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Abstract: This review highlights recent innovations in food packaging, emphasizing the shift from
conventional petroleum-based materials to bio-based alternatives and smart packaging systems. Bio-based
materials, such as starch, cellulose, and polyhydroxyalkanoates (PHA), offer sustainable solutions due to their
biodegradability and reduced environmental impact. These materials are positioned as eco-friendly
alternatives to traditional plastics, but face challenges related to production costs and scalability. Additionally,
advancements in smart packaging technologies, including sensor and indicator systems, provide real-time food
quality monitoring, enhancing food safety and reducing waste. Active packaging technologies, incorporating
natural antioxidants and moisture control, extend product shelf life and improve food preservation. Also, these
biopolymers usually present lower CO: footprint, energetic cost, and water consumption during their
production, in comparison to traditionally used synthetic plastics. The review identifies critical challenges,
such as regulatory barriers and technological limitations, but also outlines significant opportunities for future
research and innovation in the food packaging sector, aiming for more efficient, safer, and environmentally
sustainable packaging solutions.
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1. Introduction

The food industry has experienced exponential growth in packaging usage over the past
decades, driven by the demand for more durable, safer, and convenient products for the end
consumer. It is estimated that more than 40% of the packaging materials used globally are allocated
to the food sector [1], reflecting the critical importance of this component in the food value chain.
Packaging is fundamental in protecting food, ensuring that products retain their sensory and
nutritional qualities until they reach consumers [2]. This underscores the importance of developing
new packaging solutions that address market needs and growing environmental challenges.

Historically, cardboard, paper, and plastic have dominated the food packaging landscape. While
cardboard and paper are recyclable, they face limitations regarding moisture and gas barriers, critical
factors for preserving many types of food. On the other hand, plastic offers versatile properties such
as lightness, strength, and flexibility, making it the standard material of choice for various packaging
applications. However, the high stability of these materials also makes them resistant to natural
degradation, leading to their accumulation and causing environmental problems [2]. Recent data
indicate that approximately 8 million tons of plastics enter the oceans annually, much of which
originates from non-biodegradable food packaging waste, significantly contributing to solid waste
accumulation [3].

Food packaging serves various functions, from physical product protection against mechanical
impacts and microbiological contamination to ensuring an extended shelf life through barriers
against oxygen, light, and moisture [4]. Additionally, packaging is an important means of
communication with consumers, providing information about the product, such as ingredients,
usage instructions, and expiration dates, and serving as a platform for marketing strategies [5]. In
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this context, it is important to produce packaging that is efficient, informative, and environmentally
friendly [6,7].

The evolution of food packaging is not limited to increased production quantity. There is a
growing trend towards innovation in the materials used, with the development of biodegradable,
compostable, and recyclable packaging gaining prominence in corporate sustainability agendas [8—
10]. Additionally, the production of intelligent packaging has also been extensively studied and has
attracted the attention of the scientific community due to its efficiency in food preservation and as a
means of communication with consumers [11-13]. These technologies have the potential to enhance
food safety and quality, reduce waste, and facilitate real-time monitoring of product status
throughout the supply chain, enabling the removal of non-compliant products before they reach the
end consumer.

These intelligent packaging systems can be divided into indicator, sensor, and radio frequency
identification (RFID) packaging subgroups. Indicator packaging is related to the quality of the food,
indicating, for example, pH changes, which cause perceptible color changes when the food is no
longer suitable for consumption [12,14]. Sensor packaging indicates the presence or level of certain
substances or physical properties, such as monitoring gases, humidity, microorganisms, or
temperature changes [15]. RFID technologies are integrative, allowing packaging to respond to
specific conditions indicated by indicator/sensor packaging [16]. RFID-enabled packaging transmits
real-time data to producers, such as humidity, temperature, light exposure, and gas formation. This
allows for actions like discarding material, adjusting storage conditions, or adopting adaptive
packaging that modifies its characteristics to better food [17].

Given this dynamic scenario, the present review article aims to analyze recent advancements
and emerging trends in food packaging, focusing on transitioning from traditional materials to bio-
based materials and integrating smart systems. This study evaluates the functional properties,
environmental impacts, economic implications, and the role of intelligent technologies in packaging
innovations. It also identifies key challenges and opportunities for large-scale adoption in the food
industry. Understanding these trends can guide future research and technological innovations and
assist policymakers and industries in making informed decisions. These decisions are fundamental
for developing and implementing new packaging solutions that meet the demands of a global market
that is increasingly aware of the environmental impacts of their consumption choices.

2. Bio-Based Materials

Bio-based materials are derived from biological resources such as plants [18], algae [19], organic
waste [20], bacteria [21], fungi [22], and even insects [23], which can be used as substitutes for
conventional petroleum-based materials. The use of bio-based materials reduces dependence on
fossil resources, decreases greenhouse gas emissions, and promotes a circular economy where
materials can be recycled or composted at the end of their life cycle [24].

