





Functional Edible Films with Antioxidants: Innovations in Food Packaging and Safety

Abstract
Bioactive edible films and coatings serve as innovative solutions for food preservation and enhancement. With significant potential for food preservation, bioedible films represent a sustainable and environmentally friendly alternative to traditional packaging materials.  These eco-friendly packaging options are derived from natural polymers like polysaccharides and proteins, and often include antimicrobial and antioxidant agents such as plant-derived compounds like polyphenols, flavonoids, and essential oils, which provide additional benefits, including enhanced nutritional value and antibacterial properties derived from plant extracts to extend shelf life and increase food safety. Studies focus on the methods of preparation, functional characteristics, and applications of these films, assessing aspects like mechanical robustness, barrier qualities, and ability to transport and liberate active substances. The inclusion of antioxidants, which can prolong the shelf life by reducing oxidative damage, has gathered considerable interest. This study explores the role of antioxidants in bioactive edible films, highlighting their sources, mechanisms of action, and effects on the film’s mechanical strength, barrier properties, and biodegradability. This review encompasses several aspects related to the challenges and opportunities associated with incorporating antioxidants into bioactive edible films, discussing issues related to stability, release kinetics, and regulatory considerations. It proposes future research directions, emphasizing the potential for developing multifunctional bioedible films with improved antioxidant efficacy and broader applications in food preservation and packaging.
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Introduction
Glass, metals, paper, and plastics are all common materials for packaging used in the food industry, but plastic is the most utilized because of its effectiveness, affordability, variety, barrier qualities, portability, and ease of use Hernández-Carranza, Fierro-Corona et al. (2023). The food industry and consumers interact through the packaging since information like name, brand, labelling and packages are supplemented by several claims. (Siddiqui et al., 2022)  
In past years, the interest is increased in a new generation of bioactive edible films; these edible packaging options, specifically by adding bioactive compounds or health-upgrading ingredients like antimicrobials, vitamins, antioxidants, fiber, flavors, enzymes, probiotics and pigments. The motive of developing edible films have been especially to boost functionality while simultaneously giving food consumers additional health benefits. Bioedible coating reduces moisture loss and the rate at which fruit ripens since it is environmentally friendly, biodegradable, and works as a barrier against gasses and moisture. Its ability to integrate antibacterial and antioxidant components inhibits growth of microbes and advances safety of food (Desobry and Arab-Tehrany 2014, Galus, Arik Kibar et al. 2020, Salimi, Khodaiyan et al. 2024) 
The integration of bio active components, such as antioxidants and antibacterial agents, incorporated into films and coatings is crucial for maintaining safety of food. Antioxidants that are synthetic, such butylated hydroxyanisole (BHA) and butylated hydroxytoluene—have been the subject of much study to stop food oxidation, according to the (Benbettaieb, Debeaufort et al. 2019). This study confirms that consumers prefer less processed foods with fewer chemical. The popularity of foods preserved with natural components has significantly increased as a result of the rising interest in discovering natural chemicals that may act as substitute antioxidants and antimicrobials.
Bioactive compounds are integral part because of their antibacterial characteristics. The growing emphasis on incorporating bioactive substances to improve food products is linked to their considerable health benefits. The astonishing capabilities of nutraceutical and functional goods in prevention of disease, especially with regard to their bioactivity, bioavailability, antioxidant, and antibacterial features, have influenced the development of food items. This has led to increased interest in research on products containing bioactive ingredients from both industry and academic sectors. Concerning this, a vast range of biopolymers, comprising proteins, lipids, polysaccharides, and some waxes, may be utilized to create bio-edible films and coatings that increase food’s safety, quality and shelf life while also being convenient for customers. For protection or aesthetic improvement, various coatings and edible films can be placed on a variety of food items, particularly meat, cheeses, fruits, vegetables, other foods that have been dried or partially dried.  In addition to being completely safe to eat, these films must contain food additives or ingredients which are approved as (GRAS)"generally recognized as safe"  by the Food and Drug Administration (FDA) or as outlined in European Parliament and Council regulations (Farhan and Hani 2020, Farhan, Fazial et al. 2025).
Current trends recommend using natural biochemical substances (such vitamins, active compounds from plant sources, and plant extracts) to create edible films and coatings. The additives form ascorbic acid, citric acid, α-tocopherol, pigments, polyphenols, extracts of rosemary and others are the most often utilized active ingredients as natural food additives. Natural sources of antioxidants include fruits, vegetables, nuts, teas, cereals, α-carotene, glutathione, phenolic acids, selenium, vitamins, flavonoids. In addition to promoting health advantages, they can be utilized extremely in the food processing area to increase nutritional content, sensory appeal, food safety and shelf life (Ribeiro, Maciel et al. 2024). The advantage of using active components in edible films and coatings improves the keeping quality of food products by modifying the internal atmosphere and enhance the sensorial characteristics. The incorporation of antimicrobial agents (active ingredients such as polyphenols, essential oils, etc.) into biopolymer rich coatings and films aids in the inhibition of microbiological growth and develops a good quality, safe food product with a longer shelf life (Silva-Weiss, Ihl et al. 2013)
The authors highlight that food packaging is essential for shielding food from unfavourable outside influences, and that antimicrobial edible films are a viable substitute for conventional petroleum-based plastic packaging because of their safety, environmentally sustaining and biodegradability characteristics (Wang, Wei et al. 2023)
This review delves into the potential of sustainable edible films that decompose naturally are a viable substitute for traditional packaging materials. The information analyzed and presented here may provide important new information that advances our understanding of sustainable bioedible packaging options. This study's primary goal is to highlight the key issues with edible films that prevent their manufacture from scaling up. Considering the lack of awareness and exploration in this field, this review presents a compelling option for researchers and industry stakeholders alike. Edible films, derived from sources like carbohydrates, proteins and lipids naturally, offer a unique combination of biodegradability, composability, and the ability to be consumed or discarded safely. This approach aligns perfectly with the growing demand for environmentally friendly and sustainable packaging solutions that minimize waste and pollution.  The review examines the various types of edible films, their characteristics and their applications in food packaging industries and pharmaceuticals, and other industries. By highlighting the latest advancements and challenges in this field, this review aims to inspire further research and development, ultimately contributing to a more sustainable and circular economy.
2. Composition of Edible Films
Specifically, edible films or coatings are food graded films that are used to enhance its preservation, appearance and quality. Edible films can be sprayed, coated, or submerged on surfaces of the food, then dried to create a coating. The main ingredients used to create bioactive edible films include edible biopolymers such proteins, lipids, and polysaccharides (Silva-Weiss, Ihl et al. 2013, Wang, Wei et al. 2023). After drying, the food-grade raw ingredients can be added to food in thin layers. Food can also be coated with edible films or used as biodegradable wrapper (Silva-Weiss, Ihl et al. 2013, Otoni, Avena-Bustillos et al. 2017) (Ribeiro, Maciel et al. 2024). 
2.1 Film- Forming matrix
2.1.1 Polysaccharide 
Polysaccharides serve as a crucial foundation for various raw materials for these films, exhibits optical properties like transparency and colourlessness, as well as favourable sensory properties such as being odorless. Furthermore, polysaccharide-based films offer outstanding barrier properties against atmosphere and atmospheric air like O2 and CO2 etc; due to their tightly packed hydrogen-bonded networks (Wang, Wei et al. 2023) (Ribeiro, Estevinho et al. 2020). Examples of commonly investigated polysaccharides include chitosan, starch, cellulose (including bacterial cellulose), alginate, and pectin. (Silva-Weiss, Ihl et al. 2013, Wang, Wei et al. 2023)
