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Post-harvest fruit losses result in significant waste problem due to the decline in
quality by physiological metabolism and unfavorable environmental conditions.
To extend shelf life and mitigate waste and environmental impacts, investigations
on innovative fruit packaging technologies such as active, edible, biodegradable,
and smart packaging are warranted. Active packaging enhances fruit preservation
by ethylene scavengers, controlling fungal growth, regulating moisture, and
providing antioxidants through bioactive compounds. A growing trend
involves edible and biodegradable packaging made from natural polymers
(polysaccharides, proteins, and lipids), which prevents physical, mechanical,
and microbiological damage to fruits while also serving as a medium for
additives like antimicrobials and antioxidants, thus improving freshness and
quality. In addition, smart packaging utilizes biosensors, pH indicators, and gas
indicators for live monitoring throughout the supply chain and can be united with
other packaging technologies to enhance functionality. Current developments
concern on the green and hybrid packaging, particularly to unite biodegradable
packaging with active and smart packaging to deliver synergistic functionalities.
This can preserve the fruits quality while offering active properties or live
monitoring while supporting environmental sustainability. This review provides
insights on the current advances and potential future development in innovative
active, edible, biodegradable, and smart packaging technologies, while also
addressing the current challenges associated with these packaging.

KEYWORDS

ethylene, bioactive, coating, film, biosensor, indicator

1 Introduction

Fruits are highly perishable agricultural products. At the retail stage, particularly in
supermarkets, fruits are usually packaged in commercial plastic films such as trays or bags.
During this retail phase, problems such as weight loss, texture decline, microbial growth,
and fruits’ off-flavor would negatively affect their shelf life. The short post-harvest lifespan
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of fruit is largely due to their high moisture content and the ongoing
biological processes after harvesting, making them highly
susceptible to physical injuries and microbial infections (Xu
et al,, 2018). This results in significant post-harvest losses, which
are exacerbated by the limitations of the conventional packaging,
including humidity, temperature fluctuations, and excessive
moisture condensation. Therefore, preventing fruit quality
deterioration during storage and distribution is a significant
challenge from both technical and economic perspectives. Thus,
there has been growing attention on research aimed at enhancing
fruit packaging to improve quality and safety and preserve
nutritional value.

Effective packaging is essential for safeguarding fruits from
chemical and microbial contamination, as well as physical
damage caused by shock, temperature, and humidity. Leveraging
appropriate conventional and innovative packaging technologies
can significantly reduce microbiological and chemical hazards,
ensuring the freshness of fruits while extending their shelf life.
Continuous advancements in fruit packaging are now
emphasizing on monitoring or controlling the freshness and
ripeness of fruits throughout transportation and distribution.
Smart and active packaging have greatly improved fruit quality,
safety, consumer acceptance, and public health (Wan et al,, 2024).

Utilizing active packaging and smart packaging has emerged as
an effective method for maintaining the quality of fruits, aligning
with the overall objectives of food packaging systems. Active
packaging involves to the incorporation of active compounds
into the existing packaging to enhance functionality, such as
ethylene scavenging, moisture absorption, antioxidant and
antimicrobial properties, oxygen removal, and carbon dioxide
absorption. In recent years, rigorous efforts have been made to
progress active packaging in grapes, lychees, strawberries, bananas,
peaches, blueberries, cherries, and pomegranates by altering the
atmosphere and releasing active compounds (Yildirim et al., 2018;
Wilson et al., 2019; Mahajan and Lee, 2023). Hygroscopic salt, silica
gel, and zeolites have been suggested for moisture absorption in
active packaging (Dai et al, 2022). Recently, there has been an
increasing focus on novel moisture-regulating materials and natural
plant extracts or antioxidants in the development of active
packaging (Wan et al, 2024). For example, alginate-based film
with cactus pear extract with high antioxidant and antimicrobial
activities has been developed to incorporate both the functionalities
of biodegradable and active packaging (Asiri et al., 2024).

Meanwhile, smart packaging is an innovative technology that
employs indicator labels, sensors, and RFID tags to provide live
information about the freshness, ripeness, and microbial growth in
fruits. This technology can be used as a standalone packaging system
or be integrated with other packaging methods. Currently, the
application of smart packaging for fruits is still in its early stages,
with ongoing research aimed at exploring its commercial potential
(He et al., 2022). Recent development emphasizes on the use of
natural plant-based pigments to act as freshness indicator to ensure
the safety of smart packaging (Sari et al., 2023). At the same time,
biodegradable packaging can be incorporated into smart packaging
to promote environmental sustainability (Amin et al., 2022). Thus,
comprehensive studies on the safety evaluation and real-time
monitoring are still continuing, aligning with global goal of

circular economy.
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Although active and smart packaging technologies are on the
rise, the continued use of synthetic plastics raises significant
environmental concerns. The use of synthetic plastics, chemicals,
and synthetic compounds in conventional packaging systems is
increasingly being condemned due to their adverse effect on
health and the edible and
biodegradable packaging has emerged as a sustainable solution,

environment. Consequently,
that can both mitigate post-harvest losses in fruits and minimize
waste and environmental impact. Edible films and coatings are
commonly applied to fruits to slow down respiration and
ripening, preserve color and nutritional value, and protect against
water loss and physical damage (Sharma et al., 2024). Recently,
bacterial biopolymers and nanocrystal cellulose have been given
attention due to its superior mechanical property in packaging and it
offers non-toxicity, biodegradability, and high bioactivity (Wang
et al,, 2023; Aziz et al,, 2024). Exopolysaccharides, which derived
from bacteria can be used as edible coating or film in the
preservation of food (Aziz et al., 2024). Given these advantages,
edible and biodegradable packaging is a key area for development of
sustainable packaging technologies that align with the Sustainable
Development Goals.

This review focuses on recent advancements and applications of
active, edible, and biodegradable packaging, as well as smart
packaging for post-harvest fruits. It also discusses the
mechanisms of various packaging systems and the impacts on
the physiological changes of fruits, as well as their shelf life while

emphasizing the challenges and future prospects in the field.

2 Methodology

This article reviewed research articles that investigated the
applications of active packaging, smart packaging, edible and
biodegradable packaging in fruits. The analyzed research papers
were published in the last 11 years, between 2020 and 2025 and
Scholar, Web of Science, and
ScienceDirect. The Boolean operators ‘AND’ and ‘OR’ were

accessed through Google
employed to enhance the search scope. The main keywords used

for literature search included ‘active packaging,’ ‘ethylene
scavenger, ‘bioactive packaging,” ‘edible packaging,” ‘edible film,’
‘biodegradable packaging,” ‘biodegradable film,” ‘smart packaging,’
‘intelligent packaging,” and ‘application in fruit” Synonyms and
associated keywords were also used to search for relevant
literature. The selected papers were critically reviewed and the
evidence presented was analyzed to provide a comprehensive
understanding of the topic. The relevant information and
analyzed data from the selected literature were extracted and

categorized according to the different sections of this article.