Additionally, these materials, often biodegradable, naturally decompose in the environment,
reducing plastic pollution and minimizing environmental impact. While a petroleum-based plastic,
such as PET, can take approximately 400 to 1,000 years to decompose, PLA, for example, can take
only 3 to 6 months under industrial composting conditions [25,26]. The production of bio-based
materials, although currently more expensive due to emerging technology, has the potential to make
processes more sustainable [27]. Furthermore, unlike petroleum-based plastics, bio-based materials
tend to generate less negative social impact and can even create economic opportunities in rural areas
[28,29] (Figure 1).
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Figure 1. Usually reported biomaterials applicable in the production of primary and secondary
packaging.

These materials also align better with increasingly stringent environmental regulations, offering
a competitive advantage in markets that value sustainability (Song et al., 2022). Table 1 provides a
detailed analysis of the critical differences between bio-based materials and petroleum-derived
plastics, highlighting characteristics such as biodegradability, environmental impact, and production
cost.

Bio-materials have applications in various fields, such as agriculture, the pharmaceutical
industry, cosmetics, and the packaging sector. For example, in the field of agriculture, they are used
to develop biodegradable films and mats that help protect crops from pests, retain soil moisture, and
even gradually release fertilizers, naturally decomposing after use [31,32]. They are also used in
biodegradable planting pots that can be planted directly into the soil, reducing plant stress during
transplantation. In logistics and transportation, bio-based packaging creates lightweight, durable,
and flexible solutions that minimize waste, protect products during transit, and are easier to recycle
or compost.

In the pharmaceutical industry, these materials have been used for drug encapsulation, where
biodegradability is required for the controlled release of active compounds in the human body.
Additionally, they are employed in disposable medical devices, such as sutures and temporary
implants, which biodegrade after fulfilling their function. In the cosmetic sector, bio-based materials
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are used in personal care products, such as creams, lotions, and soaps, standing out for their reduced
environmental impact, protection of sensitive active ingredients, and ability to create innovative and
attractive packaging that reflects the brand's ecological values.

In the food industry, these materials are particularly valuable for food packaging, as they offer
significant potential to reduce the environmental impact associated with plastic waste. Their
biodegradability and sustainable origins help minimize pollution and carbon footprint, making them
an attractive choice for brands committed to sustainability. These materials are also applied in
electronic product packaging, where moisture protection and the demand for more eco-friendly
materials drive the adoption of bio-based alternatives, which combine efficiency in protecting devices
with a lower environmental burden.

In addition to the applications already mentioned, advances in research and development of bio-
based materials have enabled the creation of advanced composites that combine superior mechanical
properties with environmental sustainability. These composites, formed by combining bio-based
polymers with natural fibers, such as coconut, bamboo, and sisal fibers, are used to manufacture
automotive parts, such as interior panels and seat supports, due to their high strength and durability,
making them ideal for use in sectors such as construction, the automotive industry, and the
production of durable consumer goods [33]. For example, interior parts and structural components
made from bio-based composites can reduce the vehicle's overall weight in the automotive industry,
contributing to greater energy efficiency and lower CO:z emissions [34].

As bio-based materials evolve in their functional properties, they synergize with emerging
technologies, such as intelligent packaging. This combination of sustainability with technological
innovation transforms how we approach food packaging, integrating functionality with positive
environmental impact. Bio-based materials are also being explored in emerging sectors, such as
developing biodegradable electronic devices. These devices, which include sensors and flexible
circuits, use bio-based conductive polymers to replace heavy metals and other non-renewable
materials [35]. This innovation enhances the sustainability of electronic devices and opens up new
possibilities for creating disposable technologies that naturally degrade the environment, eliminating
the need for complex recycling processes.

In addition to innovations in the electronics sector, bio-based materials are also being widely
used in the renewable energy sector for the manufacturing of solar cell components and batteries,
where the need for lightweight, durable, and environmentally friendly materials is crucial [36,37].
These materials reduce the environmental impact of the production and disposal of energy storage
devices, aligning with global carbon emission reduction goals and promoting a circular economy.

Bio-based materials represent a promising frontier for sustainable innovation across multiple
sectors. Their ability to replace conventional materials, reduce carbon footprints, and minimize
environmental impacts is significant. In addition to their positive environmental impact, these
materials also enable sustainable economic development. With the continuous advancement of
technology and the growing demand for eco-friendly solutions, bio-based materials are poised to
play a central role in global sustainability strategies. It is essential to continue investing in research
and development to ensure their impact, addressing challenges such as production costs and
manufacturing scale [38].

Table 1. Comparative analysis of bio-based materials and petroleum-derived plastics: characteristics,
environmental impacts, and technological applications.

