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Abstract

The global horticulture industry faces significant challenges related to post-harvest losses,
environmental pollution from conventional plastic packaging, and increasing consumer demand for
sustainable food systems. Fresh fruits and vegetables are highly perishable commodities that require
effective packaging to maintain quality, safety, and shelf life during storage, transportation, and
marketing. Sustainable packaging solutions have emerged as a promising approach to reduce
environmental impacts while preserving product freshness and minimizing food waste. This review
examines recent advances in biodegradable polymers, edible coatings, compostable materials, active
packaging, intelligent packaging, and nanotechnology-based systems for fresh horticultural produce.
The mechanisms by which sustainable packaging regulates moisture loss, gas exchange, microbial
growth, and physiological deterioration are discussed. The review also evaluates the advantages,
limitations, economic considerations, and regulatory aspects associated with sustainable packaging
technologies. Emerging innovations such as bio-based nanocomposites, antimicrobial films, and smart
freshness indicators are highlighted as potential tools for next-generation horticultural supply chains.
Integrating sustainable packaging with cold-chain management, renewable materials, and circular
economy principles can substantially reduce post-harvest losses and environmental burdens while
supporting sustainable agricultural and food distribution systems.

Keywords: Sustainable packaging, fresh produce, biodegradable films, edible coatings, active
packaging, intelligent packaging, horticultural crops, post-harvest management, nanocomposites,
circular economy

1. Introduction

Fresh horticultural produce, including fruits, vegetables, herbs, and ornamental crops,
constitutes an essential component of human nutrition and global food systems. These
commodities provide vitamins, minerals, dietary fiber, antioxidants, and numerous bioactive
compounds that contribute to the prevention of chronic diseases and improvement of public
health ™. However, fresh produce is highly perishable because of its elevated moisture
content, active metabolism, and susceptibility to mechanical injury and microbial
contamination. Post-harvest deterioration begins immediately after harvest and continues
throughout handling, transportation, storage, and marketing, leading to significant
quantitative and qualitative losses [,

Globally, post-harvest losses of fruits and vegetables are estimated to range from 20% to
40%, with even higher losses occurring in regions that lack efficient cold-chain infrastructure
and appropriate packaging systems El. These losses not only reduce food availability but also
result in wasted agricultural inputs such as water, fertilizers, energy, and labor.
Consequently, improving post-harvest preservation has become a major priority for
achieving food security and sustainable development goals [,

Packaging plays a central role in preserving the quality and safety of fresh horticultural
produce. Conventional plastic materials such as polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC), and polystyrene (PS) have been widely adopted because of their
low cost, flexibility, and favorable barrier properties [°I. These materials protect produce from
physical damage, reduce moisture loss, and facilitate transportation and retail display.
Nevertheless, the extensive use of petroleum-based plastics has generated serious
environmental concerns due to their persistence in the environment, accumulation in
landfills, and contribution to marine pollution and microplastic contamination €1,

~ 1823~


https://www.biochemjournal.com/
https://www.doi.org/10.33545/26174693.2026.v10.i7Sv.9310

International Journal of Advanced Biochemistry Research

Growing  consumer  awareness of  environmental
sustainability has increased demand for eco-friendly
packaging alternatives. Governments and regulatory
agencies in many countries are also implementing policies
aimed at reducing single-use plastic waste and promoting
recyclable, biodegradable, and compostable materials "1, In
response, researchers and industry stakeholders are
developing sustainable packaging systems derived from
renewable resources such as starch, cellulose, chitosan,
polylactic acid, proteins, and other biopolymers ©l. These
materials offer the potential to reduce environmental
impacts while maintaining adequate protection of fresh
produce.

