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Food packaging plays a crucial role in preventing food spoilage, preserving food quality, minimising food waste,
and ensuring food safety. However, the most widely used petroleum-based packaging has environmental and
health concerns, which restrict its use. Thus, there is a need for more sustainable options. A viable solution can
be the utilization of eco-friendly biopolymers as a substitute for traditional petroleum-based packaging. The
primary objective of biopolymer-based food packaging, besides ensuring food safety and quality for
consumers, is to address health as well as environmental concerns and reduce negative impacts. However,
biopolymer-based materials have certain drawbacks, such as weak mechanical strength and moisture
resistance. Thus, it is essential to thoroughly assess the difficulties in employing biopolymers in the food
packaging sector and explore strategies to mitigate or eliminate their drawbacks. These challenges can be
resolved by the incorporation of some bioactives, functionalization of biopolymers, and using
nanotechnological approaches that can upgrade the performance of packaging. New food packaging
materials are highly biodegradable and biocompatible, possess appropriate mechanical and thermal
strength, and can monitor the real-time freshness of food products. This review provides insightful
information about biopolymers that can potentially replace plastic-based packaging in an eco-friendly
manner, their origin, functionality, and functionalization using different approaches (blending/composites/
edible films/edible coatings/indicators/nanocomposites/nanosensors). The application of biopolymers in
various food sectors for enhancing the preservation and packaging is also discussed. Moreover, the
integration of SWOT and PESTEL analyses provided here highlights the eco-friendliness and biodegradability
of biopolymer packaging as strengths, while their challenges include price, moisture sensitivity and
mechanical stability. PESTEL analysis reveals strong political and environmental support for sustainable
packaging, but economic scalability and technological roadblocks remain chief obstacles.
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Sustainability spotlight

Single-use plastic is globally banned due to its health and environmental concerns. There is a pressing need to utilise natural resources for packaging materials.
Biopolymer-based packaging is gaining attention due to its natural, high biocompatibility, biodegradability, non-toxicity, and eco-friendly attributes.
Biopolymers (derived from waste) and their active packaging incorporated with natural antimicrobials/antioxidants/plant extracts reduce food spoilage,
greenhouse gas emissions and finally play a key role in waste valorization and achieving a circular economy. This review aligns with the BioE3 policy and United
Nations Sustainable Development Goals, particularly SDG 2 (zero hunger), SDG 3 (good health and well-being), SDG 12 (responsible consumption and
production), SDG 13 (addressing climate change), SDG 14 (sustainable use of marine resources), and SDG 15 (protecting terrestrial ecosystems).
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chandigart e 1 Introduction

Annually, approximately one-third of the world's food is either
discarded or lost, with its monetary value estimated at $936
billion, excluding the associated social and environmental
expenses.” Simultaneously, data from 2020 indicate that 811
million individuals face hunger, while 3 billion individuals
cannot afford nutritious food around the globe."* As the global
population grows, the demand for food increases accordingly.
Reducing food losses could potentially alleviate malnutrition
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for nearly one-eighth of the world's population, helping to
better cope with rising future food needs.> Therefore, it is

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00483g&domain=pdf&date_stamp=2025-10-29
http://orcid.org/0000-0003-3118-5100
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00483g
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003011

Open Access Article. Published on 06 oktobar 2025. Downloaded on 17.5.2026. 05.15.35.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

Table 1 Diverse problems and challenges related to food packaging materials

View Article Online

RSC Sustainability

Type

Problem and challenges

Remarks

Choice of materials

Environmental concerns

Food safety

Consumer expectations

Customer safety issues

Technology and innovation

Cost management

Regulatory compliance

Logistics and storage

Restricted choices for eco-friendly
materials

Suitability of components for packaging
various food products

Biodegradable materials: Price and
accessibility

Single-use plastics

Biodegradability concerns
Restrictions of recycling

Carbon footprint

Barrier attributes for preserving food

Transfer of dangerous components to
food

Contamination risk

Ease versus sustainability

Request for clarity and data

Reducing food waste

Tamper-evidence and counterfeiting

Existence of chemicals/allergens in
packaging

Expense of advanced packaging
technology

Evaluation and verification of innovative
methods

Restricted advancements in conventional
industries

Cost of compliance

Cost of technological integration
Expensive sustainable packaging options
Labeling needs

Compliance with various international
standards

Adapting rules

Strength during shipping

Space efficiency

Storage durability

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sustainable options to plastics, meeting barrier needs and
safety standards

Chances of substance migration/chemical seepage
impacting food quality and safety

Costly and hardly accessible biodegradable alternatives,
particularly for small producers

Excessive reliance on plastics results in pollution (oceanic
habitats)

Certain biodegradable substances do not break down
efficiently in natural environments or typical landfill sites
Difficulties in recycling layered packaging materials and
certain types of plastics

Elevated carbon emissions due to production and
transportation of conventional packaging materials
(plastics and metals)

Ensuring proper barrier attributes (against moisture/light/
oxygen) to extend shelf life can be difficult with non-plastic
components

Preventing packaging components from releasing harmful
substances under various storage conditions

Physical, biological, or chemical contaminants can
infiltrate through packaging

Balancing convenient packaging (single use, resealable
type) with sustainable practices

Growing consumer demand for transparency in
packaging, ingredients, and sustainability

Ensures that packaging reduces food waste by modifying
portion size, enhancing preservation and reducing
environmental impact

Packaging with tamper evidence and anti-counterfeit
features for a global market

Prevent packaging from unintentionally adding allergens
or harmful chemicals to food

Expense of smart packaging (RFID and nanotechnology)
limits accessibility for small-medium-sized businesses
Thorough testing crucial to ensure safety, quality, and
effectiveness of new methods

Gradual adoption of sensors, smart packaging, and
various novel solutions in conventional food industries
Costs of meeting packaging tests, certifications, and
standards

Cost of integrating technologies such as RFID/QR codes/
smart sensors

Increased expenses of environmentally friendly,
recyclable, or reusable options over conventional materials
Labeling compliance (e.g., nutrition, allergen) varies by
region and product category

Managing diverse packaging rules and standards across
countries (e.g., US FDA, EU) on food safety and labeling
Regular monitoring and modifications to packaging
methods are necessary due to frequent updates

Ensuring packaging withstands transport without
affecting food quality and safety

Enhancing packaging design for space efficiency and
reduced component use

Packaging must maintain food stability despite
temperature and humidity changes in supply chain
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Problem and challenges