Characteristic Bio-Based Materials Petroleum-Derived Materials (Plastics) References
Biological lants, al.
Origin 1ologica’ resources (plants, algae, Fossil resources (petroleum, natural gas) [39]
organic waste, etc.)
Sustainability High (renewable,. lower carbon Low (non—renewal?le, high carbon [40,41]
footprint) footprint)
Biodegradability Generally l?i.odegra(.:l;.able under  Generally non—biodegr.adable, persists for (42]
specific conditions centuries
Compostability Many are compostable (such as Rarely compostable, requires special (43]

PLA in industrial composting) processes
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D iti h f i
econ}posmon Months to a few ya.ee.n's (depending 400 to 1,000 years for plastics like PET [43]
time on conditions)
Greenhouse gas Reduced (during production and High (during both production and [44]
emissions decomposition) decomposition)
Environmental Lower impact (less pollution, High impact (pollution, microplastics, 2]
impact sustainable life cycle) long-lasting waste)
- Variable (some are recyclable, but  High recyclability for some plastics (like
Recyclabilit 45
ecyclabiitty with limitations) PET), but depends on infrastructure (431
Production cost Can be higher currer?tly (emerging Generally lower, fiue to established (46]
technologies) production scale
Availability of Depends on agriculture, waste, and Dependent on petrc')Ieum fe.serves, limi’fed
. biotechnology; generally more and concentrated in specific geographic [47]
raw materials . . . . .
available in agricultural regions regions
Technological Rapidly groning area with Mature techn.ology, less innovati.on in new
innovation investments in biotechnology and ~ raw materials, focus on recycling and [46,48]
new production processes energy efficiency
S Concentration of wealth in regions with
C . Can generate jobs in rural areas, .
Social impact petroleum reserves, negative impacts on [49]

stimulating local economies . .
local communities due to extraction

Compatibility . . .
. Generally compliant with stricter . . .
with . . . Subject to strict regulations due to
. environmental regulations, aligned . L. [9]
environmental . . pollution and carbon emissions
K with carbon reduction goals
regulations

Lower embedded energy in some
cases, especially if produced locally;
energy used in composting or
biodegradation

Examples of Packaging by “Natura,” PLA ~ Coca-Cola bottles (PET), Tupperware food
products and utensils, biodegradable starch-  containers (PE), supermarket plastic bags -

Life cycles and
embedded
energy

High embedded energy from extraction to
processing, along with energy costs for [50]
recycling or final disposal

brands based bags (PE)
. Greater potential for waste Lower waste reduction potential, but
Waste reduction . s e .
. reduction due to compostability recyclability in established waste [42,43]
potential . - :
and biodegradability management chains
Generally perceived as safer, but  Potential migration of chemical additives
Impact on . .
studies are ongoing to understand  to food and beverages, concerns about [9]
human health . .
all effects microplastics
Functional = Boa barrei igéni idad
tctiona od arrel%“a a0 OXIgEMo e. HIHAade gy cellent barrier to oxygen and moisture [15]
performance (varia conforme o tipo)
Mechanical Good, but may be inferior Generally superior, high durability and [12,15]
Strength compared to traditional plastics strength ’
Consumer Positive (associated with Negative in terms of environmental [9,48]
perception sustainability) impact, but reliable in functionality !

Bio-based materials are classified as natural and biodegradable, offering a sustainable
alternative to synthetic polymers. Natural polymers found in living organisms can be sourced
directly from biological materials such as cellulose, starch, and proteins. Microorganisms in the
environment degrade these materials, allowing them to re-enter natural cycles without leaving toxic
residues. Biodegradability is a key characteristic that distinguishes bio-based materials from
synthetic polymers, which generally persist in the environment for long periods and contribute to
plastic pollution [24]. Additionally, bio-based materials can be compostable, meaning they
decompose under specific conditions, such as those found in industrial composting facilities,
resulting in harmless products like water, carbon dioxide, and biomass [51].

The classification of bio-based materials can be based on the origin of the polymers, their
biodegradable properties, and their ability to be composted or recycled. These criteria help determine
the potential applications of the materials, as well as their sustainability and environmental impact.
Natural polymers occur naturally and can be directly extracted from biological sources. Examples
include bacterial cellulose, extracted from microbial cultures; starch, derived from various plants
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such as corn and potatoes; and chitosan, obtained from crustaceans. These polymers are generally
biodegradable and have a variety of applications in packaging due to their ecological properties
(Babu, O’Connor, and Seeram, 2013).

Polymers derived from biomass are synthesized from renewable biomass through chemical or
biotechnological processes. Examples include polylactic acid (PLA), produced from the fermentation
of plant sugars, and polyhydroxyalkanoates (PHA), produced by certain bacteria through the
fermentation of organic substrates. These polymers combine the advantage of being bio-based with
the ability to be biodegradable or compostable [53].

Bio-based composites and blends refer to materials that combine bio-based polymers with other
compounds or polymers to optimize their functional properties. Blends can include natural polymers
with biodegradable synthetic polymers or additives that enhance mechanical, thermal, or barrier
properties. These mixtures allow for creating materials with superior performance in specific
applications while maintaining the environmental advantages of the bio-based components.

