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2. Packaging Commonly Used in Preservation of Tomatoes
Packaging plays a critical role in protecting tomatoes from various deteriorative factors; however, it should not be solely recognized for preserving physiochemical properties of the product, but should also contribute to minimizing the environmental burden produced by the food industries. Eslami et al. (2025) have performed a comparative life cycle assessment (LCA) to measure and compare the environmental impact of different packaging materials used for tomato-based products in an Italian processing company that produced about 400g of peeled tomatoes in tinplate cans and 500g of tomato puree in glass bottles [23]. Using real-factory data and Ecoinvent databases, the study concluded that packaging alone was the largest environmental hotspot, accounting for over 66% of total CO2 emissions for peeled tomatoes and 56.7% for tomato puree. Traditional packaging used here- tinplate cans and glass bottles showed highest carbon footprint and generated about 0.666 kg and 0.479 kg CO₂ equivalent, respectively. It was due to higher energy needed for their production especially required for tinplate manufacturing, heavy weight leading to higher transport emissions and need of more resources for their manufacture. End-of-life analysis revealed that recycling glass and metal could cut packaging-related emissions by 46% for metal and 48% for glass[23].
The researchers further tested alternative packaging such as glass jars for peeled tomatoes and carton-based containers or stand-up pouches for tomato puree that significantly lowered global warming impact by 37% (carton-based containers) and 32% (stand-up pouches), owing to their lighter weight, less energy required for manufacturing and ease of transportation. Also, recycling glass and metal could cut packaging-related emissions by 48% and 46%, respectively. Thus, the study highlighted that improving recycling rates, redesigning packaging design, and reducing material and energy demand by switching to lighter, low-impact materials such as pouches and cartons make the tomato processing industry more environmentally sustainable and also help it align with UN Sustainable Goal 13, which focuses on reducing climate change impacts[23].
Traditional packaging has several limitations in terms of utility, for example as discussed earlier, bamboo baskets are not very practical and are hard to handle and difficult to stack during handling and transportation[24]; wooden crates though were used in the past, but are very expensive; synthetic plastics are widely used in food packaging due to their low cost and convenience; however, their prolonged degradation time leads to environmental accumulation, contributing to ecological toxicity and an increased carbon footprint[7]. The production of these plastics also emits greenhouse gases such as methane and carbon dioxide, intensifying the effects of climate change. Additionally, plastic additives like phthalates and bisphenol A are known endocrine disruptors as discussed earlier, posing health risks to consumers of plastic-packaged food[25]. Over time, plastic degrades into microplastics, which have been detected in human blood, breast milk, and even placental tissues, thus raising significant health concerns[26]. 
Synthetic packaging materials, mainly plastics are mainly designed to reduce the transfer of gases and moisture between food and its environment[27]. However, plastic films are not universally suitable for all food systems or storage environments, for example, due to the microscopic free spaces between their imperfectly packed chains, they exhibit partial permeability towards gases and water vapours[28]. To achieve this, polymeric materials are often engineered into composite (copolymer) or multilayer films to optimize the diverse functions of the film, including the movement of gases and solutes[7, 29]. Also, in this context, edible or bio-based packaging, or the combination of both synthetic and edible packaging have been proposed by various researchers, to achieve an eco-friendly alternative that can support sustainability[28]. Since 1990, over 90 patents and scientific studies have been published on edible packaging, focusing mainly on its ability to control water vapor transmission[30]. Moreover, edible films also offer other useful functions, such as encapsulating aromatic compounds, natural pigments including anthocyanins, chlorophyll, carotenoids, etc., acting as freshness indicators, antimicrobial agents, pigments, browning inhibitors, and nutritional additives like vitamins. 
In response, greater attention has been given to eco-friendly packaging methods. Agricultural waste, including peels containing bio-actives, pulp containing pectin, etc., is often thrown in large amounts, holds immense capability to be used as a raw ingredient for developing sustainable packaging with improved barrier and mechanical properties. Using such waste supports the circular economy model, where by-products can be used to produce strong and biodegradable packaging[31]. Emerging sustainable packaging solutions emphasize recyclable, reusable, and compostable materials. Bio-based films and composites are now being developed using banana peels, tomato skins, seaweed, and other agricultural residues. Furthermore, water-based and solvent-free coating technologies are gaining attention for their eco-friendliness[32]. Choosing the appropriate packaging solution is vital for preserving tomato quality, ensuring consumer safety, and reducing postharvest losses. As a result, businesses are increasingly adopting bio-based and functional packaging systems to extend shelf life while complying with environmental and regulatory standards.

