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Valorisation of Passion Fruit Rind for the Development of Eco-Friendly Edible Coatings

Abstract
Valorising agro-industrial by-products is an essential strategy for promoting sustainability and addressing waste management challenges. Yellow passion fruit (Passiflora edulis f. flavicarpa), predominantly grown for its pulp, produces significant residual biomass in the form of pomace and peels. These by-products, rich in compounds such as dietary fibre, pectin, and polyphenols, offer diverse functional properties suitable for various innovative applications. This review explores the potential of passion fruit residues, focusing on their use in biodegradable edible coatings. Edible coatings derived from passion fruit waste present a sustainable and eco-friendly alternative to synthetic packaging. The high pectin and fibre content in these residues enables the development of edible films and coatings with excellent mechanical properties and preservation capabilities, thereby enhancing the shelf life of food and reducing dependency on plastic materials. This approach not only minimises waste but also meets the growing demand for sustainable and health-oriented food options. By converting fruit processing waste into value-added edible coatings, this strategy aligns with circular economy principles and supports the reduction of plastic dependency in food packaging. While the functional benefits are promising, further research is needed to optimise extraction methods, improve coating formulations, and assess consumer acceptance for large-scale applications. This review underscores the potential of passion fruit by-products as sustainable materials for edible coating development, contributing to waste valorisation and environmentally conscious food preservation strategies.
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1. Introduction
Passion fruit (Passiflora edulis), native to Brazil, is a widely appreciated tropical fruit recognized for its distinctive flavour, aroma, and nutritional properties. It is extensively cultivated in tropical and subtropical regions, with Brazil, Ecuador, and Colombia being the major producers (Tripathi et al., 2014). The fruit is highly valued for its juice, which is commonly utilized in beverages, desserts, and various culinary products. Passion fruit is rich in several beneficial components, including dietary fibre, minerals, vitamins, pectin, antioxidants, flavonoids, and other bioactive compounds (Correa et al., 2016; Deshmukh et al., 2017; He et al., 2020; Biswas et al., 2021). This review primarily focuses on yellow passion fruit (Passiflora edulis f. flavicarpa), which is widely used in industrial juice processing and generates substantial peel waste suitable for pectin extraction and edible coating applications.
                 In India, the cultivation of passion fruit is mainly concentrated in the Western Ghats regions such as Coorg, Nilgiris, and Malabar, along with the northeastern states including Manipur, Mizoram, and Nagaland. Kerala has also emerged as an important producer due to its favourable climatic and soil conditions, particularly in districts like Wayanad and Idukki. The increasing popularity of the fruit in the Indian market is attributed to its versatility and health-promoting properties (Deshmukh et al., 2017).
                  Food waste and the generation of food by-products have become major global concerns because of their adverse environmental, economic, and social impacts. Growing awareness regarding these issues has encouraged several countries and organizations to implement strategies aimed at minimizing food waste. Initiatives such as the Farm to Fork Strategy, Circular Economy Action Plan, and EU Waste Legislation introduced by the European Union are examples of such efforts. Reducing food waste can help lower production costs, improve the efficiency of food systems, support environmental sustainability, and strengthen food security and nutrition (Brennan et al., 2021).
1. Composition and nutritional profile of passion fruit by-products
                Processing passion fruit (Passiflora edulis) produces substantial quantities byproducts, including peels, seeds, and pulp leftovers, which are frequently thrown away even though they have rich nutritional and bioactive profiles. Making around 50–60% of the fruit's weight, peel is rich in dietary fibres including cellulose and pectin that support healthy digestion and cholesterol control. It also includes phenolic chemicals, like flavonoids and gallic acid, which have antioxidant qualities that fight oxidative stress and may lower the risk of chronic illnesses. (Dos Reis et al., 2018; Kawakami et al., 2021). 
               Nutritionally, passion fruit peels provide essential minerals. For instance, 100 grams of fresh yellow passion fruit peel contains approximately 44.51 mg of calcium, 0.89 mg of iron, 43.77 mg of sodium, 27.82 mg of magnesium, 0.32 mg of zinc, 0.04 mg of copper, and 178.40 mg of potassium. ​Passion fruit seeds are also nutritionally valuable, containing high levels of proteins and oils. They are rich in essential fatty acids, predominantly linoleic acid (approximately 72.69%) and oleic acid. Additionally, the seeds are a good source of minerals such as sodium, magnesium, potassium, and calcium. They also contain various amino acids, with essential amino acids accounting for 34% of the total amino acids ( Liu et al., 2008). Furthermore, passion fruit seeds are particularly rich in piceatannol, a stilbene compound with antioxidant, anti-cancer, and anti-inflammatory properties. These diverse compositions underscore the potential of passion fruit by-products in functional foods, nutraceuticals, and cosmetic formulations, promoting health and adding value to passion fruit processing industries.
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Fig. 1. The circular economy of pectin-based edible films and coating (Syarifuddin et al., 2025)
              Pectin-based edible coatings contribute to circular economy approaches by converting fruit processing by-products, such as peels and pomace, into valuable biopolymers for sustainable packaging applications (Frosi et al., 2023). Green extraction techniques, including microwave- and ultrasound-assisted methods, help minimize energy and solvent usage. Recent active packaging systems have also incorporated bioactive compounds into pectin-based films to enhance antimicrobial and antioxidant properties, thereby improving food safety and shelf-life stability (Syarifuddin et al., 2025). These biodegradable coatings reduce dependence on synthetic packaging materials and degrade naturally without causing environmental pollution.
2. Edible coatings
Increasing environmental concerns have accelerated the replacement of petroleum-based packaging materials with biodegradable biopolymers derived from natural sources (Luangapai et al., 2019). Recent studies have highlighted the potential of pectin-based edible films and coatings owing to their biodegradability, film-forming properties, and compatibility with antimicrobial and antioxidant agents, which enhance food preservation and shelf-life stability (Kumar et al., 2023; Martins et al., 2024). In addition, biodegradable packaging developed from agro-industrial by-products has shown promising functional and environmental benefits for sustainable food packaging applications (Westlake et al., 2023; Said & Lee, 2025). Edible films and coatings are generally formulated using different component groups (Fig. 2). 