3. Performance and Functional Properties of Polymers in Food Packaging

Several reports have presented the application of biomaterials in the production of packaging.
Cellulose is one of the most reported polymer, represented by 422 published papers. Chitosan, starch
and PLA also have high representation, usually being applicable as hybrid composites. Other
materials have been emerging as new alternatives, such as PHB and pectin.

I I 119 Nanocellulose
422 Cellulose B 107 Waste
I = 37 Carboxymethyl cellulose
== 3() Bacterial Cellulose
342 Chitosan - 15 Methyl cellulose
I 277 Starch
1,668 Food Packaging
51 PHA = 30 PHB
I 217 PLA
M 70 Pectin
M 53 Gum
m 42 Agar

31 Carrageenan

== 23 Soy protein
I 140 Other

Figure 2. Most reported biomaterrials for packaging production in the last ten years (2014-2024).

3.1. Cellulose

Cellulose, one of the most abundant polymers on Earth, is primarily sourced from plants.
Cellulose is widely used in packaging for its biodegradability and oxygen barrier properties,
although modifications or coatings are necessary to enhance its moisture barrier capabilities. Bacterial
cellulose, a form of cellulose produced by microorganisms, is noted for its purity and superior
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mechanical strength, making it ideal for applications requiring high structural integrity. Its derivation
from renewable sources and biodegradability make it a promising choice for replacing traditional
plastics in food packaging.

Shi et al. (2024) [12] developed collagen nanocomposite films reinforced with curcumin-loaded
laponite nanoplatelets (LAP NPs), intended as freshness indicators for shrimp packaging. The films
exhibited high hydrophobicity, with a water contact angle of 133°, and a water vapor permeability of
0.62 g mm/m? h kPa. The antioxidant activity was significantly high (77.5%), and the material showed
sensitivity to pH and NHs, changing color from yellow to reddish brown with increasing shrimp
spoilage. After 5 days of storage, the color change of the films was visible to the naked eye, confirming
their potential as an efficient visual indicator for monitoring seafood freshness in intelligent and
sustainable packaging.

Gao et al. (2024) [45] developed a green and renewable chitosan/poly(vinyl alcohol) (CS/PVA)
composite film reinforced with a Z-scheme heterojunction of carbon graphite nitride (g-CsN4) and
titanium dioxide (TiO2) for fruit packaging. This composite showed exceptional photocatalytic
properties, particularly under LED light, with significant antibacterial efficacy and the ability to
preserve strawberries for up to 120 h. The film also exhibited excellent mechanical strength, low water
vapor permeability (from 152 to 126 g Pa' s m1), and improved UV barrier properties, contributing
to the longer shelf-life of packaged foods. Additionally, the film exhibited good recyclability and
renewability, underscoring its potential for sustainable fruit packaging applications as an efficient
and economical alternative to conventional materials, contributing to environmental protection.

Koreshkov et al. (2024) [54] explored the use of bacterial nanocellulose derived from kombucha,
modified with oligo-lactic acid (OLLA-g-BC), as a filler in biodegradable biopolymers like PLA and
PHBV for food packaging. The incorporation of 5% OLLA-g-BC reduced oxygen permeability by
approximately 23% in PLA and 45% in PHBV while increasing water vapor permeability by 12% in
PLA. The modification of the nanocellulose significantly improved the dispersion of particles within
the polymer matrix, as observed through scanning electron microscopy. Additionally, the
biodegradability of the composites was accelerated under thermophilic conditions due to the
accelerated hydrolysis of short OLLA chains. However, mechanical properties, such as Young's
modulus, varied, with a 12% increase in PLA and a 14% decrease in PHBV. This study demonstrates
the potential of OLLA-g-BC nanocomposites to replace fossil-based plastics in food packaging,
promoting a circular and sustainable economy.

3.2. Chitosan

Chitosan, a biopolymer derived from chitin found in crustacean shells, is valued for its inherent
antimicrobial properties, making it ideal for food packaging aimed at extending shelf life. Chitosan
is also utilized to produce flexible, transparent films with effective gas barrier properties. Due to its
biodegradability and natural origin, chitosan is gaining recognition as an eco-friendly alternative in
the food packaging industry.

Fang et al. (2024) [55] developed edible films composed of chitosan and nisin, incorporating
perilla essential oil emulsions and glycerol monolaurate, for application in ready-to-eat fish meatball.
The film formulation was optimized using response surface methodology, resulting in a composition
of 6 uL/mL of perilla essential oil, 18.4 ug/mL of glycerol monolaurate, 14.2 mg/mL of chitosan, and
11.0 pg/mL of nisin. This formulation exhibited an inhibition rate against Staphylococcus aureus of
99.94%. The films proved to be highly effective in reducing the total bacterial count and total volatile
elemental nitrogen (TVB-N) levels in the fish meatballs, maintaining the freshness of the products for
up to 12 days with minimal changes in appearance during storage. These results suggest that the
edible films exhibit ideal antimicrobial and physical properties for aquatic food packaging,
presenting a promising solution for preserving ready-to-eat products.