3 Active packaging

Active packaging is defined as packaging in which subsidiary
components are deliberately incorporated into the material to
improve its performance (Yam, 2010). It involves packages that
can intermingle with the food products, offering a promising
alternative to traditional technologies. It offers significant benefits
in extending product shelf life and preventing food degradation,
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Overview of active packaging in fruit preservation (Created in BioRender.com).

addressing concerns within the packaging industry due to the
upsurge in online shopping (Alves et al, 2023). Most active
packaging systems rely on mechanisms such as ethylene and
oxygen scavengers, antioxidants, antimicrobials, carbon dioxide
atmosphere, and moisture controllers (Figure 1). These schemes
efficiently eliminate undesired molecules, release crucial elements,
or control the packaging environment as needed to prolong the food
storage life (Tas et al., 2017). When developing and manufacturing
active packaging systems, it is important to adhere to the guidelines
and standards set by various regulatory bodies, such as the European
Food Safety Authority in the EU and the Food and Drug
Administration (FDA) in the USA, which establish the legal
framework for their proper use, safety, and marketing (Song and
Hepp, 2005; Restuccia et al., 2010). From Table 1, it can be seen that
the recent works between 2021 and 2025 have particularly evolved
toward multifunctional and sustainable systems that focus on
greener alternatives by combining biodegradable polymers. This
transition indicates the importance of eco-friendly design that
progresses both fruit package applications and safety.

3.1 Ethylene scavengers

Ethylene (C,H,) is an organic compound released by climacteric
fruits after harvest, and it can function as a phytohormone to
promote growth and even at a low concentration of 0.1 uL/L
(Wei et al., 2021). It can be either endogenous ethylene, which is
released from biological pathways of plants, or exogenous ethylene,
which is produced from sources such as plastics, automobile
exhaust, and smoke (Keller et al, 2013). Although it can
accelerate fruit ripening, ethylene often causes over-ripening and
even decay, and shortens the fruit’s shelf life (Martinez-Romero
etal, 2009; Kaya et al., 2016). Hence, maintaining ethylene levels in
the packaging environment is important for maintaining fruit
quality and delaying the detrimental climacteric fruit process. To
date, several methods have been suggested to remove ethylene from
fruit packaging, including the use of reactive oxygen species (ROS),
halloysite nanotubes, and photodegradation (Kaewklin et al., 2018;
Xu et al., 2023; Durmaz et al., 2024).
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Owing to the high reactivity of the C=C double bond in ethylene,
most of the scavenger systems are oxidizers, for example, potassium
permanganate (KMnO,), silica, zeolite, and perlite, which are
supported by metal catalysts, are available in the form of sachets
or film. However, due to the high toxicity, multiple safety concerns
were raised regarding the direct usage of KMnO, and zeolite sachets
on food (Janjarasskul and Suppakul, 2018; Alves et al., 2023).
Moreover, zeolite has not been approved by the FDA, prompting
researchers to seek alternative packaging solutions that effectively
eliminate ethylene and are safe for consumer use (Awalgaonkar
et al., 2020).

As reported by Durmaz et al. (2024), halloysite nanotubes can
adsorb ethylene gas easily owing to their hollow structure, and at the
same time, it is FDA approved (Gaikwad et al., 2018). This study
demonstrated that the incorporation of alkaline-treated halloysite
nanotubes (aHal) into poly (butylene succinate) (PBS) films
improved their ethylene scavenging ability, with the best
performance observed at 5 wt% aHal content. Biobased PBS is a
biodegradable polyester that is environmentally friendly and is in
line with the objectives of the European Green Deal. Besides, the
FDA has approved biobased PBS for food contact, making it suitable
to be used in fruit packaging applications. Both extrusion and
solvent casting methods showed ethylene scavenging properties,
making these films effective for preserving the freshness of apples
and tomatoes for 7 days. The ethylene gas scavenging, water vapor
barrier properties, and weight loss of fruits were studied. Between
these two methods, packaging from the extrusion method
demonstrates better flexibility and durability compared to solvent
casting methods (Durmaz et al., 2024).

To the best of our knowledge, Kaewklin and colleagues made
unprecedented findings on the application of chitosan and titanium
dioxide (TiO,) composite films as ethylene scavengers in climacteric
fruit, utilizing a photodegradation mechanism (Kaewklin et al,
2018). When exposed to UV light, electrons in the TiO, surface
are excited and produce highly reactive species for the degradation
of ethylene into CO, and H,O (Hussain et al., 2011). Even though it
could not completely remove all the ethylene, the usage of TiO,
composite film suppressed the concentration of ethylene to a much
lower content compared to the one using pure chitosan and the one
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TABLE 1 Application of active packaging in the preservation of whole fruits.

Active

packaging

Composition

Preparation

Application
in fruit

Assessment
of storage life

10.3389/frfst.2025.1723921

Major findings

References

Ethylene Poly (butylene succinate) film  Solvent casting Apple 7 days 5 wt% aHal highest ethylene | Durmaz et al.
scavengers (PBS)/alkaline halloysite method Tomato scavenging performance (2024)
nanotubes (aHal) Melt blending Film from the extruded
method (extruded) method is more flexible and
durable, and higher water
vapor barrier than solvent-
cast film.
Gelatin (Gel)/chitosan-ferulic Casting method Strawberry 8 days Titanium dioxide degraded | Xu et al. (2023)
acid titanium dioxide Banana ethylene to carbon dioxide
nanohybrid particles (CFT NP) and water; Improved color
and firmness
Control of fungal = Gelatin (Gel)/chitosan-ferulic Casting method Strawberry 8 days Prepared film maintains the | Xu et al. (2024)
community acid titanium dioxide fruit quality by maintaining
nanohybrid particles (CFT NP) the fungal community,
which is the pathway to
produce volatile organic
compounds (VOCs)
1-methylcylcopropene (1- - Honey peach 28 days 2 uL/L 1-MCP/LMF fruit Li et al. (2022)
MCP)/laser microporous film packaging decreases the
plastic bag (LMF) weight loss, rot rate, and
respiration rate.
Moisture Deep eutectic solvent (DES)/ Solution casting Cherry tomato 9 days Two different DESs, ChCl: | Wan et al. (2024)
regulation Gelatin (Gel) method Gly (1:2) and Be:Gly (1:2)
were used as active additives
to regulate the moisture.
The addition of DESs
showed better results
compared to commercial
plastic; as the low water
vapor permeability caused
the accumulation of water
molecules that caused
microbial growth.
Bioactive Carboxymethylcellulose Solution casting Grape 2 days Excellent DPPH and ABTS | Khanetal. (2024)
packaging (CMC)/Gelatin (Gel)/eggplant | method activity; more than 99%
waste carbon dot Listeria monocytogenes and
Escherichia coli bacterial
inhibition
Cellulose nanofiber (CNF)/ Casting method Tangerine 15 days Nitrogen-functionalized Ezati et al. (2022)
glucose carbon dot (GCD) Strawberry 4 days (NGCD) showed additional
Cellulose nanofiber (CNF)/ antifungal activity which
nitrogen glucose carbon dot can inhibit the reactive
(NGCD) oxygen species (ROS)
production; extended shelf
life.
Chitosan (CS) Hydroxypropyl = Solvent casting Jamun fruit 9 days Addition of antimicrobial Gunaki et al.
cellulose (HPC)/CuO method and antioxidant CuO (2024)
nanoparticles nanoparticles (0.8%) can
reduce weight loss and
extend the shelf life
effectively by improving the
vapor permeability.
Chitosan (CH)/corn starch Casting method Grape 20 days Ripening, browning and Ghoshal and

(CS)/grapefruit seed extract
(GFSE)

dehydration processes of
grapes can be delayed
through antimicrobial effect
of 1.0% v/v GFSE.