In addition to biodegradable materials, significant advances
have occurred in edible coatings, active packaging,
intelligent packaging, and nanotechnology-based packaging
systems. Edible coatings can create semipermeable barriers
that reduce respiration rates and moisture loss, while active
packaging incorporates antimicrobial agents, antioxidants,
or ethylene scavengers to enhance shelf life 1. Intelligent
packaging technologies, including freshness indicators and
time-temperature sensors, provide real-time information
about product quality and storage conditions, thereby
improving  supply-chain  management and reducing
unnecessary food waste [,

Nanotechnology has further expanded the capabilities of
sustainable packaging by enabling the development of bio-
based nanocomposites with improved mechanical strength,
gas barrier properties, and antimicrobial activity [,
Nanocellulose, nano-clay, zinc oxide nanoparticles, and
silver nanoparticles have been incorporated into
biodegradable films to enhance their performance and
extend the shelf life of fresh fruits and vegetables (2,

The transition toward sustainable packaging is not without
challenges. Issues related to production cost, scalability,
moisture  sensitivity, regulatory approval, consumer
acceptance, and end-of-life management continue to
influence commercial adoption [3l.  Furthermore, the
environmental benefits of sustainable packaging must be
evaluated through life cycle assessment to ensure that
reductions in plastic waste are not offset by increased
energy consumption or other unintended impacts 41,

This review provides a comprehensive examination of
sustainable packaging solutions for fresh horticultural
produce. It discusses biodegradable polymers, edible
coatings, active and intelligent packaging technologies,
nanotechnology-based systems, their mechanisms of action,
applications in major horticultural crops, environmental
benefits, limitations, and future research directions aimed at
creating more sustainable and efficient post-harvest
packaging systems [:-141,

2. Requirements of Packaging for Fresh Horticultural
Produce

Packaging for fresh horticultural produce must fulfill
multiple functions beyond simple containment. Fresh fruits
and vegetables continue to respire after harvest, and
inappropriate packaging can accelerate physiological
deterioration, moisture loss, microbial spoilage, and quality
degradation [*°1, Therefore, an effective packaging system
should maintain the balance between product protection and
the physiological needs of the commodity.

One of the primary requirements is mechanical protection.
Fresh produce is highly susceptible to bruising, compression
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damage, abrasion, and impact injury during harvesting,
transportation, and retail handling. Packaging materials and
container designs must absorb shocks and distribute loads
uniformly to minimize physical damage 161,

Another essential function is moisture management.
Excessive water loss leads to wilting, shriveling, and weight
reduction, particularly in leafy vegetables and soft fruits.
Packaging should provide adequate water vapor barrier
properties while preventing condensation that could favor
microbial growth 7,

Gas permeability is also critical because fresh produce
consumes oxygen and releases carbon dioxide during
respiration. Packaging films must permit appropriate gas
exchange to avoid anaerobic conditions that can cause off-
flavors and physiological disorders. Modified atmosphere
packaging (MAP) systems are designed specifically to
optimize internal gas composition and extend shelf life (2],
Packaging should further provide microbial protection by
limiting contamination from external sources. The
incorporation of antimicrobial coatings or active packaging
components can reduce the growth of spoilage
microorganisms and foodborne pathogens [,

Additional requirements include transparency for product
visibility, compatibility with cold-chain storage, ease of
handling and transportation, cost-effectiveness, and
environmental  sustainability. Increasingly, packaging
systems are expected to be recyclable, biodegradable, or
compostable while maintaining adequate performance
throughout the distribution chain [2°,

3. Biodegradable Packaging Materials

Biodegradable packaging materials have attracted
considerable attention as alternatives to conventional
petroleum-based plastics because they can decompose
naturally under suitable environmental conditions, thereby
reducing long-term plastic accumulation [, Most
biodegradable materials used for horticultural packaging are
derived from renewable biological resources.

3.1 Starch-Based Films

Starch is one of the most widely available and economical
biopolymers. Films produced from corn, potato, cassava, or
rice starch exhibit excellent oxygen barrier properties and
are suitable for packaging fresh produce with moderate
moisture requirements 22, However, pure starch films tend
to be brittle and sensitive to water, necessitating the addition
of plasticizers such as glycerol or blending with other
polymers.

3.2 Cellulose-Based Materials

Cellulose and its derivatives offer good mechanical strength,
transparency, and biodegradability. The incorporation of
nanocellulose can significantly enhance tensile strength and
reduce gas permeability, making cellulose-based materials
promising candidates for sustainable fruit and vegetable
packaging 21,

3.3 Chitosan-Based Films

Chitosan, obtained from the deacetylation of chitin,
possesses inherent antimicrobial and film-forming
properties. Chitosan films have been successfully applied to
tomatoes, strawberries, citrus fruits, and leafy greens, where

they reduce microbial growth and delay quality deterioration
[24]
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3.4 Polylactic Acid (PLA)

PLA is a biodegradable thermoplastic produced through the
fermentation of plant-derived sugars. It offers good clarity,
processability, and mechanical properties and is increasingly
used for compostable trays, clamshells, and flexible films
for fresh produce packaging . Although PLA has lower
heat resistance than some conventional plastics, ongoing
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modifications and blending strategies are improving its
performance.