2.1.1.1 Chitosan based films
The chitosan is cationic polysaccharide, 1,4-glycosidic linkages binds N-acetyl-D-glucosamine and D-glucosamine and it is typically derived by deacetylating chitin (Wang, Wei et al. 2023) . It is highly soluble in acidic pH but highly insoluble in water and it is the second most abundant polysaccharide which possesses strong film-forming capabilities, as well as antioxidant and antimicrobial properties and is a renewable, safe, non-toxic, environment-friendly, allergen free, biocompatible polymer with health-beneficial properties (Hashemi, Kaveh et al. 2023). In one study the chitosan films exhibit antimicrobial and physical properties when added with turmeric extract while chitosan films containing green tea extract demonstrate improved physical and antioxidant activity, providing greater tensile strength and reduced water permeability (Silva-Weiss, Ihl et al. 2013, Wang, Wei et al. 2023) . Chitosan's structural characteristics have changed in recent years , an eye attraction for many researchers and primary choice for producing edible coatings and films. As (Ribeiro, Estevinho et al. 2020, Wang, Wei et al. 2023) claims that thymol nanoparticle-containing chitosan-quinoa protein films shown enhanced antibacterial activity and water vapor barrier qualities, whereas chitosan or starch or composite films containing essential oils demonstrated physicochemical capabilities. Additionally, chitosan-based films can serve as carriers for probiotics, contributing to bio-preservation (Hernández-Carranza, Fierro-Corona et al. 2023). Moreover, chitosan can be sourced from by-products like insect waste, it is cheaper and sustainable option (Ribeiro, Estevinho et al. 2020). The potential of plant extracts, oils, and nanoparticles is to increase the shelf life and sustain the quality of different food items is being investigated including cheese meat and fruits (Wang, Wei et al. 2023)
2.1.1.2 Starch based films
Edible films developed from starch are widely investigated due to starch being an inexpensive, widely available, biodegradable, edible, tasteless, and colorless polysaccharide (Dai, Dong et al. 2024). Starch-based films often possess outstanding ability to block gases and desired organoleptic qualities as transparency, colorlessness, and tastelessness. However, inherent disadvantages include poor water sensitivity and weak mechanical properties, and importantly, starch films themselves lack antibacterial properties, requiring the addition of antibacterial substances to the matrix to achieve such activity (Wang, Wei et al. 2023). In studies like (Hernández-Carranza, Fierro-Corona et al. 2023), films developed from potato starch and LAB-fermented whey solution have been developed and characterized, showing increased thickness and tensile strength with the incorporation of fermented whey and maintaining probiotic viability during storage. Potato starch-based films have also been studied for their ability to control oxidative rancidity of polyunsaturated lipids, acting as an oxygen barrier, even at high relative humidity. Plasticizers like glycerol are commonly used in starch films, although their hygroscopicity can sometimes reduce the film's protective capabilities against lipid oxidation (potato starch rancidity paper). Incorporation of nanoparticles, such as nanoparticles of oxidized rusted chitosan and starch can increase the water repellency of corn starch films (Zeng, Chen et al. 2024) . Active agents like chlorogenic acid and tea polyphenols are added into starch films to provide antioxidant and bioactive activities (Dai, Dong et al. 2024).
2.1.1.3 Cellulose based films
Cellulose-based edible films utilize cellulose, a naturally abundant polysaccharide and its derivatives can be used for food packaging. Due to the water insolubility of cellulose, water-soluble compounds like carboxymethyl cellulose (CMC) and hydroxyethyl cellulose are commonly used. Bacterial cellulose has also been developed as a viable option for edible film production (Wang, Wei et al. 2023). Studies have demonstrated that cellulose enriched coatings made with methylcellulose and hydroxypropyl methylcellulose and containing antimicrobials like nisin, potassium sorbate, and sodium benzoate exhibited superior efficacy in reducing Listeria monocytogenes and spoilage bacteria on cold smoked salmon when compared to polyethylene films with the same antimicrobials (Benbettaieb, Debeaufort et al. 2019). Carboxymethyl cellulose (CMC) is a versatile biopolymer for edible films and can be modified by incorporating other substances; for example, CMC films containing cinnamon essential oil have been developed for their antimicrobial properties. Similarly, apple polyphenols have been integrated into cassava starch/sodium carboxymethyl cellulose edible films. Furthermore, the addition of murta(Ugni molinae) extract to carboxymethylcellulose-based edible films has been shown to influence their gas and water vapor permeability . To tailor film properties, CMC can be blended with other biopolymers such as soy protein isolate gelatin (Akhtar, Ahmed et al. 2023) (plant derived active substances). In some applications, pectin-based coatings for strawberries have been enhanced with cellulose nanocrystals to minimize weight loss (Ribeiro, Estevinho et al. 2020) created edible coatings using lemongrass essential oil and micro-fibrillated cellulose nanoparticles. After the harvest, the coatings were coated to blackberry. The shelf life of fruit was increased by six days of storage thanks to the covering made of 0.2–0.6% nanocellulose and 1000 ppm lemongrass essential oil.
2.1.1.4 Pectin based films
Pectin-based edible films are a promising area in food packaging due to pectin's inherent properties as a water-soluble acidic heteropolysaccharide which is abundantly found in plant cell walls, particularly in fruits like apples and citrus. It is mainly made up of α-(1 →4)-d-galacturonic acid and is commercially available and widely utilized as a texturizer, thickener, coating, encapsulating agent and stabilizer in the food sector (Salimi, Khodaiyan et al. 2024). For example, pectin coatings incorporated with mulberry leaf extract have demonstrated the ability to prolong the capsicum and tomatoes shelf life when paired with pomegranate peel extract. Furthermore, apple pomace (AP), a byproduct of apple processing, contains a significant amount of pectin (10–30%), making it a valuable source for film production(Salimi, Khodaiyan et al. 2024).
2.1.2 Protein 
Proteins, derived from animal sources like whey protein, casein, gelatin and sources of plants such zein and a soy protein, are also widely used. (Silva-Weiss, Ihl et al. 2013) (Wang, Wei et al. 2023)
Although protein-based edible films frequently lack enough water vapor, they typically have high structural integrity(Chen, Ma et al. 2022). For example, cold plasma treatment can modify the physio-chemical characteristics of casein-based films, improving their barrier and mechanical properties (Wang, Wei et al. 2023). Blending proteins and polymers is another way to increase film’s characteristics. For instance, pullulan can be blended with whey protein, and casein can be combined with sodium alginate (Farhan, Fazial et al. 2025). The addition of biopolymers and addition of natural extracts into fish gelatin has been researched to increase film properties, with examples including the addition of Malpighia emarginata bagasse extract to create active gelatin films with adequate physical and barrier properties for beef patty storage and adding orange peel pectin to fish gelatin films for cheese products to improve their antibacterial and antioxidant qualities (Wang, Wei et al. 2023). Thyme oil and oregano are incorporated with soy protein films, the strong antimicrobial action against S. aureus and E. coli in grounded beef  is studied (Chen, Ma et al. 2022). Nisin, an antimicrobial peptide, has been added into whey protein films, showing effectiveness in reducing Listeria monocytogenes counts. When compared to less hydrophobic films like wheat gluten films, the efficacy of nisin seems to be greater in more hydrophobic films like whey and soy protein films (Hernández-Carranza, Fierro-Corona et al. 2023). 
2.1.3 Lipids 
Lipids including fatty acids, edible waxes and vegetable oils, are typically added as auxiliary materials to protein-based films or polysaccharide-based edible films to improve their hydrophobicity and enhance the water vapor barrier (Silva-Weiss, Ihl et al. 2013) (Wang, Wei et al. 2023) However, their hydrophobic nature makes them valuable as auxiliary materials to enhance the characteristics of water vapour of films primarily made  up from polysaccharides or proteins. Furthermore, lipids can function as plasticizers or as delivery systems for antibacterial agents, with liposomes being a commonly utilized delivery method (Wang, Wei et al. 2023) Stearic acid esterified pectin was used in the preparation of hydrophobic pectin/chitosan composite films . This demonstrates how a fatty acid (stearic acid) can be incorporated into a polysaccharide matrix (pectin and chitosan) to enhance the film's hydrophobic properties .Essential oils, which contain volatile phenols and other lipid-soluble compounds, are frequently incorporated into biopolymer edible films for their antimicrobial activity (Wang, Wei et al. 2023)
