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Abstract

Post-harvest losses account for an estimated 30-50% of global fruit and Received August 2, 2025
vegetable production, driven primarily by physiological processes Accepted September 25,2025
(respiration, transpiration) and microbiological spoilage. To address this  Published October 27, 2025
critical challenge, sustainable and safe preservation technologies are

urgently needed. Edible coatings based on starch matrices fortified with

natural antioxidants have emerged as a promising green and bioactive

strategy. This article provides a comprehensive review of their role and  Antioxidant,

efficacy in extending the shelf life of fresh produce, synthesizing peer  Edible Coating,
reviewed literature from the last decade. Starch, sourced from materials like ~ Starch

cassava, corn, or sago, forms a semi permeable film that acts as a selective

barrier to gases and water vapor, thereby modulating respiration and

minimizing weight loss. The incorporation of natural antioxidants provides

complementary biochemical protection by inhibiting oxidative damage and

enzymatic browning. This synergistic mechanism, where the starch matrix

offers physical protection and antioxidants counteract biochemical

degradation, overcomes the inherent limitations of pure starch films. The

result is significantly enhanced retention of nutrients, preserved sensory

quality, and extended shelf life. In conclusion, starch antioxidant edible

coatings represent an effective, sustainable solution for post-harvest

management. Their adoption can substantially reduce global post-harvest

losses while simultaneously improving food safety, quality, and

sustainability.

Fruits and vegetables play a central role in global food security and nutrition,
providing essential nutrients that support the health and well-being of communities.
However, efforts to ensure a stable and high-quality supply continue to be hindered by the
significant issue of post-harvest losses (PHL) (1). Globally, losses in fresh commodities are
extremely high, ranging from 30-50% of total production. The primary causes of these
losses include high respiration rates, transpiration, and microbiological damage (2). These
factors accelerate aging, leading to water loss, weight reduction, wilting, and decay. In
addition, oxidative damage that triggers enzymatic browning and the degradation of
bioactive compounds further reduces the sensory and nutritional quality of product. These
challenges have driven innovations aimed at extending the shelf life of fruits and vegetables,
particularly in the areas of packaging and storage (3). Conventional packaging materials are
typically made from non-biodegradable synthetic polymers, which pose environmental
concerns. Consequently, current research increasingly focuses on developing
environmentally friendly and effective packaging solutions. One promising innovation for
improving storage is the application of edible coatings on fruits and vegetables).
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Edible coatings have emerged as innovative, effective, and environmentally friendly
post-harvest treatment strategies. An edible coating is a thin layer of biopolymer applied to
the surface of fresh produce, functioning as a semi-permeable barrier that modifies the
microenvironment surrounding the product (4). This barrier slows respiration and
transpiration rates and provides protection against microbial contamination. Edible coatings
are generally formulated from polymers such as polysaccharides, proteins, and lipids (5).
Among these, starch is widely used because it is abundant, biodegradable, and capable of
forming coherent films. Starch-based films can limit gas exchange and reduce water vapor
permeability, thereby minimizing moisture loss and weight reduction (6). However, native
starch films exhibit certain limitations, particularly their sensitivity to high humidity and
their lack of inherent bioactive properties to counteract oxidative and microbial
deterioration (7).

To address the functional limitations of starch-based films, recent studies have
focused on their fortification with natural bioactive agents, with natural antioxidants being
key components (8). The incorporation of antioxidant compounds, such as extracts rich in
carotenoids, phenolics, or ascorbic acid has been shown to significantly reduce oxidative
damage, inhibit enzymatic browning, and preserve essential nutrients (1). The synergistic
interaction between the starch matrix and antioxidant constituents enhances the film’s
biochemical protective capacity, resulting in an effective preservation system that maintains
sensory quality, extends shelf life, and improves the nutritional value of fresh produce.

Research on the combined use of edible coatings and antioxidants has been widely
conducted, including the application of cassava starch incorporated with red ginger extract
as an antioxidant to prevent oxidative damage in tomatoes (9). Other studies have also
explored edible coatings enriched with compounds that exhibit both antimicrobial and
antioxidant activities, such as lemongrass essential oil (10,11), kecombrang flower extract
(12), and turmeric extract (13). In addition, several review articles have examined specific
components of edible coating technology, such as Puspitasari’s review on alginate-based
edible coatings (14) and Rosyadi’s review on cassava starch-based edible films (15).
However, no comprehensive literature review has specifically addressed the effectiveness of
edible coatings that integrate starch-based matrices with natural antioxidant fortification.
Therefore, this review aims to critically synthesize current findings to evaluate the role,
effectiveness, and potential of starch-based edible coating formulations enriched with
natural antioxidants as a sustainable and bioactive post-harvest management strategy to
support food security.