Ton-That et al. (2025) [56] developed a chitosan film incorporated with silver nanoparticles
(AgNPs) synthesized from dragon fruit stem using an environmentally friendly method. The
resulting film, C4EsAgs, demonstrated remarkable mechanical and biological properties. The film
demonstrated a tensile strength of 24.85 + 0.21 MPa, a significant improvement compared to the
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control. Additionally, the CsEsAgs film showed high antioxidant activity, with a free radical
scavenging capacity of 89.28 + 1.18%. The antimicrobial activity was particularly effective,
eliminating more than 99.99% of Staphylococcus aureus and Escherichia coli after 6 hours of exposure.
In strawberry preservation tests, the film reduced weight loss to 44.58 + 0.56% and extended the shelf
life of the fruit to up to 5 days. These characteristics indicate that the chitosan film decorated with
AgNPs is a promising option for application in food packaging, offering antioxidant and
antimicrobial protection and being biodegradable and compliant with EFSA and ECHA regulatory
standards for silver migration in food.

3.3. Starch

Starch, a widely used biopolymer derived from sources such as corn, potatoes, and tapioca, is
commonly employed in the production of biodegradable films and packaging. However, its
effectiveness as a barrier against moisture and gases is limited, frequently necessitating the addition
of other materials or chemical treatments to improve performance. Despite these challenges, starch
remains an economical choice due to its abundance and versatility, although continued innovation is
required to overcome its technical limitations.

Pech-Cohuo et al. (2024) investigated the development of thermoplastic starch (TPS)-based
bioplastics derived from Melicoccus bijugatus (huaya) seeds and reinforced with bentonite clay. The
study aimed to explore the sustainable use of unconventional starch sources and improve the
properties of bioplastics through clay incorporation. The results demonstrated a significant increase
in the tensile strength of the biofilms, from 2.5 MPa in pure TPS to 5.0 MPa with the addition of 5%
clay. The elastic modulus also increased from 25 MPa to 60 MPa with the same concentration of clay.
The thermal stability of the bioplastics improved as the initial degradation temperature increased
from 110°C in pure TPS to 130°C with the addition of 5% clay. Additionally, the water vapor
permeability (WVP) of the biofilms decreased from 4.11 x 10 g-m-s1-Pa-! to 2.09 x 10-° g-m-s1-Pa-!
with the incorporation of 5% clay, demonstrating a significant barrier effect. These results indicate
that huaya starch-based bioplastics reinforced with bentonite clay have great potential for
applications in sustainable food packaging, offering improvements in mechanical and barrier
properties.

Tekin et al. (2024) [57] focused on developing active and biodegradable packaging films based
on thermoplastic starch (TPS) and poly(butylene adipate-co-terephthalate) (PBAT) incorporated with
grape seed oil, a-tocopherol, and rice husk. Using response surface methodology, the study
optimized the concentrations of these antioxidants to achieve optimal mechanical and antioxidant
properties. The optimized film containing 2.38% grape seed oil and 80.76% TPS exhibited antioxidant
activity of 40.90% and tensile strength of 51.30 MPa. The optimized film with a-tocopherol (2.08%
concentration) showed an antioxidant activity of 90.12% but a lower tensile strength of 4.89 MPa.
Although the rice husk films exhibited good antioxidant properties, they faced significant challenges
in terms of homogeneity and mechanical performance, with a tensile strength of 6.03 MPa. These
results suggest that TPS/PBAT films with grape seed oil and a-tocopherol have considerable potential
for active food packaging, offering a combination of antioxidant protection and adequate mechanical
properties.

3.4. PLA (Polylactic Acid)

PLA is a thermoplastic polyester synthesized from renewable sources, such as corn and
sugarcane. PLA is one of the most widely used bioplastics due to its industrial compostability and
properties, comparable to PET in terms of transparency and mechanical strength. However, PLA's
low heat resistance limits its applications in high-temperature environments. Although PLA is
biodegradable, it requires specific conditions, such as those found in industrial composting facilities,
to decompose efficiently [25].

The study by SEN (2024) [58] developed polylactic acid (PLA) films reinforced with Leonardite
(LEO) and boric acid (BOR) for food packaging applications. Films with up to 4% LEO significantly
improved tensile strength (28.7 MPa) and elastic modulus (1463 MPa) while increasing
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hydrophobicity, as indicated by a contact angle of 92.45°. In contrast, although BOR improved tensile
strength at low concentrations, its addition led to particle agglomeration, reduced compatibility with
PLA, and increased oxygen transmission rate, diminishing the film’s effectiveness as a gas barrier.
These results suggest that Leonardite has the potential to enhance the mechanical and barrier
properties of PLA films, but the addition of BOR must be carefully controlled.

