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Abstract

:

In the past few decades, fruits have been increasingly consumed, leading to an increase in global fruit production. However, fresh produce is susceptible to large losses during production and preservation. In the postharvest preservation stage, fruits undergo various technical treatments for maintaining their quality. A widely adopted technology is the application of edible coatings, which can be applied to a diverse range of fruits to regulate the exchange of moisture and gases between the fruit and its environment. In addition, edible coatings provide a significant benefit by allowing the integration of different active ingredients into the coating’s matrix, meaning that these substances will associate with and possibly be eaten together with the fruit. This would help improve the organoleptic and nutritional qualities of the fruit as well as the shelf life. This paper provides an overview of the available data on the typical components used in coating matrix, focusing on the effect of the material combinations and application techniques to fruit properties. The processors can use this knowledge in choosing a suitable coating material and concentration for various fresh and fresh-cut fruits. Additionally, this paper reviews recent developments and limitations in utilizing edible coatings for prolonging the shelf-life of fruits.
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1. Introduction


In a human’s diet, fruits are considered as a crucial source that provides energy, dietary fibers and micronutrients such as vitamins, minerals, flavonoids, and other phytochemicals [1]. These health advantages highlight the obligation and profit of fruit consumption in human routine. Therefore, fruits are in rising demand, which requires more production as well as better quality control. Among horticultural products, fruits have a large amount of moisture (over 75%) and this is the key factor that is responsible for their short shelf life. Kader [2] calculated that only 30% of total produced fruits have been consumed by humans. Additionally, compared to rich countries, the losses that occur between manufacturing and retail outlets are even larger in underdeveloped nations. This highlights the need for major efforts to minimize postharvest losses [3].



Based on the maturity mechanism, fruits can be divided into climacteric and non-climacteric fruits. Non-climacteric fruits stop ripening after harvest, while climacteric fruits continue ripening after harvest, making the fruit more susceptible to microbial infection and spoilage [4]. Therefore, climacteric fruits mature naturally as a result of biochemical reactions and can be consumed only for a limited period of time. The only way to properly control this process is to postpone the postharvest ripening. It is possible to adapt low storage temperature to slow down both chemical and enzymatic reactions in fruits [5]. However, fruits from warm and humid regions are sensitive to low storage temperature. Fruits that are kept in this unsuitable condition will suffer from chilling or freezing injury [6].



Edible coating offers another strategy as a kind of packaging. An edible coating, by definition, is the material used on the surface of food for wrapping and it is safe to be consumed together with the food [7]. Protection against mechanical damage, light exposure, and contamination can be achieved through the use of coatings. Numerous coating materials can be found in the literature for a diverse range of food items. Polysaccharides, proteins and lipids or their combination are the primary biopolymers employed to develop edible coating (Figure 1) [8,9]. In general, fat-based coatings reduce water transfer capacity, while polysaccharide-based coatings have lower gas permeability and protein-based coatings have better mechanical properties. Additionally, resins, solvents, and plasticizers are typically used to achieve the appropriate characteristics for edible coatings. Plasticizers contribute flexibility and permeability, solvents improve tensile strength, and resins limit water vapor permeability of edible coatings [10]. In addition, coating adhesion is a critical property that is determined by various parameters such as food surface properties, coating targets, and applied techniques [11,12]. Depending on the fruit variety, coating materials may have different levels of effectiveness. It should be noted that from the commercial point of view, coating is used to preserve the quality of commodities for market requirements and nutritional benefits, optimize production and packaging costs [13]. The purpose of edible coating is to play a key role of a barrier for regulating the migration of substances such as O2, CO2, flavorings, lipids, moisture and other dissolved compounds [14]. Thus, the application of coatings leads to a lower rate of respiration and a reduction in weight loss. Moreover, edible coatings hold immense potential in serving as vehicles for antimicrobial agents. According to Passafiume et al. [15] and Shafiei and Mostaghim [16], the diseases and microbial load in fruits are significantly reduced by adding antimicrobial compounds to the coating matrix. A recent study by Ranjith et al. [17] demonstrated that the use of peptide-based edible coatings is promising in controlling mango diseases. The use of an edible coating resulted in a reduction in the ripening process and delay in the synthesis of anthocyanin [18]. Interestingly, chitosan is a biopolymer with antimicrobial properties that can also act as an elicitor by stimulating enzyme production associated with the fruit’s defense mechanism [19]. Edible coatings offer significant benefits and they can be applied using various techniques as shown in Figure 1.