3. Biopolymer-based active packaging on tomato
The increasing global concern over the environmental burden of petroleum-derived plastics has intensified research on biodegradable and bio-based packaging materials[35]. Among the emerging sustainable alternatives, edible coatings and films have gained considerable attention as substitutes for conventional packaging systems. These materials are derived from natural polymers of plant and animal origin, such as polysaccharides, lipids, and proteins, often enhanced with plasticizers and surfactants to enhance barrier efficiency, flexibility, and visual appeal[36]. When applied to fruits, edible coatings have shown to effectively extend shelf life by limiting moisture loss, controlling respiration rates, minimizing physical damage, suppressing physiological disorders, and preserving overall appearance[37]. Frequently used ingredients in these coatings include CS, pectin, gelatin, cellulose, alginate, starch, waxes, and gums[36]. However, achieving packaging-level performance using a single biopolymer is difficult because each biopolymer has certain built-in limitations, for example, starch-based films are low-cost and biodegradable, but they are highly sensitive to moisture, which results in weak moisture resistance and reduced strength in humid conditions[38]. On the other hand, PLA offers good mechanical strength, but it is brittle and has poor gas barrier properties, particularly against oxygen and carbon dioxide[39]. These material-related drawbacks explain why films made from a single biopolymer are unable to satisfy the multiple functional demands of food packaging. To overcome these challenges, multilayer film technology has emerged as a practical and effective solution. According to Fuente Arias et al. (2023), multilayer assembly enables the synergistic enhancement of mechanical performance and barrier efficiency by strategically allocating specific functions such as moisture resistance, oxygen barrier, mechanical enforcement, etc. to different layers. Most studies reviewed by the authors reported significant reductions in water vapour, O2, and CO2 permeability, along with improvements in tensile strength and structural stability [40]. Furthermore, composite coatings, created by blending two or more biopolymers, can be engineered to improve mechanical integrity and barrier functions, particularly when combined with plasticizers or cross-linking agents. However, process complexity, interlayer adhesion, scalability and recyclability remain key challenges here[40].
Edible coatings are thin layers applied directly to food surfaces. On the other hand, edible films are solid sheets that can be placed between food components or on the food's surface[41]. These films act as barriers to moisture, oxygen, CO₂, aromas, and fats. If they have suitable strength, they can even be used as edible packaging for certain food items. The core components used to produce these edible or biodegradable films include, film-forming biopolymers, including polysaccharides such as starch, pectin and cellulose-derivatives; proteins mainly gelatin, whey, soy and pea proteins; and bio-based polyesters such as PLA and polyhydroxyalkanoates (PHAs). These materials are used due to their renewability, biodegradability and functional barrier properties. Reichert et al. (2020) highlighted that using bio-based packaging materials derived from renewable feedstocks and agro-industrial side-streams can significantly reduce our reliance on petrochemical plastics while maintaining the necessary mechanical and barrier properties [4]. Natural fibers such as jute, hemp, banana and wheat straw also serve as important renewable resources for the development of biodegradable composites[42]. Polysaccharides and protein-based films are often modified by physical or chemical methods to overcome their inherent limitations, while bio-based polyesters offer superior mechanical strength but require controlled composting conditions for effective degradation. To increase flexibility, solvents such as water or ethanol and plasticizers such as glycerol are also used. In addition, optional components such as cross-linking agents, dyes, surfactants, and lipid-based materials may also be added. These components interact with each other to enhance the functional properties of the film.
3.1. Solution Casting Method
Researchers have used diverse fabrication strategies to tailor biopolymer-based films and coatings mainly for tomatoes’ preservation [44]. Huang et al. 2025 developed an eco-friendly antioxidant-rich CMC and pectin matrices incorporated with CMC/Pectin/OEO/VA film using solution/solvent casting method, enabling homogenous dispersion of these active compounds while improving oxidative stability of the film to achieve delayed tomatoes’ senescence[45]. The solution casting technique is a simple, low-temperature fabrication technique yet widely used technique to produce uniform, thin polymer films by firstly dissolving film forming material in a solvent (can be water also), often with additives like plasticizers, antimicrobials or antioxidants, etc.; secondly stirred to ensure even dispersion; and thirdly casting this solution onto a flat, level surface such as petri dish or glass plate;  and lastly drying it under controlled conditions and then peeling it off and stored. Similarly, another a ctive packaging film using the solution casting technique, where about 10g of biopolymer was first dissolved in about 90 mL of chloroform. After complete dissolution, thyme oil was added to this polymer solution, and the mixture was homogenized by a magnetic stirrer at room temperature to facilitate uniform dispersion of oil into the polymer matrix. The homogenized mixture was poured into petri dishes and allowed to dry overnight under ambient conditions. The solvent gradually evaporated during drying, resulting in the formation of solid polymer film. The dried film was then analyzed by gas chromatography to confirm the absence of harmful chloroform residues. 
Likewise, Zhu et al. (2019) fabricated an eco-friendly packaging and made a flexible film using CS film reinforced lignosulfonate, a by-product from the paper industry, again fabricated using the solvent casting method to improve the film’s tensile strength and its flexibility while maintaining biocompatibility [43]. Firstly, lignosulfonate powder was dissolved in distilled water and centrifuged to remove impurities. CS powder was dissolved separately in water with added vitamin C to enhance solubility and centrifuged. These two solutions were mixed well to form a uniform film, then degassed and poured into petri plate and dried at 35 °C for 24 hours, followed by conditioning to stabilize the film. Another film formed using solution casting method is a multifunctional bilayer film that also integrated surface coating method along with casting method. Here, an inner PM/PVA blend layer was casted followed by coating a thin PLA layer via solvent evaporation. It significantly improved water vapour resistance and gas barrier performance[27]. PM, the natural polymer used here was extracted from Poria cocus using alkali extraction method. The extract was then centrifuged, neutralized, washed and converted into powder. PM solution, PVA solution and glycerol (as plasticizer) were mixed together and stirred at room temperature for 3 hours. The blended film-forming liquid was then poured into polystyrene petri dish and dried at room temperature for 24 hours. The film was then conditioned for 72 hours for stabilization. Finally, to make a PM/PVA-PLA bilayer film, PLA of different concentrations was dissolved in chloroform at room temperature for 2 hours and stirred, and about 1 g of each PLA solution was poured onto a dried PM/PVA film.              
