive Compounds in Tomatoes
It is one of the most versatile and widely consumed vegetables in many forms, either raw or processed, and offers substantial nutritional benefits (Ali et al., 2020). Due to its phytochemicals and bioactive compounds that are high in antioxidants, tomato is the second most significant vegetable crop consumed worldwide (Raza et al., 2022). 
[bookmark: _Hlk214351359]It consists on an average 8.75% ash, 94.17 g/100 g moisture, 17.71 g/100 g total protein, 4.96 g/100 g lipid, 5.96 g/100 g carbohydrates, 50.60 g/100 g total sugar, 3.83 pH, 34.67 kcal/100 g energy, 0.48% acidity, 35.84% reducing sugar, 2.88% fructose, 2.45% glucose, 0.02% sucrose and 11.44 g/100 g total fiber (Ali et al., 2020). It is a good source of minerals and other elements including the major elements (calcium, potassium, sodium, phosphorus, magnesium, sulfur, and chlorine) and trace elements (iron, iodine, zinc, fluorine, copper, manganese, cobalt, chromium, nickel, aluminum, arsenic, boron, lead, cadmium, nitrate, selenium, tin, and silicon) (Ali et al., 2020; Wu et al., 2022). They are a good source of vitamins (A, E, K, B-complex, with vitamin C the highest). Among the different kinds of vitamin B-complexes, tomatoes have a high folate content (Ali et al., 2020). Tomatoes contain several different types of saturated, monounsaturated, and polyunsaturated fatty acids, including the two essential fatty acids linoleic and linolenic acids.  It is also reported that tomato is a good source of amino acids, and about 17 amino acids have been identified. Among them, 9 are essential amino acids with leucine in the highest concentration, whereas methionine is the lowest (Ali et al., 2020; Trong et al., 2024). They also contain bioactive compounds commonly known as secondary metabolites, such as phytosterols with β-sitosterol and stigmasterol the main ones and significant amount of important antioxidants including β-carotene, ascorbic acid, lycopene, quercetin, kaempferol, naringenin, caffeic acid, rutin, resveratrol, catechin, luteolin, tocopherol, phenolic acids, phenolics, anthocyanins, flavonoids, and other bioactive compounds (Ali et al., 2020; Raza et al., 2022; Trong et al., 2024). These nutrients play a number of roles in the body, such as preventing constipation, lowering high blood pressure, promoting blood circulation, preserving body fluids and lipid profiles, detoxifying body’s toxins, and supporting bone strength and structure (Ali et al., 2020).
3.2. [bookmark: _Toc222037256]Postharvest challenges and Storage of tomatoes
[bookmark: _Toc222037257]Worldwide horticultural production exceeds 1.8 billion tons annually. However, 25-50% of harvested crops in developing countries and 10-20% in developed nations are lost after harvest. Numerous factors, such as pathogenic infections, physiological degradation, mechanical damage, and improper storage conditions, contribute to these losses (Nirujogi et al., 2025). As climacteric fruits, tomatoes have a limited shelf life in ambient storage circumstances. However, they retain their quality and stability as long as they are not harvested, harmed by diseases, or spoiled by insects or other animals. As soon as the tomatoes are harvested from the plant, they start to lose quality, such as softening, loss of firmness, rapid color changes, and increased susceptibility to spoilage because of the plant's lack of nutrient supply (Ochida et al., 2018).  Controlling the production and effect of ethylene is one way to slow down some deteriorative processes and increase the shelf life of tomatoes (Faisal et al., 2025; Ochida et al., 2018). The main reasons limiting tomato fruit storage include transpiration, fungal infection, acceleration of the ripening process, and senescence. Because tomatoes ripen quickly after harvest and undergo biochemical and physiological changes like respiration, ethylene production, color development, softening, and flavor volatile production, it is very difficult to store them at room temperature for an extended period of time. Storage is typically needed to guarantee a steady supply of raw materials for processors. Storage procedures help lengthen the processing season and ensure that the product supply is consistent throughout the seasons (Ochida et al., 2018).
3.3. Some Tomato Preservation Techniques and Their Drawbacks
3.3.1. [bookmark: _Toc222037258]Low Temperature Storage
This approach reduces the rate of respiration, transpiration, and thermal degradation, which preserves freshness and extends the shelf life of fresh products (Ochida et al., 2018). Lowering the temperature often leads to decreased ethylene biosynthesis in tomatoes by reducing the concentrations of 1-aminocyclopropane-1-carboxylic acid (ACC) and decreasing the activity of the enzyme ACC oxidase (ACO) (Biswas et al., 2017). Tomato handlers have tried to increase the shelf life of tomatoes by using refrigerated storage. Low temperature storage can preserve non-appearance qualitative features in tomatoes, such as texture, nutritional value, flavor, and aroma (Ochida et al., 2018). The lowest temperature at which a susceptible fruit or vegetable can be stored without ever experiencing chilling injury symptoms is known as the threshold temperature (Biswas et al., 2017). When tomatoes are kept below their critical temperature (threshold temperature) of 10°C, they are vulnerable to chilling injury, which results in permanent symptom manifestation and metabolic dysfunction (Biswas et al., 2017; Ochida et al., 2018). The extent of physical and physiological damage inflicted by chilling injury is dependent upon the chilling temperature, duration of exposure, and the species' susceptibility to low temperatures. For instance, mature-green tomatoes stored at 8°C for 27 days exhibited delayed (but not inhibited) red coloration, whereas fruit kept at 6°C displayed blotchy red coloration accompanied by sporadic decay, and those at 2.5°C experienced a total failure to ripen, significant decay, and deterioration of tissue integrity (Biswas et al., 2017). In the other study, tomatoes that are exposed to temperatures of 10°C for more than 14 days or 5°C for more than 6 to 8 days are susceptible to chilling injury (Ochida et al., 2018). Ethylene application reduced chilling injury, so that the chilling sensitivity of tissues can be modified by the administration of exogenous ethylene. Tomatoes maintained in controlled atmospheres exhibited increased vulnerability to postharvest fungal diseases of tomatoes, such as Botrytis, with reduced levels of exogenous ethylene, and recommended that 1-3 μL L−1 of ethylene is necessary for decay management (Biswas et al., 2017).
3.3.2. [bookmark: _Toc222037259]Natural preservation
Natural compounds, such as biopolymers, volatiles, extracts, phenolic compounds, hormones, and oxidants, have been used to control tomato postharvest diseases. Among the biopolymers, chitosan has received the most attention (Wang et al., 2025). The natural postharvest preservatives, such as citric acid and lemon juice, have been demonstrated to extend the shelf life and maintain the quality of tomatoes (Benjamin et al., 2016; Bwade et al., 2025). On the other hand, plant extracts can be used to extend the shelf life of tomato fruits, reducing waste and economic loss to farmers and the country as a whole (Banjo et al., 2022). Plants are rich in many bioactive secondary metabolites such as alkaloids, phenols, polyphenols, saponins, flavonoids, tannins, and terpenoids; all these serve as chemical signals and possess wide-spectrum antifungal activity.  For instance, the bioactive compounds present in the fruit extracts of soursop (Annona muricata) significantly reduced the infection rate of the postharvest black rot caused by Alternaria alternata in tomatoes  (Banjo et al., 2022; Rizwana et al., 2021). Phytochemical analysis of the leaves and seeds of Annona muricata revealed the presence of alkaloids, phenol, morin, flavonoids, ascorbic acids, quercetin, tannins, steroids, saponins, carotenoids, and acetogenins, which have demonstrated antimicrobial activity against a number of pathogenic and spoilage microorganisms. In addition, extracts from Annona muricata, including the leaves, seeds, and bark, as well as leaf extracts from the Roselle plant (Hibiscus sabdariffa), demonstrated a significant effect in preserving tomatoes against the activity of several pathogenic and spoilage microorganisms. On the other hand, the extracts from medicinal plants such as cloves (Allium sativum), Azadirachta indica (leaves), Mentha arvensis (leaves), Psoralea Corylifolia, Moringa oleifera (leaves, seed, and bark), and Neem (leaves) are also effective in preserving the quality of fresh tomatoes against spoilage microorganisms and increasing their shelf life (Banjo et al., 2022). At the physiological level, the essential oil of the Zanthoxylum armatum fruit has exhibited a significant reduction in the incidence of Alternaria alternata rot in tomatoes (Slathia et al., 2021). However, high concentrations of natural preservatives such as plant extracts may negatively aﬀect the sensory attributes (aroma and ﬂavor) of the produce (Duguma, 2022; Pobiega et al., 2019).