Type

Remarks

Supply chain issues Access to eco-friendly resources

Supply chain disruptions

Tracking capabilities

Product integrity Stopping product interference

Prolonging shelf life compared to natural

preservatives

Safeguarding the product throughout its

shelf life
Absence of effective disposal and
recycling systems

Waste management

Consumer attitudes about recycling

Handling post-consumer packaging

waste

crucial to lessen food loss and waste to ensure food security
worldwide. The most common methods for reducing food loss
and waste include the packaging and preservation of food.
Packaging plays a vital role and serves as a facilitator in
contemporary food systems. The primary objectives of pack-
aging involve ensuring safety, preserving the quality, and pro-
longing the lifespan of packaged products, shielding them from
environmental, microbial, chemical, and physical threats
during storage and transit." They offer physical defense and
serve as a remarkable barrier, providing the necessary
mechanical and optical properties to achieve a satisfactory shelf
life by preserving the quality and safety of packaged products.>
Accordingly, nearly every food item undergoes packaging at
least once on its journey from the farm to the consumer. The
specifications for a food product are greatly affected by the
packaging type, which includes elements such as construction,
design, and materials utilized.®* The widely used packaging
materials are paper, glass, plastic, metal, various types of
cardboard, and composite substances that contain more than
one substance, such as cardboard coated with plastic.*
However, food packaging face severe issues related to environ-
mental sustainability, production, consumer expectations,
regulatory compliance and complexity of balancing food safety,
as highlighted in Table 1.® Therefore, thoroughly assessing the
properties of these materials is crucial in creating packaging
that fulfils its intended function effectively. These properties
include attributes such as barrier against gases (such as water
vapor, carbon dioxide, oxygen, etc.), aroma, lightness, fat,
migration, physical and mechanical strength, along with
hygiene, which are greatly influenced by the nature of the
material itself.’

1.1 Global plastic crisis and food packaging

Plastics can be categorized into two main classes based on their
source, petroleum and bio-based plastics. Currently, petroleum-
based plastics are frequently used because of their lightweight,
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Changes in the availability of sustainable or recycled raw
materials influence production

Global disturbances (e.g:, geopolitical issues, natural
calamities) impact availability and cost of imported
packaging materials

Challenges in tracking food items throughout the supply
chain with conventional packaging

Ensuring security against tampering during transit and
display

Balancing natural preservatives use with shelf life
extension by advanced packaging techniques

Packaging needs to shield against biological, physical,
chemical threats by keeping product fresh

Lack of disposal and recycling systems for food packaging
waste in many areas

Challenges in motivating consumer involvement in proper
waste disposal and recycling programs

Managing and recycling waste from multi-layered and
composite packaging

low cost, ease of transport, flexibility, wide accessibility, excel-
lent mechanical and barrier properties, and rapid production
capability.® The most commonly used materials are poly-
ethylene, polyolefins, polyethylene terephthalate, and poly-
propylene, which have different properties.*” Similarly, the
production of bioplastics is expected to increase from 2.11
million tons in 2020 to 2.87 million tons in 2025. Some plastics
last less than a year, while others can persist for over 15 years.?
Consequently, many materials used for packaging are neither
biodegradable nor compostable, leading to prolonged envi-
ronmental pollution in soil and water.® Although the suitability
of plastics is quite good, their environmental impact, careless
handling of raw materials, packaging waste with limited recy-
clability and biodegradability, microplastics, marine litter, and
use of fossil resources are major drawbacks, which have been
discussed in public and political debates in recent years.*
Furthermore, plastics significantly impact global greenhouse
gas emissions. In 2019, they accounted for 1.8 billion tons or
3.4% of total emissions. Most of these emissions (90%) origi-
nate from fossil fuel-based production and transformation. By
2060, emissions are expected to exceed 4.3 billion tons."™**
The packaging industry is the biggest plastic consumer,
accounting for around 40%. In the EU, single-use plastic
packaging makes up 60% of plastic waste, but its poor recycling
impacts solid waste and the land and marine environments.*
Between 2009 and 2019, the per capita packaging waste
increased from 27 to 35 kg. The EU is addressing these issues
through strategies such as circular and bioeconomies to
enhance the resource efficiency via innovation and research.™
The circular economy focuses on the 4R concept (reduce, reuse,
recycle, recover), asserting that sustainable resource production
and consumption should be prioritized when proven more eco-
friendly than traditional petrochemical plastics.” India, USA,
Canada, Taiwan, Belize, and Costa Rica have banned single-use
plastics, including plastic cutlery, bags, and straws, to reduce
plastic waste.'® Thus, a big challenge for society is to minimize

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Biopolymer-based
packaging

Plastic-based
packaging
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Fig. 1 Comparative analysis of plastic packaging and biopolymer-
based packaging.

durable, non-biodegradable packaging materials such as plas-
tics, glass, and metal, and find new alternatives (Fig. 1).
Research is ongoing for viable options with suitable packaging
characteristics, aiming to reduce waste with eco-friendly
systems."”

1.2 Biopolymers as a sustainable alternative

Increasing worries about the environmental concerns of plas-
tics have led to studies on alternative materials for food pack-
aging. Biopolymers are excellent renewable and biodegradable
materials for packaging, which are derived from agricultural or
biomass feedstock.' They degrade quickly by natural microor-
ganisms under optimum temperature, oxygen, moisture, and
soil conditions, offering enhanced physical and mechanical
properties that rival standard plastics.”® Furthermore, they are
biodegradable, biocompatible, renewable, safe, and eco-
friendly (Fig. 1). However, despite their advantages, these
materials are less commonly used in food packaging due to
their higher cost, weaker mechanical properties, and greater gas
permeability than traditional polymers.* Various approaches,
such as altering chemical structures and incorporating inor-
ganic and organic substances, have been investigated to
enhance the physicochemical characteristics of biopolymers,
which will be addressed subsequently (Section 3).>°

Food waste and food loss are significant problems that need
to be resolved. This review serves as a step forward in the
preservation and packaging of food that mitigate food losses
with sustainable and green solutions such as biopolymer-based
packaging. Here, the data has been collected from different
databases (such as Scopus, PubMed, Google Scholar, Web of
Science, Science Direct, and Mendeley Databases) by searching
various keywords. The keywords used are as follows: food waste,
conventional strategies, plastic-based packaging, biodegrad-
able, biodegradable packaging, bio-based packaging, biopoly-
mers, polysaccharides, proteins, lipids, green packaging,
sustainable materials, bioactive compounds, active packaging,
smart packaging, environmental impact, circular bioeconomy,
waste recovery, PESTEL analysis, and food applications, to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gather a commendable amount of data, intending to promote
the applications of biopolymers for food packaging and pres-
ervation in the future.