Ma et al. (2025) also created a bio-based composite film using solution casting method but along with casting method, they also employed in-situ chemical cross linking, which means chemically modifying the nanocellulose by introducing aldehyde groups into it and producing dialdehyde cellulose nanocrystals (DACNCs) [46]. Tannin was then reacted with these aldehyde groups through nucleophilic reaction, creating tannin-functionalized CNCs (TA-CNCs). This step is called in-situ functionalization, because here tannin is not just physically mixed but fixed at the molecular level. The prepared TA-CNCs were then dispersed into the CS solution. During mixing, the amino groups of CS reacted in-situ with the remaining aldehyde groups on TA-CNCs through Schiff base reaction, forming imine bonds. This means the polymer network was created inside solution during film formation, and not in any separate step. This mixture was then poured onto a flat surface and dried to produce CS-TA-CNC film. The Sodium alginate-based foam was also fabricated by mixing sodium alginate (SAN) with glycerol, followed by incorporation of vanillin, and casting the mixture into foam[47].
3.2.  Coating Methods
Dipping and spraying method applies edible coating directly onto the surface of tomatoes to form a protective layer. Rashid et al. (2025) formulated an antioxidant-rich guar gum-Butea monosperma extract (BME) film using solution casting method, while also using dipping/coating method for application on tomatoes, that significantly reduced decay and maintained firmness and sensory attributes of tomatoes [48]. Here, guar gum was dissolved in water and heated. Glycerol was added as plasticizer to enhance flexibility. BME was then added in different proportions. The solution was mixed, poured into petri dishes, and dried to form an edible film. After film formation, tomatoes were submerged in the prepared coating solution for 2 minutes, then air-dried for 12 hours and stored at 24°C. For edible coatings, a composite edible coating system was also developed using gum Arabic, beeswax, and hexanal spray to extend the shelf life of tomatoes. The gum Arabic coating was prepared by dissolving gum Arabic powder in hot water, followed by the addition of ascorbic acid, citric acid, glycerol, and calcium chloride as functional additives. The mixture was heated at 60 °C for 30 minutes to ensure complete dispersion, then cooled and stored at 4 °C, and later applied on tomatoes through the dipping method to form a thin protective coating. For the beeswax coating, an emulsion was prepared by melting beeswax in hot water and adding emulsifiers such as ascorbic acid and stearic acid to stabilize the wax-water system. The mixture was stirred until a uniform milky emulsion was obtained, then cooled. Tomatoes were dipped for 30 minutes to form a waxy moisture-barrier layer. Additionally, a hexanal spray was made using hexanal, ethanol (to dissolve hexanal), tween-80 (an emulsifier), and ascorbic acid (to prevent oxidative browning). Hexanal induced down-ripening by inactivating phospholipase D, which is responsible for membrane degradation and the softening of tomatoes. Hexanal formylation was directly sprayed onto tomatoes [48]. The inner surface of cardboard was similarly coated with essential oil β-cyclodextrin complex to provide controlled release of antimicrobial vapours. While Farooq et al. (2023) applied aloe vera gel-CS coating by dipping tomatoes [33]. Similarly, Sharma et al. (2023) coated cellulose paper by dipping it in bacteriocin-synthesized silver nanoparticle solution [49].
3.3.  Extrusion-Based Methods
Extrusion processes utilize heat and pressure to shape bio polymers into films with controlled thickness and mechanical properties. Kim et al. (2025) employed melt blending and twin-screw extrusion technique to incorporate octadecane (OD) and zeolite (ZL) into propylene (PP) [50]. The melt blending method involves heating the solid polymers and additives until they melt and then mixed together to form a uniform blend, while the twin-screw extrusion method involves pushing this molten polymer through two rotating screws and then shaping into a thin film. Here, PP pellets cannot dissolve in water; therefore, they must be processed by melting. To make this smart packaging film with temperature-sensitive gas permeability, octadecane was heated until it melted. The ZL powder was then mixed into the liquid to form a smooth, uniform mixture. This mixture and PP plastic were then fed into a twin-screw extruder, which melts and blends the entire material at high temperature. The melted blend was then pushed through a flat opening, resulting into a thin film sheet. The hot film was then cooled using rollers and cut into pouch-shaped pieces. The sides were sealed to form packaging bags for storing cherry tomatoes. Biodegradable Poly (butylene adipate-co-terephthalate) PBACT/Poly(ε-caprolactone) (PCL) using twin-screw extrusion followed by uniaxial stretching to improve molecular orientation and produce passive MAP for cherry tomatoes[51]. Bioactive propylene film was fabricated by incorporating PBACT and citronella essential oil (CEO) through the melt mixing and cast extrusion method[52]. Likewise, Rotondo et al. (2025) prepared a completely biodegradable and robust tomato packaging by extruding PLA with tomato peel biomass and a bio-based plasticizer [53]. Similarly, a triple-layer biodegradable film of PBACT) and poly(propylene carbonate-co-phthalate) (PPC-P) was formed using a multi-layer co-extrusion blow molding method, creating sustainable packaging for cherry tomatoes[54].