Biodegradable packaging materials contribute to sustainable
waste management and support circular economy initiatives.
Nevertheless, challenges remain regarding cost, moisture
sensitivity, industrial composting requirements, and large-
scale commercial production 281,

Table 1: Major Sustainable Packaging Materials for Fresh Horticultural Produce

Packaging material Source

Key properties Typical applications

Starch-based films Corn, potato, cassava

Biodegradable, good oxygen barrier

Fresh fruits and vegetables

Cellulose films Plant cellulose

Transparent, renewable, strong

Leafy greens, berries

Chitosan films Chitin from crustaceans

Antimicrobial, film-forming

Tomato, citrus, strawberry

Polylactic acid (PLA) | Fermented plant sugars

Compostable, good clarity

Trays, clamshells, films

Alginate coatings Seaweed

Edible, semipermeable barrier

Mango, apple, pear

Protein-based films Gelatin, whey, soy

Good oxygen barrier

Fresh-cut produce

Table 2: Active Packaging Components and Their Functions

Active component

Mechanism of action

Benefit to produce

Essential oils

Antimicrobial activity

Reduced microbial spoilage

Chitosan

Cell membrane disruption

Extended shelf life

Potassium permanganate

Ethylene absorption

Delayed ripening

Activated carbon

Ethylene adsorption

Reduced senescence

Oxygen scavengers

Removal of residual oxygen

Lower oxidation and browning

Antioxidant extracts

Free radical scavenging

Maintained nutritional quality

Table 3: Intelligent Packaging Technologies for Fresh Produce

Technology

Monitored parameter

Practical application

Time-temperature indicator

Cumulative temperature exposure

Cold-chain monitoring

Freshness sensor

Volatile spoilage compounds

Spoilage detection

Gas indicator

0./CO- concentration

Modified atmosphere verification

RFID system

Product tracking

Supply-chain traceability

Colorimetric sensor

pH or metabolite change

Visual freshness assessment

4. Edible Coatings and Films

Edible coatings are thin layers of edible material applied
directly to the surface of fruits and vegetables, while edible
films are standalone consumable sheets used as packaging
components 21, These systems act as semipermeable
barriers that regulate gas exchange, reduce moisture loss,
and limit oxidative and microbial deterioration.
Polysaccharide-based coatings, including alginate, pectin,
and chitosan, are widely used because of their excellent
film-forming ability and compatibility with fresh produce
[281 Chitosan coatings, in particular, exhibit antimicrobial
activity and have been shown to reduce fungal decay in
strawberries, tomatoes, and citrus fruits.

Protein-based coatings, such as gelatin, whey protein, and
soy protein films, provide good mechanical strength and
oxygen barrier properties. These coatings can be enriched
with antioxidants or natural antimicrobials to enhance
preservation 29,

Lipid-based coatings, including waxes and vegetable oils,
are especially effective at reducing transpiration and
moisture loss. Carnauba wax and beeswax coatings have
long been used commercially for citrus fruits, apples, and
cucumbers 21,

The effectiveness of edible coatings can be further improved
by incorporating active compounds such as essential oils,
plant extracts, organic acids, and nanoparticles. Such
composite coatings can simultaneously reduce respiration
rates, inhibit microbial growth, and delay ripening 4.
Edible coatings offer several advantages, including reduced
packaging waste, direct application to the commaodity, and

compatibility with biodegradable packaging systems.
However, their performance may vary depending on
commodity type, coating thickness, storage conditions, and
interactions with the produce surface 4,

5. Active Packaging Technologies

Active packaging represents a significant advancement over
conventional passive packaging because it interacts directly
with the packaged product or the surrounding atmosphere to
improve preservation and extend shelf life. In fresh
horticultural produce, active packaging systems are
designed to regulate physiological and microbial processes
that contribute to quality deterioration during storage and
transportation (31,