This review offers a brief, yet critical overview of biopoly-
mers, their origin, advancements, and their functionalization
related to food packaging. The novelty associated with this
review is that it provides inclusive insight depicting the appli-
cations of biopolymers (including natural, synthetic, and
microbials), edible films/coatings, antimicrobials, antioxidants,
scavengers, nanocomposites, nanoparticles, nanofillers, and
nanosensors for preserving and packaging different food
products (fruits, vegetables, bakery, confectionary, meat, sea-
food, dairy, and beverages), typically reported in the last 5 years,
in a single frame. A life cycle analysis, SWOT analysis, PESTEL
analysis, and the integration of these analyses are also provided
herein, which depict the benefits, challenges, and political,
economic, social, technological, and legal analysis of
biopolymer-based packaging. It should be highlighted here that
the formulation of this type of packaging based on biopolymers
aligns with the United Nations Sustainable Development Goals
(SDGs), particularly focusing on SDG 2 (Zero Hunger), SDG 3
(Good Health and Well-Being), SDG 12 (minimize waste
through prevention, reduce, recycle, and reuse), SDG 13
(addressing climate change), SDG 14 (preserving marine life),
and SDG 15 (protecting terrestrial ecosystems). This work also
aligns with the BioE3 policy and circular economy for fostering
high-performance biomanufacturing, promoting food security,
and sustainability that improves sustainable cities and
responsible consumption.

2. Biopolymers for food packaging
2.1 Definition and classification

Biopolymers are naturally degradable through microbial action
under appropriate environmental conditions such as oxygen
availability, humidity, temperature, and presence of living
creatures. Also, their synthesis process is eco-friendly and leaves
no harmful residues.>® They are considered among the most
promising materials for applications in food packaging.*
Nonetheless, they typically show low barrier properties,
mechanical properties, processing capabilities, and relatively
higher costs than conventional petroleum-based materials.>
Specifically, their high permeability to gases and vapors, brit-
tleness, low heat-distortion temperature, and limited resistance
to extended processing operations significantly restrict their
industrial use.***®

Accordingly, various methods have been devised to enhance
the attributes of biopolymer-based packaging substances by
modifying the chemical structure of polymers and adding
inorganic or organic compounds.*® Modification of the chem-
ical structure of biopolymers can occur through block-
copolymerization, which involves the sequential growth of
polymers composed of varying segments by post-polymerization
modification of functional groups along their backbone.?” Other
approaches for enhancing the biopolymer attributes include the
addition of plasticizers, antioxidants, antimicrobials, and
nanomaterials, and blending with other biopolymers.”® Their

RSC Sustainability, 2025, 3, 4992-5026 | 4995
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physical and mechanical attributes can also be improved by
employing both natural and synthetic nanofillers. By utilizing
polymer matrices and fillers sourced from renewable resources,
fully biodegradable nanocomposites can be created.*

2.2 Sources of biopolymers

Biopolymers are sourced from animals, plants, marine organ-
isms, food waste, or microbes, including starch, proteins,
peptides, DNA, and RNA.* Biobased polymers are derived from
renewable resources and classified into three main categories
based on their origin and synthesis methods including natural
(e.g., lipids, polysaccharides, and proteins),> synthetic (e.g.,
aliphatic and aromatic polymer), and microbial biopolymers
(e.g., polyesters, carbohydrates, and bacterial cellulose),* as
shown in Fig. 2. Based on their origin, biopolymers are also
divided into two categories, plant-based (starch, cellulose,
pectin, etc.) and animal-based biopolymers (chitosan, gelatin,
etc.).*

2.2.1 Natural biopolymers. Natural biopolymers are poly-
saccharides, proteins, and lipids derived from animals or
plants. Polysaccharides are prevalent and plentiful types of
biopolymers derived from natural resources such as marine
plant fibers/crustaceans. They are lengthy chains of mono-
saccharides linked by glycosidic bonds. They are cost-effective,
eco-friendly, non-allergenic, and biodegradable, and due to
these properties they have swiftly emerged as the top choice as
surface coating agents. Their application as innovative pack-
aging materials has increased due to their widespread avail-
ability, ease of access, and non-toxic nature.** Packaging
materials based on polysaccharides demonstrate superior CO,
and O, barrier attributes, which can efficiently slow down the
food respiration rate and potentially prevent the proliferation of
bacteria/pathogens/molds inside the packaging.*> However, one
disadvantage is that they poorly block water vapor. The most
used polysaccharides are chitosan, cellulose, agar, starch, gum,
carrageenan, pullulan, pectin, alginate, etc.>* Chitosan, starch,
and cellulose are widely utilized as polymeric substances in
food packaging due to their abundant availability and cost-
effectiveness." Biopolymers such as starch and cellulose have
poor water vapor barrier attributes due to their hydrophilic

Natural
biopolymers

1

View Article Online
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nature. This element weakens biopolymer films and reduces
their durability, exposing them to moisture.*

Proteins are crucial for enhancing the rheological charac-
teristics needed for surface coatings and aiding in successful
film formation due to their varying functional properties.” They
are sourced from both animals (collagen, whey, casein, and
gelatin) and plants (wheat gluten, soy, and corn zein). Similar to
carbohydrate-based biopolymers, they are biodegradable,
readily available, and can serve as carriers to integrate other
polymers and functional agents (such as antimicrobial
agents).** They also have outstanding film-forming abilities,
and due to their structured and compact network of hydrogen
bonds, these films provide effective oxygen barriers attributes.
Their potential has sparked increasing attention toward their
use as biopolymers in food packaging applications. However,
their hydrophilic nature and high susceptibility to moisture
result in insufficient resistance to water vapor.* The most used
proteins are zein, gelatin, whey, casein protein, soya, casein,
gluten, peanut, collagen, etc. The flexibility of protein-based
coatings and films is essential for preserving the quality of
food and increasing its shelf life.**

Lipid compounds are increasingly appealing as biopolymer
materials for edible food packaging. Their commercial appli-
cation as preservative coatings for fresh produce started in
1930.*° Compared to biopolymers based on polysaccharides and
proteins, lipid compounds offer superior water vapor barrier
attributes and environmental stressor defense due to their
hydrophobic nature, although they have poor mechanical and
oxygen barrier attributes.””*® The inherent water-repellent traits
of lipids create a robust layer that considerably limits moisture
penetration, which aids in decreasing the water loss in perish-
able foods, and thereby extends their shelf life. Thus, they can
be blended with other polymers, such as polysaccharide mate-
rials, to boost their mechanical attributes.’” Additionally, some
lipid-based biopolymers play crucial roles as emulsifiers and
surface-active agents. Nonetheless, lipid coatings, although
beneficial, are susceptible to oxidative rancidity given that they
come into contact with atmospheric oxygen, leading to unfa-
vorable sensory traits.*** Additionally, lipids do not possess
natural film-forming abilities or adhesive qualities, restricting
their direct use on certain food surfaces. These drawbacks can

Polysaccharides: Starch, chitosan,
/ cellulose, alginate, pectin, etc.