3.4. Electrospinning or Electro-Spraying Technique
The electrospinning technique uses high-voltage electricity to spin polymer solutions into a nanofilm, forming a porous, breathable film that can hold and protect active compounds and enable controlled release of encapsulated antimicrobials/antioxidants. Jiang et al. (2022) reported the use of coaxial electrospinning, a modified form of regular electrospinning that have an inner-outer (core -sheath) structure [55]. It uses two solutions at the same time: one flows through the inner needle (core), and the other through the outer needle (sheath). When high-voltage electricity is applied, both solutions form thin, two-layered fibers. Jiang et al. (2022) took polyethylene oxide (PEO) with resveratrol as the inner core, and zein containing silver nanoparticles (AgNPs) and additional resveratrol as the outer sheath, and engineered a functional nano-fiber film capable of active compound release and enhanced preservation performance of tomatoes [55]. Another active nanofiber-based packaging created by Rajamohan et al. (2025) was fabricated via electrospinning by dissolving tannic acid and polyvinylidene fluoride (PVDF) in their respective solvents, mixed for 12 hours for proper dispersion, and electro-spined at 15 kilovolts with 1 mL/h flow rate, under controlled conditions, followed by drying at 140 °C [56].
3.5. Advanced / Novel Fabrication Methods 
Advance fabrication methods have also been explored, for instance, Yun et al. (2020), who deposited a SiOx layer onto PCL film via PECVD to achieve precise regulation of O₂ and CO₂ permeability suitable for equilibrium- MAP. This SiOₓ-coated PCL film was fabricated via PECVD. This technique involves converting gas into plasma (high energy ions and electrons) [58]. The plasma breaks the gas molecules into reactive particles, which then settle and deposit as a very fine and uniform layer on the surface at a relatively low temperature. Initially, the PCL substrate was subjected to argon plasma treatment (100W) to activate the surface, remove surface impurities and improve coating adhesion. Then, a capacitive-coupled radio-frequency (RF) PECVD system was used to deposit a thin layer of SiOₓ on a PCL substrate at 20 Pa. During coating, argon (10 sccm), oxygen (10 sccm), and HMDSO (5 sccm) were introduced into the vacuum chamber, where HMDSO acted as a silicon precursor/monomer for forming a uniform SiO2 layer on PCL film. 
To make a biopolymer film, the solvent-casting technique was primarily used, and the protective properties were enhanced with diverse active ingredients, such as natural antioxidants, antimicrobial agents (e.g., plant extracts or essential oils), or nanoparticles (e.g., ZnO, silver, or TiO2).  These components helped reduce water loss, slow the entry of oxygen, and prevent microbial spoilage by forming a thin, breathable layer around the tomato. These films were mainly designed to be transparent, so that the tomatoes remained visible, strong and flexible, to handle transport and storage; semi-permeable, allowing the right number of gases to pass, which helped control ripening and spoilage; and biodegradable and edible, especially important when the coating is applied directly on tomatoes. Beyond these commonly used fabrication methods, several other methods are widely reported. The hot-pressing or compression-molding method involves heating and pressing a dry polymer mixture into sheets, while the co-extrusion method creates a multilayer film, combining both the structural layer and the active layer. The layer-by-layer (LbL) technique creates ultra-thin alternating layers using electrostatic attraction, for smart, antimicrobial, and high-barrier coating. Sol-gel coating that converts liquid precursors into an inorganic layer, and physical vapor deposition or thermal evaporation involve vacuum-based deposition of inorganic or metal oxide onto a film layer; both of these methods help improve oxygen and moisture barrier. In industrial-scale film production, blown film extrusion is employed, in which the polymer melt is blown into a bubble to form a thin, stretchable film. Overall, these natural films offer a sustainable and effective alternative to plastic packaging, helping maintain the freshness and quality of tomatoes during storage and transportation. 