(I) A biopolymer or matrix that is formed by a cohesive structured biopolymer; 
(II) Additives like plasticizers, cross-linkers, surfactants and nano reinforcements that enhance the packaging functional properties; and
(III) A solvent that, due to the final product requirements in terms of edibility, can only be water or ethanol.

3.1 Composition of edible coatings
3.1.1 Biopolymers (Matrix)
            The use of biopolymers in edible film and coating formulations has been growing steadily due to their renewable origins, biocompatibility, and biodegradable properties. Along with their cost-effectiveness, these materials offer advantages such as reducing the transport of moisture, oxygen, aromas, and solutes, enhancing sensory qualities, and prolonging shelf life—making them an appealing and practical choice for the packaging industry. Biopolymers consist of macromolecules derived from various natural sources, including by-products from agriculture, fishing, and livestock industries. 
             Hydrocolloids, including polysaccharides and proteins, together with lipids, represent the biopolymeric materials most frequently employed in the development of edible films and coatings. Hydrocolloids consist of high-molecular-weight compounds rich in hydroxyl functional groups, which confer a pronounced hydrophilic character. This chemical structure inherently limits effective control over water vapour migration, thereby restricting the performance of polysaccharide- and protein-based films primarily to that of sacrificial barriers. In such systems, moisture transfer is redirected away from the food surface and occurs predominantly within the packaging matrix rather than across the food–environment interface (Parreidt et al., 2018; Luangapai et al., 2019).
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Fig. 2. Composition of edible coatings. (Luangapai et al., 2019)

3.1.2 Types of bio-polymers for making edible coatings
               The use of biopolymers in food packaging, bottle containers, and edible coatings is receiving growing interest due to their sustainability, biodegradability, and compatibility with living systems. Common categories of biopolymers comprise polysaccharides (such as starch, cellulose, pectin, alginate, and chitosan), proteins (including soy protein, caseinates, zein derived from maize, and whey protein), and lipids (such as beeswax, vegetable oils, and free fatty acids). These materials play a fundamental role in the development of environmentally sustainable and innovative food packaging systems. Biopolymers offer a range of functional benefits, including the enhancement of food safety, the preservation of product quality, and the extension of shelf life through improved barrier and protective properties. Moreover, their utilisation contributes to a reduction in dependence on conventional non-degradable plastics and helps mitigate plastic-related waste generation (Han et al., 2020).

3.1.2.1 Polysaccharide-Based Coatings
Polysaccharides, such as pectin, cellulose, starch, chitosan, alginates, and pullulan, are commonly used in edible coatings. They effectively block oxygen due to their hydrogen bonding network but have limited moisture resistance. Despite this, they are widely applied to preserve meat, vegetables, and fruits (Saidi et al., 2024).
· Pectin: Found in plant cell walls and fruit peels (e.g., passion fruit, citrus), pectin forms biodegradable coatings with good film-forming ability. It consists of α-1-4 d-galacturonic acid units with functional sugar branches (Lara-Espinoza et al., 2018).
·  Starch: Derived from sources like potatoes, corn, and cassava, starch-based coatings reduce spoilage and improve texture. Composed of amylose and amylopectin, starch coatings can be enhanced with Aloe vera gel for antifungal properties and improved physical characteristics. These coatings extend the shelf life of fresh produce (Ortega et al., 2017).
· Cellulose Derivatives (e.g., Carboxymethyl Cellulose) Cellulose, a plant cell wall component, has a highly crystalline structure that limits its solubility. Chemically modified variants, such as carboxymethyl cellulose (CMC), methylcellulose, and hydroxypropylmethyl cellulose, are excellent for edible coatings due to their strength, oxygen barrier, and anti-senescence properties (Suput et al., 2015; Saikia, 2025).
· Chitosan: Derived from crustacean shells, chitosan has strong antimicrobial and antioxidative properties, making it effective for extending food shelf life. It is biodegradable, biocompatible, and regulates food transpiration and ripening rates (Du et al., 2009; Khatri et al., 2020). As a semi-permeable coating material, chitosan-based films help regulate internal food structures by reducing transpiration rates and slowing down the ripening process in fresh produce (Qi et al., 2011).
           Chitosan-based coatings and films are widely applied to a range of horticultural commodities, including cucumbers, strawberries, bell peppers, apples, peaches, pears, and plums, owing to their capacity to delay ripening and senescence processes in fresh produce (Hassan et al., 2018). In this context, chitosan has also been utilised either as a crude extract or in the form of chitosan nanoparticles within bioactive coating systems, often in combination with pomegranate peel extract, to enhance antifungal efficacy and provide protection against a variety of postharvest fungal pathogens (Alotaibi et al., 2019).
          A study conducted by Khalifa et al. (2016) investigated the development of edible coatings based on chitosan incorporated with extracts derived from olive oil residues. The resulting composite coatings demonstrated effective control of microbial activity and, consequently, contributed to the preservation of apple and strawberry fruits by mitigating postharvest degradation processes.
Alginate: Alginate is a naturally occurring polysaccharide predominantly extracted from brown seaweed species and is extensively utilised in the formulation of edible films and coatings owing to its distinctive colloidal properties, including its functionality as a thickening agent, gelling agent, film-forming material, and emulsion stabiliser (Estevinho et al., 2014). It has been widely applied to enhance the quality and extend the shelf life of diverse food products, including fruits, vegetables, meat, poultry, seafood, and cheese (Parreidt et al., 2018).