3.3.3. [bookmark: _Toc222037260]Evaporative Cooling 
Facilities for refrigeration and cold storage use a lot of energy and demand significant financial investments. Systems that use water evaporative cooling are used to address the issue that producers face (Meli Viannie Ingrid et al., 2024). Weight loss occurs when the tomato wilts and shrivels due to moisture evaporation. In order to achieve the low temperature and high humidity required to prolong the shelf-life tomato, evaporative cooling is the process of lowering heat by water evaporation (Meli Viannie Ingrid et al., 2024; Ochida et al., 2018).  An evaporative cooling system, which is less costly, can attain the necessary optimum temperature of about 10 to 15°C and 85 to 95% relative humidity. In such a cooling system, the relative humidity of air can be raised to roughly 91%, which reduces the deterioration of harvested tomatoes caused by physiological weight loss. When we frequently and continually moisten the surface and let the water evaporate, cooling becomes more efficient (Meli Viannie Ingrid et al., 2024).  Evaporative coolers can be made locally using inexpensive materials such as basins, wooden planks, and jute bags (Ochida et al., 2018). There are numerous benefits of evaporative cooling, including low initial and ongoing expenses, environmental friendliness, lack of noise, no need for energy, use of locally sourced materials, preservation of nutritional qualities, and increased shelf life with no weight loss. However, its effectiveness is constrained by seasonal and climatic variations, a lack of ethylene control, a restricted reduction in temperature, and a lack of control over relative humidity (Meli Viannie Ingrid et al., 2024).
3.3.4. [bookmark: _Toc222037261]Chemical preservation
Studies were done on tomatoes to find out how various preservatives affected the stability of their shelf life. Tomatoes’ shelf life and quality have been demonstrated to be extended by postharvest preservatives like potassium permanganate, sodium metabisulfite, and calcium chloride (Benjamin et al., 2016; Bwade et al., 2025). The preservation of both sodium benzoate and potassium metabisulfite in tomato pulp was effective, with sodium benzoate showing higher levels of β-carotene, lycopene, ascorbic acid, and total soluble solids (TSS), with lower acidity and a longer shelf life, compared to potassium metabisulfite (Sarkar et al., 2015). The majority of artificial preservatives are regarded as safe. However, artificial preservatives have negative effects, such as carcinogenic and toxic side effects. For instance, sodium benzoate has detrimental effects that exacerbate asthma and is thought to be a carcinogen and neurotoxicant that may result in defects in fetuses (Gupta & Yadav, 2021; Rajadurai et al., 2022). That is why the public authorities need the food industry to develop natural food preservation techniques and restrict the usage of these chemical preservatives (Leyva Salas et al., 2017).
3.3.5. [bookmark: _Toc222037262]Biological Preservation
One of the main causes of fruit and vegetable loss and waste is fungal plant pathogens, such as Penicillium spp., Colletotrichum spp., Alternaria spp., and Botrytis cinerea. Alternaria alternata and Alternaria solani induce Alternaria rot in tomato fruit, resulting in lesions on the flesh, whilst B. cinerea generates grey mold and contributes to tissue softening and spoiling (Graham et al., 2025). Furthermore, it is known that some Alternaria species, such as A. alternata, produce harmful compounds, such as phytotoxins. Additionally, A. alternata can cause allergies in humans or be harmful to those with weakened immune systems (Graham et al., 2025; Schmey et al., 2024). On the contrary, many microorganisms are reported to be able to oppose (antagonize) pathogens through biological control, which is predicted to replace chemical fungicides due to their efficacy, safety, and affordability. The application of antagonistic microorganisms to manage postharvest illnesses in horticultural crops, such as tomatoes, has been thoroughly studied. Antagonistic strains of bacteria, fungi, actinomycetes, and yeasts can successfully control postharvest diseases in horticultural products (Wang et al., 2025). 
All bacterial bioagents of Bacillus spp. and Pseudomonas spp., particularly Bacillus subtilis and Pseudomonas stutzeri, have been documented as the potential biological control agents against the majority of postharvest pathogens of tomato fruits, predominantly Botrytis and Alternaria (Taha et al., 2023; Wang et al., 2025). Competition for nutrients and space, production of antimicrobial volatile organic compounds (VOCs), enhancement of antioxidant and plant defense-related enzyme activity (including peroxidase (POD), catalase (CAT), polyphenol oxidase (PPO), superoxide dismutase (SOD), and phenylalanine lyase (PAL)), and enhanced transcript levels of systemic acquired resistance-related marker genes is considered to be the main method by which they inhibit the establishment and growth of postharvest fungal pathogens (Wang et al., 2025). In addition, Pseudomonas fluorescens, Bacillus amyloliquefaciens, and Pseudomonas chlororaphis have a significant potential as useful bioagents to manage Botrytis cinerea, the tomato gray mold disease. These bioagents provide an efficient method for reducing the negative effects of gray mold (Botrytis cinerea) by specifically targeting the fungal pathogen, which raises crop yields and quality (Rahman et al., 2025). The application of probiotics and their postbiotics is also a promising strategy for managing postharvest spoilage and prolonging the shelf life of tomato fruits. Probiotics, such as lactic acid bacteria (LAB), particularly Lactiplantibacillus plantarum have been exhibited suppressing fungal growth on tomato fruits through colonizing the surface of tomato fruits and competing with pathogenic fungi for nutrients and space; producing postbiotics, such as acetic acid,  lactic acid, phenyllactic acid and derivatives of pyrazine; and applying as part of edible coatings with exopolysaccharide, which serve as the dual purpose of inhibiting pathogen and preserving tomato fruits (Wang et al., 2025). Likewise, fungal biocontrol agents such as Trichoderma longibrachiatum, Metarhizium anisopliae, Clonostachys rosea, and actinomycete agent (Streptomyces sp.), and others have been documented to effectively manage postharvest gray mold in tomatoes by producing secondary metabolites with strong antifungal activities, producing hydrolytic enzymes such as chitinase, protease, and glucanase, and triggering the defensive response of fruits (Wang et al., 2025). On the other hand, antagonistic yeasts including Aureobasidium pullulans, Candida sake, Cryptococcus albidus, and Metschnikowia fructicola inhibit the establishment and growth of postharvest pathogen such as Cladosporium, Penicillium, Alternaria, and Botrytis cinerea  by the mechanism of competition for nutrients and space, colonization of the surface of fruits, production of antimicrobial volatile organic compounds (VOCs), inducing of host resistance, biofilm formation, and ROS induced disease response in tomatoes (Carmona-Hernandez et al., 2019; Leyva Salas et al., 2017; Wang et al., 2025). However, these biological controls must be employed carefully as they may have an adverse effect on the quality of final products. Prior to marketing, the safety evaluation, organoleptic neutrality, regulatory considerations, and activity stability of bioprotective cultures must all be assessed (Leyva Salas et al., 2017). They are also limited due to inconsistent commercial deficiencies (Carmona-Hernandez et al., 2019).
3.3.6. [bookmark: _Toc222037263]Packaging methods
Packaging keeps the products apart from the external environment and functions as protection, communication, convenience, and confinement. It uses written information or graphics or visuals to interact with the customer and makes handling the products easier with useful characteristics like microwave-ability or reclosability (Müller & Schmid, 2019). Fruits and vegetables are currently packaged using active packaging, coated packaging, intelligent packaging, and modified atmosphere packaging (MAP) (Cui et al., 2024). 
3.3.6.1. Active Packaging Systems