4. Properties of Functional Film used in Tomato Packaging
4.1. Mechanical Properties 
The mechanical strength of bioactive films determines their integrity during storage, flexibility, load-bearing capacity, and respiration-driven expansion, which are essential for tomato packaging. The integration of VA and OEO turned the polysaccharide network into a compact, high-performance shield. While lab imaging, including SEM, FTIR, and XRD, proved the film is structurally superior and more stable than standard versions, and its physical performance was also better. It was tough enough to resist breaking during storage, yet gentle and flexible enough to maintain a protective 'second skin' on delicate tomatoes. The film exhibited high tensile strength of about 49.24 MPa[73]. Another composite bio-layer composed of CS-lignosulfonate prepared by Cheng et al. (2024), exhibited increased tensile strength and elongation at break due to polyelectrolyte interaction and aromatic reinforcement, ensuring robust mechanical strength, flexibility and resistance to tearing [74]. The Pachyman (PM)/ Polyvinyl acid- Poly lactic acid bilayer film created by Zhao et al. (2023), demonstrated a well-balanced combination of mechanical, barrier and functional properties that was suitable for tomatoes packaging [75]. Here, the inner PVA/PM layer formed self-healing hydrogen bonds, while the outer PLA layer provided rigidity. Spectroscopic and SEM analyses revealed weak interfacial interactions and clear phase separation between layers, indicating that the overall barrier was created by individual layers rather than chemical crosslinking. The PP/octadecane/ZL composite, smart film demonstrated by Kim et al. (2021) also improved functional properties of PP packaging suitable for fresh produce packaging [76]. The addition of these two further enhanced mechanical integrity and resistance to deformation during temperature fluctuations, thus reducing package collapse and bruising. Another fabricated edible film created by Rashid et al. (2025), using GGM as a hydrophilic base material used for its film-forming ability and BME of flower was incorporated as an active ingredient [48]. Results showed that BME incorporation enhanced film thickness (0.978 MPa) and improved elongation at break (up to 5.7%), thereby improving mechanical performance. Another film reported by [77]demonstrate SiOₓ coated PCL where incorporation of SiOₓ coating on PCL decreased Young’s modulus and yield strength due to brittle nature of SiOₓ, but increased elongation at break significantly, therefore improving flexibility and adhesion between coating and matrix. Overall, the film retained good tensile strength and enhanced extensibility. In thyme-oil incorporated PLA/PBACT-PLA composite packaging film demonstrated by Dardari et al. (2025), PLA displayed highest tensile strength but lower elongation, therefore higher rigidity and brittle nature, while PBACT displayed lower tensile strength and higher ductility, therefore better flexibility [78]. By blending PBACT and PLA films, a synergistic effect was achieved. Moreover, adding thyme oil in low concentration (1-2.5 weight %) gave plasticizing effect, but adding it in higher concentration (5 weight %) resulted in matrix softening, premature rupture and weakened intermolecular bonding. Jiang et al. (2022) also reported the successful formation of electro-spun zein and polyoxyethylene core-sheath fiber film that maintained stable mechanical integrity with uniform fiber structure, indicating satisfactory strength and flexibility [55]. Collectively, all of these systems demonstrate mechanical reinforcement suitable for tomato packaging by improving tear resistance, flexibility and structural stability.
4.2.  Barrier Properties
Barrier properties are critical for controlling dehydration, respiration, and microbial safety. The CMC/pectin/OEO/VA composite film exhibited controlled water vapor solubility and moderate hydrophilicity, owing to its polar groups, minimizing dehydration and weight loss while regulating gas exchange to slow respiration-driven senescence and ripening[79]. Similarly, the CS–lignosulfonate system significantly reduced water vapor permeation, limiting tomato dehydration[59]. Incorporation of PM into a PVA matrix (40 g/L PLA) enhanced intermolecular hydrogen bonding, reduced solubility, improved oxygen barrier properties, stabilized water vapor permeability (~0.4 × 10⁻⁹ g·m⁻¹ s⁻¹ kPa⁻¹), and enabled water-triggered self-healing via reversible hydroxyl bonding. Although the hydrophilic PM/PVA layer increased water vapor permeability, a hydrophobic PLA outer coating compensated for this effect while maintaining oxygen restriction (~0.4 × 10⁻⁹ gm⁻¹s⁻¹kPa⁻¹)[27]. In PP/OD/ZL films, octadecane regulated temperature-responsive gas flow allowing more diffusion when warm and restricting it when cool while ZL stabilized OD and controlled its release, preventing oxygen depletion, condensation, shriveling, and anaerobic metabolism that can deteriorate flavor and texture[76]. The GGM/BME film exhibited moderate moisture transmission due to guar gum hydrophilicity, but phenolic interactions restricted moisture mobility, improving water vapor resistance and making it suitable for short-term storage with gradual weight-loss control[48]. PCL films demonstrated reduced oxygen and carbon dioxide transmission rates (CTR), forming a modified atmosphere that slowed respiration and tomato ripening, although WVTR remained largely unchanged due to the oxide layer’s hydrophilicity[58]. Thyme oil incorporated PBACT/PLA films showed enhanced surface water resistance from hydrophobic hydrocarbons and moderated gas permeability via micro-level discontinuities that enabled controlled diffusion[80]. Electrospun zein/polyoxyethylene films also exhibited improved barrier performance, confirmed by increased water contact angle and reduced WVTR[55]. Collectively, these films create a micro-respiratory atmosphere that slows respiration, ripening, and senescence. 
4.3.  Optical and UV-Blocking Properties 
Light filtering property is essential for mitigating oxidative stress and pigment degradation in tomato tissues. In CMC/Pectin/OEO/VA film, the addition of OEO and VA further enhanced UV‐blocking capacity and reduced optical transmittance, due to π→π* transitions of aromatic phenolic structures, therefore limiting light-induced oxidative deterioration, therefore protecting major pigments of tomatoes, mainly lycopene and ascorbic acid [81]. Furthermore, the incorporation of lignosulfonate into CS film imparted pronounced UV-protection due to the presence of aromatic chromophores and conjugated structures in lignosulfonate, along with its lower light transmittance (350-600 nm), resulting in decreased photo-oxidation, nutrient loss and discolouration[43]. PP/OD/ZL composite film showed slight haze due to mineral dispersion but still maintained acceptability while preventing internal light accumulation that would otherwise accelerate moisture loss[76]. In GGM/BME film, colour properties changed significantly- lightness was reduced while redness and yellowness were increased, due to natural pigment of the extract, therefore improving antioxidative light filtering[48]. Adding more thyme oil into PBACT/PLA matrix displayed a subtle yellowish tint due to chromophoric π-bond structures and phenolic groups, therefore reduced transparency, leading to UV-protection and prevention of light-induced oxidation of tomatoes [82]. These optical modifications prevented color fading, maintained firmness, and decreased chlorophyll and carotenoid damage in tomatoes. 