In this context, a 2019 study examined the effect of edible films and coatings based on sodium alginate applied to papaya purée (Rangel-Marrón et al., 2019). In the same year, another investigation focused on the characterisation of sodium alginate-based coatings enriched with lemongrass essential oil for application to fresh-cut apples (Cofelice et al., 2019). Both studies reported favourable outcomes, which were reflected in a measurable extension of the shelf life of the treated food products.
3.1.2.2 Protein-Based Coatings
Proteins, classified as fibrous or globular, are used in edible coatings for their film-forming properties. Fibrous proteins are structural components in animal tissues, while globular proteins (e.g., corn zein, whey protein, wheat gluten, soy protein) are commonly used in food coatings (Payal et al., 2025). These coatings are prepared using water, ethanol, or their combinations. Protein-based films act as effective oxygen barriers, preventing oxidative deterioration while offering good mechanical and gas barrier properties (Mihalca et al., 2021).
· Gelatin: Derived from animal collagen, gelatin forms transparent films with excellent oxygen barrier properties. Its characteristics depend on the gelatin source, additives, and processing conditions such as temperature and pH. (Liu et al., 2024; Aguilar-Palazuelos et al., 2025).
· Whey & Casein: Dairy-derived proteins create strong, glossy coatings that extend the shelf life of perishable foods. Whey protein films are effective oxygen barriers and can carry antioxidants and antimicrobials (Kumar et al., 2023). Casein coatings reduce respiration rates and slow ripening; incorporating beeswax enhances their preservation effects (Khan et al., 2021).
· Soy & Corn Proteins: Plant-based alternatives for biodegradable food packaging. Soy protein isolate (SPI) forms transparent, flexible films with good oxygen and oil barrier properties, though mechanical strength and water resistance can be improved with plasticizers or cross-linking agents (Akrami et al., 2023). Zein-based coatings offer excellent moisture and gas barrier properties, making them suitable for fruits, vegetables, meat, and dairy preservation (Yadav et al., 2025).
Top of Form
3.1.2.3   Lipid-Based Coatings
Lipids, due to their hydrophobic nature, effectively prevent moisture migration in fresh food products, reducing deterioration (Yousuf et al., 2021). Though lipid coatings provide excellent moisture resistance, they are less effective in blocking oxygen transfer.
· Beeswax & Carnauba Wax: Beeswax, secreted by Apis cerana and Apis mellifera, forms a protective barrier that minimizes moisture loss and enhances fruit texture and gloss (Hosseini et al., 2023). Carnauba wax, derived from Copernicia prunifera, reduces water loss and respiration rates, commonly applied to fruits like oranges and apples to extend shelf life (Jo et al., 2014).
· Plant Oils (Sunflower, Palm, Coconut): Sunflower oil, rich in unsaturated fatty acids, improves moisture and gas barrier properties (Schmid et al., 2025). Palm oil contributes to semi-solid coatings, though sustainability concerns drive interest in alternatives. Coconut oil, with antimicrobial properties, reduces microbial growth and prolongs food freshness (Moghadas et al., 2024).
3.1.2.4 Composite Coatings
Combining polysaccharides, proteins, and lipids enhances coating functionality. For instance, pectin-based coatings blended with chitosan or essential oils add antimicrobial benefits (Dhumal et al., 2024). Chitosan-pectin composites offer both microbial inhibition and a strong physical barrier, prolonging food freshness. Gelatin–pectin composites also improve postharvest quality, with garlic essential oil incorporation further boosting antimicrobial effectiveness, benefiting perishable foods like red chili (Heristika et al., 2023).
3.2 Additives
               The mechanical, functional, organoleptic, and nutritional properties of edible films and coatings can be improved through the incorporation of selected natural or chemical additives, such as plasticisers, surfactants, and cross-linking agents, which enhance the fundamental performance characteristics of the packaging system (Parreidt et al., 2018). In addition, reinforcing agents and emulsifiers may be employed to strengthen mechanical properties and to stabilise the interactions among different film constituents, respectively (Hassan et al., 2018). Furthermore, the quality, stability, and safety of packaged foods can be further enhanced through the incorporation of antimicrobial and antioxidant compounds, as well as flavouring and colouring agents, into film and coating formulations (Hassan et al., 2018). This approach is commonly referred to as active packaging and will be discussed in greater detail in subsequent sections.
3.3 Plasticizers
                 Plasticizers used in edible coatings are generally divided into three categories: (1) mono-, di-, and oligosaccharides; (2) polyols such as glycerol, polyethylene glycol, and sorbitol; and (3) lipids and their derivatives (Guilbert et al., 1995). Polyols are known for their ability to absorb moisture, their suitable molecular weight, and low toxicity. Sorbitol, a reduced form of glucose produced through glucose oxidation, is crystalline, water-soluble, and remains stable even under prolonged heating . The primary role of plasticizers in coating formulations is to prevent cracking on the coated product. Their concentration should range from 0.1% to 10% of the total formulation weight (Suppakul et al., 2013). 
                 Water is considered the most effective plasticizer; however, its performance in hydrophilic biopolymers can be affected by environmental factors such as relative humidity and temperature (Parreidt et al., 2018). As a result, glycerol has become the most widely used plasticizer in this context. Other substances like sorbitol, glycols, and various sugars have also been explored in food coating research (Calva-Estrada et al. 2019; Mkandawire and Aryee 2018). For instance, (Toth and Halasz., 2019) used glycerol and poly (ethylene glycol) as plasticizers to reduce brittleness in edible biocomposite films made from psyllium husk and husk flour.
               Similarly, (Alves et al. (2019) investigated the use of chitosan-based coatings to protect seeds, nuts, and fruits from fungal contamination, incorporating glycerol and sorbitol as plasticizers at concentrations of 5%, 10%, and 20%. Both studies reported positive outcomes, highlighting the significant role of plasticizers in enhancing the mechanical strength, barrier functions, and thermal stability of the final packaging materials. Aloe vera has been employed as a functional coating component with plasticising properties, contributing to reduced weight loss and delayed progression of the ripening process, as evidenced by changes in parameters such as titratable acidity, pH, and total soluble solids. Its application has been investigated across a range of food commodities, including tomatoes and apples (Farina et al., 2020).