Singh (2024)

Frontiers in Food Science and Technology

04

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2025.1723921

Chan et al.

10.3389/frfst.2025.1723921

TABLE 1 (Continued) Application of active packaging in the preservation of whole fruits.

Active Composition Preparation

packaging

Water insoluble tea polyphenol
(WITPN) composite
pectin film

Solution casting

Application
in fruit

Strawberry

Assessment References

of storage life

Major findings

Addition of antioxidant and
antibacterial WITPN can
effectively inhibit browning
and decay in strawberries
compared to the poor water
vapor permeability and
non-biologically active
commercial plastic and
pectin.

5 days Yang et al. (2024)

without any packaging. Other than the ethylene concentration, other
properties such as carbon dioxide content, firmness, weight loss,
color values, and total soluble solid content were reported. All the
results showed that the film prepared can preserve tomatoes’
better than
packaging. In the toxicity aspect, chitosan is a well-known active

physiological ~ qualities commercially  available
packaging material due to its biocompatible and nontoxic
properties. In addition, TiO, is chemically inert and extensively
used in food and biological products, making this chitosan-TiO,
nanocomposite film safe to be applied to fruits (Kaewlklin et al.,
2018). Besides, Xu et al. (2023) demonstrated a similar method on
strawberries and bananas, where the gelatin/chitosan-ferulic acid
titanium dioxide nanohybrid particles packaging film uses water and
oxygen to generate reactive oxygen species free radicals to degrade
ethylene under sunlight. On the other hand, the free radical
produced may attack and damage the cell membrane of the
bacterial DNA. The results revealed that using the Gel/CFT NP
can maintain the firmness and color of strawberries and bananas for
8 days. Besides, no brown dots were observed in bananas due to the
good barrier properties of carbon dioxide and oxygen gas, which
decrease the respiratory rate. In this study, a hemolysis assay was
conducted to assess the safety of CFT-Gel films, where the relative
hemolysis rate is in 0.74%-2.46% (permissible limit = 5%). This
observation indicated that the effect of the prepared film on human
red blood cells was negligible (Xu et al., 2023).

3.2 Control of the fungal community

The metabolic pathways in fruits produce volatile organic
compounds (VOCs), and these pathways can be influenced by
various factors, including fruit maturity and the presence of
surface fungi (Hou et al, 2023). As fruit ripens, its flavor
intensifies, but in overripe fruit, its flavor undergoes significant
changes due to the release of certain VOCs and the development of
sour, alcoholic, and moldy odors (Kim et al., 2018). Recent studies
have shown that pathogenic fungi, which are common in infected
fruit, contribute to the formation of VOCs such as esters, alcohols,
ketones, and short-chain alkenes (Kim et al., 2018; Gong et al,
2022). The moldy scent of decaying fruit is also a result of fungal
metabolism (Hung et al., 2015). Therefore, it is essential to maintain
the fungal community balance to preserve the high-quality flavor of
fruit in the package.

As reported by Xu et al. (2024), the strawberry flavor is affected
by the physiological metabolism and fungal community, which is the
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pathway producing VOCs. Strawberries without packaging and
packed using polyethene (PE) or gelatin (Gel) showed an
alcoholic, sour, and moldy flavor. Whereas strawberries packed
with gelatin/chitosan-ferulic acid titanium dioxide nanohybrid
particles preserved the fruity and fragrance properties for up to
8 days as the fungal community of Mpycosphaerella, Botrytis,
Papoliotrema, Vishniacozyma, Filobasidium, etc., were maintained
and balanced. Besides, Li et al. (2022) demonstrated the usage of 1-
methylcyclopropene (MCP) and laser microporous film (LMF) to
reduce the abundance of pathogenic fungi such as Streptomyces,
Stachybotrys, and Issa sp. in the honey peach packaging. This
method improved the relative abundance of antagonistic fungi
such as Aureobasidium and Holtermanniella. Owing to the
balanced fungi community, the package effectively reduced
weight loss and spoilage, consequently extending the storage life
of honey peach from 14 days to 28 days at 5 °C.

3.3 Moisture regulation

Traditional fruit packaging often led to water vapor buildup in
the packaging due to poor moisture and relative humidity (RH)
regulation of materials such as polyethylene and polypropylene. An
environment good for microbial growth was created from the
condensation of water vapor from the changes in temperature in
the packaging (Alabi et al., 2020; Zhang et al.,, 2021). Older reported
studies focus more on absorbing the water using hygroscopic salts
and silica gel in packaging materials, rather than regulating the
moisture contents (Gaikwad et al., 2019; Dai et al., 2022). Therefore,
there is a need for materials that can control moisture levels in fruit
packaging. As described by Wan et al. (2024), low water vapor
permeability in commercial cherry tomatoes’ packaging caused the
accumulation of water molecules that support microbial growth.
However, this problem can be solved by using deep eutectic solvent
(DES)/gelatin (Gel)-based packaging, which showed better water
vapor permeability, moisture isotherm curve, and moisture
absorption-desorption cycle performance. It was suggested that
the hydrophilic group in DESs improved the hydrophilicity of
the film, leading to a better diffusion rate of the water molecules.
Besides, the prepared film was able to capture the water molecule
from a higher humidity area and store it to be released in a lower
humidity area, thereby regulating the moisture in the packaging,
preventing the spoilage, and maintaining the freshness of fruits. This
study is the first to report the use of DES@Gel in active packaging for
fruit, specifically focusing on the bacterial count, firmness, water
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content, total soluble solids, pH, and titratable acid of cherry
tomatoes after a 9-day period. DES has been commonly used for
extracting solvents and detecting food safety solvents in the food
industry for the past decades, owing to its non-toxic and eco-friendly
properties (Boateng, 2022).

In another study, Rux et al. (2016) reported the moisture
absorption kinetics of strawberries and tomatoes using a
humidity-regulating tray containing 12% NaCl. Throughout the
16 days, this tray effectively maintained the RH below 97%,
reducing spoilage
commercially available polypropylene (PP) tray. The study

condensation and compared to the
showed that inclusion of 12% NaCl in the tray is more effective
in tomatoes (1 wt% weight loss), with a lower transpiration rate;
while for strawberries, it experienced slightly higher weight loss (3 wt
%) due to higher moisture release. The kinetics of moisture uptake
was modeled using a Weibull equation.