3. Composite films
Composite films, which combine multiple polymers, are frequently employed to achieve synergistic effects and improve overall film performance (Wang, Wei et al. 2023) (Hernández-Carranza, Fierro-Corona et al. 2023)For example, combining polysaccharides or proteins with hydrophobic components like lipids can address the issue of high water vapor permeability in polysaccharide and protein films. Bioactive agents such as antimicrobials, probiotics, fibre, flavors, enzymes, vitamins, pigments, and antioxidants are incorporated into these biopolymer matrices to create bioactive edible films with enhanced functionality. For example, bioactive edible films with probiotic qualities and antibacterial activity have been made using potato starch and LAB-fermented whey solution against Escherichia coli (Hernández-Carranza, Fierro-Corona et al. 2023). The main goal of these composite formulations is to address the inherent limitations of single-component films and develop materials with enhanced mechanical strength, improved barrier properties (such as moisture and oxygen permeability) and additional functionalities like antimicrobial or antioxidant activity (Ribeiro, Estevinho et al. 2020)
4. Structural and functional role in film formation
Bioactive edible films are increasingly recognized for their dual role in food preservation and enhanced packaging functionalities (Wang, Wei et al. 2023). Their functional attributes are primarily incorporated such as bioactive components that exhibit antimicrobial and antioxidant activities, thus increasing the life span and enhancing the safety of food compounds. These bioactive agents can range from natural extracts like polyphenols found in apple pomace and mulberry which possess antifungal and antibacterial effects and significant antioxidant capacity (Sabaghi, Tavasoli et al. 2022) to specific compounds such as chlorogenic acid, also present in these sources, known for its antibacterial and antioxidant properties (Dai, Dong et al. 2024). Tea polyphenols (TP) are another class of bioactives that enhance the functioning of edible films, contributing to their antioxidant capacity and potentially interacting with the film matrix to improve other properties (Chen, Ma et al. 2022) (Sabaghi, Tavasoli et al. 2022). Furthermor, the loading of antimicrobial agents like nisin into whey protein films has demonstrated effectiveness in reducing the development of foodborne pathogens like Listeria monocytogenes. Various plant extracts from sources like sunflower oil, lemon, and elderberry also contribute to the antimicrobial functionalities  and antioxidant activities of edible films (Sabaghi, Tavasoli et al. 2022).
5. Packaging properties
The integration of these bioactive components greatly emphasize the packaging characteristics of the films. Mechanical characteristics such as elongation at break (EAB) and tensile strength (TS) can be altered by the interaction of bioactives into film producing biopolymers (Wang, Wei et al. 2023) (Hernández-Carranza, Fierro-Corona et al. 2023)  (Sabaghi, Tavasoli et al. 2022) (Chen, Ma et al. 2022). For example, the addition of fermented whey to potato starch films, for example, to increase both the thickness and tensile strength of the films, likely because of  hydrogen bonds that reduce intermolecular spacing by forming (Hernández-Carranza, Fierro-Corona et al. 2023). Similarly, incorporating olive-pomace flour into chitosan films improved their tensile strength (Sabaghi, Tavasoli et al. 2022) . Conversely, some bioactives, like higher concentrations of rice straw extract in potato starch films, can lead to increased brittleness and reduced EAB (Wang, Wei et al. 2023) . Tea polyphenols can also affect film structure and tensile properties depending on their concentration and interaction with starch molecules (Wang, Wei et al. 2023) . Barrier properties, particularly water vapor permeability (WVP), are also a crucial aspect of packaging, and the inclusion of bioactives can modify these properties. Namely the study of (Wang, Wei et al. 2023) says the addition of nanoparticles can enhance water vapor barrier by blocking pore channels within the film matrix. Films made from quinoa protein infused with lysozyme exhibited lower WVP (Mir, Riar et al. 2023) . Similarly, incorporating mulberry leaves polysaccharides into carboxymethyl cellulose films improved water resistance (Akhtar, Ahmed et al. 2023) . Lotus root starch films with quercetin nanoparticles also showed reduced WVP (Zeng, Chen et al. 2024)
6. Oxidative Degradation in Food and Its Impact
Oxidative degradation is a significant factor leading to the deterioration of food and the low shelf life (Benbettaieb, Debeaufort et al. 2019) .This process involves chemical changes in food such as lipids, pigments and vitamins due to their reaction with oxygen (Benbettaieb, Debeaufort et al. 2019). These reactions can lead to undesirable outcomes that compromise nutritional value, sensory attributes, and overall safety of food products (Singh, Kim et al. 2022)
One of primary impacts of  the oxidative degradation is lipid rancidity, particularly in foods containing unsaturated fatty acids. (Chen, Ma et al. 2022, Singh, Kim et al. 2022). Beyond sensory changes, oxidative processes can also contribute to degradation in the characteristics of food by degrading essential nutrients like vitamins (Benbettaieb, Debeaufort et al. 2019) (Chen, Ma et al. 2022) . In some cases, the oxidation process can even lead to the formation of secondary compounds that may be potentially toxic, thus compromising food safety (Singh, Kim et al. 2022). 
To combat the detrimental effects of oxidative degradation, various strategies are employed in food preservation. One key approach is the use of antioxidants, which are substances that can inhibit or slow down the oxidation of food by preventing oxidative chain reactions from starting or spreading. Furthermore, the formation of antioxidant packaging is gaining attention. Edible films can assist maximize the durability of food items that are susceptible to oxygen by allowing active antioxidant chemicals to diffuse at the food's surface. Therefore, addressing oxidative degradation through the application of antioxidants, particularly within active edible films, is crucial for achieving food with higher quality and increased shelf life (Benbettaieb, Debeaufort et al. 2019) (Chen, Ma et al. 2022)
7. Fillers and Additives
Edible films often incorporate fillers and additives to enhance their properties and functionality(Ribeiro, Estevinho et al. 2020) . Some key categories of these include nanoparticles, plasticizers, and cross-linking agents, whose potential to enhance edible films' mechanical properties has been investigated (Farhan, Fazial et al. 2025)
7.1 Nanoparticles
The incorporation of nanomaterials has gained increasing attention as an approach to address the intrinsic drawbacks of edible biopolymer-based products. The development of bio-nanocomposites and the application of nanoparticles resulted in better mechanical, thermal and barrier properties. Materials typically possess a large surface area, high surface energy with biopolymer matrices, as well as one dimension in range (1–100 nm) (Farhan, Fazial et al. 2025). As enhancers and antibacterial agents for edible films, natural polysaccharide nanocrystals like chitosan and nanocellulose are examples of nanoparticles that have been well studied (Wang, Wei et al. 2023). One characteristic of cellulose nanocrystals that enhances their strong mechanical qualities in edible films is their crystallinity. For example, tensile strength was increased when cellulose crystals were incorporated into starch-based films (Chen, Alee et al. 2021). Similarly, nanoclays have been used to modify the properties of pullulan–whey protein bionano-composite films (Akhtar, Ahmed et al. 2023). Metal oxide nanoparticles, such as nano ZnO, have also been explored in emulsion films for packaging (Manzoor, Yousuf et al. 2023). Nanoparticles with large specific surfaces and superior qualities may be included, encapsulated, and blended to make balanced composite films, compatible, and operate exceptionally well. (Wang, Wei et al. 2023). Increase in tensile strength and oxygen-repellent characteristics were seen when carboxylate nanocellulose (CNC) was added to edible films made of soluble soybean polysaccharide at concentrations of 2% to 8% (w/w). When bamboo nanofibrils were added to starch/PVA-based nanocomposites, they elongated and became more resistant to water vapor and water soluble (Farhan, Fazial et al. 2025)
7.2 Plasticizers
To improve biopolymer films' functional qualities, plasticizers are frequently used. These additives increase the films' ductility, dispersibility, flexibility, elasticity, and rigidity (Chen, Ma et al. 2022).These are typically tiny molecules that move within polymer molecules and have low volatility, decreasing connections between chains and boosting their mobility. The incorporation of plasticizers generally decreases tensile strength and increases film elongation, thus improving film flexibility and extensibility (Ribeiro, Estevinho et al. 2020, Farhan, Fazial et al. 2025). Common plasticizers mentioned in the sources include sorbitol and glycerol which is reported to produce films that are smooth, uniform, transparent, soft. In a study on starch edible films, xylose was used as a plasticizer and significantly improved the toughness and elongation of the film The qualities of the film are influenced by the kind of plasticizer used; for instance, films made of glucose and fructose plasticized starch exhibited greater resistance to water penetration than films made of glycerol and sorbitol. Polyols such as sorbitol, ethylene glycol, glycerol, monosaccharides have also been researched in connection with the performance of  films (Chen, Ma et al. 2022)