Herein, this review summarizes and highlights the current applications of edible coatings, the types of active additives that are incorporated, and their impact on the functional properties of the coating matrix. Recent developments and trends related to composition, formulation, and application are also discussed in this review.




2. Ripening in Climacteric Fruit


Fruit ripening is controlled by a combination of internal biochemical processes and external factors. Fruit ripening involves complex processes that cause significant changes in their properties such as color, texture, aroma, taste and others. These changing properties are directly associated with the final product quality [20]. There are two groups of fruits following their respiration patterns: climacteric fruits, and non-climacteric fruits. While the climacteric group shows parallel high respiration rate and ethylene production along ripening, the non-climacteric group does not show a noticeable burst neither in the respiration rate nor in the ethylene release [21]. Climacteric fruits use oxygen as a substrate for ethylene biosynthesis during ripening [22]. Therefore, the increased respiratory rate of fruit is essential to an inflation in ethylene generation, which promotes biochemical reactions in the fruit [23]. The increase in respiration occurs concurrently with or immediately after the increase in the rate of ethylene synthesis. Exogenous ethylene therapy can start and speed up the maturation procedure in climactic fruits. The ripening process leads to changes in fruit such as softening, color change, reduction in acidity and increase in total dissolved matters [24]. The primary factor affecting fruit storage, shelf life and quality is postharvest metabolism. It has been proved that changes in postharvest metabolism induce escalation of respiratory exertion and deficiency of water. Controlling ripening and associated physio-biochemical processes in fruits (transpiration, respiration, ethylene production, softening and compositional changes) was attained by using controlled atmosphere (CA), modified atmosphere (MA) or modified atmosphere packaging (MAP) [25]. These approaches, at the moment, are established methods to extend fruit postharvest life [26]. At ambient conditions, the atmosphere inside fruits is a composition of several gases and volatiles including water vapor, oxygen, carbon dioxide, ethylene, and vapors of alcohols, aldehydes, ketones, carboxylic acids, esters, aromatic hydrocarbons, terpenes, ammonia, etc. [27]. Corresponding studies have concluded that the ripening, senescence, and associated processes are regulated by the above-mentioned gases and volatiles. It has been reported that CA, MA and MAP essentially adjust the gaseous atmosphere inside the fruits and facilitate maintaining the low O2 to CO2 ratio and thereby regulating ethylene production [28].




3. Characterizations of Edible Coatings


Initially, edible coatings were developed to replace and decrease the usage of other kinds of chemicals and synthetic compounds that may be harmful to customers’ health. An edible coating is a covering sheet composed of biological or chemical ingredients and utilized as a monolayer film or multilayer films on the surface of the product [29]. Edible coatings help maintaining the phytonutrients (antioxidants, phenolics, pigments) and controlling physicochemical qualities (inhalation and exhalation rate, weight loss, total dissolved matters, pH) of fruits for longer time [30]. As a result, fruit deterioration is delayed, fruit quality is improved, and fruit shelf life is extended [31]. To be effective, edible coatings must meet several functional requirements (Figure 2), including (i) being free of toxic materials and harmless for human beings; (ii) having superb boundary capabilities regarding water, humidity, O2, CO2, and C2H4; and (iii) improving the visual as well as textural properties of the coated products [32]. The coating should not alter the sensory properties of the fruit [33]. Therefore, edible coating formula needs to be carefully considered during development. Furthermore, the coating should control the gas exchange to avoid fruit fermentation and undesirable off-flavor [12]. In the case of fruit coating, when the oxygen level falls below 3%, anaerobic respiration takes over, which generates undesirable flavors and induces other issues such as colorant and structure alterations. Therefore, high concentration of O2 (>8%) and low concentration of CO2 (<5%) are recommended to prevent or delay deterioration, hence preserving food quality [34].



The coating-forming solutions can comprise a single main component from proteins, polysaccharides, lipids, or a mixture of them to achieve desired properties [35]. New edible coating candidates should be inexpensive and available in large quantity. The coating should provide easy application, have good adhesive characteristics, and dry quickly with uniform thickness. Moreover, the coating performance and structural stability must be maintained during long-term storage. The coating must be flexible enough to adapt to specific morphological changes such as fruit shrinkage or mechanical damage [36].