One of the most widely studied approaches is antimicrobial
packaging. Biodegradable films and coatings can be
incorporated with natural antimicrobial agents such as
essential oils, organic acids, plant extracts, and biopolymer-
derived compounds. These substances inhibit the growth of
spoilage microorganisms and foodborne pathogens on the
surface of fruits and vegetables. Chitosan-based
antimicrobial films, for example, have demonstrated
effectiveness against fungal pathogens responsible for post-
harvest decay in strawberries, tomatoes, and citrus fruits [34],
Ethylene scavenging systems are particularly important for
climacteric fruits such as bananas, mangoes, tomatoes, and
apples. Ethylene is a plant hormone that accelerates
ripening, senescence, and softening. Active packaging
materials containing potassium permanganate, activated
carbon, zeolites, or other adsorbent materials can absorb

~ 1825~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

ethylene from the package atmosphere, thereby delaying
ripening and extending marketable shelf life (351,

Another important strategy involves oxygen scavengers,
which reduce oxygen concentrations inside the package and
limit oxidative reactions and microbial growth. These
systems are especially useful for minimally processed fruits
and vegetables that are highly susceptible to enzymatic
browning and aerobic spoilage [,

Active packaging technologies offer substantial potential for
reducing post-harvest losses while decreasing reliance on
synthetic chemical preservatives. However, factors such as
controlled release of active compounds, compatibility with
biodegradable matrices, regulatory approval, and consumer
acceptance remain important considerations for commercial
application [37],

6. Intelligent Packaging Systems

Intelligent packaging systems provide information about
product quality, package integrity, or storage conditions
without necessarily altering the packaged environment.
These technologies support better decision-making
throughout the horticultural supply chain and help reduce
unnecessary disposal of edible produce [,
Time-temperature indicators (TTIs) are among the most
common intelligent packaging tools. They monitor
cumulative temperature exposure and provide a visual
indication of whether the product has been subjected to
conditions that may compromise quality or safety. Since
fresh fruits and vegetables are highly sensitive to
temperature fluctuations, TTIs can improve cold-chain
management and inventory control [,

Freshness indicators detect biochemical changes associated
with spoilage, such as the production of volatile compounds,
changes in pH, or alterations in gas composition.
Colorimetric sensors incorporated into packaging films can
change color when spoilage-related metabolites accumulate,
providing consumers and retailers with a simple visual
assessment of product freshness [,

Gas indicators monitor oxygen and carbon dioxide levels
inside modified atmosphere packages. These indicators help
verify that the desired atmosphere has been maintained
throughout  distribution and storage, ensuring the
effectiveness of the packaging system 4,

Modern intelligent packaging increasingly incorporates
radio-frequency identification (RFID), wireless sensors, and
digital traceability systems. These technologies facilitate
real-time monitoring of storage conditions, improve
logistics management, and enhance transparency across the
supply chain [, Despite their benefits, intelligent
packaging systems often face challenges related to cost,
sensor stability, integration with biodegradable materials,
and large-scale commercialization.

7. Nanotechnology in Sustainable Packaging
Nanotechnology has emerged as a transformative tool for
improving the performance of sustainable packaging
materials. By incorporating nanoscale particles into
biopolymer  matrices, researchers have developed
nanocomposite films with enhanced mechanical strength,
barrier properties, thermal stability, and antimicrobial
activity 31,

Nanocellulose is one of the most promising bio-based
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nanomaterials because of its high surface area,
biodegradability, and excellent reinforcing ability. When
added to starch or cellulose films, nanocellulose
significantly improves tensile strength and reduces oxygen
permeability, making the packaging more effective for
preserving fresh produce [*41,

Nano-clay particles create a tortuous pathway that slows the
diffusion of gases and moisture through the film. This
enhancement helps maintain optimal humidity and
atmospheric conditions around fruits and vegetables,
thereby reducing physiological deterioration [*3],

Metal oxide nanoparticles, including zinc oxide (ZnO) and
titanium dioxide (TiOz), exhibit antimicrobial properties and
can inhibit the growth of bacteria and fungi on produce
surfaces. Similarly, silver nanoparticles possess strong
antimicrobial activity and have been incorporated into
biodegradable films to extend the shelf life of strawberries,
grapes, and other highly perishable commodities !,

While nanotechnology offers substantial benefits, concerns
regarding nanoparticle migration into food, human health
effects, environmental safety, and regulatory compliance
require careful evaluation. Future research is expected to
focus on bio-based and food-safe nanomaterials that provide
high performance while minimizing potential risks (471,

8. Applications in Major Horticultural Crops

Sustainable packaging technologies have been successfully
applied to a wide range of horticultural commodities, with
packaging strategies tailored to the specific physiological
characteristics of each crop.