Proteins: Zein, casein, gelatin, soy,
collagen, etc.

Lipids: Wax, fat, oil, etc.

Classification
of biopolymers

"4

Synthetic
biopolymers

Polylactic acid,
polycaprolactone,
polybutylene
succinate, etc.

N

Fig. 2 Major classification of biopolymers.
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Microbial polyester:
Polyhydroxyalkanoates,
etc.

v

Microbial

biopolymers ™, 'Exopolysaccharide:
Bacterial cellulose,

xanthan, dextran, etc.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00483g

Open Access Article. Published on 06 oktobar 2025. Downloaded on 17.5.2026. 05.15.35.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

be addressed by blending lipids with other biopolymers and
fillers, which enhance their ability to form films, adhere, and
become more flexible. The most used lipids are waxes, vegetable
oils, fatty acids, etc.*®

2.2.2 Synthetic biopolymers. Synthetic biopolymers are
typically manufactured via chemical processes using biological
monomers and various condensation or ring-opening poly-
merization methods. These substances encompass aliphatic-
aromatic copolymers (polybutylene adipate-co-terephthalate,
polyglycolic acid, polyester amides, and polybutylene succinate-
co-butylene adipate), aliphatic polyesters, polylactides, and
aliphatic copolymers, all of which are derived from renewable
biobased monomers such as poly lactic acid (PLA), as well as oil-
based monomers.* PLA is a highly promising biobased polymer
due to its accessibility, confirmed ability to be recycled and
composted, and potential to substitute traditional plastic
materials; however, it exhibits poor mechanical and barrier
characteristics.*

2.2.3 Microbial biopolymers. Microbial biopolymers are
composed of polymers formed by bacteria or microorganisms
that have been genetically altered. Microbial polymers are
polyesters (polyhydroxybutyrate (PHB), polyhydroxyalkanoates
(PHA), and polyhydroxybutyrate-valerate (PHBV)), carbohy-
drates (curdlan and pullulan), natural polymers (PLA), and
bacterial cellulose.** An example of polyester, PHA, is created by
fermenting sugars and lipids with bacteria. PHA polyester is
biodegradable, biocompatible, and derived from renewable
sources. Generally, PHA polymers show strong resistance to UV
rays, are water-insoluble, somewhat resistant to hydrolytic
damage, dissolve in chloroform and chlorinated hydrocarbons,
and are non-toxic.*” Nevertheless, PHAs exhibit limited resis-
tance to acids and bases. These materials are promising given
that they could potentially compete with traditional plastics
derived from fossil fuels in the food packaging sector, owing to
their water-repellent characteristics and the flexibility of their
mechanical attributes.*

2.3 Key attributes of biopolymers for food packaging

The properties of materials must be assessed before choosing
a specific material for packaging. The choice is influenced by
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barrier, chemical, thermal, mechanical, ecological, and
economic criteria (as discussed in Table 1). All these attributes
are crucial for extending the quality and shelf life of food
products.** The major properties of food packaging materials
and their benefits are depicted in Fig. 3. Packaging materials
should be biodegradable, non-toxic, and suitable for direct
contact with food. Also, they should have the ability to bend or
stretch without cracking.” The main physicochemical and
functional properties for food packaging are described below.

2.3.1 Barrier properties. The barrier characteristics of
a biopolymer utilized in food packaging are crucial for pro-
longing the shelf life of the packaged food item.* Barrier
attributes such as gas, water vapor, organic vapor, and moisture
permeability, UV barrier, and liquid barrier are vital for
isolating food products from the external environment.*
Barrier functions against gases are crucial in choosing materials
for food packaging. A lack of sufficient barrier in packaging can
result in the rapid spoilage of its contents, such as the oxidation
of vulnerable fatty foods due to insufficient oxygen protection,
or the early wilting of lettuce because of inappropriate water
vapor barrier.”” Thus, it is crucial to prevent oxygen and mois-
ture exchange to ensure effective food packaging, which affects
the taste, odor, quality, appearance, marketability, and shelf life
of food. The barrier attributes of materials depend on the
transmission rate, permeability, permeance, pressure, temper-
ature, relative humidity, and nature of the food product to be
packaged.*®

The oxygen barrier of biopolymers is crucial for enhancing
the shelf life of packaged foods. Oxygen permeability is
measured via the oxygen permeability and oxygen transmission
rate. A higher oxygen transmission rate shows poorer barrier
properties.** Food packaging must also minimize moisture
transfer and reduce the water vapor transmission rate. Adding
layered nanosilicates and metal oxide nanoparticles such as
ZnO, TiO,, and Al,O; to biopolymers creates nanocomposites
that are effective at blocking oxygen.*® Similarly, the ability to
block UV rays is crucial in preserving the nutritional quality and
maintaining the color of food.** Thus, the packaging should
have good barrier properties to reduce microbial growth and
preserve food products.

(a) , (b)
Eco-friendly
Reduce waste generation & ' . .
promote resource conservation Benefits of packaging
T Transparency 7 Ri2
: " Q & A / To evaluate quality, freshness & Ensures sensory_ qualities
gamer attributes @ el safety of packaged food visually v' Enhanced shelf life
xygen v "
Carbon dioxide b S Food Retention tof aroma & color
Moisture = . - components
Water vapor . paCkaglng 3 ceirzinies WP v Carriers of volatile precursor
UV rays { t . I ,;:_;E Improve antioxidant &
Volatiecompounds ' materiais @ antimicrobial properties v Best consumer appeal
/ ? 7 - v" Reduced microbial spoilage
&/ \ v" Reduced moisture migration
Mechanical attributes : e v Reduced nutrient loss
At : i ; mprove aroma, color, texture, : :
Maintain food package integrity during : . v Delay ripening
handling, transport & storage flavors & satisfaction of food Y. )