Besides reducing light transmission, UV-blocking properties also contribute significantly to maintaining tomato nutritional quality during storage. Exposure to ultraviolet radiation accelerates photooxidation reactions that degrade sensitive compounds such as lycopene, carotenoids, ascorbic acid, and phenolic compounds. Functional films containing phenolic compounds, essential oils, and aromatic structures can absorb harmful UV radiation and reduce oxidative stress. However, excessive UV-blocking additives may reduce film transparency and consumer visual acceptance. Therefore, achieving an optimum balance between transparency and UV protection remains important for designing functional packaging systems for tomatoes.
4.4.  Thermal Stability/Temperature-Response Behavior
Thermal behavior influences hot-fill or ambient packaging compatibility to survive the real-world conditions. CMC/Pectin/OEO/VA film’s thermal analysis revealed that it stayed structurally sound during standard storage and handling, meaning it would not warp or fail even when temperatures start to shift[83]. CS-lignosulfonate composite also showed improved thermal resilience as sulfonate-amine ionic interactions delayed degradation, therefore improved film’s stability. In PM/PVA/PLA bilayer, PVA’s glass transition stabilized humidity response, while PLA maintained rigidity at higher temperatures[78]. The PP/OD/ZL film effectively functioned as thermally active system, where octadecane absorbed heat, thus regulating internal atmosphere, preventing condensation, while ZL stabilized OD release[50]. GGM/BME film showed multi-stage degradation- hydrogen bond breakage at ~150 °C, while plasticizer and polysaccharide breakdown at 220 °C, and final char formation at higher temperatures. DSC also revealed decreased melting temperature, thus confirming improved thermal stability of the film[48]. The thermal stability of thyme oil-infused PBACT/PLA film was characterized through TGA analysis, which revealed that adding thyme oil lowered the heat resistance of the film, because of the volatile nature of the oil. Also, when mixed into the polymer matrix, it behaves like a plasticizer and loosens the structure of the polymer, making it easy for heat to break it apart. These features ensure packaging film to be operational during varying postharvest conditions. 
4.5.  Structural, Morphological and Molecular Interactive Properties
Such properties decide packaging reliability and support mechanical and barrier characteristics. In CMC/Pectin/OEO/VA film, SEM revealed a dense and uniform texture that naturally repels water due to the presence of essential oil droplets, while XRD confirmed compatible molecular dispersion [84]. The blend of lignosulfonate in CS-lignosulfonate film displayed strong intermolecular interaction between CS and lignosulfonate through hydrogen bonding and formation of polyelectrolyte, forming a much firmer and more stable structure, confirmed by FTIR and XRD analyses. XRD showed the shift from a somewhat loose structure into a highly organized, "crystalline" shield that is far more durable [43]. The PM/PVA layer displayed a smoother distribution, and the PLA coating revealed phase separation, indicating that strength does not come from the chemicals fusing but from the smart way the layers are stacked to block out air and moisture[85]. Similarly, PP/OD/ZL helped preserve polymer integrity, where tiny particles of ZL was dispersed as stabilizing reservoirs, preventing the microscopic pores in the plastic from collapsing [76]. GGM /BME film also showed smooth matrix, but increased roughness and altered crystallinity with the addition of BME, due to hydrogen bonding with phenolic compounds. FTIR confirmed hydrogen bonding rather than chemical rearrangement, while XRD confirmed decreased crystallinity, thereby improving flexibility and regulating diffusion [48]. Another SEM analysis of pure PCL film revealed its smooth and uniform surface, while after coating this film with SiOₓ showed the presence of fine, narrow micro-cracks due to brittle nature of SiOₓ. However, the cracks occupied a very small area, resulting in a continuous thin layer. ATR–FTIR spectra also confirmed successful surface modification, forming a composite structure[58]. Blended PBACT/PLA film exhibited dense, unified morphology and improved intermolecular interaction. At low concentrations of thyme oil incorporated into the film, the film remains stable; at higher concentrations, it becomes weaker and rougher because the oil separates. Blending PLA and PBACT, creates a smoother and stronger structure that can hold oil better [82]. Jiang et al. (2022) reported that the morphology and internal structure of coaxially electrospun zein/polyoxyethylene fibers produced uniform, bead-free, ultra-thin fibers, as confirmed by SEM imaging [55]. The chemical compatibility and structural stability were verified by ATR-FTIR, which showed clear functional group interactions, while XRD analyses indicated semicrystalline features, suggesting stable molecular packing. Therefore, such collective micro-structural modifications define performance behavior.