7.3 Cross-linking Agents
Cross-linking is used to create stronger and less permeable films by reducing polymer mobility through the formation of stronger intermolecular the networks of polymers covalent bonds. Numerous techniques, the addition of aldehydes, glyoxal, phenolic chemicals, heating, acid/alkaline treatment, and enzymes can all result in cross-linking (Ribeiro, Estevinho et al. 2020). Cross-linkers made by chemicals as borate, tri-metaphosphate, tripolyphosphate. When metaphosphate, tripolyphosphate, and glutaraldehyde interact with amino groups in cross-linking can result. (Farhan, Fazial et al. 2025). The development of covalently cross-linked structure in films can improve its mechanical strength and capacity to hold onto bioactive components.  An additional technique to enhance film qualities while preserving edibility is enzyme-induced cross-linking, enzymes including transglutaminase, laccase, tyrosinase, lipoxygenase, polyphenol oxidase, and peroxidase are responsible for this. For example, the biopolymer network can be bound and crosslinked by the hydroxyl groups in bioactive chemicals participating in covalent crosslinking interactions containing polysaccharides or proteins that have carboxyl or amino groups (Chen, Ma et al. 2022)
8. Bioactive Compounds in Edible Films
The addition of bioactive compounds into edible films is a significant area of research aimed at enhancing food preservation and adding functional properties beyond basic packaging (Hernández-Carranza, Fierro-Corona et al. 2023) (Silva-Weiss, Ihl et al. 2013) (Singh, Kim et al. 2022). These compounds, derived from natural sources, offer advantages over synthetic additives by addressing health and environmental concerns (Farhan, Fazial et al. 2025) The main categories of bioactive compounds used in edible films include antioxidants, antimicrobial agents, and nutraceuticals/functional additives (Ribeiro, Estevinho et al. 2020)
8.1 Antioxidants
Antioxidants are a crucial class of bioactive components incorporated into films to prevent food degradation caused by oxidation reactions such as lipid oxidation, enzymatic browning, and discoloration (Singh, Kim et al. 2022). Polyphenols, oils, tocopherols, carotenoids and other plant extracts including flavonoids, tannins, phenolic acids, and anthocyanins are examples of natural substances that have strong antioxidant qualities (e.g., ferulic acid, gallic acid, catechins). They are known for their ability to scavenge free radicals, quench active oxygen, inhibit oxidases, and bind transition metals, thus effectively delaying lipid oxidation in foods (Silva-Weiss, Ihl et al. 2013, Singh, Kim et al. 2022). Studies like (Manzoor, Yousuf et al. 2023) have shown that incorporating plant extracts rich in anthocyanins, like red raspberry extract, can even improve the mechanical strength of soy protein isolate rich films. Similarly, blueberry extract has been found to increase the antioxidant capacity of soy protein isolate films. Essential oils, formed from thyme, oregano, rosemary, and green tea, also possess significant antioxidant activity due to compounds like thymol, carvacrol, eugenol, and cinnamaldehyde (Manzoor, Yousuf et al. 2023)(Chen, Ma et al. 2022).
8.2 Antimicrobial agents
A crucial class of bioactive substances called antimicrobial agents is employed in bio-edible films to curb the growth of spoiling and harmful bacteria guaranteeing the safety of food items and prolonging the shelf life(Benbettaieb, Debeaufort et al. 2019). Because they include a variety of bioactive substances including terpenes, phenolics, acids, alcohols, bioflavonoids and aldehydes. Plant extracts are being investigated extensively for their antibacterial qualities. Examples include extracts from oregano, thyme, rosemary, green tea, ginseng, garlic, and ginger, which have shown protective effects against microbial growth (Silva-Weiss, Ihl et al. 2013) Specific phenolic compounds like chlorogenic acid, found in green coffee and other plants, have demonstrated excellent antibacterial activity when incorporated into bio-based films.(Dai, Dong et al. 2024) 
8.3 Essential oils 
Essential oils such as those from cinnamon, thyme, oregano, rosemary, and garlic also exhibit strong antimicrobial activity and are being utilized in a variety of culinary applications,  edible films including meat preservation (Silva-Weiss, Ihl et al. 2013, Manzoor, Yousuf et al. 2023). Bacteriocins, such as nisin and natamycin, derived from microbial sources, are also added into edible films as natural antimicrobial agents. Chitosan derivatives, being biopolymers with inherent antimicrobial properties are utilized in the antimicrobial films. The mechanism of action for antimicrobial agents in edible films often involves blend of these agents on the surface of food, maintaining activity over a longer period compared to direct incorporation into the food (Benbettaieb, Debeaufort et al. 2019)
8.4 Nutraceuticals and functional additives 
To improve the nutritional content and provide the food consumer extra health advantages, edible films can also include nutraceuticals and functional additives (Manzoor, Yousuf et al. 2023). These include substances like vitamins (e.g., α-tocopherol, ascorbic acid), natural pigments (e.g., anthocyanins, carotenoids, curcumin), polypeptides (e.g., lysozyme), minerals, fatty acids, volatile compounds, and probiotics. For instance, oil soluble vitamins can improve the nutritional profile and provide antioxidant activity an antimicrobial polypeptide, can prevent the development of rotting microbes and natural pigments can create films with desirable appearances (Hernández-Carranza, Fierro-Corona et al. 2023). The incorporation of these functional ingredients aims to improve food quality and provide additional health-promoting properties. (Hernández-Carranza, Fierro-Corona et al. 2023). These bioactive substances can be added to food items to increase shelf life, improve their quality and safety, and satisfy customer desire for natural ingredients and minimally processed meals (Hernández-Carranza, Fierro-Corona et al. 2023) (Singh, Kim et al. 2022). By controlling the dispersion of active chemicals at the meal's surface, active edible films might lessen the quantity of preservatives that are directly added to the food. (Benbettaieb, Debeaufort et al. 2019). The effectiveness of bioactive compounds in films depends on their interaction with the film matrix, their concentration, the target microorganism (for antimicrobials), and the method of application (direct or indirect contact). (Silva-Weiss, Ihl et al. 2013, Benbettaieb, Debeaufort et al. 2019) (Chen, Ma et al. 2022, Sabaghi, Tavasoli et al. 2022, Farhan, Fazial et al. 2025). The formation of edible films with bioactive components is a dynamic field with ongoing research focused on optimizing their efficacy, cost-effectiveness, and industrial applicability (Silva-Weiss, Ihl et al. 2013, Benbettaieb, Debeaufort et al. 2019, Chen, Ma et al. 2022, Wang, Wei et al. 2023). The trend towards utilizing biowaste and bio residues for extracting natural active components is also gaining momentum, contributing to sustainability and reducing costs (Silva-Weiss, Ihl et al. 2013)
9. Characterization of Edible Films
9.1 Mechanical Properties 
The mechanical characteristics of edible films, including their Young's modulus, elongation at break (EAB), and tensile strength (TS), are important functional characteristics that dictate their appropriateness for food packaging. Intermolecular and intramolecular interactions within the matrix of film impact these characteristics, which are impacted by the kind of biopolymer, other materials, and environmental factors (Chen, Ma et al. 2022).The addition of fermented whey solution to potato starch films increased both thickness and tensile strength. The tensile strength increased by 86.4–136.4% compared to control films(Hernández-Carranza, Fierro-Corona et al. 2023). Soy protein isolate films are noted to be tough and smooth. The inclusion of beeswax can greatly increase the tensile strength of composite films. The overall tensile characteristics of composite films can be enhanced by adding lipids (Wang, Wei et al. 2023), 20% green tea extract in a chitosan-based film had the highest tensile strength and percent elongation at break. Increased intermolecular interactions between the polyphenols and the chitosan matrix were thought to be the cause of this dense structure. Films equilibrated at higher relative humidity (RH) tend to be more flexible due to the water plasticizing effect (Osés, Niza et al. 2009, Silva-Weiss, Ihl et al. 2013). The interactions between the components of the film-forming matrix, both intramolecular and intermolecular, affect the mechanical characteristics of edible films. (Chen, Ma et al. 2022)
9.2 Barrier Properties 