The characteristics of coating polymers determine their use and function [37]. Proteins and polysaccharides establish strong molecular interactions in polymers. They have superb mechanical and gas isolation (oxygen and carbon dioxide) qualities that inhibit the common ripening process in many fruits [38,39]. The most universally used polysaccharides in food production can be attributed to cellulose and its derivatives, namely pectin, chitosan, and gums [40]. However, studies showed that the drawback of their application is the poor performance in preventing fruit moisture loss [41]. In addition, usage of proteins in edible coatings may be limited because they are potentially allergenic or refused due to religious belief [42]. Coatings made from lipids (fatty acids, acylglycerol or waxes) are great moisture barriers due to their hydrophobic property [36]. Unfortunately, coatings based on lipids were found to be poor in mechanical attributes and brittleness due to their lack of cohesiveness and structural integrity [43]. Lipid molecules are frequently added to matrices to reduce the water sensitivity of a hydrocolloid-based coating [43]. Therefore, mixtures of different components can be used for production of edible coatings that enhance the physicochemical characteristics and solve the drawbacks of the individual components [44].



Coatings that are based on polysaccharides and proteins achieved excellent barrier characteristics. However, they are also less flexible due to strong intermolecular forces along the polymer chain. As a result, blisters, flakes, or cracks may appear in the coating as the fruit shrinks during storage [33]. The primary role of plasticizers is to strengthen coating flexibility and decrease brittleness. Glycerol, mannitol and sorbitol are the food grade plasticizers typically used in edible coatings [45]. In addition, sugars with small molecules (such as fructose-glucose syrups and honey), other polyols (such as glycerol derivatives and propylene glycols), lipids and by-products (such as phospholipids, fatty acids, lecithin, oils, and waxes), and water are also popular examples of food grade plasticizers that can be added to coatings [46]. The plasticizer absorbs more water into the coating matrix and decreases the intermolecular interactions along the polymer chain, thereby preventing the coating from blistering, flaking and cracking [47,48]. Furthermore, the amount of plasticizer used in the coating formulation must be examined according to its influence on the permeability of the wrapping. Plasticizers increase the moisture and gas permeability through the coating by reducing polymer interactions and increasing intermolecular space [47]. Even though plasticizers are supposed to give the coatings elastic structure, overusing plasticizers results in decreased moisture resistance and weaker mechanical strength. Table 1 summarizes the advantages and challenges of plasticizers reported in edible coatings of fruits.



When using hydrophilic polyols (such as glycerol or sorbitol) as plasticizers, the water solubility, elongation, and the moisture permeability of coatings were substantially improved following the plasticizer concentration. The observed total color difference and the puncture strength, on the other hand, decreased with higher plasticizer content. The mechanical properties of puncture strength and elongation of coatings are more affected by glycerol than sorbitol. In addition, sorbitol-plasticized coatings had decreased water vapor permeability, which can be increased with higher plasticizer concentration. However, this rise was less than that found with glycerol-plasticized coatings [52]. Additionally, Yang and Paulson [53] found that sorbitol did not show a plasticizing effect on gellan films, although it had been widely used in protein-based films. That study showed that polyethylene glycol and glycerol were effective in plasticizing gellan films at 60% concentration. It has been proved that at lower concentration, the films turned to be more fragile, and their manipulation became challenging, while glycerol concentration beyond 75% results in sticky behavior. Additionally, the presence of plasticizers promoted the homogenous coating structure, preventing phase separation. By limiting the development of pores or cracks, the integrity of the coating can be maintained [54]. The coatings with low protein content in the formulation showed smoother surfaces when treated with plasticizers [55].




4. Application Technology of Edible Coating


Following the selection of the wrapping composition, the application of the solution to the surface of the fruit is the next important step. There are different approaches about how to cover the food surface with edible coating (Figure 3). Dipping is the simplest method consisting of three steps: (i) immersion and dwelling, (ii) deposition and (iii) evaporation of solvents [56]. After the excess solution has been drained away, the food is typically dried at ambient condition or treated with a dryer [11]. Previous studies showed that the density and morphology of coatings precipitated by dipping are significantly affected by several factors including time for immersion, speed of withdrawal, number of cycles for dip-coating, coating solution parameters such as density, viscosity, surface tension, substrate surface characteristics, and drying conditions [57]. However, there are numerous disadvantages of the dipping method. Dipping commonly results in a layer with heavy thickness leading to substantially reduced fruit respiration, damage food surfaces and degraded function. In addition, microorganisms and dirt from the fruit surface may contaminate the coating solution, hence challenging the industrial up-scaling. Another drawback of the dipping approach is the large quantity of solution needed for coating per unit mass of product to guarantee optimum dipping conditions [33].