3.4 Surfactants
                 One effective approach to increasing surface energy is by incorporating surface-active agents, or surfactants. These substances enhance the wettability of a product, which in turn improves the adhesion between the coating and the surface, helps prevent surface roughness, and promotes the formation of smooth, uniform edible films and coatings (Parreidt et al., 2018). In 2019, two separate studies explored the use of Tween 80—a widely used surfactant—in edible film and coating formulations. Due to their capacity to alter both intermolecular and intramolecular interactions within the film matrix, surfactants enhanced the dispersion and stability of the film solutions. As a result, researchers successfully developed chitosan and catechin-based coatings (Cheng et al., 2019) and gelatin films containing mint essential oil (Scartazzini et al., 2019), offering an environmentally friendly option for protecting various food products. Surface-active agents (surfactants), including glycerol monostearate (Kowalczyk and Baraniak, 2014), sucrose esters, sodium stearoyl lactate, sodium dodecyl sulphate, ethyl lauroyl arginate, Span 20–80, Tween 20–80, and soy lecithin, are commonly employed as modifiers in biopolymer-based film formulations (Villalobos et al., 2006). These surfactants exhibit amphiphilic characteristics, containing both hydrophilic and hydrophobic moieties, which enable them to modify interfacial properties and improve the structural and functional performance of edible films (Shojaee-Aliabadi et al., 2014).
              The modification of the films and coatings by surfactants not only decreases water vapor permeability but also improve the moisture barrier property of the films and coatings (Ma et al., 2016). Table 1 outlines the various surfactant types and the film-forming agents used in creating biopolymer-based films and coatings. Among these, non-ionic surfactants such as Span and Tween are extensively applied in producing solution- and emulsion-based films. 
Table1. Types of surfactants and film-forming used in the preparation of biopolymer-based films.
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3.5 Cross-linkers
              A cross-linker is a substance that creates chemical or physical bonds between molecules or polymer chains, effectively linking them together to form a network or matrix. This process, called cross-linking, can significantly improve the stability, strength, and durability of materials like polymers, proteins, and starches. Cross-linked coatings provide notable benefits, particularly by reducing the penetration of external substances into the coating layers. They also enhance 
               the coating’s mechanical strength, chemical resistance, and thermal stability (Guo et al., 2014). Commonly used cross-linking agents are symmetrical bifunctional compounds that contain reactive groups targeting specific functional groups within the matrix macromolecules ( Balaguer  et al., 2011). Cross-linking is especially advantageous for biopolymers, such as those made from proteins or polysaccharides. However, it is more frequently applied to proteins due to their higher number of reactive functional groups (Azeredo et al., 2016). The process typically involves a variety of cross-linking agents, as listed in Table 2.
Table 2. Cross-linking agents commonly used in different types of edible coating
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3.6 Bioactive compounds
               Active edible films and coating can be created by the addition of functional compounds as anti-browning agents, colorants, flavours, sweeteners, nutrients, probiotics, nutraceuticals, antimicrobial and antioxidant compounds, etc. (Pereira et al., 2017). Table 3 summarizes the main functional and bioactive ingredients of active films and coatings. Edible films and coatings offer several advantages and potential economic benefits for the meat industry. They help prevent moisture and weight loss, as well as undesirable sensory changes such as alterations in texture, flavour, odour, and colour. Additionally, by reducing dripping, they contribute to improved product appearance and quality. Their low oxygen permeability also plays a key role in minimizing lipid and myoglobin oxidation, slowing the growth of spoilage and pathogenic microorganisms, and partially inactivating proteolytic enzymes responsible for meat deterioration (Sanchez-Ortega et al., 2014). 
               The incorporation of plant extracts and essential oils in edible films and coatings has become increasingly important due to their strong antimicrobial and antioxidant properties. These natural antioxidants are primarily used to prevent lipid oxidation, slow the formation of off-flavours, and maintain colour stability (Aminzare  et al., 2019)Their mechanisms of action include halting the chain reactions that lead to peroxidation, neutralizing reactive oxygen species, inhibiting pro-oxidative enzymes, interrupting auto-oxidative cycles, capturing superoxide radicals (O2−), preventing peroxide formation, and chelating metal ions that could trigger the production of reactive species or the breakdown of lipid peroxides (Verni et al., 2019).
Table 3. Examples of bioactive ingredients of active films and coatings (Mehdizadeh and Langroodi 2019).
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4. Pectin 
           Pectin is an acidic heteropolysaccharide widely distributed within the primary cell wall and middle lamella of terrestrial plants, where it plays a crucial structural and functional role (Mohnen, 2008). Its principal constituent is galacturonic acid, a uronic acid derived from galactose, which forms the backbone of its polysaccharide structure. Pectin was first isolated and described by Henri Braconnot in 1825, marking an important milestone in the study of plant-derived polysaccharides (Keppler et al., 2006). It typically exhibits a molecular weight in the range of approximately 60,000–130,000 g/mol, although this can vary depending on its source and degree of modification. Owing to its ability to form gels under suitable conditions, pectin is extensively employed as a gelling, stabilising, and thickening agent in the food and baking industries, and it also finds important applications in pharmaceutical formulations and cosmetic products. 
                  Pectin is found in the main cell walls of higher plants. Further, pectin is a source of dietary fibre (Induru, 2021).  Pectin possesses a complex structure primarily composed of a linear chain of α-(1,4)-linked D-galacturonic acid units, forming what is known as the homogalacturonan (HG) domain. This main chain is periodically interrupted by rhamnose units, giving rise to rhamnogalacturonan I (RG-I) regions. Additional complexity is introduced by highly branched domains such as rhamnogalacturonan II (RG-II) and xylogalacturonan (XG). The galacturonic acid residues in the HG region are partially methyl-esterified at the carboxyl group on carbon 6 and can also be acetylated at the O-2 or O-3 positions. The extent of methyl esterification, referred to as the degree of methylation (DM), significantly influences the functional behavior of pectin. Based on DM, pectins are categorized into high-methoxyl (HM) types with DM greater than 50%, and low-methoxyl (LM) types with DM below 50 per cent (Wang et al., 2018; Fares et al., 2012 ; Zhao et al., 2024).