3.4 Bioactive packaging

Incorporating bioactive compounds in fruit packaging can
effectively prolong the fruit’s storage life, as fruit often suffers
from microbial infections during the post-harvest period.
Depending on the type of packaging material, the bioactive
compound can either move into the food matrix or remain on its
surface (Peralta-Ruiz et al., 2020). For example, Khan and colleagues
developed a film using a combination of strong antioxidant and
eggplant
carboxymethyl cellulose, and gelatin. As an antioxidant, the film
shows 100% of ABTS and 59.1% of DPPH radical scavenging

activities. As an antibacterial, the film can inhibit the growth of

antibacterial substances from peel carbon dots,

Listeria monocytogenes and Escherichia coli by 99.8%. When applied
to table grapes, it can maintain firmness, weight, and inhibit total
viable colonies for up to 24 days at 4 °C owing to the excellent
biological properties of the film. In addition, biomass-derived
carbon dots are attractive materials in fruit packaging due to
their biocompatibility, stability, and low toxicity (Khan et al., 2024).

Other than that, Ezati et al. (2022) reported that cellulose
nanofiber (CNF) composite films using glucose carbon dots
(GCD) and nitrogen-functionalized carbon dots (NGCD) showed
good antioxidant activity with 99% efficacy against ABTS and 80%-
85% against the DPPH assay. While both CNF/GCD and CNF/
NGCD composites showed high antimicrobial activity by producing
reactive oxygen species (ROS), CNF/NGCD showed additional
antifungal activity, extending the shelf life of tangerine and
strawberry by 10 and 2 days, respectively. Mold growth was
observed in films that did not incorporate CNF/NGCD, as the
proliferation of fungi or harmful microorganisms is a primary
factor in spoilage (Ezati et al., 2022). In vitro cytotoxicity of the
prepared films was studied using the MTT assay. Overall, all the
films showed low toxicity (only 10%-20% loss in cell viability)
against the mouse fibroblast 1929 cell line, displaying a great
biocompatibility and high potential to be applied in fruit
packaging applications (Ezati et al., 2022). Additional studies on
bioactive antimicrobial packaging were demonstrated using grapes
(Ghoshal and Singh, 2024; Gunaki et al., 2024).

Furthermore, bioactive packaging can be prepared from cactus
pear peel, which contains bioactive compounds. A sodium alginate-
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based edible active film enriched with cactus pear extract (CPPE)
was described by Asiri’s group. The main active phenolic
components of antimicrobial and antioxidant agents in CPPE can
inhibit microbial growth and slow down oxidation. Besides, a
complementary moisture-regulating effect was observed, with an
obvious decrease in water vapor permeability due to the hydrogen
bonding formation between CPPE’s phenolic compounds and
alginate (Asiri et al., 2024).

4 Smart packaging

Smart packaging is defined as packaging that can react or
provide a signal in a specific way when there are changes, such
as alterations in the quality, safety, or ripeness of food (Biji et al.,
2015; Alizadeh-Sani et al., 2020). Consequently, these materials can
enhance food quality and safety management. In contrast to an
active packaging system, a smart packaging system does not release
any substances into the food. Instead, it focuses on communicating
with the consumer by detecting environmental changes (Restuccia
et al, 2010). Additionally, it can also provide support to the Hazard
Analysis and Critical Control Points (HACCP) and Quality Analysis
and Critical Control Points (QACCP) systems, which are designed
for the on-site management of risky food, detection of latent health
risks, and the development of methodologies to minimize or abolish
their occurrence (Abedi-Firoozjah et al, 2023). While active
packaging alters the packaging environment to prolong fruits’
shelf life, smart packaging supports it by allowing real-time
monitoring of the packaging’s environmental changes.

Smart packaging is often applied to climacteric fruit groups such
as apples, pears, tomatoes, bananas, mangoes, papayas, kiwis, etc.
that can undergo ripening even after being detached from the plant.
These fruits are also known to undergo a significant increase in the
respiration rate and ethylene production (Paul et al., 2012). When
picked at an earlier stage, these fruits can ripen perfectly after storage
and along the supply chain (Dirpan et al., 2018). However, long-
distance transportation in the absence of cold storage often caused
excess ripening and deterioration of fruits (Fan et al., 2011; Dirpan
et al,, 2018). Therefore, a smart packaging that allows easy visual
observation and provides consumers with immediate indicators of a
fruit’s condition is much needed. Such packaging typically detects
PH, gas levels, temperature, light, and humidity as shown in Table 2
(Firouz et al.,, 2021; Sani et al., 2021; Sari et al., 2023).

4.1 Biosensor

A biosensor is usually used to monitor fruit freshness, pesticide
residues, and biological contamination by detecting allergens and
bioanalytes. Foodborne pathogenic bacteria and fungi, such as
Musa
sapientum, Penicillum oxalicum, Asperigillus nigger, Fusarium
oxysporum, etc. are normally the species that cause the

Listeria  monocytogenes, — Salmonella  typhimurium,

deterioration of fruits and pose an adverse health effect (Udoh
et al, 2015; He et al., 2022). A polyvinyl alcohol (PVA)/PEI/MB
nanofiber was prepared via the electrospinning method by Zhang
et al. (2023) for direct monitoring of watermelon, strawberry, apple,
and papaw freshness. Methylene blue (MB), shows blue color under
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TABLE 2 Application of smart packaging in fruit preservation.

Smart
packaging

Composition Preparation

Application in
fruit

10.3389/frfst.2025.1723921

References

Visual response/mechanism

Biosensor Polyvinylalcohol/ Electrospinning Watermelon, strawberry, = Blue to colorless; bacterial metabolites Zhang et al. (2023)
polyethyleneimine/methylene method apple, papaw initiated a redox reaction
blue
pH indicator Mangosteen peel extract/ Solution casting Tomato Transparent yellow to reddish orange; Sari et al. (2023)
Polyvinylalcohol/glycerol method protonation of anthocyanin
Soy protein isolate/methyl red/ | Solution casting Apple Green to blue Ran et al. (2021)
bromothymol blue method
Polyvinyl alcohol, glucomannan, | Solution casting Banana Yellow (pH 3-5, 0-2 days), orange-red Ardiyansyah et al.
Brazilian heliotrope extract method (pH 6-8, 6 days) (2020)
Gas indicator Palladium-loaded tin oxide Simple coating Banana Response curve on ethylene emission. Pd- = Zhao et al. (2020)
method Lemon SnO, gas sensor detects ethylene from
chemisorption and oxidation reactions
Cassava starch/chitosan/methyl | Casting method Durian Red to orange to yellow Niponsak et al.
red/bromothymol blue (2020)
Polyvinyl alcohol, glycerol, and | Solution casting Avocado Yellow to light yellow-green to dark Iskandar et al.
ammonium molybdate method yellow-green (2020)

an oxidized state and colorless under a reduced state, which is useful
in the smart food packaging field (Jarupatnadech et al, 2022).
Polyethyleneimine (PEI), is a high-density polycationic polymer
which able to disrupt the bacterial cell membrane (Gao et al., 2017).
PVA, known for its high-water solubility and excellent film-forming
properties, was added to address the challenges of forming
nanofibers from the high-viscosity components MB and PEI
(Huang et al, 2020). In bacterial infection and actual fruit
application experiments, high concentrations of Escherichia coli
and S. aureus completely decolorise the blue film’s color, together
with the dropping of hue values (Zhang et al., 2023).