To preserve the quality of the produce and increase its shelf life, active packaging refers to the use of active ingredients with properties including oxygen removal, carbon dioxide absorption, moisture absorption, antibacterial activity, and ethylene removal (Cui et al., 2024). By releasing antimicrobial substances under controlled conditions, such as essential oils, active packaging can increase the shelf life of a product (Buendía−Moreno et al., 2019). One promising, environmentally acceptable method of tomato fruit preservation is the development of bionanocomposite active packaging films (Wang et al., 2025). These novel materials combine nanomaterials like silver, zinc oxide, copper oxide, or titanium dioxide with biodegradable polymers like chitosan, starch, cellulose, and polylactic acid to create functional packaging that not only prolongs the shelf life of tomatoes but also actively prevents the growth of molds, yeasts, and foodborne bacteria. Both customer demand for safer food products and environmental concerns are addressed by the combination of nanotechnology and biodegradable materials (Wang et al., 2025). The composite film containing chitosan and 0.6% nano-ZnO successfully prevented cherry tomatoes from respiration, preserved their soluble solid content, and demonstrated strong antibacterial activity against microbes (Y. Li et al., 2021). Additionally, the chitosan-nanoselenium composite film reduced the decrease of alcohol, ketone, and aldehyde aroma molecules and prevented the growth of bacteria on the tomato surface (L. Li et al., 2025). However, the drawback of this approach is that when incorporating active agents in packaging materials, stringent safety requirements must be followed. Additionally, expensive materials may be needed for production, which could raise the cost of packaging goods (Farousha et al., 2023).
3.3.6.2. Coatings
An edible coating is a thin layer made from edible ingredients and used to preserve appearance, firmness, moisture, and extend the shelf life of fruits (Duguma, 2022). Edible coatings have become a promising option with several benefits for preserving fruit quality, especially in the context of the increasing demand for fresh and minimally processed fruits (Nunes et al., 2023). As an alternative to nondegradable packaging materials, which generate a lot of trash, edible coatings are typically made from biodegradable polymers such as polysaccharides, proteins, lipids, and their mixtures. In addition to their preservation qualities, edible coatings are made with flavorings, sweeteners, and antioxidants to produce active packaging and improve nutritional and sensory qualities (Duguma, 2022). The other promising, environmentally acceptable method of tomato fruit preservation is the development of bio-nanocomposite coatings (Wang et al., 2025). Even after being harvested, fruits and vegetables continue to respire, using up all of the oxygen in the produce, which is not replenished as rapidly as by edible covering and producing carbon dioxide, which builds up inside the produce since it is more difficult for it to escape through coatings. The fruit and vegetables eventually switch to partial anaerobic respiration, which uses 1-3% less oxygen. Less oxygen reduces physiological water loss and interferes with the formation of ethylene, which speeds up the ripening process. As a result, the fruits and vegetables remain firm, fresh, and nutritious, and increase the shelf life (Dhall, 2013). Applying coatings of chitosan, Aloe vera, and Moringa (Bwade et al., 2025), and chitosan coatings with Aloe vera, under storage conditions of 20 °C and 85% relative humidity, have shown enhanced protective qualities against ethylene generation, weight loss, and decreased gas transfer rates.  Furthermore, it successfully reduced microbial deterioration, enhancing the overall quality of tomato fruit (Flores-López et al., 2023). Cherry tomato shelf life was increased by encapsulating essential oils in β-cyclodextrins and coating them with β-cyclodextrin inclusion complex to create an active cardboard tray (Buendía−Moreno et al., 2019). The antioxidant enzyme activities have increased as a result of the inhibition of gas exchange both inside and outside the film by the chitosan-nanoselenium composite coating. This decreased the amount of malondialdehyde and the oxidation of vitamin C in the tomatoes (L. Li et al., 2025). Even though edible coatings have many benefits, there are still obstacles that limit their use on an industrial basis. When essential oils are added to edible coatings to enhance their antibacterial qualities, the consequence is high volatility, strong odor, and poor water solubility (Duguma, 2022). Although propolis-based edible coating can be employed as an antioxidant for fruits while they are being stored, its distinct flavor and aroma may adversely affect the sensory qualities of the fruit (Pobiega et al., 2019). The tomato coated with candelilla wax enriched with Flourensia cernua bioactive compound showed a lower sensory acceptability; the tomato coated with commercial pectin, corn flour, and beetroot powder displayed a decrease in hue angle; the bioactive compounds of some edible coatings were unstable; the film forming properties and surface adhesion were poor; and there was a lack of material with the necessary functionalities and the cost of installing coating equipment (Duguma, 2022). Additionally, as there is no approved standard for the applications of various edible coatings, regulations and safety-related concerns present another challenge to the usage of edible coatings (Duguma, 2022).
3.3.6.3. Intelligent packaging
The food industry uses intelligent packaging to meet the demands of sustainability, enhanced product safety, and high-quality standards (Müller & Schmid, 2019). The Commission of the European Communities defines "intelligent food contact materials" as those that detect and monitor the state of packaged food or the surrounding environment (Aman Mohammadi et al., 2020). The development of intelligent packaging technologies has become a key innovation in the food industry, greatly improving food preservation and safety (Mkhari et al., 2025). A system with one or more intelligent functions, such as monitoring, detecting, sensing, recording, tracing, and communicating during transportation and storage, is known as intelligent packaging. It promotes and improves the safety, quality, and shelf life of food products while also alerting consumers or food manufacturers to potential issues (Aman Mohammadi et al., 2020; Müller & Schmid, 2019). Various smart devices, such as indicators (for monitoring temperature, freshness, integrity, leakage, and pH), data carriers (bar codes), and sensors (gas sensors and biosensors), have been investigated to accomplish real-time monitoring of a product during the supply chain (Aman Mohammadi et al., 2020; Mkhari et al., 2025; Müller & Schmid, 2019). Food spoilage detection, chemical contamination detection, anticounterfeit product detection, and pharmaceutical traceability are just a few of the uses for this intelligent technology (Aman Mohammadi et al., 2020). However, it has limitations, including high costs and the need for complex equipment. Notably, the lack of standardized and thorough toxicity assessment techniques, combined with the poor stability of intelligent packaging materials, has led to the migration of substances in food products, resulting in unclear and frequently inconsistent data regarding health and safety concerns.  As a result, this presents a problem for the large-scale production and application of intelligent packages (Dodero et al., 2021).
3.3.6.4. Modified Atmosphere Packaging (MAP)
The modified atmosphere packaging (MAP) is the packing of a perishable product in an atmosphere that has been modified so that its composition is different from that of air (Mullan & McDowell, 2011). It is a packaging technique that uses special materials to package products in a specified composition of gases, mostly carbon dioxide (CO2), Nitrogen (N2), and oxygen (O2), either alone or in different combinations (Khalid et al., 2024; Mullan & McDowell, 2011; Ochida et al., 2018). The composition of O2 is altered in accordance with the requirement for MAP so that the respiratory and metabolic requirements of bacteria, yeasts, and molds are managed. N2, a comparatively non-reactive gas, is utilized to remove air, specifically O2, from MAP. CO2, on the other hand, has been known for its antibacterial properties and is effective against psychrotrophs, and has potential for prolonging the shelf life of food stored at low temperatures (Mullan & McDowell, 2011). The MAP is a useful packaging technique for both climacteric and non-climacteric fruits (Khalid et al., 2024). The food product or the fruit being packed determines the choice of gas to use. These gases can be utilized alone or in combination to balance the ideal organoleptic qualities with a safe extension of their shelf life (Khalid et al., 2024; Mullan & McDowell, 2011). Gases can diffuse through the packing materials employed in MAP until a stable balance between the gases inside the container and those outside is attained. Polyethylene terephthalate (PET), low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyvinyl chloride (PVC), polypropylene, polystyrene, and some chemically modified derivatives are the most widely used MAP materials (Ochida et al., 2018). Foods can have longer shelf lives and better product presentation in a handy container when packaged in a modified atmosphere, which makes the product more appealing to retail customers (Mullan & McDowell, 2011). 