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Fig 3. Structural characteristics of pectin molecules. (Zhao et al., 2024)
                 The physicochemical properties of pectin are highly diverse and are predominantly governed by its structural features, including degree of esterification, molecular weight, and distribution of functional groups. One of its most significant characteristics is its gelling behaviour. High-methoxyl (HM) pectins typically form gels under acidic conditions in the presence of high concentrations of soluble solids, particularly sugars, whereas low-methoxyl (LM) pectins are capable of gel formation in the presence of divalent cations, especially calcium ions, and over a comparatively broader pH range (Said et al., 2023). In aqueous solution, pectin generally exhibits non-Newtonian, pseudoplastic flow behaviour, whereby viscosity decreases with increasing shear rate. This rheological behaviour is influenced by several parameters, including concentration, molecular weight, pH, ionic strength, and temperature, all of which collectively determine its functional performance in industrial applications (Schmidt et al., 2014).
.
              Certain pectin fractions, particularly those with elevated protein associations or distinct structural features, may exhibit emulsifying activity, thereby facilitating the stabilisation of oil-in-water emulsions (Sayah et al., 2016). Such rheological behaviour is fundamental to understanding the performance of pectin under varied processing conditions and within diverse end-use applications. The functional versatility of pectin is further amplified by its capacity to interact with a range of biomacromolecules. It can form complexes with polysaccharides, proteins, and multivalent cations, resulting in a wide spectrum of structural configurations and functional properties that underpin its broad applicability. Within the food industry, pectin is extensively employed as a gelling agent in the production of jams and jellies, as well as a thickener and stabiliser across numerous formulations. It also serves as an emulsifier and may function as a partial fat and sugar replacer in reduced-calorie products. Consequently, it is widely incorporated into fruit-based preparations, dairy products, desserts, frozen foods, bakery items, beverages, confectionery, and salad dressings, where it contributes to texture development, stability, and overall product quality.
5. Pectin extraction
             Canteri-Schemin et al. (2005) reported microwave-assisted extraction of pectin from passion fruit peel using acidic conditions at pH 2, followed by ethanol precipitation. The method demonstrated improved extraction efficiency and reduced extraction time compared with conventional heating techniques. The process involved placing 4 g of passion fruit peel flour into 100 mL of distilled water in a 600 mL beaker, followed by the addition of 100 mL of an acidic solution adjusted to maintain a final pH of 2. The mixture was heated in a CCE model Me304 microwave oven for 3, 6, or 9 minutes, with the beaker partially covered. Due to partial exposure, some water evaporated during heating, so distilled water was periodically added to maintain a consistent suspension. The warm mixture was vacuum-filtered using synthetic fabric, with the solid residue discarded. The filtrate, containing the soluble pectin, was cooled to 4 °C. To isolate pectin, the filtrate was slowly added to two volumes of absolute ethanol (also at 4 °C) under magnetic stirring, stirred for 10 minutes, then left undisturbed for 30 minutes to allow the pectin to float. The pectin was then collected by vacuum filtration. Next, the gel-like pectin was immersed in absolute ethanol for about 12 hours, followed by a brief immersion in acetone for partial dehydration. Finally, the pectin was dried in an air-circulated oven at 40 °C for about five hours until it reached a constant weight.
                 Green extraction methods such as microwave- and ultrasound-assisted extraction improve pectin yield while reducing extraction time and solvent usage. These methods are considered more sustainable than conventional extraction techniques (Kumar et al., 2023; Halder et al., 2026).
                  The dried pectin was then ground into powder. The percentage yield of the fruit peel pectin was determined as gram of product obtained per 10 g of fruit peel powder used:
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Fig. 4. Flow diagram for the extraction of pectin.
6. Determination of degree of esterification (DE)
              The degree of esterification (DE) is a critical property of pectin that significantly influences its gelling property, solubility, and application in food and pharmaceutical industries. Although the DE of pectin largely depends on the botanical source and the method of extraction, pectin extracted under acidic conditions typically contains approximately 60% methyl ester group. The acidity of the extraction medium plays a pivotal role in modifying the chemical structure of pectin. (Yapo & Koffi, 2014).	
                Pectins are typically classified as either high methoxyl pectin (HMP), with a DE greater than 50%, or low methoxyl pectin (LMP), with a DE less than 50% (May, 1990). HMP forms gels in the presence of high sugar concentrations and acidic pH (around 2.0–3.5), making it suitable for traditional jam and jelly applications. In contrast, LMP requires the presence of divalent cations, such as calcium ions (Ca²⁺), to form gels, and does so over a broader pH range (2.5–6.5), allowing for reduced-sugar or sugar-free product formulations (Voragen et al., 1995). 
                The esterification pattern affects the molecular interactions within the pectin network during gel formation. In HMP, the methyl ester groups promote hydrophobic interactions and hydrogen bonding under low pH and high sugar conditions, facilitating the formation of a rigid gel matrix. In LMP, non-methylated carboxyl groups interact with calcium ions to create "egg-box" structures that link pectin chains, leading to gelation even in the absence of sugar (Rolin, 1993).
             The DE not only influences the functional properties of pectin but also its application in various food and pharmaceutical products, where specific gelling behavior is required. The most commonly employed techniques is the titrimetric method, which quantifies free and esterified carboxyl groups through a two-step neutralization and saponification process.