The studies shows barrier properties, particularly water vapor permeability (WVP) and gas permeability in (Chen, Ma et al. 2022) are crucial for the effectiveness of films in food preservation. Low WVP helps prevent moisture exchange, while low gas permeability controls oxidation and maintains the desired atmosphere within the package. The type of biopolymer forming the film significantly impacts these properties; for instance, polysaccharides can be good gas barriers but often have high WVP due hydrophilic nature, while proteins generally possess poor water vapor barrier characteristics but good gas barrier properties. Incorporation of additives like lipids, essential oils, and nanoparticles can modify barrier properties, often decreasing WVP by increasing hydrophobicity or creating a tortuous path for diffusing molecules. Factors like film thickness, environmental factors and processing conditions also play a significant role in considering the effectiveness of barrier in the edible films. Ultimately, optimizing these properties through careful selection of materials and processing techniques is essential for extending food shelf life and maintaining quality.

9.3 Structural properties
The total effectiveness of edible films, including their mechanical strength, barrier qualities, and interaction with food surfaces, is greatly influenced by their structural characteristics, especially their surface morphology (Ribeiro, Estevinho et al. 2020). Atomic force microscopy (AFM) and scanning electron microscopy (SEM) are very effective methods used to examine these surface properties at various magnifications and resolutions. (Akhtar, Ahmed et al. 2023) (Mir, Riar et al. 2023)
A common technique for visualizing the cross-sectional and the surface technology characteristics of edible films is SEM. (Chen, Alee et al. 2021, Mir, Riar et al. 2023, Zeng, Chen et al. 2024). For instance, a study using SEM showed that a starch film had a smooth surface while the addition of laver or cellulose crystals as barrier fillers could be observed on the surface of films after drying. The interface between starch matrix and polysaccharide crystals was found to be homogeneous with no gaps, suggesting good compatibility (Chen, Alee et al. 2021). Similarly, incorporation of whey into starch films resulted in a denser and more homogeneous surface due to strong interactions. However, the subsequent addition of chlorogenic acid (CGA) altered this, making the surface of the sweet whey/starch/CGA film rougher and less compact, possibly due to new interactions within the matrix(Dai, Dong et al. 2024)
When methylcellulose film and ethanol extract from Rheum ribes L. were mixed, SEM revealed spongy-shaped holes as a result of phase separation. Conversely, the incorporation of rutin into chitosan–polyvinyl alcohol film without pores, indicating strong intermolecular interactions.(Sabaghi, Tavasoli et al. 2022). In whey protein concentrate films, SEM can be used to evaluate surface characteristics after drying and storage (Hernández-Carranza, Fierro-Corona et al. 2023).To prepare samples for SEM, films are often fractured using liquid nitrogen, mounted on stubs, and sputter-coated with gold to enhance conductivity(Mir, Riar et al. 2023)
Atomic Force Microscopy (AFM) provides nanoscale information about the surface topography and roughness of edible films. It generates 2D and 3D images. A study on carboxymethyl cellulose (CMC) films with mulberry leaves polysaccharides (MLP) using AFM showed that pure CMC films had a smoother surface compared to MLP. The addition of MLP led to the appearance of microfolds and sharp spikes, with roughness increasing with higher MLP concentrations. This indicates that the incorporation of polysaccharides can significantly alter the surface texture at the nanoscale(Akhtar, Ahmed et al. 2023)
Both SEM and AFM are essential tools for characterizing the surface morphology of edible films. SEM provides microscale images of the cross-section and surface, revealing the overall structure and distribution of components. AFM offers nanoscale details about surface topography and roughness. Understanding these structural changes is critical for designing films with properties for specific food packaging applications (Akhtar, Ahmed et al. 2023)
Table 1 : Structural properties of Edible Films
	Property