The search for articles (original or review) was performed using the Google Scholar
and Scopus electronic databases until May 2025. The main keywords used were: “edible
coating,”; “biopolymer coating,”; “starch-based coating,”; “natural antioxidant,”; “enzymatic
browning inhibition,” and “bioactive packaging,” among others. All the included references

were manually selected and reviewed by the authors.
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Post-harvest horticultural produce continues to undergo active physiological and
biochemical processes that determine its physical and chemical characteristics. The
deterioration and challenges encountered during this period are closely linked to the
sustained cellular metabolic activity that persists after detachment from the parent plant
(16). This continued metabolism drives progressive changes in the produce's physical,
chemical, and biological properties, which are the primary determinants of quality
degradation, loss, and spoilage (1). The key metabolic reactions governing these changes
during storage are respiration and transpiration. Water vapor loss through transpiration,
coupled with the respiratory process, constitutes the principal physiological mechanism
leading to moisture loss (hydric degradation) in fresh horticultural commodities. This
reduction in water content is a major factor accelerating quality decline, manifesting as
visible defects such as wilting, shriveling, and textural breakdown, for instance, softening
(27).

Various internal and external factors can induce stress in fruit, triggering a series of
physiological, biochemical, and biophysical changes that influence the respiration rate. Key
external factors include temperature, atmospheric composition, water content, lighting, and
mechanical injury (18). Among these, temperature is the most influential. Extreme
temperatures can lead to enzyme denaturation or physical damage, which drastically
accelerates respiration in horticultural produce (19). Notably, the metabolic rate typically
doubles with every 10°C increase in temperature (20). Consequently, reducing temperature
is an effective strategy to suppress the respiration rate of fruit. However, this approach has
limitations; many horticultural commodities are sensitive to chilling injury and therefore
cannot be stored at low temperatures for extended periods (21).

Relative humidity (RH) is another key factor influencing the respiration rate of fruit. RH
is defined as the ratio of the actual water vapor pressure to the saturated water vapor
pressure at a given temperature (22). Research indicates that maintaining high RH levels can
effectively mitigate damage from low-temperature storage, such as chilling injury. For
instance, storing peppers at high RH significantly reduces calyx browning. This effect is
attributed to the prevention of water loss from the calyx, a primary site of transpiration. The
browning is likely a consequence of mechanical stress induced by the shrinkage of the calyx
surface as it dehydrates (23).

Cold storage is a widely adopted post-harvest strategy to inhibit spoilage. Its efficacy
relies on the principle that reducing temperature slows the biochemical reactions
responsible for degradation and quality loss in fresh produce (24). However, the significant
limitation of this method is that many fruits and vegetables, including those harvested
unripe are susceptible to chilling injury. This physiological disorder results from prolonged
exposure to low, non-freezing temperatures, typically between 0°C and 8°C (21). The visual
symptoms of chilling injury are often delayed, becoming apparent only after the produce is
transferred to a warmer environment. Commodities with high sensitivity include citrus
varieties such as lemons, oranges, and pigmented mandarins (16). At the cellular level, the
disorder is initiated by the disorganization of membrane structure, which disrupts metabolic
homeostasis. This leads to ion leakage and elevated production of reactive oxygen species
(ROS). ROS accumulation induces cellular apoptosis, which manifests macroscopically as skin
lesions or pitting (25).
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Fruits and vegetables are quintessential perishable horticultural commodities. Their
post-harvest shelf life is inherently limited by ongoing respiration and transpiration, which
drive detrimental changes such as significant weight loss, unattractive shriveling, texture
softening, and nutrient depletion, including the loss of vitamins. Consequently, these
products require careful post-harvest handling to extend their marketable life and prevent
quality deterioration (7).

The primary strategy for mitigating post-harvest losses and extending the shelf life of
horticultural produce involves interventions that suppress the rates of respiration and
transpiration. The objective of this physiological inhibition is to minimize the degradation of
nutritional quality. Practically, this can be effectively achieved by applying edible coatings to
the surface of fresh commodities (26). Coating technology involves depositing a thin, safe-
to-consume layer on the produce surface. This layer functions as a semi-permeable barrier,
modulating the exchange of gases (O, and CO,) and water vapor. By limiting the direct
exposure of the commodity surface to atmospheric oxygen, the coating slows the ripening
rate and inhibits enzymatic browning reactions (27). Furthermore, edible coatings are
semipermeable, regulating not only gas exchange but also the transfer of water-soluble
components that can contribute to nutrient degradation in fruit (28). To enhance food
safety and environmental sustainability, current research recommends formulating these
coatings from safe, natural materials. Consequently, edible coating formulations are
predominantly based on easily sourced agricultural biopolymers, such as hydrocolloids (e.g.,
polysaccharides, proteins) and lipids (29). The use of these natural components provides an
effective alternative to synthetic fungicides and chemical preservatives. This shift
significantly reduces potential toxicity, making EC technology a safer and more
environmentally sustainable post-harvest solution (30).