Lawal et al. (2024) [59] developed polylactic acid (PLA) films reinforced with amine-
functionalized mesoporous silica (GMS) for food packaging applications. The incorporation of GMS
significantly increased the antioxidant properties of the film, with a free radical scavenging efficiency
of 78%, and improved antibacterial activity, reducing the growth of Staphylococcus aureus and
Escherichia coli by more than 90%. Additionally, the PLA/GMS films exhibited a reduction in oxygen
transmission rate (OTR) by approximately 45% compared to pure PLA, enhancing their food
preservation capabilities. The film extended the shelf life of apple slices by up to seven days,
highlighting its potential as an active and sustainable material for food packaging.

Kowalczyk et al. (2024) [60] evaluated sustainable packaging materials for vacuum-packed beef
steaks, comparing biodegradable polylactide (NAT/PLA) and Mater-Bi® (NAT/MBI) films with
synthetic polyamide/polyethylene (PA/PE) films. The results showed that steaks packaged in
NAT/PLA exhibited lower exudate loss (3.0%) and less expressed water after 14 and 21 days than
those packaged in PA/PE. Regarding color, steaks packaged in NAT/MBI exhibited the most
favorable appearance after blooming, with the highest values for L, a*, C*, and the R630/580 ratio,
indicating a higher oxymyoglobin content and a lower proportion of metmyoglobin. All steaks,
regardless of film type, maintained acceptable lipid oxidation during the 28-day aging period, with
TBARS values below 0.25 mg MDA /kg, ensuring the preservation of the sensory quality of the meat.

3.5. Pectin

Pectin, a complex polysaccharide primarily found in the cell walls of fruits, is well-known for its
gelling properties and capacity to form edible films. In food packaging, pectin-based edible coatings
are used to extend the shelf life of perishable products, such as fruits and vegetables, by forming a
barrier that reduces moisture loss and inhibits microbial growth. Owing to its biodegradability and
non-toxic nature, pectin is particularly suitable for applications where the packaging must be safely
consumed or degrade rapidly in the environment, offering a sustainable solution for food
preservation.

Han et al. (2024) [61] developed multifunctional pectin-based films containing Schiff bases
synthesized from y-aminobutyric acid (GABA) and syringaldehyde (SA), designed to monitor
freshness and preserve fresh-cut papayas. These films exhibited excellent texture density, water
resistance, UV light-blocking capacity, and partially visible light blocking. Additionally, the films
demonstrated high antioxidant activity, with ABTS and DPPH free radical scavenging rates of 90.19%
and 85.37%, respectively. The films also exhibited effective antimicrobial activity against E. coli, S.
aureus, and B. cinere. They were sensitive to color changes according to pH, allowing the freshness of
papayas to be monitored based on color change. The application of these films effectively delayed
the ripening of fresh-cut papayas, highlighting their potential as intelligent and active packaging
materials for fruit preservation.

Li et al. (2024) [62] investigated the development of a pectin film fortified with zein nanoparticles
and Fe*-encapsulated propolis extract for fruit preservation. The film demonstrated an
approximately 46% reduction in moisture content and a 19% decrease in water vapor permeability
compared to pure pectin. The tensile strength nearly doubled, and the antioxidant activity was
significantly enhanced, along with robust antibacterial properties. Moreover, the dual encapsulation
system improved the release characteristics of the propolis extract, prolonging the preservation
efficacy of strawberries during storage. These results indicate that the film has great potential as an
active and sustainable packaging material for fruit preservation.
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3.6. Gum

Natural gums, such as xanthan gum, are polysaccharides recognized for their rheological
properties, including thickening and gelling capabilities. In packaging applications, these gums are
commonly incorporated to enhance the consistency, texture, and mechanical strength of edible
coatings.

Yar et al. (2024) [63] developed an intelligent film composed of carboxymethylcellulose,
xanthan gum, and citric acid, enriched with blackcurrant anthocyanins, for monitoring beef
freshness. The film showed high sensitivity to ammonia and pH changes, with notable color shifts as
meat spoilage progressed. In tests conducted at 4°C, 25°C, and 35°C, the film effectively detected
spoilage, with color shifts from red to pink, black to brown, and yellow, corresponding to increased
levels of total volatile basic nitrogen (TVB-N) and pH in the meat. Additionally, the films exhibited
biodegradation rates ranging from 37.16% to 51.49%, depending on the anthocyanin concentration,
suggesting their potential as a sustainable solution for intelligent packaging to monitor meat
freshness.