4.2 pH indicator

Detecting pH changes in fruit packaging is important for
ensuring food safety, preserving fruit quality, and reducing waste
(Alam et al., 2021). The pH changes are often associated with the
fruit’s metabolic and enzymatic activities after ripening or spoiling.
A fruit packaging that allows naked-eye observation provides a non-
invasive and real-time indication of fruit freshness. A smart
pH indicator fruit packaging was developed by Dirpan’s group
through a solution casting method, where the Acetobakter
xilinum bacterial cellulose membrane was treated with 5% NaOH
and immersed in bromophenol blue (BPB) solution. As the mango
ripens, pH value increases caused by enzymatic and microbial
activities that decrease the total acid content and increase soluble
solids in the fruit. The indicator in the packaging changes color from
blue (around pH 3.5) to green (around pH 4.7) over a 10-day storage
time (Dirpan et al., 2018). A similar pH indicator for fruit packaging
was developed by Ran et al. (2021), using soy protein isolate (SPI)
combined with bromothymol blue (BB) and methyl red (MR) in a
solution-casting preparation method for apple packaging. During
apple storage, the indicator displayed an obvious color change from
green to blue as the pH increased, due to the release of volatile basic
compounds during spoilage.
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On the other hand, Sari et al. (2023) reported a pH-sensitive
smart label using mangosteen peel, which is a natural product that
shows color change under different pH conditions. Anthocyanins
from mangosteen peels was extracted via maceration in ethanol and
cast into a film together with polyvinyl alcohol (PVA) and glycerol as
a plasticizer. The label changes color from yellow (neutral pH) to
orange-red (acidic pH), and it is suitable for monitoring tomatoes’
freshness. Data from 13 days of storage showed changes in color
intensity due to the increase in acidity from the tomato’s metabolic
activity, which was detected by the pH-sensitive anthocyanin from
the mangosteen peel extract.

4.3 Gas indicator

Ethylene (C,H,) is a colorless and odorless plant hormone
that can indicate fruit maturity (Caprioli and Quercia, 2014).
Immature fruits release low concentrations of ethylene, ranging
from 10 ppb to 10 ppm, which can trigger the ripening process.
As the fruit matures, ethylene emission increase to over
100 ppm. Excessive ethylene can hasten respiratory rates and
spoil the fruit (Janssen et al., 2014). Therefore, developing a gas
indicator capable of detecting low concentrations of C,H,
is crucial.

Zhao et al. (2020) presented an ethylene sensor based on
palladium (Pd)-loaded tin oxide (SnO,) using a simple coating
method, which may work at a temperature of 250 °C and RH of
51.9%. Compared to pristine SnO,, Pd-loaded SnO, offers
3 times higher response (11.1 R,/R,), shorter response time
(1 s), good sensitivity (0.58 ppm™'), and low detection limit
down to ppb level (50 ppb) owing to the effect of Pd
nanoparticle. It was applied to various fruits such as bananas,
lemons, apples, and pears. Studies on the emission of ethylene by
bananas and lemon for 15 days revealed that ethylene emission
could be used as an indicator to estimate the coloration, texture,
and flavor of fruits (Zhao et al., 2020).
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Other than ethylene, gases such as aldehyde from apples (Kim
et al,, 2018) and sulfur compounds from durian (Niponsak et al.,
2020) can be used as an indicators of freshness of packaged fruit As
described by Kim et al. (2018), aldehyde releases from apples can be
detected by filter paper associated with several types of pH indicators
via inkjet or silk-screen printing. When apples ripen, the emission of
aldehyde detected from the Cannizzaro reaction causes a pH change
and triggers a color change from yellow to orange to red after 9 days.
A similar detection method was demonstrated by Niponsak et al.
(2020) using a starch/chitosan/pH indicator matrix for sulfur
compounds released from durian. Different color changes were
used to describe the freshness of durian throughout 5 days,
where red color for onset; orange color for ripe; and yellow color
for over-ripe.

4.4 Radio frequency identification tag (RFID)

RFID technology has been expanded to fruit packaging
technology to detect freshness, temperature, and humidity
management. RFID can be used to monitor the fruit quality
throughout transportation and distribution, as their ongoing
physiological activity will affect the quality. Vergara et al. (2007)
developed a miniature RFID reader incorporated with a metal oxide
semiconductor gas sensor to monitor the gas composition during
the storage and transport of apples. Thus, the apples’ quality can be
monitored by adjusting the operating temperature of the gas sensor.
However, limited studies have applied RFID tags to fruit packaging,
as the high cost of RFID technology would increase the packaging
costs. Therefore, future work should focus on the development of
economically and environmentally friendly sensors for scalability
applications in fruit packaging.

5 Edible and biodegradable packaging

Edible and biodegradable packaging is a sustainable, third-
generation packaging alternative designed to minimize waste and
environmental impact. Produced from animal- or plant-based
polymers, this type of packaging can be consumed along with the
product, eliminating the need for traditional waste management
processes (Zhao et al, 2023). As traditional packaging from
synthetic plastic polymers poses significant harm to the planet,
edible packaging serves as an innovative solution to reduce
plastic waste, generation of microplastics, carbon emissions,
conserve resources, and manage waste from food processing
(Kaseke et al.,, 2023; Zhao et al.,, 2023). Edible and biodegradable
packaging, while initially more costly than synthetic alternatives,
presents a cost-effective solution in the long term. This is largely due
to the potential utilization of byproducts from food processing,
which can significantly reduce production costs (Abdulla et al., 2024;
Kumar et al., 2025). Edible coatings can either be applied directly to
the fruit surface or as preformed films that wrap around the fruit,
whole fruit, or minimally processed fruits (Mwelase et al., 2023; Van
et al,, 2023). To be considered edible, coatings and films applied to
foods must be Generally Recognized as Safe (GRAS), completely
digestible, non-allergic, nontoxic, and stable during processing and
storage (Sharma et al.,, 2024).
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5.1 Types of edible coatings and films

Edible packaging formulation typically consists of biopolymers
derived from natural sources that can be categorized into
hydrocolloids (polysaccharides and proteins), lipid colloids (fatty
acids, acylglycerol, and waxes), and composites based on their
2023;
Sharma et al., 2024). The biopolymer, which is usually formed

physicochemical properties (Liyanapathiranage et al,
from the base, is mixed with plasticizers, which are commonly
sugars such as mannitol, xylitol, glycerol, sorbitol, sucrose,
monoglyceride, etc., to impart softness and flexibility, and other
inhibitors)
depending on the desired properties of the coating or film
(Sharma et al., 2024).

Edible coatings and films have received prominence as

additives (antioxidants, antimicrobials, browning

sustainable options to traditional plastic packaging polymers such
as polyethylene and polypropylene due to their potential to reduce
both plastic waste and food losses (Kawhena et al., 2020; Saleem
etal, 2021; Liyanapathiranage et al., 2023). Hydrocolloids, which are
mainly characterized by a hydrophilic functional group, can be
completely or partially dispersed in water, depending on their
molecular weight. This group includes polysaccharides, proteins,
and their isolates, which can be further divided into animal-based,
plant-based, or modified hydrocolloids (Sharma et al., 2024). Plant-
based hydrocolloids consist of a broad variety of polymers that
include pectin, starch, mannan, different types of gums (guar gum,
locust bean gum, gum Arabic, and gum Ghatti), agar, tragacanth,
alginates, and carrageenan, while animal-based hydrocolloids
mainly consist of gelatin and chitosan (Morodi et al, 2022).
Modification of hydrocolloids is commonly performed to
enhance their quality, safety, stability, and nutritional qualities
(Liyanapathiranage et al, 2023). For instance, cellulose, pectin,
and starch, with improved functionality such as gelling, thermal,
and textural properties, can be produced from polysaccharides.
Meanwhile, cellulose can be specifically manipulated to produce
nanofabricated cellulose, carboxymethyl cellulose, nanocrystalline
cellulose,  methylcellulose,  hydroxyethyl  cellulose, and
hydroxypropyl methylcellulose, which have found a wider
application in the food industry (Aziz et al, 2022). This
highlights the ongoing advancements in biopolymers and the
expansion of their roles within the food systems.