	Key aspects
	Examples/Observations
	References

	Mechanical Properties
	Tensile Strength, Elongation at Break (EAB), Young's Modulus
	1. Reflect intermolecular & intramolecular interactions
2. Affected by biopolymer type, environment
	(Chen, Alee et al. 2021)

	
	Effect of fermented whey

	Increased TS by 86.4%-136.4%
	(Hernández-Carranza, Fierro-Corona et al. 2023)

	
	Chitosan + 20% green tea extract

	TS: 27.55 ± 3.46 MPa, EAB: 60.73 ± 3.37%
	(Kaur, Singh et al. 2023)

	Barrier properties
	Water vapour permeability (WVP), Gas Permeability
	Crucial for food preservation 
- Affected by polymer type, additives, film thickness

	(Chen, Alee et al. 2021)

	
	Additives (lipids, oils, nanoparticles)
	Decrease WVP, increase hydrophobicity, create tortuous path

	

	Structural Properties
	Techniques SEM and AFM
	Used for surface & cross-sectional analysis 
- Reveal homogeneity, porosity, filler dispersion

	(Akhtar, Ahmed et al. 2023)

	
	SEM: Starch + cellulose/laver
	Smooth surface with visible filler particles and gas pathways

	(Chen, Alee et al. 2021)

	
	SEM: Fermented whey films
	Eroded/fractured or protruded surfaces depending on strain

	(Hernández-Carranza, Fierro-Corona et al. 2023)



10. Applications of Edible Films in Food Packaging
10.1 Improved Film Properties
Alginate films' weak mechanical qualities and non-antimicrobial qualities can be improved by adding phenolic chemicals (Wang, Wei et al. 2023), α-tocopherol can improve the tensile strength and transparency of edible films. Gelatin film’s ability to block ultraviolet (UV) radiation and water vapor can be strengthened by using extracts high in antioxidants. Chitosan films' water vapor transfer rate can be lowered by pomegranate peel extracts. Both covalent (ester or amide bonds) and non-covalent interactions between polyphenols and biopolymer molecules might increase the oxidative resistance and mechanical robustness of active films(Silva-Weiss, Ihl et al. 2013). 

10.2 Enhanced Food Preservation
Alginate films made with plant extracts can minimize food loss and postpone unfavorable changes that occur during food storage.  For instance, a composite film made of sodium alginate, hydroxyethyl cellulose, and asparagus waste extract was able to preserve the quality of strawberries after harvest (Wang, Wei et al. 2023) Because bioactive edible films include antioxidants that enhance food quality and prolong shelf life, they are particularly made to maximize functioning (Hernández-Carranza, Fierro-Corona et al. 2023). The shelf life of minced beef was prolonged by a chitosan-based active film that included a variety of phenolic components, chiefly catechin, which delayed lipid oxidation and microbiological development.  An edible coating made of salmon bone gelatin and gallic acid might be applied to fresh salmon fillets to maintain their freshness while being stored in cold storage.(Singh, Kim et al. 2022)
Edible films are garnering significant attention as a modern food protection system with diverse applications in food packaging, primarily aimed at enhancing food quality and extending shelf life(Mohamed Mabrouk, El-Sayed Shaltout et al. 2019)These films, typically thin layers made of edible biopolymers and additives, provide a barrier against different substances, such as oxygen and water vapor, and microorganisms (Benbettaieb, Debeaufort et al. 2019, Wang, Wei et al. 2023)
10.3 Food Quality and Shelf-Life Enhancement
Edible films have significant benefits for prolonging the shelf life of fresh products, including fruits and vegetables. They can slow down aging and maturity, preserve fragrance components, postpone aging and maturity, and ensure sensory quality while lowering respiratory rate, water evaporation, and spoiling.  These films must have superior mechanical, antimicrobial, stability, adhesion, and gas and water vapor barrier in high humidity conditions for fruits and vegetables (Chen, Ma et al. 2022). Essential oil-infused zein coatings for melons and cassava starch films with clove oil for bananas are two examples (Ribeiro, Estevinho et al. 2020). The natural wax covering on fruits and vegetables is likewise being replaced with edible coatings which can be damaged during harvesting and processing(Chen, Ma et al. 2022). 
Application in meat, poultry, and seafood preservation: Active edible films containing antimicrobial agents can be crucial for preserving meat, poultry, and seafood, which are highly perishable(Silva-Weiss, Ihl et al. 2013, Singh, Kim et al. 2022). By preventing the growth of harmful and spoiling bacteria, these coatings help preserve food safety and quality (Mohamed Mabrouk, El-Sayed Shaltout et al. 2019, Singh, Kim et al. 2022) For instance, by preventing microbial development, gliadin films treated with cinnamon aldehyde increased the shelf life of cheese and bread. Gelatin nanocomposite films have the ability to preserve the chemical and organoleptic properties of baked goods while inhibiting the growth of fungi, according to another study (Manzoor, Yousuf et al. 2023)
Dairy and bakery product coatings: Edible films are also used in dairy and bakery applications. They can prevent dehydration, oil absorption, and microbial activity, thus maintaining overall quality (Silva-Weiss, Ihl et al. 2013, Manzoor, Yousuf et al. 2023)
10.4 Smart and Active Packaging
Edible films are evolving beyond passive barriers to incorporate smart and active functionalities(Wang, Wei et al. 2023). In order to increase safety or prolong shelf life, active packaging incorporates materials that may be released into or absorbed from the food being packaged or its surroundings (Ribeiro, Estevinho et al. 2020, Singh, Kim et al. 2022)  Antimicrobial and antioxidant agents are commonly incorporated to prevent spoilage and oxidation. (Ribeiro, Estevinho et al. 2020, Chen, Ma et al. 2022, Singh, Kim et al. 2022)
By adding bioactive or health-promoting substances like antioxidants and antimicrobials, bioactive edible films are made especially to improve functioning (Hernández-Carranza, Fierro-Corona et al. 2023). These active agents can have different methods of action based on their composition and the target microorganism. The controlled diffusion of these compounds at the food surface is a key advantage of using edible films over direct incorporation into the food bulk (Benbettaieb, Debeaufort et al. 2019)
In addition, intelligent and interactive packaging that enables customers to assess food freshness without opening the container is the way of the future for edible films.  pH-sensitive films and intelligent fluorescent "on-off" sensors for humidity that can track the freshness of food items are two examples.  For freshness monitoring, colorimetric films made of polyvinyl alcohol/sodium carboxymethyl cellulose combined with red cabbage anthocyanin are being researched (while this particular example isn't taken directly from the sources, it does demonstrate the idea).  Nanotechnology plays a significant role in developing smart and active packaging with edible films.  Within the films, nanostructures can serve as bioactive material enhancers, antibacterial agents, and nanocarriers.  For example, because of their durability, second-generation liposomes are being studied as possible delivery systems for antibacterial or other bioactive compounds. (Wang, Wei et al. 2023)
Table 2 : Key Features, examples and benefits of edible films 
	Feature