The spreading technique is effective for coating solutions with high viscosity. In general, the wetting level and spreading rate are the key factors used to describe how the coating solution is spread across the food surface. Several parameters influence the efficiency of coating deposition by spreading, including substrate quality, particularly drying conditions, liquid characteristics, and surface geometry [58]. Specialized operators and technicians typically perform brushing. Thus, the human factor has a significant impact on the quality of coating and thickness homogeneity.



Spraying is the process of using a set of nozzles to distribute small droplets on the fruit surface. Spraying methods are used in three different ways, including air spray atomization, pressure atomization and air assisted airless atomization [11]. The spraying technology allows multi-layer applications such as interlayer solutions, as well as consistent coating with homogeneous thickness [59]. Additionally, the coating thickness is greater than that of dipping method due to the low viscosity of the solution [11].



The electrospraying method uses a strong electric field to produce charged droplets, with a very narrow size distribution, that are micrometric and sub-micrometric in size [60]. The electrospraying process can adjust droplet specifications such as size, or produced layer thickness by controlling the flow rate as well as the viscosity of the solution [61].



The layer-by-layer deposition method is based on the electrostatic interactions of the food surface with charged polyelectrolytes. These electrostatic interactions improve adhesion of the coating to the food surface and may be used to create coatings with two or more thin layers that are chemically or physically linked to each other. Such linked multilayer coating improves the effectiveness compared to conventional edible coatings [62]. The use of the multilayer coating approach to increase the compactness of the coating layers during postharvest storage of fruits were documented for polysaccharides and charged polyelectrolytes capable of hydrogen and covalent bonding. Polysaccharides and charged polyelectrolyte demonstrated efficiency in fruit preservation when applying the multi-layer coating method to improve the tightness of the coatings [63].



The final technique in the list is cross-linking, which is defined as the process of combining polymer chains using covalent and non-covalent linkages. Cross-linked coatings are typically created by spraying, dipping, or spreading the coating solution onto the food surface. A cross-linking agent is then added to provide a more compact and stable coating. Cross-linked coatings have substantial benefits, including better mechanical properties, chemical and thermal stability as well as better molecular migration [64]. Cross-linking is particularly effective for biopolymer materials formed from proteins or polysaccharides. Proteins are used more frequently than polysaccharides with this technique due to the greater number of functional groups in proteins [37].



The results of different application techniques for edible coatings are listed in Table 2. The findings in the list confirm the idea that coating technology in postharvest preservation of fruits can be considered a sustainable solution.




5. Application of Edible Coatings on Fruits


Over the past few decades, there has been a sharp increase in consumer demand for products that are natural, safe and eco-friendly. Therefore, it is encouraged to develop fruit preservation technologies that are safe for consumers and the environment and enhance the quality and safety of a product without reducing its sensory or nutritional characteristics [85]. Thus, edible coatings offer an alternative method to replace conventional plastic containers, which do not biodegrade and are harmful to the environment. These low-cost edible coatings can also prevent moisture loss, act as effective oxygen barriers, and preserve food quality. Additionally, they form a shield that protects fruits from microbial growth [86].



Post-harvest diseases usually result from bacterial and fungal infections, which can arise through two common pathways: latent infection and wound injuries [86]. Thus, a new strategy of edible coatings has been developed recently against fruit diseases, that combines active additives such as natural extracts, biological inhibitors, antimicrobial compounds and safe chemicals [87]. The purpose of active coatings is to directly interact with the fruit’s environment and delay both the oxidation process and the development of phytopathogenic fungi [88]. For example, bioactive peptides have been effectively used against many strains of mold. Peptides interact with the cell membrane of microorganisms through electrostatic forces, which can lead to membrane permeabilization and iron chelation [89]. However, applying antimicrobial peptides directly to fruit surfaces is difficult due to their inherent instability and hydrophobic nature, so this could reduce their effectiveness [90]. Incorporation of antimicrobial peptides within edible coatings presents a solution to the challenge. Therefore, active ingredients incorporated in edible coatings can prolong the fruit shelf life by preventing it from deteriorating while stored. In addition, the effectiveness of active ingredients depends on both the targeted pathogen and the characteristics of the fruit host. These edible active coatings are investigated to evaluate their bioactivity, including their antibacterial and antioxidant properties. Furthermore, by developing chemical interactions with the reactive groups of polymer chains, they could also enhance the coating structure and physicochemical characteristics [91]. However, the impact of the active ingredient on coating matrix depends on the specific case. For instance, in the case of a chitosan-based bioactive film, Mohamed et al. [92] reported that the incorporation of lactoperoxidase systems did not change the mechanical properties but enhanced the resistance to microbial growth. By contrast, when bergamot and lemongrass oil were incorporated into a gelatin-based coating, the mechanical properties were modified including a decrease in tensile strength, elongation-at-break capacity [93]. The ingredients and the type of coating used in the polymer matrix of edible coatings are summarized in Table 3.