Unlike the hydrocolloids, lipid colloids, which are mainly fatty
acids, glycerides, and waxes, are characterized by hydrophobic
functional groups and emulsion formation. The lipid-water
interface of lipid hydrocolloids is a highly active surface that
provides an effective moisture transfer barrier (Kaseke et al,
2025). Liposomes, micelles, nanoemulsions, microemulsions, and
solid lipid nanoparticles are among the commonly used lipid
hydrocolloids in edible coatings and films and are largely desired
for being non-toxic, physiochemically stable, surface-reactive, easy
to absorb in the human digestive system, and having excellent
emulsion properties (Liyanapathiranage et al, 2023; Kaseke
et al., 2025).

Different types of biopolymers can be combined utilizing their
specific advantages to produce tailor-made composites with distinct
properties. For instance, composites of proteins, carbohydrates, and
lipids, which can be applied as single or bilayers, have been studied
where lipids function to lessen water transmission, while proteins
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offer mechanical stability, and carbohydrates regulate the exchange
of gasses, further advancing innovation in edible coatings and films
development and application (Kawhena et al., 2020; Esfandiari et al.,
2025). For instance, Shi et al. (2024) developed a composite of nisin,
cellulose nanofiber, and egg protein that extended the shelf life of
bananas by more than 6 days at 20 °C while maintaining the
appearance, firmness, and nutrient qualities of the fruit during
storage, demonstrating the enhanced functionality of the coatings
by the various types of biopolymers composited. Advancements in
biopolymer production continue with the emergence of new sources,
such as plant and seed mucilage, which can functionally compete
with conventional biopolymers while being obtained at lower costs
(Shinga et al., 2025). However, the successful integration of new
biopolymers into the food system necessitates additional research on
their safety, effectiveness across different food types, interactions
with other compounds, and overall optimization.

5.2 Preparation and characterization of
edible coatings and films

While an edible coating is coated directly on the fruit surface via
spraying, dipping, or spreading methods, an edible film is first
formed by either solvent casting or extrusion, which are the two
most common methods (Suhag et al, 2020). Extrusion mainly
involves processes that sequentially include formulation, melt
The
temperature and operating parameters are largely affected by the

blending, extrusion, cooling, and storage. extruder
characteristics of the polymer that include rheology and thermal
properties, with biopolymers exhibiting thermoplastic properties
highly desired in this type of film production (Suhag et al., 2020;
Weng et al., 2025). Polymer melting can be assisted by aids and
plasticizers, while the quality of the film largely depends on the
degree of crystallinity of the polymers and the cooling rate. The
extruder parameters can be adjusted to the desired film quality
attributes, making the process versatile and user-friendly. Certain
setbacks, such as errors in the formulation, may result in phase
separation, non-uniform distributions, and irregularities in
thickness (Liyanapathiranage et al., 2023).

Solvent casting, which is a low-temperature casting method,
involves dissolving biopolymers in a solvent to create a film-forming
solution, which is then allowed to cast and dry (Liyanapathiranage
et al.,, 2023; Sharma et al., 2024). It is the most preferred method for
film development because it is cheaper and simple. Some of the
advantages of this method are that it produces a homogenous, fewer
defects, optically pure, transparent, flat, and isotropically oriented
film. However, solvent casting is associated with disadvantages that
include limited moulding shapes, prolonged drying time, conversion
into the industrial scale, and denaturation of heat-sensitive
compounds (Suhag et al., 2020). In addition, it is associated with
variation in film properties attributed by the changes in processing
parameters like temperature, evaporation level, etcetera, and
trapping of into  the
(Liyanapathiranage et al, 2023;
physiochemical

matrix
2024).
properties of the

toxic  solvent biopolymer
Sharma et al,
Consideration of the
components, number of layers, coating thickness, viscosity, and
solution solids is critical to ensure that films of the desired qualities,

such as strength, barrier, and solubility, are produced. A plasticizer is
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often added to strengthen the flexibility and durability of the film. In
addition, emulsion stabilizers and surfactants are added to promote
mixing together with wetting, levelling, and defoaming agents to
control the characteristics of the films.

After casting, the films are dried using hot air, steam, or infrared
drying and then peeled off. Other methods such as lamination,
dipping, and spraying have been explored with their advantages and
disadvantages governing their application at either the laboratory or
commercial level (Liyanapathiranage et al, 2023; Sharma et al,
2024). Developed films can be characterized based on their
mechanical properties like thickness, bursting strength, moisture
content, transparency, water solubility, water vapor permeability,
tensile strength, elongation, and physical properties such as color,
surface morphology, and chemical composition and structures
(Ribeiro et al., 2021).

5.3 Application of edible and biodegradable
packaging for fruit preservation

Edible and biodegradable packaging for fruits acts as a protective
and semipermeable barrier with a thickness of not more than
300 um that creates a modified atmospheric environment
(Sharma et al, 2024). This helps in controlling gaseous, water
vapour exchange and physiological processes such as respiration
rate (RR), ethylene production, and moisture loss, which in turn
enhances the shelf life of the fruit (Figure 2). In addition, edible
coatings can assist to mitigate physical, mechanical, and
microbiological damage of the fruit as well as acting as carrier
for additives such as antimicrobials, and antioxidants further
contributing to the enhancement of the fruit’s freshness and
2024; Shinga et al, 2025). The
antioxidants suppress reactive oxygen species formation, either by

quality (Sharma et al,

stopping enzymes or by chelating trace elements preventing lipid

oxidation and delaying off-flavors development, while
antimicrobials inactive the genetic material and enzyme (Ahmed
et al., 2024).