Liu et al. (2024) [64] presented a stepwise reinforcement strategy to enhance the properties of
guar gum (GG) and sodium alginate (SA)-based films. The addition of 12% carboxylated cellulose
nanofibers (CCN) significantly increased the tensile strength of the films, from 23.16 MPa to 39.4 MPa
with the mixing method and to 43.8 MPa with the layer-by-layer (LBL) assembly method. Water
vapor permeability (WVP) was reduced from 26.07 x 10! g-m~"-s-Pa~* to 15.31 x 101! g-m~1-s-Pa™
with calcium ion (Ca?*) crosslinking treatment. Additionally, the water solubility of the films was
drastically reduced after crosslinking, from nearly 100% to 23.66%-28.62%, depending on the method
and CCN concentration used. These results suggest that the combination of CCN and Ca?* treatment
can produce films with significantly enhanced mechanical and barrier properties, making them
suitable for food packaging applications.

3.7. Agar

Agar is a polysaccharide derived from seaweed recognized for its ability to form rigid gels. It is
widely used in the food industry as a gelling agent and shows great potential in biodegradable
packaging, particularly in edible films or coatings for food. Its biodegradability and natural origin
make agar a promising option for applications where sustainability and food safety are key priorities.

Khan et al. (2024) [65] nvestigated the effect of incorporating carbon dots doped into titanium
metal-organic frameworks (CD@Ti-MOF) into carboxymethylcellulose (CMC) and agar-based films
for active packaging of fruits, specifically cherry tomatoes. The incorporation of CD@Ti-MOF
increased the film's tensile strength by 17.4% and provided strong antioxidant activity, with free
radical scavenging efficiencies of 100% for ABTS and 57.8% for DPPH. The film also exhibited high
UV light-blocking capacity, blocking 95.7% of UV-B radiation and 84.7% of UV-A, and demonstrated
effective antimicrobial activity, inhibiting E. coli growth by up to 8.2 Log CFU/mL and eliminating
Listeria monocytogenes after 12 hours. During storage at 4°C for 24 days, the CMC/Agar/CD@Ti-
MOF film effectively extended the shelf life of cherry tomatoes, preserving their visual quality and
delaying degradation. These results demonstrate the potential of this material for active packaging
to prolong the freshness of fruits during storage.

Riahi et al. (2024) [66] xplored the use of an iron-based metal-organic framework hybridized
with carbon dots (CD@MOF) in agar/gelatin films for fruit preservation, focusing on cherry tomatoes.
The addition of CD@MOF to the film significantly increased the tensile strength to 75.1 MPa and
elongation at break to 15.7%, demonstrating improved mechanical properties compared to the
control. The films exhibited excellent antioxidant activity, with free radical scavenging rates of 71.9%
for DPPH and 100% for ABTS, and demonstrated strong antibacterial activity, inhibiting E. coli
growth by 2.4 log and eliminating Listeria monocytogenes after 12 hours. During storage at 4°C for 24
days, the CD@MOF films effectively preserved cherry tomatoes by minimizing weight loss and
maintaining firmness and pH, suggesting their strong potential as an active packaging material to
extend the shelf life of fresh fruits.
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3.8. PHB (Polyhydroxybutyrate)

PHB is a polyester produced by bacteria as part of their metabolic processes. It is fully
biodegradable and has mechanical properties similar to polypropylene, a widely used plastic.
However, PHB is more expensive to produce, which limits its large-scale adoption. Nonetheless, its
environmental profile and physical properties make it a viable alternative in food packaging
applications, especially where biodegradability is crucial.

Kumari et al. (2024) [67] investigated the use of active poly(3-hydroxybutyrate) (PHB)
nanocomposites reinforced with grape seed oil (GS) and magnesium oxide nanoparticles (MgO NPs)
to extend the shelf life of cherry tomatoes. The PHB/5GS/0.7MgO film demonstrated superior
mechanical properties, with a 1.4-fold increase in tensile strength (27.89 MPa) and 30 times greater
elongation at break (14.74%) compared to pure PHB. Additionally, the film showed a 90%
improvement in oxygen barrier properties and a 79% improvement in water vapor barrier properties.
During 23 days of storage at room temperature, the tomatoes packaged with PHB/5GS/0.7MgO
exhibited minimal weight loss (4.45%) and better firmness retention (15.77 N on day 21) compared to
other storage methods. The film also displayed excellent antioxidant activity (65.25% DPPH radical
scavenging). It completely inhibited the growth of E. coli and S. aureus, demonstrating its potential as
a promising and environmentally friendly solution for active packaging.

The study by Palmieri et al. (2024) [68] focused on the development of biodegradable multilayer
films using poly(butylene succinate) (PBS) and poly(hydroxybutyrate) (PHB) reinforced with
Cloisite® 30B nanoclay, aiming for food packaging applications. The addition of 5% Cloisite® to PHB
resulted in a significant improvement in the films' mechanical and barrier properties. The film
exhibited increased stiffness, with a significantly higher elastic modulus than pure PHB, and a
reduction in oxygen permeability by up to 55%, depending on the functional layer thickness.
Additionally, water vapor permeability was also reduced as the concentration of nanofillers
increased, demonstrating the effectiveness of Cloisite® in enhancing tortuosity and reducing free
volume in the film matrix. These results indicate that multilayer films with PHB and nanoclay have
strong potential to replace conventional plastics in food packaging, offering better barrier and
mechanical properties.