Chitosan coating using Schiff-base reaction and reductive amination to bind vanillin and trans-cinnamaldehyde showed beneficial effects on the adhesion of the coating and antibacterial effects on fresh-cut melon [94]. Studies on strawberry storage showed that the application of coatings with 1% w/v lemongrass essential oil had a positive effect on the ascorbic acid content and resulted in better antioxidant activity [104]. The authors also found that carrageenan gum coating gave better results than arabic gum and xanthan gum coating in terms of anthocyanin and phenolic compounds retention and overall quality during storage. Although incorporating essential oils enhanced the antimicrobial properties, it also led to poor water solubility, strong odors, and high volatility of edible coatings [105]. Muley and Singhal [106] developed a functional coating comprised of whey protein isolate with plasticizers to prolong the strawberries shelf life. According to their observations, it was concluded that the coated samples had less weight loss, pH alterations, and color changes. The shelf life of strawberry was extended up to 8 days for treated samples. In a recent study, Alali et al. [107] found that using a coating comprised of arabic gum and salicylic acid improved the quality and shelf life of bananas. Salicylic acid coating was less effective than the coating made of arabic gum [108]. In addition, the peel browning index was better in the case of arabic gum coating than salicylic acid coating [109,110]. However, the gum concentration should be considered carefully, as high concentrations of gum could have a detrimental effect on fruit sensory properties [111].



It has been shown that the application of edible gelatin-based coating containing an ethanol-based propolis extract on raspberries had significant antifungal activity against mold, with a strong inhibitory impact on Penicillium digitatum and Botrytis cinerea strains [75]. Priyadarshi et al. [98] studied the possibility to prolong the shelf life of peanuts by a bioactive binary coating made of pectin, pullulan with Vitis vinifera L. grape seed extract. The coated samples had longer shelf life because lipid oxidation was reduced, which delayed rancidity. Furthermore, the coating had antibacterial effect against Escherichia coli and Listeria monocytogenes. In contrast, the application of pectin-based coating on tomatoes resulted in a reduction in color, which had a negative impact on the sensory perception [112].



Edible chitosan coating with acetic acid or lactic acid was applied on blackberry samples to evaluate antifungal activity on Mucor racemosus for 14 days at 4 °C. In that experiment, edible coating samples were compared to those treated with the chemical fungicide imazalil (0.4 g L−1) and untreated control samples. The chitosan coating that contained lactic acid had the best antifungal activity against Mucor racemosus [113]. Khodaei and Hamidi-Esfahani [114] investigated the addition of Lactobacillus plantarum (6 log10 CFU/g) to the carboxymethyl cellulose coating to inhibit mold and yeast in fruit. Due to the competitive and antibacterial properties of Lactobacillus plantarum, the treated strawberries suffered less mold and yeast growth on the surface when compared to the control pieces.



Recently, Leena et al. [99] used a controlled release system to generate zein-based nanostructured coatings on apple slices. Resveratrol with different concentrations (2%, 5% and 10%) was encapsulated in zein nanofibers by electrospinning process. The results showed that coated apple slices maintained their color longer and reduced moisture loss. Carrageenan-based coating incorporated with zinc nanoparticles was found to be a successful method for mango preservation when compared with carrageenan alone [115]. Furthermore, chitosan nanoparticles-based coating exhibited significant effects compared with chitosan. The smaller size of the particles and their increased contact area led to improved function and properties of coating even at lower concentrations [116]. However, the use of high concentration of nanoparticles may result in physiological damage and promote fruit ripening [117]. Another packaging strategy is the combinations of edible coatings with MAP, which may represent a practical approach to enhance the quality of fruits. The combined approach overcomes the drawbacks of relying solely on either MAP or coatings. Sothornvit and Rodsamran [118] investigated the impact of a film made from mango combined with low oxygen atmosphere (LOA) packaging on preserving fresh-cut mango. Results showed that the use of MAP at low temperature, with or without the mango film wrap, increased the storage life of fresh-cut mango to 6 days. Interestingly, at room temperature, the use of both LOA packaging and the edible mango film markedly reduced off-flavor and prolonged the shelf life of fresh-cut mango to 4 days. Furthermore, the development of aerobic microorganisms on carrots was dramatically slowed down by the use of MAP and gamma radiation. The combination with an edible coating based on calcium caseinate and whey protein, although ineffective in inhibiting microorganisms, was necessary to protect carrots from dehydration and whiten [119]. By applying coatings on fruits, the ripening process and degradation is slowed down during storage, resulting in a significant improvement in the quality and preservation of the bioactive compounds. However, it seems there are still open questions regarding the effects of edible coatings on physicochemical properties and potential improvement of nutritional values.