In strawberries, chitosan coatings and antimicrobial
biodegradable films have significantly reduced fungal decay
caused by Botrytis cinerea while maintaining firmness,
color, and antioxidant content during refrigerated storage
481 Because strawberries have a high respiration rate and
delicate texture, moisture control and antimicrobial
protection are particularly important.

For tomatoes, PLA-based clamshell containers combined
with ethylene scavengers have been used to delay ripening
and reduce softening. These systems help maintain
marketable quality during long-distance transportation and
retail display 1,

Cucumbers benefit from edible wax coatings that reduce
transpiration and prevent shriveling. Such coatings can
substantially decrease weight loss and maintain visual
appearance during storage %,

In mangoes, alginate coatings enriched with essential oils
have demonstrated the ability to suppress microbial growth,
delay ripening, and extend shelf life under both ambient and
refrigerated conditions 5,

Leafy vegetables, including lettuce and spinach, have shown
improved freshness when packaged in biodegradable
modified atmosphere bags that maintain appropriate oxygen
and carbon dioxide concentrations while limiting moisture
loss 521,

Similarly, citrus fruits packaged with chitosan-based
antimicrobial films exhibit reduced post-harvest disease
incidence and better retention of firmness and nutritional
quality 3. These examples illustrate that sustainable
packaging solutions can be adapted to diverse horticultural
crops and can effectively reduce post-harvest losses while
supporting environmentally responsible packaging practices.
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Commodity Sustainable packaging solution Primary benefit
Strawberry Chitosan coating Reduced fungal decay
Tomato PLA clamshell with ethylene scavenger Delayed ripening
Cucumber Edible wax coating Reduced moisture loss
Mango Alginate coating with essential oils Extended shelf life
Leafy greens Modified atmosphere biodegradable bags Maintained freshness
Citrus fruits Chitosan-antimicrobial film Reduced post-harvest diseases

9. Environmental Benefits of Sustainable Packaging

The adoption of sustainable packaging for fresh horticultural
produce offers substantial environmental advantages
compared with conventional petroleum-based plastic
systems. One of the most significant benefits is the
reduction in plastic waste accumulation. Biodegradable and
compostable materials derived from renewable resources
can decompose under appropriate conditions, thereby
decreasing the persistence of packaging waste in landfills
and natural ecosystems 54, This is particularly important in
regions where inadequate waste management contributes to
plastic pollution in rivers, oceans, and agricultural lands.
Sustainable packaging can also contribute to lower
greenhouse gas emissions. Many bio-based polymers are
produced from plant-derived feedstocks that absorb
atmospheric carbon dioxide during growth. Although the
overall carbon footprint depends on cultivation, processing,
transportation, and end-of-life  management, life cycle
assessments often indicate that renewable packaging
materials can reduce fossil carbon emissions relative to
conventional plastics %],

Another major environmental benefit is the reduction of
food waste. Fresh fruits and vegetables have high
environmental production costs in terms of water, energy,
fertilizers, and land use. Packaging systems that effectively
extend shelf life can prevent spoilage and reduce losses
throughout the supply chain. In many cases, the
environmental savings achieved by reducing food waste
exceed the impacts associated with manufacturing the
packaging material itself 61,

Sustainable packaging further supports circular economy
principles by promoting the use of renewable resources,
recycling, composting, and recovery of organic materials.
Agricultural residues and food-processing by-products are
increasingly being explored as feedstocks for biodegradable
packaging production, creating opportunities for resource
valorization and waste reduction 571,

Despite these advantages, the environmental performance of
sustainable packaging depends on proper disposal
infrastructure, industrial composting availability,
transportation distances, and the efficiency of material
production processes. Consequently, comprehensive life
cycle assessment is essential for evaluating the true
sustainability of alternative packaging systems [8l,