	Description
	Examples/Technologies
	Benefits
	References

	Active Packaging 
	Enhances shelf life by interacting with the food or its environment.
	Natural antimicrobials (e.g., oregano oil, nisin), antioxidants (e.g., tocopherol, rosemary extract), moisture absorbers
	Inhibits microbial growth, delays oxidation.
	(Ribeiro, Maciel et al. 2024)

	Bioactive films
	Delivers health-promoting compounds (e.g., antimicrobials, antioxidants).
	Polyphenols, flavonoids, probiotics, peptides.
	Reduces need for synthetic preservatives.
	(Sabaghi, Tavasoli et al. 2022, Hernández-Carranza, Fierro-Corona et al. 2023)

	Smart Packaging
	Monitors food quality and freshness in real time.
	pH-sensitive indicators, freshness biosensors, intelligent barcodes.
	Enables consumer-level food monitoring without unwrapping.
	(Ribeiro, Maciel et al. 2024)

	Colorimetric Indicators
	Visual indicators that change color in response to spoilage or environmental changes.
	Red cabbage anthocyanins, beetroot extract, curcumin.
	Low-cost freshness detection.
	(Benbettaieb, Debeaufort et al. 2019)

	Nanotechnology Integration
	Uses nano-sized carriers and reinforcements to improve performance.
	Nanoliposomes, nanoemulsions, ZnO/Ag nanoparticles, nanoclays.
	Controlled release, better barrier properties, enhanced bioactivity.
	(Sabaghi, Tavasoli et al. 2022)

	Biodegradability
	Completely breaks down without harming the environment.
	Starch, chitosan, alginate, pectin, gelatin, cellulose.
	Reduces plastic pollution, sustainable disposal.
	(Ribeiro, Maciel et al. 2024)

	Sustainability
	Derived from renewable resources and agricultural byproducts.
	Banana peels, seaweed, fish scales, sugarcane bagasse, okra mucilage.
	Lowers carbon footprint, utilizes waste, supports circular economy.
	(Ribeiro, Maciel et al. 2024)

	Consumer Safety & Regulatory Compliance
	Safe for consumption and regulated by food authorities.
	GRAS ingredients, allergen-free components, EFSA/FDA/FSSAI-compliant additives.
	Consumer trust, global acceptance.
	(Desobry and Arab-Tehrany 2014)



10.5 Sustainability and Environmental Impact
A primary motivator for the creation of bioedible films is the demand for environmentally friendly, biodegradable, and safe food packaging as better alternative to conventional plastic packaging made from petroleum.  Because of their safety, biodegradability, and environmental friendliness, edible films are seen as promising.(Wang, Wei et al. 2023, Farhan, Fazial et al. 2025). Usually, they are made out of human-harmless food polymers such proteins, lipids, and polysaccharides(Wang, Wei et al. 2023). Due to worries about the negative effects on the environment and the presence of hazardous chemicals in conventional packaging, bioplastics and biopolymers derived from renewable resources are becoming more available. (Silva-Weiss, Ihl et al. 2013). While bio edible films offer a sustainable alternative and have the potential to reduce plastic waste, challenges remain. The cost of  development of edible films can be higher than that of petroleum-based plastics(Chen, Ma et al. 2022)Also, large-scale production can be energy-intensive, potentially offsetting some environmental benefits(Farhan, Fazial et al. 2025). Optimizing production processes for feasibility and economic flexibility is crucial for the industry's expansion.(Silva-Weiss, Ihl et al. 2013).In conclusion, edible films represent a significant advancement in food packaging, offering solutions for enhanced food preservation, active functionalities, and improved sustainability. Ongoing research continues to address limitations and explore novel materials and technologies to further expand their applications in the food industry (Wang, Wei et al. 2023)
Future Perspectives
The future of edible films incorporated with bioactives holds significant promise for food packaging, with a major trend being the continued development and application of these active packaging solutions. Enhancing the mechanical, barrier, thermal, and heat-sealing properties of edible films will be crucial to broaden their applicability and make them more competitive with synthetic plastics. Developing cost-effective and sustainable manufacturing technologies for industrial-scale production is also essential for wider adoption. (Wang, Wei et al. 2023). Continued exploration of natural bioactive ingredients, such as those found in mulberry (Wen, Hu et al. 2019) and pomegranate (Mohamed Mabrouk, El-Sayed Shaltout et al. 2019) and their effective incorporation into edible films to address specific preservation needs is anticipated. 
In the context of medicine and food homology (MFH) substances, future efforts will likely concentrate on rationalizing resource utilization, conducting more in-depth scientific investigations including human trials, and developing flavour-masking techniques to enhance consumer acceptance of MFH-based food products (Wang, Zhu et al. 2025). Ultimately, the goal is to develop cost-effective, safe, and effective edible films with high consumer acceptability (Hashemi, Kaveh et al. 2023). If these challenges are overcome, edible biopolymer-based packaging films with improved properties are expected to be widely used in food packaging and potentially in other non-food markets in the near future, contributing to a more sustainable food system (Farhan, Fazial et al. 2025).
Conclusion 
Because bioactive edible films are naturally safe, biodegradable, and environmentally friendly, they represent a major breakthrough in food packaging research.  Edible biopolymers such proteins, lipids, and polysaccharides—all of which are regarded as safe for human consumption—make up the majority of these films.  The inclusion of natural antibacterial and antioxidant compounds, a topic that has been well studied, is the review's main characteristic.  This review emphasized the significance of antioxidants and antimicrobials in edible films and coatings.  Essential oils, oleoresins, exudates, and plant extracts are frequently added to coating and film formulations. These substances have been shown to enhance the functional properties of coatings and films, increasing their efficacy in food applications. Furthermore, the development of delivery systems like microencapsulation and nano-emulsions shows promise in improving the stability and controlled release of incorporated bioactives, thereby enhancing their efficacy. The emergence of smart and active packaging concepts, such as pH-sensitive indicators and humidity sensors integrated into edible films, signifies a future where consumers can readily assess food freshness without opening the packaging
However, while research has progressed significantly at laboratory and pilot scales, the physical and functional properties of edible films often need further improvement to match those of synthetic films, and their commercial application remains somewhat limited due to challenges in scale-up, cost, and consumer acceptance 