In fruits, in addition to offering a modified atmosphere to control ripening, MAP also decreases water loss in stored produce, minimizes mechanical damage, and improves hygiene, all of which slow the spread of foodborne diseases. By increasing the relative humidity surrounding the fruit, MAP prolongs the shelf life of the tomato and minimizes water loss and shrinking (Caleb et al., 2013; Ochida et al., 2018). The postharvest quality of fresh and fresh-cut fruit and vegetables packaged in MAP is significantly influenced by the respiration of produce. By lowering the O2 concentration surrounding the fresh produce, the respiration rate can be decreased. Reducing temperature and respiration rate using MAP prolongs the shelf life of produce and prevents senescence by delaying the enzymatic breakdown of complex substrates and decreasing sensitivity to ethylene production. However, MAP has limitations; for example, reduced rates of ethylene synthesis and respiration results are attained at lower temperatures. Due to this, MAP is typically combined with other methods of preservation, like refrigeration. In addition, an extremely low O2 level, less than 1%, may cause anaerobic respiration, which can degrade tissue and produce off-odors and off-flavors (Caleb et al., 2013). On the other hand, it is costly, inconvenient, has the potential for the development of pathogenic organisms, such as Escherichia coli, Salmonella, and Shigella species, as well as some dangerous bacteria, like Clostridium botulinum, and needs careful gas composition management and specific equipment (Mullan & McDowell, 2011).
3.3.7. [bookmark: _Toc222037264]Ethylene Removal for Postharvest Management
The colorless and odorless gas ethylene functions as a ripening hormone for plants, and is produced as a byproduct of plant metabolism (Pathak & Mahajan, 2017). Stresses like cold and injury encourage the generation of ethylene (Saltveit, 1999). It causes various climacteric and non-climacteric fresh fruits and vegetables to ripen quickly and accelerate senescence (Pathak & Mahajan, 2017; Saltveit, 1999). This effect is undesirable to prolong the shelf life of the produce. Therefore, extended shelf life is achieved by lowering ethylene activity through different techniques such as cold storage, ethylene scavengers, some inhibitors (such as 1-methylcyclopropene), and package-related ethylene-scavenger-based innovations (Faisal et al., 2025). The numerous strategies of ethylene management and control are categorized into three. These are removing ethylene from the area around fresh produce, inhibiting ethylene activity, and inhibiting endogenous ethylene production. In the first strategy absorption-oxidation, absorption-adsorption, oxidation, and ventilation are included (Pathak & Mahajan, 2017). 
[bookmark: _Hlk221360187]Removing the ethylene produced by fruit using ethylene absorbent, either made locally or using "purafil" or potassium permanganate (a commercial form of ethylene absorbent), it is possible to achieve uniform accelerated ripening and a notable extension of shelf life (Ochida et al., 2018). Potassium permanganate (KMnO4), an ethylene absorber, is used to absorb ethylene and oxidize it to water, carbon dioxide, manganese dioxide (MnO2), and potassium (Bwade et al., 2025; Ochida et al., 2018; Pathak & Mahajan, 2017). Thus, the rise in the concentration of carbon dioxide inhibits the synthesis of ethylene, which is thought to be essential for the control of ripening. It is typically applied as sachets or impregnated in chemical filters or plastic containers. It is not used directly because of its toxicity. Because moisture is absorbed in addition to ethylene, impregnating various packaging materials with ethylene absorbers can assist in reducing postharvest losses (Ochida et al., 2018). However, it has limitations such as the absorber cannot be regenerated, it needs frequent replacement, and there are toxic residue disposal problems (Pathak & Mahajan, 2017). On the other hand, activated carbon and zeolite (aluminosilicate minerals) are examples of highly porous materials that are effective at adsorbing ethylene; these materials can be used as sheets, filters, or pads for ethylene absorption. Palladium added to activated carbon was found to be more effective than activated carbon alone in fruit storage using tomatoes as the test product. However, it needs replacement when saturated and regeneration is difficult (Pathak & Mahajan, 2017). These techniques effectively control ethylene, but they can’t manage microbial deteriorations or offer long-term natural antimicrobial administration. Hexanal and other plant-derived volatiles provide a multipurpose substitute by parallel blocking phospholipase D activity, ethylene production, and postharvest pathogen.
4. [bookmark: _Toc222037265]HEXANAL
[bookmark: _Hlk221360308]Hexanal, a carbon-6 aldehyde, is naturally formed in injured plants through the lipoxygenase route. It exhibits broad-spectrum antifungal efficacy against Alternaria alternata and Botrytis cinerea, delaying ripening by downregulating genes involved in cell wall breakdown and ethylene-releasing enzymes (Nirujogi et al., 2025). Hexanal is generally recognized as safe (GRAS) by the United States (US) Food and Drug Administration (FDA) (Ashitha et al., 2020; Nirujogi et al., 2025; Sönmez et al., 2024). However, practical postharvest uses such as direct fumigation or dipping, which only offer short-term protection, are limited by their high volatility (boiling point 131°C, vapor pressure of 10.9 mmHg at 25°C) and oxidation susceptibility (Ashitha et al., 2020; Nirujogi et al., 2025). 
4.1. Hexanal as a Postharvest Bioactive Compound 
The horticultural sector is looking more and more for sustainable solutions that preserve crop quality while addressing health and environmental issues. Volatile compounds generated from plants offer broad-spectrum antibacterial activity with low environmental impact, making them a promising class of natural preservatives (Nirujogi et al., 2025). Hexanal, a volatile bioactive compound, is naturally found in plants (Cui et al., 2024; Nirujogi et al., 2025). Due to its natural occurrence in plant tissues, proven efficacy against postharvest diseases, and regulatory approval for food applications, it has drawn significant research attention (Nirujogi et al., 2025). It has been shown to be effective in reducing postharvest illnesses (Ashitha et al., 2020). However, because hexanal is a highly volatile, readily oxidized, and degraded chemical, its controlled release is made possible by encapsulating it in electrospun submicrofiber films. Coaxial electrospinning was used to encapsulate 3% hexanal in 7% PVA to create sub-microfibers. Compared to directly adding hexanal to the PVA submicro-fiber matrix, the active-loading method produced a stable and continuous release of hexanal vapor for up to six hours. This technique has significant potential to enhance fruit postharvest storage by enabling a more efficient regulated release of hexanal (Cui et al., 2024).  
4.2. Biosynthesis of Hexanal 
[bookmark: _Hlk212861452]Hexanal is found in numerous edible fruits and vegetables, including tomatoes, strawberries, apples, green medlar fruit, and leafy vegetables, which makes it a potential for safe agricultural treatment (Nirujogi et al., 2025). It is biosynthesized in plant cells during the process of lipid peroxidation through the oxylipin pathway (lipoxygenase pathway), where polyunsaturated fatty acid (linoleic acid) undergoes enzymatic conversion via 13-lipoxygenase to produce many volatile C6 aldehydes (including hexanal), ketone, and alcohols (Ul Hassan et al., 2015). Hexanal acts as a plant distress signal and as a defense molecule. This process occurs in response to biotic and abiotic stresses such as insects, tissue disruption, Mechanical injury (cutting, crushing), environmental stress, oxidative stress, or pathogenic (fungal and bacterial) attack, which release linoleic acid (Nirujogi et al., 2025; Ul Hassan et al., 2015). As shown in Scheme 1, linoleic acid is oxidized by 13-lipoxygenase (13-LOX) to form 13-hydroperoxide-octadecadienoic acid (13-HPOD). Then, by the action of hydroperoxide lyase (HPL), 13-HPOD is transformed to hexanal and 12-oxo-(Z)-9-dodecenoic acid (keto-acid). This process involves cofactors such as Fe²⁺ and O₂ and is regulated by wound signals and pathogen elicitors (Nirujogi et al., 2025).