The utilization of starch as the primary matrix polymer in edible coating formulations
is a major focus in post-harvest research, owing to its abundance, biodegradability, and
economic viability. Structurally, starch is a carbohydrate biopolymer composed of two main
fractions: linear amylose and branched amylopectin (31). The ratio of these fractions, which
varies with botanical source (e.g., cassava, corn, or sago), dictates the functional properties
of the resultant film. Generally, a higher amylose content favors the formation of a stronger,
more crystalline film network, imparting greater structural integrity and mechanical
strength to the coating (32). This cohesive network, formed via hydrogen bonding between
starch chains, enables the applied and dried EC to function effectively as a semi-permeable
barrier on the surface of fresh produce (33).

The primary mechanism of starch-based edible coatings to extend shelf life involves
modifying the internal atmosphere and controlling moisture loss. Acting as a selective
barrier, the starch-based layer significantly reduces the diffusion of oxygen (O,) into the
produce tissue while concurrently restricting the outward diffusion of carbon dioxide (CO,).
This modification creates an internal atmosphere characterized by low O, and elevated CO,
levels, which effectively suppresses the commodity's respiration rate (34). Reducing
metabolic activity is crucial for delaying the depletion of energy reserves, senescence, and
excessive ripening. Furthermore, the starch film functions as a water vapor barrier by
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partially sealing surface pores (stomata, lenticels), thereby markedly reducing transpiration
water loss. This action is vital for minimizing weight loss and maintaining the firmness and
texture of the produce, which are key indicators of sensory quality (11).

Starch Source C::;Z::s(;) Film Characteristics Ref.
Cassava 15-20 Flexible but poor water resistance (35)
Corn 25-28 Strong and relatively stable (36)
Sago 27-30 Good gas barrier properties (37)
Sweet Potato 15-20 Flexible films (38)
High-Amylose Corn Starch 50-70 Stronger with excellent gas barrier proper (39)

Although starch's general function as a gas and water vapor barrier is well
established, the specific performance and properties of edible coatings are highly
dependent on the botanical source of the starch (Table 1). This variation is due to
differences in the fundamental ratio of its two constituents: amylose and amylopectin. A
higher amylose content generally contributes to greater film strength and crystallinity,
whereas amylopectin enhances flexibility and extensibility. The characteristic amylose-
amylopectin ratio of starches from sources like cassava, corn, and sago directly governs the
resultant film's mechanical strength and its permeability to gases and water vapor (40). To
provide a detailed overview of the relationship between starch source, composition, and
film functionality.

Despite their significant potential, pure starch-based edible coatings possess
inherent weaknesses that must be addressed for optimal industrial application. A primary
limitation is their high hydrophilicity, resulting from the abundance of hydroxyl groups in
the glucose polymer structure (31). This property results in films with poor water vapor
barrier capacity. Under high relative humidity, the hydrophilic film matrix swells by
absorbing water, leading to a loss of structural integrity and a drastic decline in its barrier
function (9). A second major drawback is the inherently brittle mechanical properties of
pure starch films, particularly those with high amylose content. Such films exhibit low
elasticity and are prone to cracking, rendering them unable to accommodate the natural
dimensional changes of produce or withstand mechanical stress during handling (41).
Consequently, formulation strategies such as incorporating plasticizers, hydrophobic agents,
and bioactive compounds such as natural antioxidants are essential to optimize the
performance of starch-based edible coatings (42).

While starch-based films can effectively modulate respiration and transpiration, pure
starch matrices possess functional limitations, particularly in mitigating oxidative damage
and ongoing biochemical degradation in post-harvest produce. Consequently, fortifying
starch-based edible coating with natural antioxidants is a key strategy for developing a more
comprehensive preservation system (43). Various natural antioxidant compounds are under
investigation for their ability to neutralize reactive oxygen species (ROS), thereby slowing
quality deterioration. Commonly explored compounds include phenolic compounds
extracted from secondary sources such as fruit peels, tea leaves, and spices. Ascorbic acid is
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also frequently incorporated due to its potent antioxidant activity and water solubility (44).
Furthermore, fat-soluble antioxidants like carotenoids (lycopene and beta-carotene) and
tocopherols (vitamin E) are utilized; these compounds offer nutritional benefits,
pigmentation, and effective protection against lipid oxidation (40,45). Antioxidant source
and mechanism are shown in the Table 2.