Evidence from literature has shown that edible coatings and
films applied to fruits, either whole or minimally processed, are
growing, particularly on highly perishable fruits such as berries,
pome and stone fruit, grapes, pomegranates, and apples (Table 3).
The biopolymers have been applied either individually or as
composites with or without additives and accompanied by either
ambient or low-temperature storage, and positive results have been
reported. Quality parameters that include physiological processes
such as water loss (WL), RR, ethylene production, physical
parameters such as color, texture/firmness, decay counts, and
chemical parameters like total soluble solids (TSS), titratable
acidity (TA), phytochemicals, antioxidant and antimicrobial
activity, and sensory evaluation have been studied to assess the
efficacy of edible coatings on fruits (Mwelase et al., 2023; Esfandiari
et al.,, 2025; Shinga et al,, 2025). The application of guar gum and
candelilla wax alone or combined with Bacillus subtilis HFC103,
chitosan enriched with ascorbic acid, sodium carboxymethyl
cellulose, cellulose nanofibers, and mandarin oil, carboxymethyl
cellulose, low methoxyl pectin, Persian gum, and tragacanth gum
on strawberries have been reported. The strawberries were stored at

temperatures ranging between 4 °C and 25 °C and RH around 80%
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FIGURE 2

Main functions and mechanisms of action for edible coatings on fruits (Created in BioRender.com).

and significant reduction in WL, fungal, and bacterial growth and
decay were reported contributing to the increased shelf life of the
fruit (Khodaei et al., 2021 Saleem et al., 2021; Van et al., 2023).
Optimization studies of edible coating compositions are vital but still
lacking in the literature, especially for novel biopolymers, due to the
intricate interactions between the various components involved.
Shinga et al. (2025) developed an improved banana coating by
optimizing glycerol and cellulose nanofiber levels in a pomegranate
peel functionalized Opuntia ficus-indica mucilage. This new
formulation effectively preserved bananas during storage, through
the reduction of weight loss, water vapor transmission rate, firmness
loss, decay, and respiration rate, while also reducing ethylene
production. However, the effect of edible coatings of fruit
significantly varies with cultivar, harvest maturity, fruit tree
management, fruit-grown area, and other factors. Consideration
of these factors when interpreting the effect of edible coatings on
fruits is therefore important.

Coatings such as chitosan, nano-chitosan, pectin, sodium
alginate with or without antimicrobial agents have also been
applied to whole or minimally processed fruits such as grapes,
nectarines, papaya and apples. In vitro studies revealed that the
antimicrobial agents (clove oil, coffee husk, Mimusopsis comersonii
seed extracts, thyme and oregano essential oils) inhibited the growth
of foodborne pathogens such as S. aureus, Listeria monocytogenes
and S. cerevisiae, Salmonella typhimurium and E. coli. When the
antimicrobial agents were incorporated into edible coatings they
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prevented the growth of aerobic microorganism, yeast and mould,
without compromising the sensory properties of the fruits
(Tabassum and Khan, 2020; Lima et al., 2022; Divyashri et al,
2024; Prieto-Santiago et al.,, 2025). These findings demonstrate the
potential of edible coatings in preserving the quality and safety of
fruits, reducing food waste, and improving customer satisfaction.
Additional studies demonstrating the impact of edible coatings on
fruit quality and safety are presented in Table 3. With the edible
packaging market projected to be worth USD 2.14 billion by
2030 with a compound annual growth rate of 6.79%, the future
of edible coating packaging is quite promising. However, the future
of edible coating in food packaging is dependent on how issues
of sustainability, safety and regulation, standardization, and
commercialization are addressed (Kumar et al., 2022).

6 Challenges and future perspectives

Different biopolymers are investigated to explore their
functionality in creating active packaging with strengthened
mechanical stability and efficient delivery of active compounds in
active packaging. Natural bioactive compounds, such as plant
extracts and antioxidants, have antimicrobial and ethylene
scavenging activities. However, bioactive compounds are heat-
sensitive and have low bioavailability, which may hinder their
applications in active packaging for fruit preservation. Different
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TABLE 3 Recent studies on the application of biodegradable and edible coatings or films to preserve fresh fruit (2020-2025).

Coating or film
agent

Packaging and

storage condition

Parameters
measured

Key findings

References

Plum Gum Arabic enriched with Packaging: HDPE bags RR, ethylene production, WL, = GA 10% prolonged the Fawole et al. (2024)
pomegranate seed oil (5%) Storage conditions: —0.5 °C + | TSS, TA, shrivel and decay commercial shelf life of
and AA (5%). 2 °C for 6 weeks and 90% + | incidence, flesh firmness, and  plums beyond 5 days.
5% RH, and 15 days 20 °C + | sensory analysis.
2 °C and 80% + 5% RH.
Grape Chitosan and nanocellulose = Storage conditions: 10 days WL, firmness, TSS, TA and Chitosan and nanocellulose | Yu et al. (2025)
at 25 °C. vitamin C content based coatings could extend
the shelflife of grapes at 25°C
for 10 days.
Strawberry Chitosan (CH) enriched with | Packaging: Clamshell clear WL, decay, hydrogen peroxide, = Combination of CH + AA Saleem et al. (2021)

ascorbic acid (AA, 1% w/w)

PET boxes.
Storage conditions: 4°C + 1 °C
and 85% + 5% RH for 15 days.

TA, pH, TSS, enzymatic, and
non-enzymatic antioxidant
activity and sensory analysis

application effectively
preserved the quality of
strawberry during storage.

Sweet cherry

Chitosan

Packaging: PE boxes.
Storage conditions: 4 °C for
25 days and 20 °C for 15 days.

RR, WL, firmness, surface
colour, TSS, TA, microbial
contamination, and sensory
evaluation.

Coating sweet cherries with
chitosan effectively inhibited
the growth of yeast and mold
at 4 °C for a duration of

25 days.

Tokatli and
Demirdéven (2020)

Papaya (fresh cut)

Pomegranate arils

Sodium alginate
functionalized with thyme
and oregano essential oils
(0.5%-2% v/v)

Methyl cellulose (MC)

Packaging: PE trays and
wrapped with the transparent
PE films

Storage conditions: 4 °C

12 days.

Packaging: PP punnets
Storage conditions: 4.5 °C +
0.5 °C, 85% + 0.5% RH for
12 days.

Head space, pH, WL, colour,
TSS, TA, microbial and
sensory evaluation

WL, TSS, TPC and DPPH
scavenging activity.

Higher concentrations of
essential oil extended shelf
life and improved moisture
retention, but adversely
affected the sensory
properties.

The optimal conditions for
preserving pomegranate arils
were MC combined with
1.55 mM salicylic acid and
0.079% canola oil and
Tween-80.

Tabassum & Khan,
(2020)

Mwelase et al. (2023)

Strawberry Sodium carboxymethyl Packaging: PET Firmness, pH, WL, colour, The incorporation of Van et al. (2023)
cellulose, cellulose Storage conditions: 5 °C and | TSS, TA, and sensory mandarin oil at a
nanofibers, and mandarin oil | 85% + 5% RH for 20 days. evaluation concentration of 0.05%
(0.05%-0.4%, w/v). demonstrated a significant
impact on reducing WL and
enhancing antifungal activity
in strawberries.
Blackberry Guar gum Packaging: perforated or Firmness, WL, colour, TSS, The treatment using an Perez et al. (2021)
sealed PET clamshells with or | TA, and decay edible coating of 0.3% guar
without a polylactic acid film. gum and perforated
Storage conditions: 5 °C for clamshells resulted in the
13 days. lowest deterioration rate,
effectively preserving the
fruit for a longer period.
Strawberry Carboxymethyl cellulose Packaging: PET clamshell Firmness, WL, decay CMC was the most effective = Khodaei et al. (2021)

Pomegranate arils

(CMC), low methoxyl pectin
(LMP), Persian gum (PG),
and tragacanth gum (TG)

Gum Arabic (GA), methyl
cellulose enriched with thyme
oil (0.25% and 0.5%, v/v)

containers
Storage conditions: 4 °C and
80% RH, for 16 days.