Fig. 3
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(a) Major properties of food packaging materials and (b) benefits of food packaging.
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2.3.2 Mechanical strength. The main goal of packaging is
to protect food from external factors such as cracks and random
breaks.”> The mechanical attributes of a packaging system are
crucial for protecting food under challenging conditions such
as storage, handling, and processing. The mechanical attributes
of biopolymers are mainly influenced by their matrix struc-
ture.?> The key mechanical attributes for packaging include: (a)
tensile properties such as elastic modulus, elongation at break,
and tensile strength (the force to break a sample), (b) seal
strength, the force to separate sealed layers, (c) hot tack
strength, peak force at heat seals, (d) impact strength, resis-
tance to impact, and (e) peel strength, force needed to separate
adhesive bonds.*>*> The tenacity, stress, seal strength, resis-
tance to impact, and strain at break of biopolymers can be
improved by adding additives to enhance their performance in
preserving food. Thus, to enhance characteristics such as
strength and stiffness through a reinforcement mechanism,
specific nanofillers are distributed or reinforced in polymer
matrices.”* The main factor influencing this reinforcement is
the dimensions, form, surface area, concentration, orientation,
polydispersity and dispersion state of nanofillers, which can
lead to their grafting onto the matrix polymer.* The brittleness,
odor, gas permeability, and tensile strength are all impacted by
crystallinity. Improved cohesion between the polymer matrix
and filler materials enhances the Young's modulus, maximum
strength, thermal resistance, and stress at break.*® It also
contributes to better shear resistance, reduced exfoliation, and
increased corrosion protection. Similarly, interfacial adhesion
arises when distinct materials such as particles and polymer
matrices are mixed or combined, facilitating enhanced disper-
sion within the matrix.*® To achieve the optimal adhesion, the
physicochemical characteristics of the components should be
compatible, e.g., combining hydrophobic fillers with hydro-
phobic matrices or hydrophilic fillers with hydrophilic matrices
promotes stronger interfacial bonds and improved material
integration.” Various biodegradable polymers, when reinforced
with chitin nanofibers, exhibit greater tensile strength and
reduced elongation at break. Thus, all the parameters are
interlinked and affect each other's performance.>

2.3.3 Optical properties. The optical
biopolymer-based packaging materials refer to their interaction
with light, including absorbance, transmittance, color, trans-
parency, gloss, opacity, and UV light blocking capacity.’” These
characteristics are critical in food packaging because they affect
consumer perception, product presentation, and facilitate
inspection of the packaged contents.” These properties can
exhibit significant variation depending on the material
composition, thickness, and manufacturing techniques.
Transparency, often measured as a key optical attribute, is
especially important for biopolymer-based films given that it
directly impacts the look of the packaged product.** Thus,
a clear film is found to be suitable for dry snacks, but an opaque
or UV-blocking film is found to be more suitable for oil-rich or
protein-rich foods. Chitosan-based films are slightly yellow,
transparent, and have good UV barrier properties, while zein-
based films are brittle, transparent, and have good UV-

features of
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blocking attributes.*® Thus, different biopolymers have been
used for packaging different food products. High color or
opacity can reduce the water vapor and gas permeability.** For
example, The incorporation of grape seed extract in gelatin
films enhances their oxygen barrier attributes but reduces their
light transmittance attributes.®® Enhanced light resistance
contributes to greater thermal stability by reducing photo-
thermal degradation. Additionally, films with increased crys-
tallinity tend to exhibit improved heat resistance. Thus, the
optical properties of biopolymer-based packaging influences
consumer safety, shelf life, and packaging performance.*®

2.3.4 Chemical resistance. Chemical resistance is vital
because the food inside the packaging might be acidic, basic,
oils or alcohols and could react with the packaging material.>”
For safety, it is important to identify the chemical composition
of the food before its packaging. These chemicals can integrate
and migrate into food, degrade the packaging or absorbed by
the biopolymer matrix, which can change the barrier and
mechanical properties.”” Thus, there should be enough resis-
tance in packaging to limit the migration of chemicals from the
packaging materials to food, and finally the human body, which
can overall preserve human health and food products.*” This
property can ensure the shelf life, quality and safety of food
products. Chemical resistance property is also interlinked with
other properties such as mechanical, thermal, and barrier
properties.** Biopolymers that withstand breakdown in acidic or
oily conditions generally offer enhanced barrier capabilities,
especially against gases, moisture, and organic substances. This
is due to the robust structural composition needed to resist
chemical reactions, which also tends to limit permeability, an
important factor for preserving food freshness.*>** Additionally,
chemical durability often correlates with mechanical resilience,
and biopolymers featuring high levels of crystallinity or cross-
linking ability not only endure exposure to solvents and pH
variations, but also demonstrate superior flexibility and
strength. Similarly, the thermal behavior of a biopolymer is also
influenced by its chemical resilience.® Materials that resist
chemical degradation often exhibit greater thermal stability,
enabling them to maintain their form and function during
manufacturing and storage.’® However, strengthening one
characteristic can sometimes compromise others; for instance,
additives that enhance chemical resistance may diminish flex-
ibility or improve brittleness. Therefore, carefully balancing all
functional properties is crucial for developing high-
performance biopolymer food packaging.*®

2.3.5 Thermal properties. Thermal properties describe how
a biopolymer reacts when exposed to heat, encompassing
factors such as its thermal degradation temperature, melting
point, glass transition temperature, thermal stability, thermal
insulation, and overall heat resistance.” These characteristics
are vital in the context of food packaging, given that they
influence how the material performs during manufacturing
processes such as extrusion, sealing, and molding, as well as
during storage and thermal treatments such as refrigeration,
pasteurization, and microwave heating.** Thus, these properties
must be considered during the formulation of packaging
materials. The thermal attributes of the packaging components
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are evaluated via the thermogravimetric and differential scan-
ning calorimetry methods.** Therefore, understanding these
thermal characteristics enables the storage and transportation
of food packaging at the temperatures necessary for food
products.*® The thermal behavior of biopolymers is intricately
connected to their barrier, mechanical, and chemical resistance
properties. Generally, improved thermal stability is associated
with higher crystallinity, which helps reduce molecular motion
and lowers the permeability to gases and moisture, thereby
strengthening the barrier performance.”® Additionally,
biopolymers with better heat resistance tend to possess
enhanced mechanical durability and chemical resilience,
particularly when interacting with acidic or oily food
substances.> According to research, applying techniques such
as nanoclay integration and cross-linking can effectively boost
the thermal, mechanical, and barrier characteristics, while
preserving the biodegradable nature of materials. This holistic
improvement supports the sustainability objectives of contem-
porary food packaging solutions.®

3. Material engineering and
formulation strategies

Biopolymers can be utilized for packaging purposes in various
forms.