6. Future Trends


The inhibition or elimination of microorganisms (both bacteria and mold) on fruits is important because it has a direct impact on the shelf life of fruits [120]. In recent years, numerous edible coating formulations were created for maintaining fruit quality and reducing foodborne bacteria. Jin et al. [121] developed multiple formulations of edible coating composed of N-acetyl-lcysteine, L-cysteine with chitosan. That coating proved to be effective in preventing browning, inhibiting mold and yeast growth, and prolonging the freshness of fresh-cut apples for 35 days by incorporating organic acids into the solution. According to Alvarez et al. [122], the pectin-beeswax coating incorporated eugenol might be a profitable commercial method to avoid deterioration and maintain the quality of citrus fruit. It provided a safe option for current waxes that use dangerous synthetic fungicides. Furthermore, melons coated with zein-based film incorporated with eugenol demonstrated effectiveness in inhibiting pathogens on the surface of melon. However, further investigations are required to suppress the unpleasant aromas of the essential oils in the films [123]. Studies clearly rely on plant extracts to keep ingredients natural and decrease the use of synthetic chemicals. Furthermore, there is a rising interest in using probiotics as an innovative bioprotective method for fruit preservation. Probiotics are bioactive compounds with specific health benefits. Thus, edible coatings can be supplemented with bioactive substances to improve consumers’ health. In the research of Wong et al. [124], fresh-cut apples were coated with double layer of probiotics and zein. The coated samples reduced the development of Listeria monocytogenes during one week of storage, while the number of probiotic Lactobacillus plantarum was steady (>6 log10 CFU/g). Davachi et al. [125] developed a coating supplemented with probiotic lactic acid to prolong the freshness of bananas, strawberries, cucumbers and tomatoes. The presence of probiotic lactic acid resulted in poorer hydrophilicity property, increased water solubility and surface roughness. The findings demonstrated that the addition of lactic acid improved potential health benefits and strengthened protective capacities by competing for resources with other bacteria and pathogens. Additionally, the quality of food products could be improved by using edible coatings to encapsulate for controlled release of bioactive compounds, wherein bioactive compounds are released in a certain amount at a specific location and time [126].



Nanoemulsion is an innovative edible coatings technique that is receiving much interest. In comparison to traditional emulsions, nanoemulsion has numerous advantages that make it more efficient at maintaining coating stability and enhancing product quality. Moreover, the oxidation of bioactive substances was slowed by nanoemulsion, and dispensing became simple and the sensory qualities of products were improved [127,128]. Nevertheless, there is a lack of research to understand the characteristics of nanoemulsions, including their beneficial effects on human health and their potential for application in the food industry. In addition, edible coatings are a potential method not only for fruits and vegetables but also for other products such as eggs or medicine encapsulation [14,129]. Studies on the characteristics and applications of edible coating on other products are still limited when compared to applications on fruits and vegetables. Finally, studies on edible coatings for fruits are still in their initial phases and investigations are running prior to large-scale industrial implementation. There is a requirement that compounds should maintain unique characteristics, flavor, and interactions between components that otherwise would cause change to the sensory profile. This limitation puts a barrier on the development of new coating materials. Therefore, the research of edible coating materials is expected to depend on a comprehensive knowledge of biochemistry and how it interacts with physicochemical, antibacterial, and possibly toxicological features, as well as risk assessment.