 Scheme 1: Biosynthetic pathway of hexanal in plant cells (Nirujogi et al., 2025; Ul Hassan et al., 2015)
4.3. [bookmark: _Toc222037268]Physicochemical Characteristics of Hexanal
Hexanal is a volatile linear six-carbon aldehyde with molecular formula of C₆H₁₂O and molecular weight of 100.16 g mol-1 that is secreted by plants through the lipoxygenase pathway (Ashitha et al., 2020; Nirujogi et al., 2025). This compound is less dense than water (0.815 g cm-3), but moderately soluble in water (5.6 g L-1 at 20 °C), which facilitates application in an aqueous system. On the other hand, its relatively low boiling point (131 °C) and high vapor pressure (10.9 mmHg at 25 °C) make it appropriate for use in gaseous treatment (Ashitha et al., 2020; Nirujogi et al., 2025). The odor threshold of this compound is 0.005 mg L⁻¹, which indicates its sensory detection limit. Hexanal is also characterized by a refractive index of 1.4039 at 20 °C, which serves as an optical identification. It has a low flash point (32 °C), which requires appropriate safety precautions during handling and storage (Nirujogi et al., 2025). The constant pressure molar heat capacity of hexanal is 210.4 J mol-1 K-1 at room temperature (25 °C or 298.5 °K) (Ashitha et al., 2020)
4.4. [bookmark: _Toc222037269]Mechanisms of Action of Hexanal
It has been discovered that hexanal exhibits antimicrobial qualities and has high potential in extending the shelf life by reducing postharvest pathogens (Cui et al., 2024; Nur et al., 2025). In vitro studies have shown effective inhibition of major postharvest pathogens across fungal and bacterial categories (Nirujogi et al., 2025). With proven efficacy against major postharvest pathogens, such as Botrytis cinerea, Penicillium expansum, Alternaria alternata, Erwinia carotovora, Colletotrichum gloeosporioides, Xanthomonas campestris, and Rhizopus stolonifera, hexanal exhibits broad-spectrum antimicrobial activity through different cellular targets, including direct pathogen inhibition, cellular membrane stabilization, and plant defense response activation (Ashitha et al., 2020; Nirujogi et al., 2025; Ul Hassan et al., 2015). 
On the other hand, it has been discovered that hexanal exhibits phospholipase D (PLD) inhibiting and ethylene release slowing properties (Cui et al., 2024). It has been proposed that hexanal works in extending shelf life by affecting the calcium ion channel, generating calcium signaling, subsequently inhibiting the expression of ripening-related genes such as the enzyme phospholipase D, which catalyzes the breakdown of cell wall and cell membrane phospholipids and starts membrane degradation and fruit softening (Cui et al., 2024; Nur et al., 2025). In response to hormones and outside stimuli, Phospholipase D binds to the membrane, which initiates a series of catabolic processes that produce a large number of neutral lipids and cause the membrane to become unstable. Enzymes that operate on intermediates produced during this catabolic cascade, such as lipoxygenase, phosphatidate phosphatase, and lipolytic acyl hydrolase, do not directly function as structural phospholipids. Therefore, if the activity of phospholipase D is hindered, the other enzymes cannot act on the intermediates. This prevents neutral lipids from building up and the membranes from becoming unstable. This prolongs the produce's life by maintaining or improving the membrane's stability and functionality (Ashitha et al., 2020). Yumbya P. et al carried out a genome-scale RNA-sequence analysis to characterize the transcript profile changes upon the hexanal treatment in delaying fruit ripening and found that it downregulates genes involved in ripening, such as phospholipase D (PLD), xyloglucan endotransglucosylase (XTH), expansin, polygalacturonase (PG), and pectate lyase (PL) (P. Yumbya et al., 2021). Besides this, it inhibited the two important enzymes regulating the ethylene biosynthesis pathway, which are 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-1-carboxylate oxidase (ACO), and those fruits treated with hexanal consistently displayed delayed softening, decreased respiration rate, and decreased ethylene (a hormone which triggers ripening in climacteric fruits) production (Ashitha et al., 2020; P. Yumbya et al., 2021). So, inhibiting these enzymes in fruit tissues will significantly slow down the rate of softening, enhance fruit quality, and increase the shelf life after harvest (P. Yumbya et al., 2021). According to the report, hexanal treatment of tomato fruits exhibited moderate reduction of ethylene production since it slowed down the rate of ethylene evolution and delayed the climacteric peaks. On the other hand, in both pre-harvest spray-treated fruits and post-harvest dip application, hexanal treatment dramatically decreased the rate of respiration. Reduced respiration rate increases postharvest life by reducing the use of substrates such as free sugars (P. M. Yumbya et al., 2018).
4.5. [bookmark: _Toc222037270]Mode of application and effects of hexanal treatment on tomatoes 
Treatment techniques include vapor fumigation, foliar sprays, postharvest dips, and controlled-release systems, with the ideal concentrations for liquid applications being between 0.5 and 5.0 mM, while for gaseous treatments, they are between 10 and 100 ppm (Nirujogi et al., 2025). Fruits can be treated with hexanal as a pre-harvest spray while still on the tree, while post-harvest treatments include hexanal dip therapy and vapor treatment. When compared to other application techniques, hexanal vapor treatment is shown to be more widely used (Ashitha et al., 2020).
Hexanal 0.01% EFF (Enhanced Freshness Formulation) was sprayed twice a week prior to harvest, and tomatoes picked three weeks later showed a 100% increase in firmness compared to untreated tomatoes. Postharvest treatments of tomatoes with hexanal formulation and EFF also significantly maintained firmness after 14 and 21 days of storage. During storage, tomatoes dipped in hexanal and EFF displayed greater L values, hue angle, and lower red color intensity than control fruit, indicating a delay in ripening. In addition to this, during the third week of harvest, the ascorbic acid levels in tomato fruits that were spray-treated twice a week with a hexanal formulation increased gradually and significantly from 22 to 47 mg/100g fresh weight. On the other hand, the respiration rate and ethylene generation of the hexanal-treated tomatoes in the respiration studies were comparable to those of the control fruits. Besides this, postharvest hexanal dip treatment did not result in any major changes in the levels of soluble solids, citric acid content, pH values, and titratable acidity on tomatoes. In general, tomatoes treated with hexanal exhibited differences in firmness, color, and other parameters (Ashitha et al., 2020).
5. [bookmark: _Toc222037271]CORNCOBS
[bookmark: _Toc222037272]Corn (Zea mays L.), also known as maize, is among the earliest crops that humans are known to have cultivated, which generates a significant amount of waste (Ricciardi et al., 2020). It is one of the most significant cereal crops grown worldwide (Ilyas et al., 2023; Maqsood et al., 2025). The corn plant can have up to 16–19 leaves and a root that is abundantly branched. The male portion of the corn plant on the top that holds the pollen is called the tassel, while the female portion produces the silk. The ear, which includes the classic corn kernels, is the most well-known section of the corn (Ricciardi et al., 2020). With an average productivity of 5.75 tons per hectare, more than 170 nations are currently producing roughly 1147.7 million metric tons of maize from an area of 193.7 million hectares (Ilyas et al., 2023). The waste produced from corn includes corncobs (shown in Figure 1 below). Corn cobs, which make up about 20% of corn residue, are the stiff, core portions of corn ears where kernels develop (Ilyas et al., 2023; Maqsood et al., 2025)
[image: ]
Figure 1: Corn cobs
5.1. [bookmark: _Toc222037273]Corncob Waste Valorization
Agricultural solid waste has been rising at a rate of 7.5% annually. It has been anticipated that the global garbage creation from various agricultural sources, including maize, rice, wheat, and sugarcane, will reach approximately 140 billion metric tons per year (Ilyas et al., 2023). Corn is produced by mechanically or manually separating the grains from the corncobs. Because its economic value has not been fully recognized, the corncobs, a component that remains after the grains are extracted, has been classified as garbage. Corn production produces over 200 million tons of cobs annually, although they are not widely utilized (Ilyas et al., 2023). Then, corncobs can be seen as a cheap, plentiful biomass that can be removed from the field without causing any harm (Santolini et al., 2022). 
In many developing countries, burning on fields after harvesting or disposing of agricultural waste in landfills are the most common methods (Ilyas et al., 2023; Ricciardi et al., 2020). While landfilling promotes the spread of diseases, contaminates groundwater through leachate seepage, creates habitat for rodents and insects, and pollutes the air through the release of offensive odors, burning may result in large amounts of greenhouse gases, air pollution, and other particulates (Ilyas et al., 2023; Maqsood et al., 2025).  Therefore, it is essential to create innovative methods for managing agricultural waste so that it doesn't negatively impact the environment and may be turned into useful products through the most environmentally friendly method of valorization (Ilyas et al., 2023). Rural households have historically utilized corn cobs as fuel because of their high calorific content, and compared with wood pellets, the corncob pellet have shown lower environmental impact. Because of their porous structure, they are useful adsorbents in livestock bedding and natural filtration systems, as well as efficient polishing and buffing agents for metal, wood, and other surfaces. Corn cobs are a lignocellulosic material that can be used in the construction industry or converted into a raw material for energy or bio-based goods (Santolini et al., 2022). It is also used in the culinary industry to make jelly and as a seasoning to give a mild, sweet flavor to meat. Additionally, corncob powder is used as animal feed or as a feed substrate additive, giving ruminants extra fiber nourishment and facilitating digestion (Ilyas et al., 2023; Maqsood et al., 2025). Corn cob is the most promising source of furfural, which is utilized as a solvent, in the manufacturing of resins and plastics, and as a precursor to other compounds, such as fuels, medications, and agrochemicals (Maqsood et al., 2025). Extraction of bioactive compounds from agricultural wastes using novel extraction methods is important. Anthocyanins can be produced from a 20-minute ultrasound-assisted extraction (power: 100 W) of corn cobs. Purple corn cob can be used as a source for the production of polyphenolics, which are extracted using infrared-assisted extraction at 63 ◦C for 77 min in water solvent. It can also be used as a source of anthocyanins, which are extracted using ultrasound-assisted extraction at 40 ◦C for 20 min in acidified ethanol solvent.  Corn cob biochar and these active compounds, such as anthocyanins and phenolics, have been used as principal carriers in drug delivery formulations (Maqsood et al., 2025). Corncobs can be recycled by microbial fermentation to create upscale, environmentally friendly products or by composting to create organic compost. Since it has an adsorption capacity, corncobs are utilized for heavy metal removal, such as Cr6+, and dyes, such as methylene blue, and wastewater treatment (Ilyas et al., 2023; Maqsood et al., 2025; Ricciardi et al., 2020). It is also used as a raw material in many developed countries to make ceramic materials, biochemicals, nanomaterials, functional foods, or energy products like bioethanol and biodiesel (Ilyas et al., 2023; Maqsood et al., 2025). In production nanocomposite film containing TiO2 nanoparticles, it is used as a source of cellulose (Maqsood et al., 2025), and can be utilized as a source of silica and nanosilica (Chanadee & Chaiyarat, 2016; Okoronkwo et al., 2013, 2016; Salakhum et al., 2018). In addition, it is a significant source of carbon for the growth of various bacteria and fungi and the production of vital enzymes with medicinal and nutraceutical applications (Ilyas et al., 2023). Therefore, these contribute to wealth generation from waste and promote a cleaner environment by mitigating indiscriminate dumping and improving waste management. It is also an ideal sustainable precursor for nanosilica for nanoencapsulation of drugs and active volatile compounds such as hexanal.
5.2. [bookmark: _Toc222037274]Composition of Corncobs
The corn cob is primarily lignocellulose biomass that contains a significant amount of cellulose, hemicellulose, and lignin (Ilyas et al., 2023; Maqsood et al., 2025; Shariff et al., 2016). The source of the corn cob, how it is handled and stored, the climate, the kind and texture of the soil in the area where the corn was grown, and the corn plant's tendency to absorb nutrients from the soil all contribute to the differences in the composition of corn cobs (as shown in Table 1 below). Harvesting methods and the nutrients (fertilizers) applied to the corn most likely contributed to the variation in ash content (Anukam et al., 2017). The variation in silica content in different studies may also be attributed to differences in corn source, combustion temperature, or ash extraction method.
Table 1: Composition of corncobs 
	Analysis
	Composition (%)
	References 