Antioxidant Source Solubility Antioxidant Mechanism Ref.
Compound
Phenolic Fruit peel
(Quercetin, extract, grape Polar |nh|b|t|9n of PPO/POD (ar?tl-brownlng); (46-48)
. seeds, green Neutralization of free radicals (ROS).
Catechine) .
tea, spices.
Ascorbic Acid P'ure aC|d', Strc'mg' reducing agent; Regenerates other
. . citrus fruit Polar antioxidants (e.g., a-tocopherol); Prevents (49)
(Vitamin C) .
extract. browning
Tomato,
Carotenoids (B- carrot, algae . . .
! ! Singlet O. hing; Protect: t.
carotene, and paprika Non-polar /ng? . xygen Quenc m.g' 'ro ects pigments (50,51)
and lipids from photo-oxidation.
Lycopene) extracts.
Vegetable oil - — - . L
Tocopherol Non-polar Lipid Oxidation Inhibitor; Highly effective in
. . (soybean, . . . (52,53)
(Vitamin E) grains) composite starch films containing lipids.

The incorporation of natural antioxidants functions through two primary biochemical
mechanisms to maintain product quality. First, they directly inhibit oxidative damage to
cellular components, particularly lipids and pigments (54). Lipid oxidation triggers rancidity
and the formation of unpleasant volatiles, while pigment oxidation causes discoloration and
loss of bright color. By donating hydrogen atoms, natural antioxidants stabilize free radicals,
terminate oxidative chain reactions, and protect cellular membrane integrity (55). Secondly,
phenolic antioxidants and ascorbate are critical for inhibiting enzymatic browning mediated
by enzymes such as polyphenol oxidase (PPO) and peroxidase (POD) (44). For instance,
ascorbic acid acts as a reducing agent, converting brown-colored quinones back into
colorless phenolic precursors, thereby delaying the appearance of unsightly brown spots
(49). When integrated into a starch-based edible coating, these antioxidants exhibit a
synergistic effect: the starch matrix provides a physical and gas barrier, while the
antioxidants offer complementary biochemical protection. This combined action
significantly enhances the retention of oxidation-sensitive nutrients, such as vitamin C and
carotenoids (33).

Determining the appropriate dosage and selecting an effective encapsulation method
are critical for maximizing antioxidant efficacy within edible coatings. Research often
focuses on identifying the optimal concentration of bioactive agents that provides
protective effects without compromising the film's physical or sensory properties.
Furthermore, to overcome challenges related to volatility, thermal degradation, or rapid
release, encapsulation techniques are employed. In this approach, antioxidant compounds
are entrapped within protective matrices, such as nano capsules, liposomes, or biopolymer
complexes prior to their incorporation into the coating formulation (27). This strategy
enhances antioxidant stability during processing and application while enabling a controlled,
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slow release of the bioactive compounds onto the produce surface. This ensures sustained
protection throughout the storage period (56).

The efficacy of edible coating formulations combining starch matrices with natural
antioxidants is well-documented for extending shelf life and maintaining quality in both
climacteric and non-climacteric fruits, as well as in various vegetables. Fundamentally,
applying starch-based edible coatings fortified with antioxidants such as phenolic extracts or
ascorbic acid provides dual-layer protection. The physical barrier formed by the starch layer
effectively reduces respiration and transpiration rates, evidenced by significantly lower
weight loss and delayed textural softening (30). For instance, in climacteric fruits like
bananas, such coatings delay the respiratory climacteric and ethylene production peak,
thereby slowing the ripening process (57). Concurrently, antioxidant fortification provides
biochemical protection at the cellular level. In oxidation-sensitive commodities like apple
slices or strawberries, natural antioxidants effectively inhibit enzymatic browning,
preserving color and visual appearance (58). Quantitative analyses confirm the superiority
of this approach for nutrient retention, showing significantly higher levels of preserved
vitamin C and carotenoids compared to uncoated controls, as the antioxidants mitigate
degradation from oxygen and enzymatic activity (59). In summary, data synthesis confirms
that starch-antioxidant EC treatment is a versatile and effective strategy for maintaining the
physical, chemical, and sensory quality of fresh produce over extended storage periods (1).

Edible coating formulations based on starch matrices fortified with natural
antioxidants represent a green, bioactive, and effective strategy for sustainable post-harvest
management. Their efficacy arises from a synergistic mechanism: the starch matrix
functions as a physical barrier that modulates respiration and minimizes water loss, while
incorporated natural antioxidants provide complementary biochemical protection by
inhibiting oxidative damage and enzymatic browning. This synergy overcomes the inherent
limitations of hydrophilic starch films, resulting in significantly enhanced nutrient retention
and extended shelf life. The adoption of this technology is a crucial step toward reducing
global post-harvest losses while simultaneously enhancing food safety, quality, and
sustainability.
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