7. Conclusions


Edible coating technology provides a promising solution in maintaining the quality of fresh produce. The application of non-active coating alters the internal environment of fruits by inhibiting the exchange of gases and water. As a result, the respiration rate decreases, reducing the changes in color and loss of firmness. Active edible coatings that incorporate additional ingredients become more effective in extending the shelf life of fruits compared to non-active coatings. This is due to their ability to inhibit the development of pathogens on fruit, which is more effective than just a physical barrier. Therefore, fruit quality preservation is significantly influenced by the interactions of the coating formulation. A wide range of options are available due to the carrying capacity of biopolymers, including the incorporation of a variety of plasticizers and additives. Thus, a proper choice of biomaterial for specific fruits requires an understanding of the physicochemical properties of biopolymers and nature of fruits. Application techniques are also important in fruit quality control. In order to choose the appropriate method for applying coatings to fruits, it is crucial to have a clear understanding of both the coating matrix and the surface properties of the fruits. Furthermore, most studies focus on evaluating the effects of coatings on the nutritional aspects of fruits. There is limited literature on the health benefits of consuming coated fruits and how these coatings may enhance the positive effects associated with fruit consumption. It offers a new approach for further research that could increase the value and application of biopolymers in the food sector. Future research is required to produce biopolymers using low-cost technologies that are highly compatible with environmentally safe and valuable components. Additionally, it is important to conduct large-scale studies on edible coatings on an industrial scale to confirm their practical feasibility.
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Figure 1. Main components of edible coatings and application methods on fruits. 
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Figure 2. Main components and functions of edible coatings. 
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Figure 3. Application methods of edible coating. 






Figure 3. Application methods of edible coating.



[image: Agriengineering 05 00034 g003]







[image: Table] 





Table 1. Effect of plasticizers on the characteristics of edible coatings.
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	Fruits
	Coating
	Advantages
	Challenges
	References





	Plum
	Hydroxypropyl methylcellulose−beeswax with glycerol (G) or mannitol (M)
	The water vapor permeability (WVP) and flexibility increased together with G content, whereas the brittleness was affected by increased M content but not WVP.
	The flexibility and WVP of G-plasticized coatings decreased as beeswax content rose.
	[47]



	Fresh-cut apples
	Apple-puree-based edible coatings with glycerol
	The coating became more flexible and had less adhesion to the casting surface after being mixed with G.
	The WVP of coatings increased together with G content.
	[49]



	Guava
	Cassava starch, casein, and gelatin with sorbitol (S)
	The flexibility of coatings has been enhanced by adding S.
	The solubility was increased.
	[50]



	Tomato
	Mango kernel starch with glycerol and sorbitol
	Sorbitol-containing coating formulation was shown to be the most efficient, succeeded by mixed plasticizers (glycerol/sorbitol) and finally glycerol alone.
	Increased glycerol led to increased WVP and oxygen permeability.
	[51]
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Table 2. Edible coatings applied to fruits.
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Method of

Application

	
Coated Fruits

	
Coating Matrix

	
Results

	
References






	
Dipping

	
Blueberries

	
Chitosan

Blueberry fruit and leaf extracts (antioxidants, antimicrobials)

	
Greatly increased shelf life; decreased microbial growth and degradation rate.

	
[65]




	
Oranges

	
Gelatin

Persian gum and shellac

(antioxidants)

	
Reduced weight loss, reduced titratable acidity (TA), increased total phenolic contents (TPC) and antioxidant capacity (AOC), and preserved fruit firmness and gloss.

	
[66]




	
Pineapples

	
Sodium alginate

Citral nano-emulsions: anti-browning agents, antioxidants, antimicrobials

	
Reduced microbiological growth, lower respiration rate, and improved color retention.

	
[67]




	

	
Strawberry

	
Candelilla wax with Bacillus subtilis

	
Maintained total soluble solid content and pH, inhibited R. stolonifer

	
[68]




	

	
Guava

	
Chitosan blended with alginate

NanoZnO

	
Reduced the change in weight loss and color. Shelf life was increased more than 13 days

	
[69]




	

	
Avocado

	
Sodium alginate combined with Meyerozyma caribbica

	
Decreased weight loss rate and inhibited C. gloeosporioides

	
[70]




	
Spreading

	
Fresh-cut apples

	
Sunflower with olive oil

Ascorbic acid with lecithin

	
Improved color retention.

	
[71]




	
Figs

	
Chitosan

Acetic acid, cinnamon essential oil with canola oil and Rosselle extract

	
Reduced fungus growth, delayed color change and more retained antioxidant capacity.