              Koubala et al. (2008) applied this method to pectin extracted from yellow passion fruit (Passiflora edulis f. flavicarpa) peels, reporting a DE value of 59%, classifying the extracted pectin as high methoxyl pectin. This method remains widely used due to its simplicity and cost-effectiveness, despite its moderate precision compared to modern spectroscopic techniques. Fourier-transform infrared (FT-IR) spectroscopy, which uses characteristic absorption peaks to differentiate esterified and non-esterified carboxyl groups. Peaks around 1740 cm⁻¹ and 1630 cm⁻¹ correspond to ester carbonyl (C=O) and carboxylate ion (COO⁻) vibrations, respectively. In a study by Sriamornsak (2003), FT-IR analysis of pectin extracted from jackfruit and durian rinds revealed DE values ranging from 50 to 72 per cent , supporting the classification of these pectins as high methoxyl types. Similarly, Gnanasambandam and Proctor (2000) used FT-IR to characterize pectin from citrus peel and peanut hulls, reporting that peak ratios could effectively estimate DE and differentiate between HMP and LMP (Gnanasambandam and Proctor, 2000).
7. Preparation of Edible Coating
               To prepare the edible coating, a 3% (w/v) solution of pectin was formulated by gradually dispersing the dried pectin powder in distilled water heated to 70–90 °C under constant magnetic stirring to ensure complete solubilization and to prevent clumping. Glycerol, used as a plasticizer, was added at 30% (w/w) of the pectin content to improve film flexibility and reduce brittleness (Rojas-Grau et al., 2009 ; Menezes and  Athmaselvi, 2016).
                  In some formulations, bioactive compounds such as essential oils (e.g., cinnamon or thyme oil), natural antimicrobials (e.g., nisin), or plant polyphenol extracts (e.g., green tea or pomegranate peel) were incorporated to enhance antimicrobial and antioxidant properties, depending on the intended application. (Tharanathan, 2003). 
                    Recent studies have explored blending pectin with various biopolymers such as proteins to improve mechanical and barrier properties. For instance, pectin–gelatin composite films or coatings have demonstrated enhanced tensile strength and reduced water vapour permeability due to improved polymer interaction (Nisar et al., 2018). 
                     Similarly, pectin–whey protein films have been reported to exhibit better flexibility and oxygen barrier characteristics, making them suitable for perishable food packaging (Almasi et al., 2010).  Dávalos-Saucedo et al., (2018) prepared an edible coating solution was prepared by mixing 1.2 g of whey protein isolate (WPI) with 0.6 g of sorbitol in 25 mL of distilled water and stirring for 2 hours, while 1.2 g of pectin was dissolved separately in 25 mL of water and stirred for the same time. The WPI–sorbitol mixture was then heated to 80 °C for 25 minutes, and the preheated pectin solution was added to achieve a 4:1 WPI-to-pectin ratio. After cooling with continuous stirring, the pH was adjusted to 5.1 using 0.1 N HCl, transglutaminase (8 U per gram of WPI) was added, and the solution was stirred for 16 hours before use. They used egg for this experiment and reported that, uncoated eggs lost about 4.7% ± 0.3% of their weight after 15 days at 25 °C, while coated eggs lost only 1.1% ± 0.35%. The whey protein–pectin coating reduced weight loss more effectively than whey protein alone, as reported by Caner, (2005) where whey-based coatings resulted in 2.1% loss compared to 3.4% in uncoated eggs. In addition, the inclusion of cross-linking agents such as calcium chloride, particularly in low-methoxyl pectin systems, further enhances film stability and cohesion by promoting ionic gelation (Sriamornsak, 2003). Furthermore, composite films or coatings based on pectin and soy protein isolate have shown promising results in extending shelf life of fruits by modulating gas exchange and reducing microbial load (Zambrano-Zaragoza et al., 2014). These approaches underscore the versatility of pectin as a base material in edible coatings, especially when synergistically combined with other biopolymers. 

7.1.  Application methods edible coatings
               The choice of application method is largely determined by the characteristics of the substrate surface as well as the geometry of the product to be coated. In this context, it may be noted that key physical properties, including surface tension and plasticity, significantly influence the mechanical behaviour and overall performance of edible coatings (Pavlath and Orts, 2009).
 
7.1.1 Casting
                 Edible films and coatings can be produced using two primary methods: casting and extrusion (Figure 5). Casting is a widely used laboratory technique valued for its simplicity and ease of application. This method involves three main stages: solubilization, casting, and drying. Initially, a solution or dispersion is prepared using a suitable solvent. This mixture is then spread onto a flat surface (for edible films) or applied directly to food surfaces (for edible coatings). The drying step allows the solvent to evaporate, increasing the viscosity and leading to the formation of a continuous, thin layer with desirable mechanical and barrier properties ( Cheng   2023). 
                   The strength and effectiveness of the resulting edible film or coating depend significantly on factors such as processing time, temperature, and drying conditions. However, the casting technique generally involves long processing and drying times, making it less practical for industrial-scale or commercial production. Despite this limitation, casting is frequently used in research and has been applied to a variety of foods, including okra leaves, cherry tomatoes, and mangoes, as well as plant materials like yerba mate ( Sharma et al., 2022).
7.1.2 Dipping (Immersion)
                Dipping, or immersion, is a widely adopted method even at the laboratory level due to its operational simplicity (Figure 3). In this technique, the food product is submerged into a pre-prepared coating solution for a specific duration (Saez-Orviz et al., 2023). After immersion, the coated item is allowed to dry at room temperature, during which any excess coating is drained off to avoid the formation of an overly thick layer (Cheng et al., 2022). If needed, the dipping step can be repeated with a different solu  tion to enhance coating quality. This method is favoured for its low cost, straightforward procedure, and short processing time. However, a notable drawback is the relatively high consumption of coating solution, which can prolong preparation time (Popescu et al., 2022).