	Moisture
	5.1
	(Anukam et al., 2017)

	
	6.00
	(Maqsood et al., 2025)

	Volatiles
	65.1
	(Anukam et al., 2017)

	Ash
	8.5
	(Anukam et al., 2017)

	
	2.49
	(Maqsood et al., 2025)

	Fixed C
	21.3
	(Anukam et al., 2017)

	Cellulose
	45.88
	(Shariff et al., 2016)

	
	69.2
	(Ilyas et al., 2023)

	
	45-55
	(Maqsood et al., 2025)

	
	38.8 ± 2.5
	(Pointner et al., 2014)

	Hemicellulose
	39.40
	(Shariff et al., 2016)

	
	22.8
	(Ilyas et al., 2023)

	
	25-35
	(Maqsood et al., 2025)

	
	44.4 ± 5.2
	(Pointner et al., 2014)

	Lignin
	11.32
	(Shariff et al., 2016)

	
	8
	(Ilyas et al., 2023)

	
	20-30
	(Maqsood et al., 2025)

	
	11.9 ± 2.3
	(Pointner et al., 2014)

	C
	44.4
	(Anukam et al., 2017)

	H
	5.6
	(Anukam et al., 2017)

	N
	0.43
	(Anukam et al., 2017)

	S
	1.3
	(Anukam et al., 2017)

	Si
	0.44
	(Anukam et al., 2017)

	
	0.31
	(Chanadee & Chaiyarat, 2016)

	
	10.06
	(Pinto et al., 2012)

	O
	48.27(by difference)
	(Anukam et al., 2017)

	
	77.52
	(Pinto et al., 2012)

	Al
	0.31
	(Anukam et al., 2017)

	
	4.44
	(Pinto et al., 2012)

	K
	1.53
	(Anukam et al., 2017)

	
	0.61
	(Chanadee & Chaiyarat, 2016)

	
	2.20
	(Pinto et al., 2012)

	Na
	1.32
	(Anukam et al., 2017)

	
	1.14
	(Pinto et al., 2012)

	Ca
	0.11
	(Anukam et al., 2017)

	
	0.15
	(Chanadee & Chaiyarat, 2016)

	
	2.09
	(Pinto et al., 2012)

	Mg
	0.42
	(Anukam et al., 2017)

	
	1.49
	(Pinto et al., 2012)

	Fe
	0.06
	(Anukam et al., 2017)

	
	1.06
	(Pinto et al., 2012)

	SiO2
	63.91
	(Suwanmaneechot et al., 2015)

	
	28.02
	(Chanadee & Chaiyarat, 2016)

	
	34.3
	(Salakhum et al., 2018)

	
	47.66
	(Okoronkwo et al., 2013)

	
	47.78
	(Okoronkwo et al., 2016)

	Al2O3
	3.99
	(Suwanmaneechot et al., 2015)

	
	0.4
	(Salakhum et al., 2018)

	
	8.5
	(Okoronkwo et al., 2013)

	
	9.40
	(Okoronkwo et al., 2016)

	Fe2O3
	4.03
	(Suwanmaneechot et al., 2015)

	
	0.3
	(Salakhum et al., 2018)

	
	7.90
	(Okoronkwo et al., 2013)

	
	8.31
	(Okoronkwo et al., 2016)

	CaO
	5.18
	(Suwanmaneechot et al., 2015)

	
	3.09-8.12
	(Chanadee & Chaiyarat, 2016)

	
	3.2
	(Salakhum et al., 2018)

	
	17.70
	(Okoronkwo et al., 2013)

	
	16.70
	(Okoronkwo et al., 2016)