[bookmark: _GoBack]Data availability
Data will be made available on request.
References
1. Akhtar, H. M. S., et al. (2023). "Carboxymethyl cellulose based films enriched with polysaccharides from mulberry leaves (Morus alba L.) as new biodegradable packaging material." Int J Biol Macromol 253(Pt 8): 127633.
	

2. Benbettaieb, N., et al. (2019). "Bioactive edible films for food applications: mechanisms of antimicrobial and antioxidant activity." Crit Rev Food Sci Nutr 59(21): 3431-3455.
	

3. Chen, H., et al. (2021). "Developing Edible Starch Film Used for Packaging Seasonings in Instant Noodles." Foods 10(12).
	

4. Chen, W., et al. (2022). "Fortification of edible films with bioactive agents: A review of their formation, properties, and application in food preservation."  62(18): 5029-5055.
	
5. Dai, X., et al. (2024). "Enhanced antibacterial and antioxidant activities of chlorogenic acid loaded sweet whey/starch active films for edible food packaging." Lwt 199.
	
6. Desobry, S. and E. Arab-Tehrany (2014). Diffusion Barrier Layers for Edible Food Packaging. Comprehensive Materials Processing: 499-518.
	
7. Farhan, A., et al. (2025). "Production of polysaccharide and protein edible films: Challenges and strategies to scale-up." Int J Biol Macromol 307(Pt 2): 141909.
	
8. Farhan, A. and N. M. Hani (2020). "Active edible films based on semi-refined κ-carrageenan: Antioxidant and color properties and application in chicken breast packaging." Food Packaging and Shelf Life 24.
	
9. Galus, S., et al. (2020). "Novel Materials in the Preparation of Edible Films and Coatings—A Review." Coatings 10(7).
	
10. Hashemi, S. M. B., et al. (2023). "Polysaccharide-Based Edible Films/Coatings for the Preservation of Meat and Fish Products: Emphasis on Incorporation of Lipid-Based Nanosystems Loaded with Bioactive Compounds." Foods 12(17).
	
11. Hernández-Carranza, P., et al. (2023). "Bioactive Edible Films Based on LAB-Fermented Whey Solution and Potato Starch: Characterization and Storage Behavior." Food and Bioprocess Technology 16(12): 3045-3056.
	
12. Kaur, J., et al. (2023). "Natural additives as active components in edible films and coatings." Food Bioscience 53.
	
13. Manzoor, A., et al. (2023). "Plant-derived active substances incorporated as antioxidant, antibacterial or antifungal components in coatings/films for food packaging applications." Food Bioscience 53.
	
14. Mir, N. A., et al. (2023). "Effect of film forming solution pH on antibacterial, antioxidant and structural characteristics of edible films from modified quinoa protein." Food Hydrocolloids 135.
	
15. Mohamed Mabrouk, O., et al. (2019). "Evaluation of Bioactive Compounds in Pomegranate Fruit Parts as an Attempt for Their Application as an Active Edible Film." Journal of Biomaterials 3(1).
	
16. Osés, J., et al. (2009). "Potato starch edible films to control oxidative rancidity of polyunsaturated lipids: effects of film composition, thickness and water activity." International Journal of Food Science & Technology 44(7): 1360-1366.
	
17. Otoni, C. G., et al. (2017). "Recent Advances on Edible Films Based on Fruits and Vegetables-A Review." Compr Rev Food Sci Food Saf 16(5): 1151-1169.
	
18. Ribeiro, A. M., et al. (2020). "Preparation and Incorporation of Functional Ingredients in Edible Films and Coatings." Food and Bioprocess Technology 14(2): 209-231.
	
19. Ribeiro, I. S., et al. (2024). "Sustainable innovations in edible films and coatings: An overview." Trends in Food Science & Technology 143.
	
20. Sabaghi, M., et al. (2022). "The Pros and Cons of Incorporating Bioactive Compounds Within Food Networks and Food Contact Materials: a Review." Food and Bioprocess Technology 15(11): 2422-2455.
	
21. Salimi, A., et al. (2024). "A zero-waste approach towards a sustainable waste management of apple: Extraction of value-added products and their application as edible coating." Food Hydrocolloids 147.
	
22. Silva-Weiss, A., et al. (2013). "Natural additives in bioactive edible films and coatings: functionality and applications in foods."  5: 200-216.
	
23. Silva-Weiss, A., et al. (2013). "Natural Additives in Bioactive Edible Films and Coatings: Functionality and Applications in Foods." Food Engineering Reviews 5(4): 200-216.
	
24. Singh, A. K., et al. (2022). "Phenolic Compounds in Active Packaging and Edible Films/Coatings: Natural Bioactive Molecules and Novel Packaging Ingredients." Molecules 27(21).
	
25. Wang, L., et al. (2025). "Medicine and food homology substances: A review of bioactive ingredients, pharmacological effects and applications." Food Chem 463(Pt 1): 141111.
	
26. Wang, M., et al. (2023). "Antimicrobial Edible Films for Food Preservation: Recent Advances and Future Trends." Food and Bioprocess Technology 17(6): 1391-1411.
	
27. Wen, P., et al. (2019). "Mulberry: A review of bioactive compounds and advanced processing technology." Trends in Food Science & Technology 83: 138-158.
	
28. Zeng, Y. F., et al. (2024). "Preparation and characterization of lotus root starch based bioactive edible film containing quercetin-encapsulated nanoparticle and its effect on grape preservation." Carbohydr Polym 323: 121389.
	