Packaging: PET punnets
Storage conditions: 5 °C and
95% + 2% RH for 16 days.

incidence, AA, TAC, TPC,
sensory analysis, and shelf life

Head space, firmness, WL,
colour, TSS, TA, microbial,
phytochemical and
antioxidant content

coating for minimizing
weight loss and decay, while
also preserving the
nutritional quality of
strawberries during storage.

Enriching GA with thyme oil
proved more effective in
preserving the quality of
pomegranate arils

Kawhena et al. (2020)

Strawberry and
apple slices

Chitosan enriched with acetic
acid or ascorbic, grape seed
and sea buckthorn (7.5%, w/
w) or essential oils (7.5%,
w/w)
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Packaging: Perforated PET.
Storage conditions: 4 °C and
8 °C for 7 days.

Water activity, TPC, yeast and
mould, and antioxidant
activity

11

Yeast and mould were
reduced in strawberries.
Ascorbic acid, TPC, and
antioxidant activity were
preserved in all coated
samples.

Popescu et al. (2022)

(Continued on following page)
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TABLE 3 (Continued) Recent studies on the application of biodegradable and edible coatings or films to preserve fresh fruit (2020-2025).

Coating or film

agent

Packaging and
storage condition

Parameters
measured

Key findings

References

Strawberry

Japanese pear

Pomegranate arils

Guava

Chitosan functionalized with
apple peel polyphenols
(0.25%-1%).

Chitosan, alginate and their
composites

Aloe ferox enriched with
raspberry pomace powder
(0.3% and 0.6%)

Mango kernel seed starch
enriched with lemon grass
essential oil

Packaging: Polypropylene
plastic trays

Storage conditions: stored at
20 °C and 35%-40% RH for
6 days.

Packaging: Open containers.
Storage conditions: 20 °C for
21 days.

Packaging: Polypropylene
punnets.

Storage conditions: 4.5 °Cand
85% RH for 18 days.

Packaging: Polypropylene
punnets.

Storage conditions: 10 °C,
85%-90% RH for 21 days.

Firmness, TA, TSS, WL, decay
incidence, TPC, TAC, TVF
and antioxidant activity

Fruit appearance, WL, flesh
firmness, respiration, ethylene
and gene expression

Firmness, TA, TSS, WL, color,
TPC, TAC, and antioxidant
activity

TA, TSS, AA, firmness, WL,
color, and microbial growth

Chitosan enriched with 0.5%
of apple peel polyphenols
showed promise in
preserving strawberries
through retarding senescence
and maintaining the desired
quality attributes during
storage.

Layer by layer coating
downregulated the genes
associated with ethylene
production and fruit
ripening.

Aloe ferox enriched with
0.3% raspberry pomace
powder preserved the arils
better when compared to
0.6% and aloe ferox alone.

Coated guavas exhibited
higher TPC and antioxidant
activity and the addition of
lemongrass essential oil
further inhibited yeast and
mold growth

Riaz et al. (2021)

Hira et al. (2022)

Mbonambi et al.
(2025)

Yadav et al. (2025)

Pomegranate arils

Alginate and cellulose
nanofiber functionalised with
pomegranate peel powder
(0.1%-0.5%).

Packaging: Polyethylene
terephthalate punnets.
Storage conditions: 5 °C and
95% + 2% RH for 15 days.

Firmness, TA, TSS, WL, color,
TPC, TAC, antioxidant activity
and yeast and molds

Incorporation of 0.5%
pomegranate peel powder
retained higher TPC, TAC,
antioxidant activity and

Makhathini et al.
(2025)

reduced the growth of yeast
and molds.

WL, weight loos; AA, ascorbic acid; TAC, total anthocyanin content; TPC, total phenolic content; HDPE, high density polyethylene; PET, polyethylene terephthalate; PP, polypropylene; RH,

relative humidity; TSS, total soluble solids; TA, titratable acidity.

technologies, such as high-pressure homogenization, encapsulation,
electrospun film, and others, can help to improve the surface area,
controlled release behavior, and bioavailability of these bioactive
compounds (Cui et al, 2024). This can help to improve the
performance of active packaging for fruit preservation.

Edible and biodegradable packaging can improve the functionality
of fruit packaging system, but their stability and prolonged usage still
hinder their commercial applications. Innovative technologies, such as
high-pressure homogenization, encapsulation, and ultrasonication can
be used to develop edible and biodegradable packaging with improved
stability and interactions between packaging and fruit for a longer time
(Kumar et al, 2022). On the other hand, the selection of the right
biopolymers and coating methods is important in the development of
effective edible and biodegradable packaging.

The use of smart packaging is increasingly growing as it provides
accurate information from the production to the final-end supplier
and consumer. However, safety evaluation is one of the concerns for
smart packaging. The potential migration of chemical dyes from
pH indicators to the food product and interaction between smart
packaging and food systems still require in-depth studies to provide
comprehensive safety assessment. On the other hand, the use of
non-toxic or natural indicators is one of the trends in smart
packaging to ensure safety. High costs of smart packaging
tags
applications. The price of smart packaging should not exceed

technology, especially RFID hinders its commercial
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10% of the total price of the food product (He et al., 2022).
Thus, future studies on cost benefit analysis and designing of
cost-effective smart packaging are still warranted.

To further improve the quality and safety of fruits, different
packaging technologies can be combined to offer synergistic effects
of functionalities. Innovative packaging technology should focus on
the regulation of physiological metabolism in fruit preservation, safe
and efficient delivery of function, real-time monitoring to provide
accurate information, and green environmental protection to
support sustainability.

7 Conclusion

This paper reviewed the applications of active packaging, edible
and biodegradable packaging, as well as smart packaging in fruit
preservation. Active packaging and edible and biodegradable
packaging are effective packaging technologies to maintain the
freshness and quality of fruits by reducing water loss, regulating
gas transmission and water transpiration, and inhibiting microbial
growth. Active packaging has been widely used in fruit preservation by
ethylene scavenging, control of the fungal community, moisture
regulation, and offering antioxidant and antimicrobial activities by
incorporation of bioactive compounds. Thus, active packaging can
effectively reduce the ripening process of fruits and extend its shelf life.
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Edible and biodegradable packaging can assist in mitigating physical,
mechanical, and microbiological damage to the fruit as well as acting
as a carrier for additives such as antimicrobials, and antioxidants
further contributing to the enhancement of the fruit’s freshness and
quality. Edible and biodegradable packaging uses natural polymers
which can reduce plastic waste and carbon emissions from
conventional packaging. Green packaging technology should be
supported to minimize environmental impacts and support
environmental sustainability. Smart packaging is emerging as it
provides real-time monitoring of fruit quality from the production
to the supply chain. Accurate information can be provided
throughout the journey which can increase public acceptance in
the market. Smart packaging can always incorporate with other
packaging technologies to offer synergistic functionalities of the
packaging system. Future research should focus on the green and
hybrid packaging system in regulating physiological metabolism for
fruit preservation, ensuring safe and effective delivery of functions,
enabling real-time monitoring for precise information, and
promoting environmental sustainability.
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