3.1 Structural components

Biopolymers can serve as single materials, components of
polymer mixtures, or part of composite materials. The blending
of polymers/composites/multi-layered coatings/films represents
a transformative method for preserving food, given that it
addresses the drawbacks of using single compounds and
leverages their combined advantages.®* Given that one compo-
nent cannot provide all the required properties, the function-
ality and properties can be enhanced by mixing different
biopolymers. For example, polysaccharide films exhibit strong
mechanical properties, but they are not effective at blocking
moisture. Thus, their combination with lipids and nano-
particles has improved their moisture barrier properties.®> For
example, the incorporation of stearic acid in starch-based
packaging has increased its moisture barrier attributes. The
compatibility and miscibility of biopolymers are crucial for
obtaining the desired properties required for specific uses.®
The combination of lipids and hydrocolloids boosts the mois-
ture retention, enhance the mechanical strength, and prolong
the shelf life of perishable food items.

3.2 Edible coatings and films

Edible coatings are uniformly applied, thin layers of edible
constituents that can be consumed with the product. They are
generally flavorless, colorless, and odorless and maintain the
sensory properties of the coated produce (aroma, texture, taste,
and appearance).* They can shape thin films when they are
processed in a specific way. A film/coating is obtained by film
casting, extrusion, or spraying methods. These coatings and
films are typically composed of environmentally sustainable,
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naturally derived, and biodegradable polymers including poly-
saccharides, proteins, and lipids, and their blends.** Biopoly-
mers serve as a substrate material, creating a multi-layered
structure that improves the processability (sealability or print-
ability) and barrier attributes or functionalizes the product
surface.® These coatings/films offer excellent barrier properties
against gases, water, microbes, and volatile substances over the
surface of product.” They physically trap carbon dioxide gas
within the produce tissues, and the higher levels of internal
carbon dioxide reduce the respiration and ethylene production
rates, and therefore delay senescence. They also preserve
various flavorings and other volatile compounds present in the
coated product.**

Polysaccharides are the most popular and extensively used
materials for formulating coatings/films. Biopolymers such as
chitosan, a linear polysaccharide, have been widely used as
edible coatings/films due to their high biocompatibility,
biodegradability, edible, and Generally Recognized as Safe
(GRAS) nature.” In the food industry, chitosan films delay
phenolic oxidation and prevent browning.® Their antimicrobial
properties also curb microbial growth. When mango slices are
coated with chitosan films, their shelf life is extended, and their
quality is maintained.*® Thus, these coatings/films ensure
sensory properties, act as a barrier to free gas exchange, reduce
microbial spoilage, moisture migration, and enzymatic brown-
ing, delay ripening, act as carriers of volatile compounds, and
overall enhance the shelf life by preserving the quality of
products.

3.3 Functional additives

The properties of polymers can be improved by incorporating
various agents such as polymers, composites, flavonoids, plas-
ticizers, nanoparticles, essential oils, antioxidants, phenolic
compounds, antimicrobials, and plant extracts.®” Biopolymers
can be used as functional additives to manage the physical and
mechanical characteristics such as stiffness, hardness,
strength, and barrier function.®®

Plasticizers are low molecular weight compounds frequently
used to alter the properties of biopolymers for specific appli-
cations. They influence the intermolecular bonds among poly-
mer chains, encouraging conformational changes and
enhancing deformability.*”® Plasticization serves as a technique
to reduce the brittleness of bio-nanocomposite films and
improve their processability, chain mobility, and flexibility. The
commonly used plasticizer materials include sorbitol, triacetin,
polyethylene glycol, tributyl citrate, and glycerol in food pack-
aging polymer matrices.” Introducing triacetin as a plasticizer
into PLA in appropriate amount can markedly improve its
ductility. However, the addition of a plasticizer may weaken the
mechanical properties and presents environmental and health
concerns. Hence, discovering an optimum plasticizer with low
mobility and a higher molecular weight is crucial.”*

Integrating phenolic compounds such as caffeic acid ph-
enethyl ester and curcumin into packaging can enhance food
safety and quality by combatting microbial growth through
antioxidant release.”” Flavonoids, vital natural compounds
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found in oranges, grapes, onions, and celery, offer antioxidant
and antimicrobial benefits and are categorized into flavans,
anthoxanthins, anthocyanidins, flavonols, and flavanones.
These natural antioxidants are now commonly used to shield
foods from oxidative damage and free radicals.”™

Oxidation is a key factor in food spoilage that affects lipid
and protein quality. However, the incorporation of antioxidants
can slow this process by reducing the oxygen levels. The main
method used today is adding antioxidants to foods, despite
their drawbacks such as decreased activity during processing
and reduced food quality after consumption.” Antioxidants can
be integrated into biopolymeric films either physically or
chemically through techniques such as surface coating, non-
covalent embedding, and covalent attachment.” Polymeric
matrices can hold active compounds within their structure and
release them effectively. The most used antioxidants are tea
polyphenols, corn stigma extract, pineapple peel extract, litchi
shell extract, and blueberry leaf extract.”

Similarly, packaged food products are prone to food-borne
pathogens (viruses, parasites, and bacteria), which leads to
food-borne diseases, spoilage, or contamination.”” Various
bacteria like Bacillus cereus, Pseudomonas aeruginosa, Salmo-
nella, Staphylococcus aureus, Vibrio cholera, Escherichia coli, Lis-
teria monocytogenes, Enterococcus faecalis, and Staphylococcus
epidermis contribute to food spoilage.”” In addition, yeasts
(Candida and Torulopsis) and molds (Aspergillus and Rhizopus)
contribute to foodborne infections. These infections and
spoilage can be prevented using antimicrobial agents.” The
inclusion of metal and metal oxide nanoparticles (Fe;0,, MgO,
TiO,, ZnO, Cu, Ag, Au, etc.), synthetic agents (EDTA, ammonium
salts, sorbic acids, benzoic, and propionic), nanoclay (MMT and
Ag-zeolite), enzymes (peroxidase, lysozyme), biopolymers (chi-
tosan), and bioactive compounds (thymol, nisin, carvacrol, and
isothiocyanate) can enhance the optical attributes, resilience,
thermal stability, glass transition temperature, tensile strength,
and antibacterial characteristics of the polymer matrix.***
Metal nanoparticles such as copper, zinc, and silver, along with
metal oxide nanoparticles such as TiO,, CuO, MgO, and ZnO,
have been utilized in bio-nanocomposites to improve the
physicochemical attributes of packaging materials.®” To achieve
antiviral properties, the integration of nanoparticles such as
silver, copper oxide, and zinc peroxide is recommended.
Incorporating these nanoparticles into biopolymers has shown
promising outcomes against both human enteric viruses and
microbial cells.®