	MgO
	3.12
	(Suwanmaneechot et al., 2015)

	
	4.5
	(Salakhum et al., 2018)

	
	7.20
	(Okoronkwo et al., 2013)

	
	7.80
	(Okoronkwo et al., 2016)

	K2O
	14.73
	(Suwanmaneechot et al., 2015)

	
	31.93
	(Chanadee & Chaiyarat, 2016)

	
	48.0
	(Salakhum et al., 2018)

	
	4.80
	(Okoronkwo et al., 2013)

	
	5.42
	(Okoronkwo et al., 2016)

	SO3
	0.82
	(Suwanmaneechot et al., 2015)

	
	2.1
	(Salakhum et al., 2018)

	
	0.70
	(Okoronkwo et al., 2013)

	P2O5
	6.72
	(Suwanmaneechot et al., 2015)

	
	13.86-19.39
	(Chanadee & Chaiyarat, 2016)

	
	6.9
	(Salakhum et al., 2018)

	Mn2O3
	2.72
	(Okoronkwo et al., 2016)

	MnO2
	2.20
	(Okoronkwo et al., 2013)

	Na2O
	1.67
	(Okoronkwo et al., 2013)

	
	1.89
	(Okoronkwo et al., 2016)


5.3. [bookmark: _Toc222037275]Corncobs as an Environmentally Friendly Source of Silica
A sustainable and affordable resource for the manufacture of nanosilica is provided by the global abundance of agricultural wastes. Specifically, agricultural residues such as corn cobs, rice husk, bamboo leaves, wheat husk, and sugarcane bagasse have gathered attention due to their high silica contents (Ajeel et al., 2021; Okoronkwo et al., 2016; Prabha et al., 2021; Salakhum et al., 2018). Corncobs are ground to a fine powder, and their ash yields more than 60% silica, which is used to produce silica, silicates, and nanosilica. These are valuable and sustainable sources for silica-based materials (Prabha et al., 2021). In various studies, employing different extraction methods, silica and nanosilica of varying purities were extracted from corn cobs (Table 2). Nano silica is more expensive than regular silica. Therefore, extracting nanosilica and even silica from agricultural waste is more economically viable and environmentally safer than using expensive and energy-intensive alkoxide precursors, sodium carbonate, and quartz. It is also an effective approach in addressing disposal challenges (Bokov et al., 2021; Mor et al., 2017; Prabha et al., 2021). The green method of synthesizing silica from biomass helps safeguard both the environment and human health (Mor et al., 2017) . The chemical and thermal treatment of biomass by substituting hazardous reactants and lowering temperatures is one of the most promising techniques for the environmentally friendly production of silica and silica nanoparticles (Sello Seroka & Khotseng, 2023). This technique will contribute to wealth generation from waste and promote a cleaner environment by mitigating indiscriminate dumping and improving waste management.  According to IPCC standards from 2006, net emissions from burning biomass waste are considered as zero when considering the environmental impact of carbon dioxide emissions during the calcinations of biomass materials for ash production (Mor et al., 2017). However, an estimated 0.23 tons of CO2 is released from the commercial method of producing one ton of silica by high-temperature fusion of sodium carbonate and quartz for the preparation of sodium silicate, which contributes to the greenhouse effect (Mor et al., 2017).
Table 2: Silica composition of corn cobs ash and yields after extraction in different studies
	Combustion T (˚C)
	% Composition of silica in ash
	Method 
	Extraction yield (wt %)
	Reference 

	600
	63.91 
	-
	-
	(Suwanmaneechot et al., 2015)

	600 
	28.02
	Sol-Gel
	90.60
	(Chanadee & Chaiyarat, 2016)

	650
	34.3
	Sol-Gel
	97.0
	(Salakhum et al., 2018)

	650
	47.66
	Sol-Gel
	97.13
	(Okoronkwo et al., 2013)

	650
	47.78
	Sol-Gel
	98.77
	(Okoronkwo et al., 2016)

	700
	-
	Precipitation
	97.13
	(Ajeel et al., 2021)

	650
	-
	Precipitation
	88
	(Mohanraj et al., 2012)


[bookmark: _Toc222037276]
6. SOL-GEL SYNTHESIS OF NANOSILICA: TEMPLATED 
Nanoparticles, including nanosilica, are nowadays produced and synthesized using a variety of techniques, including the sol-gel method (solution method), microemulsion processing, chemical vapor deposition, combustion synthesis, vapor phase compression method, mechanical alloying method, or collision with high-energy pellets, plasma method, hydrothermal techniques, and electrochemical methods (Bokov et al., 2021; Prabha et al., 2021). Despite the fact that all of the aforementioned methods may produce huge amounts of nanomaterial, the sol-gel process is the most widely used in industry through the transition of a colloidal suspension (sol) into an integrated solid network (gel) (Bokov et al., 2021). The advantage of this method is simplicity of the process, preparation of high-purity products, very high production efficiency, the use of lower temperatures, usually less than 100°C (70 - 320°C) than others (1400 - 3600°C), and so on (Bokov et al., 2021). 
The sol-gel method is one of the advanced synthesis methods for preparing nanostructured materials, and is frequently used in the field of nanotechnology (Emrie, 2024). Sol-gel synthesis is a frequently used method of converting ash into silica gel. This method involves the successive degradation and condensation of a sol-gel containing silicon alkoxide, sodium silicate, or halide to create a polymerized gel structure (Monica et al., 2024). Controlled gel formation, coagulation, and a precipitation step during preparation are all part of this silica synthesis process, which is done under specific precipitation conditions. The conventional term for silica gel produced using this method is xerogel (Bokov et al., 2021; Monica et al., 2024). Whereas supercritical drying resulted in aerogels, which are gels with nanometer pores, low density, porosity, and high internal area. It is a dry gel that is made by drying out a wet gel (Bokov et al., 2021). The process of converting ash into silica gel begins with the combination of ash and caustic lye (caustic soda) to generate sodium silicate, and it is shown in Equation (1) below (Chanadee & Chaiyarat, 2016; Monica et al., 2024; Okoronkwo et al., 2013). 
SiO2(s) + 2NaOH(aq) → Na2SiO3(aq) + H2O(l) -------------------------------------------------------------(1)
The sol-gel method of producing nanosilica has two reaction steps. The silica precursor (Na2SiO3) solution and a solvent undergo a hydrolysis process (Equation (2)) in the first stage, and Equation (3) describes the second process, which is a condensation reaction between two silanol groups (Si-OH) that results in siloxane bonds (Si-O-Si) and water as byproducts (Emrie, 2024). Acid hydrolysis is the addition of acid, such as sulfuric acid (or hydrochloric acid), to sodium silicate and results in neutralization to silanol (Si-OH), followed by condensation of the silanol group to produce siloxane (Si-O-Si) bonds and water, and then yields the dispersion of silicon dioxide gel (silica gel) and the overall reaction is represented by Equation (4) (Bokov et al., 2021; Monica et al., 2024; Mor et al., 2017). On the other hand, the silica covalent network structure is shown in Figure 2 below (Prabha et al., 2021). 
Na2SiO3 (aq) + H2O + 2HCl(aq) → Si(OH)4 (aq) + 2NaCl (aq) -------------------------------------------(2)
≡ Si-OH + OH-Si≡ → ≡Si-O-Si ≡ + H2O(l) --------------------------------------------------------------(3)
Na2SiO3(aq) + HCl (aq) → 2NaCl (aq) + H2O(l) + SiO2 (s) --------------------------------------------------(4)
By removing contaminants and organic compounds that are frequently found in waste products, the purifying and drying procedures produce a powdered amorphous form of silica (Monica et al., 2024). Template-assisted sol-gel synthesis regulates the final product's morphology, using hard templates (porous silica, polystyrene beads) or soft templates (surfactants) (Nassar et al., 2025). The commercially utilized process for producing silica in industries involves fusing quartz and sodium carbonate at a high temperature to create sodium silicate, which is then precipitated with sulfuric acid to produce silica (Mor et al., 2017). On the other hand, most studies employ organic precursors of alkoxysilane, such as tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS), to create nanosilica. However, due to its being readily available, inexpensive, and environmentally friendly, silica derived from natural resources such as corn cob is employed for future advancements in wastewater treatment, biomedical, and material industries (Prabha et al., 2021). 