4.6.  Antioxidant and Antimicrobial Properties
Active compounds embedded in films inhibit microbial spoilage, delay ripening, and reduce oxidative deterioration. The CMC/pectin/OEO/VA composite film provides a synergistic antioxidant–antimicrobial defense through phenolics such as carvacrol, thymol, and vanillic acid, effectively suppressing E. coli and S. aureus, preserving firmness, color, and overall tomato quality, and extending shelf life to 19 days at room temperature [86]. CS–lignosulfonate films offer inherent antimicrobial and antioxidant activity via CS’s cationic sites and lignosulfonate phenolics, maintaining total soluble sugars and titratable acidity and extending shelf life to 14 days[43]. PM/PVA/PLA bilayers rely on atmospheric regulation rather than chemical activity, preserving organic acids and vitamin C for at least 10 days and outperforming PVA, PM/PVA, and PE packaging[27]. PP/OD/ZL films indirectly prevent spoilage by stabilizing the internal microclimate and preventing condensation that promotes fungal growth[76]. Incorporation of BME into guar gum significantly enhances antioxidant capacity (~90.71%) by increasing the levels of flavonoids such as quercetin, rutin, and kaempferol, thereby limiting oxidative spoilage[48]. Although PCL/SiOₓ films lack direct antioxidant release, their superior gas barrier reduces oxidative stress and nutrient loss, extending tomato shelf life up to 30 days at 5 °C[58]. Thyme oil–incorporated PLA, PBACT, and PBACT/PLA films exhibit strong antimicrobial activity from thymol and carvacrol, producing inhibition zones against Staphylococcus aureus and E. coli while reducing oxidative stress, enzymatic browning, and lipid peroxidation[78]. Similarly, electrospun fibers containing resveratrol and AgNPs provide sustained antioxidant release and antimicrobial activity, with inhibition zones of 8.89 ± 0.09 mm against S. aureus and 7.26 ± 0.10 mm against E. coli [65]. Collectively, these bioactive systems enhance firmness retention, color stability, and vitamin preservation by enhancing antioxidant activity.
4.7.  Biodegradability
Biodegradability is the key feature of bio-based packaging that enables its eco-friendly disposal, thereby reducing environmental burden. CMC/Pectin/OEO/VA composite film completed soil degradation within 10-12 days due to swelling-driven microbial colonization, confirming its suitability for eco-friendly packaging[87]. GGM/BME and PM/PVA/PLA film also exhibited biodegradable characteristics due to polysaccharide matrices [82]. Bio-based matrices like CMC, pectin, guar gum, PM, lignosulfonate, therefore, can be a suitable replacement for traditional plastics, thus reducing dependency on synthetic polymer. Soil burial studies revealed the highest biodegradability of PLA film, followed by PBACT and the PBACT/PLA blend. The addition of thyme oil further accelerated biodegradability due to its metabolizable organic composition, that can support microbial colonization and enzymatic breakdown of matrix [88]. Jiang et al. (2022) also emphasized that the electro-spun film is composed of naturally degradable polymers such as zein and PEO both of which can easily breakdown under environmental conditions by microbial action [55]. Biodegradation of bio-based films generally occurs through microbial and enzymatic action, where polymer chains are progressively broken into simpler molecules such as carbon dioxide, water, methane, and biomass under suitable environmental conditions. Factors including temperature, moisture content, pH, oxygen availability, and microbial population significantly influence degradation rate. Although many biodegradable films exhibit excellent environmental compatibility, industrial-scale disposal and composting infrastructures remain limited in several regions. Therefore, future research should focus on improving degradation efficiency under real storage and disposal conditions while maintaining the functional performance of packaging materials.

6. Future Perspectives and Challenges
Despite extensive research on renewable polymer-based packaging platforms, several bottlenecks continue to hinder scalability and market penetration. Bio-derived matrices such as starch, alginate, and gelatin exhibit low tensile strength, poor water resistance, and reduced durability compared with petroleum-based plastics. Their crystalline structure and moisture affinity limit compatibility with hydrophobic polymers, resulting in poor deformability, weak moisture barriers, and compromised mechanical integrity [56]. These limitations are critical in moisture-rich environments and long-transit conditions where robust barrier and mechanical properties are essential. Optimizing these properties without compromising biodegradability remains a key research focus[47]. To address these issues, strategies such as polymer blending, nano-filler incorporation, surface functionalization, and multilayer structures are widely explored. Blending combines polymers to achieve synergistic properties, while compounding introduces additives, plasticizers, or fillers to enhance flexibility, strength, and barrier performance. The success of these approaches depends on molecular compatibility and interfacial bonding; weak interactions reduce mechanical strength. Plasticizers improve flexibility, whereas fillers like nanocellulose enhance oxygen barrier properties, though such modifications may affect biodegradability. For instance, starch promotes biodegradation due to its hydrophilicity but reduces mechanical strength, water resistance, and thermal stability. Consequently, starch is often blended, chemically modified, or cross-linked to improve structural integrity. Blends such as starch–gelatin improve tensile strength and elongation through strong hydrogen bonding, while lignin-based blends add UV protection, antioxidant, and antimicrobial properties. PHA-based polymers offer excellent biodegradability and mechanical performance, particularly when combined with PLA or starch, although cost, scalability, and compatibility remain challenges [100]. Physical modifications also enhance performance without compromising biodegradability. Ultrasonication creates porous, uniform starch structures that improve processability, solubility, and swelling, whereas autoclaving reorganizes polymer chains, enhancing stability and uniformity.
The large-scale adoption of bio-based packaging for tomatoes still faces several practical challenges including high production cost, limited mechanical stability, moisture sensitivity, scalability issues, regulatory concerns, and consumer acceptance. Future developments are expected to focus on smart packaging systems, nanotechnology-assisted formulations, artificial intelligence-based optimization, sustainable processing technologies, and circular economy approaches to improve industrial feasibility and commercial implementation. Figure 6 describes major challenges and future prospects associated with industrial translation of bio-based packaging systems for tomato preservation.