7.1.3 Electrospinning
               Electrospinning, predominantly applied in edible film development for packaging purposes (Figure 5), is recognized for its cost-effectiveness, ease of use, and versatility. The technique relies on an electric field to elongate a polymer solution, producing nanofibrous films with high surface-area-to-volume ratios and fine pore distributions. These nanofibers are capable of forming a coating over the material. Despite its benefits, electrospinning is limited by the weak bonding between the fibers, which can result in poor mechanical strength of the final film ( Tampau et al., 2020).

7.1.4 Spraying
                Spraying involves atomizing the coating solution into fine droplets and applying it to the food surface via a nozzle, making it the most common method in industrial food processing (Figure 5). This approach ensures a uniform and consistent coating layer, requires less solution, minimizes contamination risks, and is especially effective for coating food items with large or irregular surfaces.In addition to the main methods discussed, there are other techniques for applying edible coatings. One such approach is pouring, where the coating solution is simply poured over the food surface. Another technique is the foam method, in which foam is generated and applied as the product moves through a cylinder, followed by brushing to ensure even distribution over the surface (Okcu et al., 2018).
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Fig 5. Illustration of the application of edible coatings. (Okcu et al., 2018). 
8. Physico-chemical analysis of fruits during storage
8.1 Weight loss
         Weight loss is a key indicator of fruit deterioration during storage, primarily caused by transpiration and respiration, which lead to moisture loss from the fruit surface. Excessive weight loss results in shriveling, decreased firmness, and reduced marketability. Edible coatings help reduce water vapor transmission and respiration rates, thereby minimizing weight loss. Studies show that coated fruits lose significantly less weight than uncoated ones due to the semi-permeable barrier formed by the coatings. For example, sapota fruits coated with aloe vera and chitosan had lower physiological weight loss during storage compared to untreated fruits (Qayyum et al., 2014). Similar effects are observed in mango, guava, and papaya under ambient storage conditions (Ali et al., 2011).
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8.2 Total soluble solids (TSS)
              Total soluble solids (TSS) indicate the amount of soluble sugars, organic acids, and other soluble substances present in fruits and vegetables and are expressed as °Brix. During storage, TSS generally increases due to starch breakdown into sugars and moisture loss. However, a rapid increase in TSS is often associated with over-ripening and reduced shelf life. TSS is measured using a hand refractometer by placing a drop of juice on the prism surface and directly reading °Brix (Ranganna, 1986).
              Edible coatings help slow changes in TSS by reducing respiration, transpiration, and overall metabolic activity. As a result, coated fruits show a more gradual increase in TSS compared to uncoated ones. Studies on sapota and mango have reported similar trends, where coatings delayed ripening and maintained more stable TSS levels during storage (Padmaja et al., 2015; Prasad et al., 2022; Pang et al., 2024). Comparable results have also been observed in banana, tomato, cucumber, and strawberry, where edible coatings slowed starch degradation and reduced respiration-related changes, helping maintain better quality during storage (Ali et al., 2011; Dhall, 2013; Kumar et al., 2023).
 8.3 pH
The pH of the fruit pulp is measured using the digital pH meter. Initially the pH meter is calibrated using the pH 7 buffer solution and then the probe of the pH meter is placed into the fruit juice and reading is taken directly (Ranganna, 1986).
        Recent studies have reported that chitosan and composite coatings significantly slow the rise in pH in mango and banana fruits by maintaining organic acid balance during storage (Prasad et al., 2022; Pang et al., 2024). Similar trends have been observed in tomato and bell pepper, where edible coatings reduced metabolic activity and helped maintain stable pH during ripening (Kumar et al., 2023).
8.4 Titratable acidity
Acidity is measured by the titration method using 0.1 N NaOH solution. The acidity is measured using the following formula (Ranganna, 1986).
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             Studies have shown that coated mango and guava fruits retain higher acidity during storage due to reduced respiration rate and delayed senescence (Prasad et al., 2022; Ali et al., 2023). In apple and strawberry, edible coatings significantly delayed the decline in titratable acidity by slowing metabolic degradation of organic acids (Kumar et al., 2023).
             Similarly, alginate and composite coatings in cherry tomato were reported to retain higher acidity by reducing organic acid degradation during storage (Aly & Maraei, 2024). In mango coated with EVA and chitosan films, acidity loss was significantly slower because of reduced ethylene production and respiration activity (Pang et al., 2024). Comparable results were also observed in citrus fruits, where chitosan-based coatings effectively maintained higher titratable acidity by reducing metabolic activity and delaying senescence during storage (Ramezanian and Ehteshami, 2025).
8.5 Colour
The L*, a*, and b* values of the fruit peel are determined during storage using a Hunter colourimeter. In this colour space system, the L* value represents lightness, while the a* value indicates the degree of redness or greenness, and the b* value reflects the extent of yellowness or blueness (Ranganna, 1986).
Colour is a major quality attribute influencing consumer acceptance of fruits and vegetables. During storage, chlorophyll degradation and pigment changes affect L*, a*, and b* values. Edible coatings help maintain colour by reducing oxidation and delaying senescence. Research on sapota fruits showed that edible coatings slowed browning and helped maintain peel colour during storage (Qayyum et al., 2015). In mango fruits, starch and pectin coatings preserved natural colour by delaying ripening and reducing physiological changes (Bello-Lara et al., 2016). Similarly, in blueberries and Indian blackberry, polysaccharide coatings reduced colour deterioration and maintained better visual quality compared to uncoated fruits (Arjun et al., 2015; Gol et al., 2015)
8.6 Ascorbic acid
Ascorbic acid is the acid which is present in the highest amount in the sapota fruits. It is measured by the titration method using 2, 6 dichlorophenol indophenol (Ranganna,1986).
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Where,
V1 is the titre value of standard ascorbic acid
V2 is the titre value of fruit pulp.