Figure 2: The network structure of silica (SiO2)
7. [bookmark: _Toc222037277]NANOENCAPSULATION
By trapping volatiles in protective matrices that allow for targeted distribution, improved stability, and controlled release, nanoencapsulation overcomes these drawbacks. Because of their large surface area, adjustable pore diameters, and biocompatibility, mesoporous nanosilica are especially well-suited for loading volatiles like hexanal. These mesoporous nanosilica, which are made via cheap sol-gel techniques from agricultural waste like corncobs, provide a sustainable carrier that delays evaporation and allows slow hexanal diffusion for extended tomato preservation (Gulin-Sarfraz et al., 2022; Pande et al., 2023).
In nanotechnology, materials having aggregates, pieces, or filaments with a size range of 1-100 nm are now classified as nanomaterials. Small particles with a high surface area to volume ratio are produced when materials are altered and manufactured at the nanoscale (Onyeaka et al., 2022). The process of encapsulation involves adding a bioactive substance (core material) into an external shell, also known as a carrier material (Shavronskaya et al., 2023). The process of packing materials into tiny structures using porous micro-/nanospheres, electrospinning, electrospraying, spray drying, nano-emulsification, microfluidics, extrusion, 3D printing, coacervation, lyophilization, incorporation into nanotubes, isoelectric precipitation, antisolvent coprecipitation, nano-structuration, ionic gelation, or nanocomposites to enable controlled release of the core is known as nanoencapsulation (Onyeaka et al., 2022; Shavronskaya et al., 2023). It is a potential method for maintaining the active ingredient’s nutritional value and enhancing its solubility and oxidation stability. In order to protect biologically active substances (referred to as internal phase, active agent, or core) from harsh environmental conditions like light, oxygen, pH, moisture, heat, shear, or other extreme conditions (such as gastric juice) until their controlled release in a form of capping or coating, the carrier, an encapsulating agent (also known as external phase, wall material, shell, or matrix), is utilized (Shavronskaya et al., 2023). 
Due to their special qualities like nontoxicity, edibility, and biocompatibility, natural polymers are materials of choice for encapsulating bioactive food ingredients (Shavronskaya et al., 2023). EU Commission Regulation No. 10/2011 authorizes the use of suitable nanocarriers for food packaging applications in the EU. These regulations cover both nanoparticles utilized behind a functional barrier and those that come into direct contact with food. Silica, carbon black, silicic acid (the by-product of dissolved silica), and titanium nitride are the authorized nanoparticles. Therefore, the best carriers for possible food packaging applications are porous nanosilica (Gulin-Sarfraz et al., 2022). Because silica has advantageous chemical characteristics, thermal stability, and biocompatibility, mesoporous nanosilica are frequently used as carrier systems to deliver medications or bioactive substances (Yang et al., 2020). Nanoparticles of silica (SiO2) with a special porous structure are called mesoporous nanosilica. They have mesopores, cylindrical tubes, or voids inside the particle structure, arranged regularly. Usually ranging in size from 2 to 50 nm, these mesopores provide a substantial surface area for the loading and distribution of drugs. The pore size in between micropores (less than 2 nm) and macropores (greater than 50 nm) is referred to as mesoporous (Pande et al., 2023). The FDA also considers silica to be a GRAS material, and it has been used as an ingredient or additive in foods and cosmetics. Therefore, employing MSN in food does not pose a safety risk (Yang et al., 2020). Because of the many design options, pore structure, surface area, and surface chemistry of mesoporous silica, it can be used as an effective encapsulation, storage, and controlled release of medicinal substances (Gulin-Sarfraz et al., 2022; Pande et al., 2023). These features have been extensively studied in the biomedical field for applications like medication delivery, diagnostic imaging, and bioactive protein stability (Gulin-Sarfraz et al., 2022).
Depending on the application, numerous nanoencapsulation systems, including liposomes, nanoparticles, micelles, nanospheres, nanoemulsions, and nanocochleates, have been employed (Onyeaka et al., 2022) . They can be used as nutritional supplements to improve bioavailability, mask unpleasant flavours, and enable the efficient dispersion of insoluble supplements without the need for surfactants or emulsifiers (Onyeaka et al., 2022; Shavronskaya et al., 2023). By encapsulating volatile natural substances, nanotechnology has also improved their use. By extending the period that volatile chemicals are in the headspace, encapsulating them in inorganic nanocarriers can extend their release and improve the antibacterial activity (Gulin-Sarfraz et al., 2022). 
Silica nanocarriers can carry a large quantity of volatile active compounds and inhibit the vaporization of the active components because of their large surface area and high pore volume. Gulin-Sarfraz et al studied the antimicrobial compounds: thymol, carvacrol, cinnamon oil, eugenol, and citral, for the silica nanocarrier encapsulation, where the non-polar organic solvent cyclohexane efficiently loaded the active compounds into the silica nanocarrier. Over the course of nine weeks in ambient circumstances, the release (in terms of vaporization) of the active compounds from the loaded nanocarriers was investigated. With the exception of citral, which released 30% of the active compounds within the first week, the results showed that the nanocarriers released only about 10% or less, and retained at least 50% of the loaded compounds (except for citral) after nine weeks. Conversely, the control nanocarriers (halloysite nanotubes) lost about 50–70% of their initial thymol, carvacrol, eugenol, and cinnamon oil loading after just one week (Gulin-Sarfraz et al., 2022). In the other study, quercetin was encapsulated in biodegradable polymeric PLA (poly-D, L-lactide) nanoparticles to extend the shelf life of tomatoes. This strategy could also be applied to extend the shelf life of other fruits and vegetables, which could benefit both farmers and consumers (Yadav, 2017). 
8. LIMITATIONS
[bookmark: _Toc222037278]This review has some limitations. First, the discussion primarily relies on peer-reviewed, English-language literature, which may exclude relevant studies published in other languages, as well as theses and technical reports in institutional repositories. Second, the review adopts a narrative (rather than a fully systematic, PRISMA-style) approach. Although the search included major databases (PubMed, Web of Science, MDPI, SpringerLink, and ScienceDirect), it may not be fully exhaustive or reproducible in the same way as a protocol- based systematic review. Third, much of the evidence regarding hexanal-loaded corncob-derived nanosilica for tomato preservation remains conceptual or preliminary. Therefore, firm conclusions on its performance and safety require further experimental validation. These limitations highlight the need for additional empirical studies, specially under field conditions, to validate hexanal-loaded corncob-derived nanosilica systems to address the current knowledge gaps. 
9. CONCLUSION
Despite research on cold storage, controlled atmospheres, coatings, and chemical and biological treatments, tomato postharvest losses are too high in many production methods. Existing methods mostly require expensive infrastructure, synthetic additives that have adverse effects on human health, market acceptability, and regulatory approval, or natural agents whose use is limited by their instability and sensory effects. Hexanal has become a promising plant-derived volatile with the ability to suppress fungal infections in tomatoes and other fruits, while also delaying ripening. However, its high volatility and susceptibility to oxidation limit its effectiveness when used as a free compound. Mesoporous nanosilica can be synthesized with green synthesis methods from agricultural wastes such as corncobs, which offer a large surface area, adjustable porosity, and good stability while valorizing waste streams. Encapsulation can significantly increase stability, preserve sensitive active ingredients, and enable controlled release profiles that are suitable for postharvest storage durations, as evidenced by parallel advancements in the nanoencapsulation of plant volatiles and essential oils. To date, however, there has been no systematic evaluation of hexanal-loaded nanosilica made specially from corncobs for tomato preservation, and there is no comprehensive framework for designing such systems for warm-climate, low-resource markets. This is an obvious and timely chance for targeted research.
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