Figure 6. Major challenges and future prospects associated with industrial translation of bio-based packaging systems for tomato preservation.

Chemical modification is another strategy to reduce hydrophilicity, including acetylation, grafting, alkylation, and cross-linking. For example, cellulose esterification enhances hydrophobicity, while cross-linking agents such as citric acid strengthen interchain bonding. Reinforcement through nanomaterial incorporation, such as CNCs, ZnO, titanium dioxide, and CS nanoparticles, further improves mechanical strength and barrier performance by creating tortuous paths that slow the transmission of gases and water vapor. Metallic and metal oxide nanoparticles also exhibit antimicrobial activity, supporting food preservation while improving film strength and barrier properties. Multilayer structures and surface coatings offer additional solutions by combining complementary materials; for instance, PLA/fish gelatin/PLA multilayer films show significantly reduced oxygen and moisture permeability compared to monolayers [100]. Regulatory approval and consumer acceptance remain key challenges. Compliance with food-contact standards set by the Food and Drug Administration, European Food Safety Authority, and Food Safety and Standards Authority of India requires extensive testing for migration limits, toxicity, and material safety, particularly for edible packaging. Future work should prioritize toxicity assessments, standardized migration studies, long-term stability evaluations, and regulatory compliance to ensure consumer safety. Consumer acceptance depends on cost, appearance, and functionality, while ambiguous labeling and inconsistent regulations can reduce confidence and hinder proper disposal [22]. Therefore, industrial deployment requires manufacturing optimization, cost-effective reinforcement strategies, clear regulatory pathways, and governance frameworks with standardized testing and transparent labeling to promote responsible waste management[72].
Large-scale manufacturing remains a major impediment, as many successful bench-scale processes struggle to transition into industrial systems due to high costs, energy-intensive operations, and the need for advanced downstream equipment. Laboratory methods such as casting, dipping, and brushing are effective for prototyping but lack automation, scalability, and output capacity, necessitating more energy-efficient and economically viable production technologies for industrial adoption. Industrial scaling, technological refinement, and supportive public policies are essential to reduce costs and enable market entry. Post-consumer handling is another concern, as inadequate composting and recycling infrastructure leads to improper disposal and waste-stream contamination[1]. Limited public awareness of sustainable packaging and disposal practices further hinders adoption, highlighting the need for clear communication, green labeling, and consumer education. Storage stability also affects industrial acceptance, as incorporated bio-functional compounds such as essential oils, antioxidants, and probiotics may degrade or lose bioactivity due to volatility, oxidation, heat, and light exposure[100]. Additionally, understanding diffusion behavior is critical, as porosity, temperature, molecular size, and nanoparticle inclusion influence the migration of substances from packaging into food. Controlled delivery systems, including zero-order kinetics and encapsulation technologies like liposomes and nano-emulsions, can stabilize sensitive compounds and enable sustained release, though further optimization is needed to tailor release rates to food type, humidity, and matrix compatibility.
Future research will focus on performance-optimized, biodegradable materials that ensure food safety, extend shelf life, and reduce environmental impact. Sustainable functionalization methods such as enzymatic treatments, ultrasonication, plasma-assisted modification, and mild chemical processes offer eco-friendly alternatives to energy-intensive techniques while improving hydrophilicity, thermal resistance, and barrier properties. These approaches support scaling of cellulose, starch, lignin, and polyhydroxyalkanoate-based materials for industrial packaging. Emerging films may also incorporate intelligent features such as pH-sensitive dyes, ethylene scavengers, and biosensors for real-time monitoring of freshness, ripeness, and microbial spoilage. Since edible films can influence sensory attributes of produce like tomatoes, material selection must preserve taste, texture, and appearance. From an industrial and governance perspective, industrial feasibility and financial feasibility remain a critical determinant. Advancement in this sector will depend on supportive regulatory frameworks, standardized guidelines for natural and compostable materials, and the gradual elimination of financial incentives supporting petrochemical plastics. The expense of bio-polymers and bioactive ingredients is often higher than that of traditional materials, and variable performance may affect both industry and public trust. Still, the value addition of agro-industrial by-products, such as banana peels, tomato pomace, or fruit seeds, can help reduce raw material costs and promote a regenerative bioeconomy. Market acceptance is another crucial consideration. Strengthening public awareness about sustainability and health benefits of bio-based packaging can additionally encourage market introduction and prolonged implementation. Supported by scientific advancements and robust regulatory oversight, bio-based films and coatings have substantial potential to reshape the packaging industry, particularly for highly perishable produce such as tomatoes, by offering clean, sustainable, and intelligent alternatives to conventional plastics. Consequently, upcoming investigations must prioritize comprehensive safety evaluations, migration issues and long-term shelf-life studies to ensure customer safety. As a result, future-oriented perspectives highlight the criticality for unambiguous labeling, enhanced consumer outreach and advanced recycling and composting systems. Future research endeavors and scientific progress must embrace multi-disciplinary pathway, bringing together polymer engineering, food processing science, environmentally sustainable engineering and social sciences[66]. Through such integrated efforts, packaging systems can successfully transit from conventional system to sustainable food system. 
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