      Ascorbic acid content decreases during storage due to oxidation and enzymatic degradation. Edible coatings help preserve vitamin C by reducing oxygen exposure and slowing metabolic reactions. Studies on sapota fruits showed higher retention of ascorbic acid in coated samples compared to controls due to reduced oxidation (Qayyum et al., 2015). Similar improvements were reported in jamun fruits, where chitosan and alginate coatings helped retain higher ascorbic acid levels during storage (Gol et al., 2015). In mango fruits, starch and pectin coatings also minimized vitamin C losses by reducing respiration rate (Bello-Lara et al., 2016).
8.7 Firmness and respiration rate
                  The firmness of both control and coated sapota fruits was evaluated during the storage period using a texture analyser. A penetration test was employed to determine fruit firmness, wherein a probe of 2 mm diameter was allowed to penetrate the fruit tissue to a depth of 10 mm. The analysis was conducted under standardised conditions, maintaining a load cell of 50 kg, a pre-test speed of 1.5 mm/s, a test speed of 1.0 mm/s, and a post-test speed of 10 mm/s. The force required to achieve penetration of the fruit surface was recorded and expressed in grams (Ranganna, 1986).
Firmness is an important quality attribute that reflects the texture and acceptability of fruits and vegetables. It decreases during storage mainly due to enzymatic breakdown of pectin and other cell wall components. Edible coatings help maintain firmness by reducing moisture loss, slowing enzyme activity, and delaying ripening. Recent studies have reported that edible coatings such as chitosan and composite films significantly improve firmness retention in mango, banana, tomato, and strawberry by slowing tissue softening during storage (Prasad et al., 2022; Ali et al., 2023; Pang et al., 2024).
                  Respiration rate is a key physiological process associated with fruit ripening and senescence. It involves the breakdown of substrates like sugars and organic acids, producing energy and CO₂. Higher respiration leads to faster deterioration and shorter shelf life. Edible coatings reduce respiration rate by limiting gas exchange and creating a modified atmosphere around the fruit surface. Studies have shown that coated mango, banana, and tomato fruits exhibit lower respiration rates during storage, resulting in delayed ripening and improved shelf life (Prasad et al., 2022; Ali et al., 2023).
9. Effectiveness of Different Edible Coatings
             Edible coatings are widely used to extend the shelf life of fruits and vegetables by forming a semi-permeable barrier that reduces moisture loss, respiration rate, and oxidative reactions. Different coating materials vary in effectiveness depending on their barrier properties and interaction with the fruit surface. Pectin-based coatings are commonly used due to their good film-forming ability and biodegradability, and they are effective in maintaining quality attributes such as firmness and color; however, their high hydrophilic nature limits moisture resistance unless combined with lipids (Salehi, 2020; Pham et al., 2023). Protein-based coatings such as whey and soy protein provide excellent oxygen barrier properties, helping to reduce oxidation and preserve nutritional quality, but they are relatively weak in controlling water loss (Nair et al., 2020). Wax-based coatings are the most effective in reducing transpiration and weight loss due to their strong hydrophobic nature, making them highly suitable for fruits like apple, citrus, and cucumber (Hazarika et al., 2020). However, excessive wax application may reduce gas exchange and lead to anaerobic respiration if not properly formulated. Recent studies indicate that composite coatings combining polysaccharides (pectin), proteins, and lipids (wax) provide the best overall performance by balancing moisture control, gas exchange, and mechanical strength, resulting in improved firmness, reduced respiration rate, and better overall storage stability in fruits such as mango, tomato, and strawberry (Ali et al., 2023). Thus, composite coatings are considered more effective than single-component coatings due to their synergistic protective effects.
10. Discussion
The pectin-based edible coating helped sapota fruits stay fresh for up to 11 days by slowing down changes in physical and chemical properties such as weight loss, TSS, pH, total acidity, ascorbic acid, firmness, and colour. In comparison, uncoated fruits remained consumable only until the 5th day at room temperature (30 ± 3ºC) (Menezes, & Athmaselvi, 2016). According to Panahirad et al., (2020) pectin coatings (especially at higher concentrations, e.g. ~1–1.5 %) plasticised with glycerol help significantly reduce weight loss in fruits compared to uncoated controls. For example, in plums, coatings with 1–1.5 % pectin + 0.3 % glycerol showed markedly better retention of moisture over 8 days. Adhikari et al., (2023) reported that composite coatings that include proteins or a multilayer system often perform even better; for instance, strawberries coated with chitosan–pectin multilayers exhibited only about 13 % weight loss after nine days of storage compared to approximately 44.5 % for uncoated fruits.
11. Conclusion
[bookmark: _Hlk194574062]Edible coatings made from natural, biodegradable materials are a safe, eco-friendly alternative to synthetic preservatives and plastic packaging. They help extend the shelf life of fruits and vegetables by preserving texture, colour, nutrients, and preventing microbial growth. Blended biopolymers, like chitosan with gelatin or pullulan with pectin, often perform better than single materials. More research is needed to understand how active ingredients affect strength, sensory quality, and functionality. Future studies should explore new biopolymer combinations, greener crosslinkers like NADES, and underused materials such as cellulose derivatives, plant gums, inulin, zein, and natural waxes. For real-world success, coatings must not only protect produce but also appeal to consumers in taste, texture, and appearance.

12. Research Gaps and Future Perspectives
                Key challe nges still limit the practical translation of current findings into real-world applications. Industrial scalability remains constrained by the lack of standardized large-scale production methods and process consistency. Economic feasibility is also uncertain due to limited cost–benefit analyses and potentially high material and processing costs. Consumer acceptance requires further study, particularly regarding safety perception and usability of advanced or nano-enabled systems. From a regulatory perspective, clear guidelines for novel and nano-composite materials are still evolving, creating barriers to commercialization. In addition, systematic biodegradability testing under realistic conditions and long-term shelf-life validation are often insufficiently addressed. Future research should also explore nano-composite coating systems for improved functional performance, along with the development of smart packaging technologies such as sensors and responsive materials. These advances, if made scalable and cost-effective, could significantly enhance next-generation material applications.
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