The antimicrobial attributes of biopolymers can be improved
by the incorporation of essential oils. Essential oils are hydro-
phobic compounds derived from plants, containing elements
such as phenols, aldehydes, ketones, and terpenes.** Their
hydrophobic nature and phenolic components enable them to
efficiently infiltrate bacterial cell membranes, resulting in the
leakage of cell contents and ions and disruption in lipid-
protein interactions. The most used essential oils are clove,
cinnamon, thyme, lavender, peppermint, cumin, oregano, and
olive.** They show antibacterial effects by targeting microbial
cells with precision, leading to cell wall disruption, interference
with electron transfer, enzyme activity disturbance, oxidation,
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ROS formation, destruction of organelles, DNA synthesis inhi-
bition, and cell death.*** Thus, the incorporation of functional
additives such as flavonoids, essential oils, antimicrobials,
antioxidants, nanoparticles, plasticizers, and plant extracts can
enhance the shelf life of food products by preserving the quality
parameters.*

3.4 Nanotechnology in biopolymer packaging

Nanotechnology is a rapidly growing field focusing on small
particles with versatile uses. Their tiny size offers a high surface
area-to-volume ratio, enhancing the material properties with
minimal defects compared to larger particles.*® Nano-
composites are engineered solid materials derived from
merging the distinct physical and chemical properties of poly-
mers and inorganic solids (clays/oxides) at the nanoscale.
Nanocomposites are made by adding nanofillers or nano-
particles to polymer matrices, improving their physical,
mechanical, barrier, and antimicrobial attributes.?” Biopolymer
nanocomposites consist of bio-based materials with two pha-
ses, a biopolymer matrix (continuous phase) and nanoparticle
fillers (discontinuous phase). Matrix materials (such as metals,
polymers, and ceramics) maintain the arrangement of the
reinforcement materials, while filler materials (such as
particles/fibers) introduce new characteristics to the matrix
phase.*®* Nanocomposites or nanofillers consist of organic
(natural fibers, polymer nanofibers, natural clay, etc.), inorganic
(iron, gold, silver, copper oxide, zinc oxide, iron oxide, etc.), and
carbon structures (fullerenes, carbon nanotubes, graphene, and
nanofibers).”® These materials can enhance the consistency of
edible coatings, thereby increasing their efficiency in reducing
food spoilage. Incorporating nano-sensors into these coatings
could facilitate the real-time monitoring of food quality,
offering valuable insights to both consumers and manufac-
turers.”* They can interact with food by emitting active agents
such as antimicrobials and antioxidants or eliminating
unwanted elements such as oxygen and water vapor.”® Polymer
nanocomposites can be divided based on their nanofiller
dimensions (0D, 1D, 2D, and 3D), nanofiller type (silicate,
metal, sulfide, metal oxide, and hydroxide), polymer matrix type
(thermoplastic, thermoset, elastomer, natural, and biodegrad-
able), and synthesis methods (simultaneous polymerization, ex
situ, and in situ).**°* Thus, they enhance the polymer properties
by improving the barrier, thermal, and mechanical features and
can be formulated by solution casting, melt processing, spray-
ing, in situ polymerization, or solution blending and casting
methods.?>%

Despite the numerous benefits of nanotechnological
approaches, there are still certain concerns related to long-term
stability, potential migration-related risks, changes in sensory
attributes, and implications for consumer health.*® Although
nanomaterials offer excellent barrier capabilities (such as
minimizing oxygen and moisture transfer), their sustained
performance particularly under fluctuating storage conditions,
remains a critical consideration.” For instance, some coatings
made with nanomaterials may deteriorate or lose their protec-
tive qualities when exposed to light or high humidity,
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potentially reducing their effectiveness.®” Thus, the long-term
stability and reliability of these materials are a major concern
with the use of nanotechnology in food coatings. Another key
concern involves the possible migration of nanomaterials from
coatings into food.*>** Due to their small size and large surface
area, nanoparticles have a greater likelihood of transferring into
the food matrix, potentially leading to health risks. The most
frequently used nanoparticles are titanium dioxide nano-
particles owing to their whitening effect in food coatings, which
can potentially migrate into food, resulting in their inadvertent
ingestion.”” Nanomaterial-based coatings can affect the sensory
attributes of food, including its appearance, taste, and texture.**
However, the long-term health impacts of nanoparticles such as
their buildup within the body remain unclear, prompting
concerns about their safety. Therefore, it is crucial to prioritize
consumer awareness and implement robust regulatory frame-
works to ensure that foods treated with these coatings do not
pose health risks. Additionally, the durability of these coatings
over time must be weighed against their functional perfor-
mance and environmental sustainability.*

3.5 Formulation strategies for food packaging

Different types of packaging products (such as blends/
composites/coatings/films/bio-nanocomposites) are prepared
using various techniques based on the type of nanosized fillers,
the polymer matrix they are dispersed in, and their intended
application.”® The common methods include solution casting,
spraying, melt extrusion, and inkjet printing. Melt-blown
extrusion techniques are applied in the fabrication of pack-
aging films using biopolymer-based methods such as solvent
casting, melt extrusion, and thermal compression.* The blown
film process is preferred for large-scale film production,
whereas the solution casting and extrusion melting methods
are primarily employed at the laboratory scale.*

Solution casting is the predominantly utilized method for
the synthesis of polymer nanocomposites within the laboratory.
An appropriate solvent is selected to dissolve the polymer,
facilitating the uniform distribution of nanoparticles. To ensure
the homogeneous integration of nanostructure additives into
the biopolymer matrix, mechanical agitation coupled with
ultrasonication is typically employed.** The prepared mixture is
then cast onto a plate and kept in an oven, enabling solvent
evaporation for drying purpose. This process occurs at room
temperature and is widely used for proteins, polysaccharides,
essential oils, natural extracts or volatile-based films.** Extru-
sion, as another prevalent and scalable method, is an eco-
friendly and cost-effective for making bio-nanocomposites
and integrating natural additives into appropriate biopolymer
matrices. In this process, the active compound is blended with
a biopolymer within an extruder.” The resulting bioactive films
can then be manufactured through compression molding, film
blowing, or melt casting methods. For example, the incorpora-
tion of nanoparticles in polymer granules in the molten state
ensures their uniform dispersion, while the polymer endures
shear stress and temperature to prevent degradation.®® Spraying
involves applying a molten bio-nanocomposite onto a substrate
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to form a protective coating, which is well-suited for enhancing
corrosion resistance, minimizing wear, enabling abradable
sealing, and providing thermal insulation. This technique is
characterized by high deposition efficiency, cost-effectiveness,
operational simplicity, and the use of portable equipment.®®
Inkjet printing in solid freeform fabrication has recently been
developed for several biopolymers, utilizing inkjet deposition to
integrate nanostructures into a low viscosity matrix for rapid
processing. This technique effectively incorporates nanosized
particles or fibers into a photocurable thermoset matrix to
develop functional nanocomposites.” Inkjet printing offers
benefits such as affordability, simplicity, and high efficiency.
For example, the spoilage of seafood and meat results from
autolytic reactions and microbial breakdown of proteins,
glycogen, fats, and micronutrients. This process gradually
produces various metabolites such as sulfur dioxide, volatile
amines, biogenic amines, and organic acids such as alcohols,
aldehydes, esters, propionic, acetic, butyric acids, and short-
chain fatty acids.” For predicting the freshness of fish, inkjet-
printed indicators have been potentially used to detect pH
changes. For example, edible coatings and flexible films were
formulated from Butea monosperma flower extract and guar gum
for preserving and prolonging the shelf life and freshness of
tomatoes.”®