10. Challenges and Limitations

Although sustainable packaging technologies have advanced
considerably, several technical, economic, and regulatory
challenges continue to limit widespread commercialization.
One of the primary constraints is higher production cost.
Biodegradable polymers such as PLA, chitosan, and
nanocomposite materials generally remain more expensive
than conventional plastics, which can restrict adoption in
price-sensitive horticultural markets 5,

Another important limitation is moisture sensitivity. Many
biopolymer-based films exhibit relatively poor water vapor
barrier properties, making them less suitable for

commodities that require strict humidity control.
Researchers are addressing this issue through polymer
blending, multilayer  structures, and nanomaterial
reinforcement, but further improvements are needed [,
Mechanical performance can also be a concern. Some
biodegradable materials have lower tensile strength,
flexibility, or impact resistance than conventional plastics,
potentially reducing their effectiveness during transportation
and handling (64,

Scalability and manufacturing infrastructure represent
additional challenges. Existing packaging production
systems are largely designed for petroleum-based plastics,
and transitioning to bio-based materials may require
significant investment in new processing technologies and
equipment 21,

Regulatory approval is particularly important for active and
nanotechnology-based packaging systems. Authorities must
evaluate the safety of antimicrobial agents, nanoparticles,
and other active components to ensure that they do not
migrate into food at harmful levels %1, Consumer perception
and acceptance also influence market success, especially
when novel technologies such as nanomaterials are
involved.

Finally, the environmental benefits of biodegradable
packaging may not be fully realized in regions lacking
appropriate composting or organic waste management
systems. If biodegradable materials are disposed of
improperly, degradation may be slow and the anticipated
sustainability advantages may be reduced [64.

11. Future Perspectives

Future development of sustainable packaging for fresh
horticultural produce is expected to focus on creating high-
performance bio-based materials that combine excellent
barrier properties, mechanical strength, biodegradability,
and affordability. Advances in polymer science and
nanotechnology are likely to produce next-generation
nanocomposite films capable of competing directly with
conventional plastics in commercial applications 3],
Research is increasingly directed toward the incorporation
of natural antimicrobial and antioxidant compounds derived
from plants, algae, and agricultural by-products. These
bioactive additives can enhance preservation while reducing
reliance on synthetic chemical preservatives 561,

Smart and intelligent packaging is another rapidly growing
area. Integration of freshness sensors, gas indicators,
wireless monitoring systems, and digital traceability
technologies could enable real-time assessment of produce
quality throughout the supply chain. Such systems may
improve inventory management, reduce unnecessary
product disposal, and optimize distribution logistics 671,

The utilization of agricultural waste streams for packaging
production represents an important opportunity within the
circular economy framework. Materials derived from fruit
peels, cereal residues, sugarcane bagasse, and other agro-
industrial by-products could provide low-cost renewable
feedstocks while reducing environmental waste burdens [,
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Artificial intelligence and data analytics may further support
sustainable packaging by optimizing film composition,
package design, storage conditions, and transportation
strategies for specific commodities . In addition, future
policies promoting extended producer responsibility, plastic
reduction targets, and compostable packaging standards are
expected to accelerate industrial adoption of sustainable
packaging technologies.

Overall, the integration of biodegradable materials, active
preservation systems, intelligent monitoring technologies,
and circular economy principles has the potential to
transform  post-harvest management of horticultural
produce. Continued collaboration among material scientists,
food technologists, horticulturists, industry stakeholders,
and regulatory agencies will be essential for developing

commercially viable and environmentally responsible
packaging solutions ',

12. Conclusion

Sustainable packaging solutions represent a critical

component of modern post-harvest management for fresh
horticultural produce. Biodegradable polymers, edible
coatings, active packaging, intelligent packaging, and
nanotechnology-based systems offer promising alternatives
to conventional petroleum-based plastics while helping
maintain product quality and extend shelf life. Among these
technologies, chitosan coatings, PLA-based packaging, and
bio-based nanocomposites have shown considerable
potential for commercial application.

Although challenges related to cost, barrier performance,
scalability, and regulation remain, continued advances in
materials science, biotechnology, and smart packaging
technologies are expected to accelerate adoption. Integrating
sustainable packaging with circular economy principles and
efficient cold-chain systems can significantly reduce post-
harvest losses, environmental pollution, and food waste,
thereby contributing to more sustainable horticultural
production and distribution systems.
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