	
[72]




	

	
Papaya

	
Carnauba wax nanoemulsion and

Hydroxy methyl propyl cellulose

	
Weight loss was decreased while color was retained

	
[73]




	
Spraying

	
Raspberries

	
Gelatin

Propolis extracted in ethanol and zein nanocapsules

(antimicrobials)

	
Increased shelf life and antifungal activity.

	
[74]




	
Kiwi

	
Hydroxypropyl methyl cellulose

Essential oils of lemon and aloe vera gel

	
Enhanced firmness, brightness, greenness, and total soluble solids (TSS) while minimized weight loss, and browning, decreased microbial load.

	
[15]




	

	
Orange

	
Carnauba wax combined with orange peel essential oil and montmorillonite nanoclay

	
Extened shelf life and maintained vitamin C content

	
[75]




	
Electrospraying

	
Fresh-cut apples

	
W/O emulsions: Refined olive oil with polyglycerol polyricinoleate

	
Lower weight loss and better color maintenance compared to the dip-coated samples.

	
[76]




	
Strawberries

	
W/O emulsions: Refined olive oil with polyglycerol polyricinoleate

	
Reduced moisture loss, improved firmness and color maintenance.

	
[77]




	

	
Banana

	
Ethylene scavenger films combined with zein-Artemisia sphaerocephala Krasch

	
Reduced the rate of browning and loss of hardness.

	
[78]




	
Layer-by-layer

	
Fresh-cut apples

	
Carboxymethylcellulose sodium salt (NaCMC) combined with chitosan

	
Good inhibition of browning, weight loss, and metabolic activity.

	
[79]




	
Citrus fruit

	
Carboxymethyl cellulose (CMC) combined with chitosan

	
Greatly enhanced fruit glossiness and appearance, not very effective in preventing weight loss.

	
[80]




	
Mango fruits

	
Polystyrene sulfonate sodium salt (PSS) combined with poly diallyl dimethylammonium chloride (PDADMAC)

	
Improved hydrophilicity of the outer surface.

	
[81]




	

	
Pear

	
Chitosan combined with alginate

	
Extended shelf life, maintained firmness and color

	
[82]




	
Cross-linked coating

	
Rose apple

	
Sodium alginate solution with CaCl2 solution

	
Greatly decreased weight loss and respiration rate, improved appearance

	
[83]




	
Fresh-cut mango

	
Protein/guar gum and mango puree/calcium chloride

	
The quality was maintained for 15 days. The crosslinked protein coating was more effective than native protein coating

	
[30]




	
Sweet cherries

	
Alginate/Oil nanoemulsion

	
Improved qualities, reduced cracking on fruits

	
[84]
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Table 3. The influence of edible coating composition on fresh fruit quality parameters.
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Nature of Coating

	
Fruit

	
Coating Composition

	
Effect on Fruit

	
References






	
Polysaccharide

	
Fresh-cut melon

	
Chitosan with Vanillin and trans-cinnamaldehyde and mandarin extract

	
Microbiological load was decreased, storage life was extended, and sensory properties were maintained.

	
[94]




	
Strawberries

	
Chitin, cellulose, and chitosan

	
Reduced microbial growth, color alterations, and weight loss.

	
[95]




	
Goji berries

	
Sodium alginate, konjac glucomannan and starch with lotus leaf extract

	
Reduced weight loss and decay rate while maintained AA, TA, and TSS.

	
[96]




	
Fresh-cut melon

	
Chitosan

	
Maintained fruit firmness, prevented off flavor, and decreased microbial growth.

	
[97]




	
Protein

	
Peanuts

	
Pectin and pullulan with Vitis vinifera grape seed extract

	
Lowered lipid oxidation and antibacterial action against L. monocytogenes and E. coli

	
[98]




	
Apple slices

	
Zein-based edible coating with resveratrol

	
Reduced moisture loss; increased color retention

	
[99]




	
Strawberry

	
Gelatin with menthapulegium essential oil

	
Decreased in weight loss, maintained firmness and color

	
[100]




	
Pear

	
Soy protein isolate- hydroxypropyl methylcellulose and olive oil

	
Maintained the moisture and firmness

	
[101]




	
Lipid

	
Guava

	
Carnauba wax solid lipid with nanoparticles with xanthan gum

	
Reduced weight loss while maintained firmness

	
[102]




	
Jujube

	
Carnauba wax with glycerol monolaurate

	
Reduced weight loss and maintained color

	
[103]




	
Orange

	
Carnauba wax with montmorillonite nanoclay

	
Physicochemical properties and antioxidant activity were improved

	
[75]
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