4. Biopolymer-based packaging
technologies

Biopolymer-based packaging technologies are broadly classified
into active and intelligent packaging based on their interaction
with food and function.*® Their classification is shown in Fig. 4.

4.1 Active packaging

Active packaging materials are engineered compounds
designed to enhance the sensory characteristics and maintain
the quality of products. These systems incorporate agents that
actively interact with both the food and its surrounding envi-
ronment, thereby ensuring its safety, preserving its quality, and
extending its shelf life through functional additives or intrinsic
properties.” They provide a barrier against the external envi-
ronment and control the internal atmosphere. These materials
fall into two categories, emitters (releasing systems) such as

Polymer blends & composites
1 Active Edible coatings
packaging | Edible films

/\ Scavengers/absorbers/emitters
\ 2

F°°d_ Intelligent Spoilageinfiiclators
packaging Backaging Freshness indicators
approaches Biosensors

Nanoencapsulation
Nanotechnology- | Nanocomposites
based packaging |Nanoparticles

Nanosensors

Bioprinting/3-D food printing ]

Fig. 4 Biopolymer-based food packaging technologies.
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carbon dioxide emitters, and absorbers (scavengers) such as
carbon dioxide, oxygen, ethylene, and moisture absorbers.?®*
Active packaging does not react to particular stimuli, in contrast
to intelligent (responsive) packaging.®®

4.1.1 Ethylene absorbers. Ethylene, even at low levels, can
speed up ripening, softening, or aging, reducing the shelf life of
food products by increasing their respiration rate during
storage and transport. To counter this, ethylene absorbers can
be used, which work through chemical reactions or physical
adsorption within a closed space.*>'** Ethylene absorbers are
often categorized into three classes, as follows: (a) metal oxides
and metals, (b) nanostructured carbon materials, and (c) sili-
cates and zeolites such as vermiculite, clays, and zeolites.'
Potassium permanganate (KMnOy,), in either its pure form or
combined with nanosilicates, nanoclays, or nanozeolites, is
a well-known ethylene absorber. KMnO, interacts with oxygen
and generates water and carbon dioxide, effectively slowing
down the ripening process, and thus preserving food and
extending its shelf life."*

4.1.2 Carbon dioxide absorbers. CO, is useful for main-
taining food freshness by suppressing microbial growth and
oxidation. However, its concentration in packaging must be
controlled given that excess CO, can negatively impact the
product quality, including changes in flavor and texture, espe-
cially in dairy products.'® A carbon dioxide absorber can curb
microbial growth (such as yeast, mold, and bacteria), eliminate
excess CO,, and reduce the environmental impact, preventing
the rupture of the package during storage.'® CO, absorbent
materials fall into two types, as follows: (a) physical scavengers
such as activated carbon, silica gel, zeolite, and silica gel and (b)
chemical scavengers such as sodium carbonate, sodium
hydroxide, calcium hydroxide, and calcium oxide.'*®

4.1.3 Oxygen absorbers. Typically, food products are
susceptible to the presence of oxygen, which can instigate
oxidative reactions or microbial degradation, thereby di-
minishing nutrients, causing discoloration, degrading vita-
mins, and facilitating oxidation, which result in a reduced shelf
life.>*'*” Oxygen absorbers are employed to regulate the oxygen
levels and prevent oxygen infiltration through packaging
materials during storage. Additionally, these absorbers can
enhance the barrier properties of packaging, prevent rancidity,
lower the rate of deterioration, and minimize excessive oxygen
within active packaging systems.'”” Oxygen absorber agents are
systematically categorized into four distinct groups, as follows:
(a) inorganic scavengers, such as sulfite and titanium dioxide,
(b) metallic scavengers, such as iron and ferrous oxide powder,
(c) organic scavengers, such as catechol, ascorbic acid, and
lignin, and (d) enzymatic agents.'”® These oxygen absorbers are
engineered in various structural configurations such as films,
sachets, cards, pads, and labels to effectively absorb or diminish
the residual oxygen surrounding food products.**®

4.1.4 Moisture absorbers. Too much moisture in a sealed
package can lead to microbial growth, alter its texture, decrease
its transparency, and shorten its shelf life.'*® Thus, to enhance
food sensory qualities, moisture absorbers or desiccants are
used to manage humidity inside a package, using hygroscopic
materials such as calcium oxide, silica gel, and bentonite clays.
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These materials are utilized as films, pads, and sachets to
protect sensitive foods from moisture that preserve the overall
quality of food.*****

4.1.5 Carbon dioxide emitter. A CO, emitter system main-
tains the CO, levels to preserve the sensory properties, reduce
the package volume to control microbes, and extend the shelf
life in food products. CO, emitters are usually pads or sachets in
packaging.'* These emitters are composed of active ingredients
such as citric acid, ascorbic acid, ferrous carbonate, and sodium
bicarbonate. The appropriate amount of CO, emitter will
maintain an appropriate CO, level, enhancing the physico-
chemical properties of packaged products.”* Additionally,
elevated CO, levels in certain products such as poultry and meat
are necessary to curb microbial growth and minimize waste.'**

4.2 Intelligent packaging

Packaged product deterioration involves the nature of food
(such as pH, water activity, microbial presence, redox potential,
respiration, and antimicrobial components), and environ-
mental factors (such as humidity, temperature, and gas
composition)."** Intelligent packaging, as growing technology,
enhances quality and safety by indicating package issues.
Intelligent food packaging changes color when it detects
spoilage by coming into contact with biomarkers such as
ammonia and carbon dioxide, or alterations in pH from deca-
ying food.'** This biomimetic technology offers a visual, real-
time alert mechanism aimed at minimizing food waste and
enhancing safety, by translating adaptive traits from nature into
effective solutions for modern food systems.”” They offer
responsive features across the food supply chai