Mittal et al. (2024) [69] developed poly(hydroxybutyrate) (PHB) nanocomposites reinforced with
silver (Ag) and zinc oxide (ZnO) nanoparticles for active food packaging, specifically bread. The
optimized film containing 3% ZnO showed significant improvements in mechanical properties, with
tensile strength increasing to 22.11 MPa compared to 9.14 MPa in pure PHB and elongation at break
reaching 7.06%, representing a substantial improvement over pure PHB. The film also demonstrated
a reduction in water vapor permeability (WVP) to 0.22 g mm/m? kPa-day, along with excellent
antimicrobial activity, inhibiting the growth of Escherichia coli, Staphylococcus aureus, and Aspergillus
niger. The use of this film extended the shelf life of packaged bread from 4-5 days (with PHB/Ag film)
to 8-10 days (with PHB/Ag-ZnO 3% film). These improvements highlight the potential of these
nanocomposites for active food packaging applications, combining antimicrobial efficacy with
enhanced mechanical and barrier performance.

3.9. Hybrid Composites

Hybrid composites, which combine natural and synthetic polymers with functional additives,
have emerged as a promising solution to address these challenges. These materials not only offer
biodegradability and reduced environmental impact but also improve mechanical properties, barrier
performance, and active functionality, such as antimicrobial protection and the ability to monitor
food freshness. The following studies explore different approaches to developing hybrid composites
for food packaging, focusing on enhancing the efficiency and sustainability of these materials.

Mavai et al. (2024) [46] discuss the development of a ternary bioplastic based on polylactic acid
(PLA), gum, and cellulose, highlighting significant improvements in the material’s properties. The
addition of gum increased the composite’s flexibility. At the same time, cellulose enhanced its
structural integrity, resulting in a 53.87% increase in tensile strength and a 61.46% improvement in
elongation at break compared to pure PLA. Additionally, the bioplastic exhibited up to a 51%
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reduction in oxygen transmission rate (OTR) and a 48% reduction in water vapor transmission rate
(WVTR) due to the presence of cellulose nanocrystals (CNCs), creating a tortuosity effect within the
film matrix. The study also reports that the addition of gum increased the material’s hydrophobicity
by 14%, which, along with the high crystalline density achieved through hot extrusion of
functionalized PLA with gum, resulted in a UV barrier effect of 95%. These results indicate that the
developed ternary composite has suitable characteristics for food packaging applications, providing
better protection against oxygen, moisture, and UV light and enhancing the durability and quality of
packaged food.

The study by Vazquez et al. (2024) [70] investigates the application of laminated films composed
of bacterial cellulose (BC) and chitosan, enriched with grape pomace extract (GE) and glycerol, as
active separators for Havarti cheese slices. The films demonstrated significant antioxidant capacity,
reducing lipid oxidation in the cheese by up to 67.3% after 60 days of storage compared to traditional
polyamide/polyethylene (PA/PE) films. Additionally, the incorporation of GE and glycerol improved
the films' mechanical properties, increasing tensile strength to 59.18 MPa and elongation to 8.63%,
compared to the initial values without these additives. Thermal tests indicated that the films
maintained good stability up to 100°C, making them suitable for thermal treatments, such as
pasteurization applications. These results suggest that the BC-chitosan laminated films enriched with
GE and glycerol are promising as active packaging materials, contributing to the extension of food
shelf life and environmental sustainability.

Li et al. (2024) [39] developed a dual-layer film using a copigmentation strategy with tannic acid
and anthocyanins, combined with reduced silver nanoparticles (AgNPs), for the preservation and
freshness monitoring of beef. The film demonstrated excellent antioxidant properties, with a DPPH
scavenging rate of over 88% and significant antimicrobial activity, effectively inhibiting the growth
of Escherichia coli and Staphylococcus aureus. The film also exhibited high hydrophobicity, a water
contact angle (WCA) greater than 100°, and adequate UV barrier protection, with nearly 0%
transmission between 200-320 nm. Additionally, the film displayed noticeable color changes in
response to pH variations (from pink to yellow between pH 2 and 12) and sensitivity to volatile
amines, enabling freshness monitoring of the meat throughout storage and extending its shelf life by
one day. The digital color analysis of the films, using a smartphone application to quantify RGB
values, allowed for a quick and accurate assessment of meat freshness, demonstrating the potential
of this material for intelligent and active packaging applications.

The study by Priyanka et al. (2024) [71] developed an active nanocomposite for food packaging
using a blend of starch, chitosan, and taro mucilage, doped with zinc oxide nanoparticles (ZnO NPs).
This film showed significant improvements in mechanical properties, with tensile strength increasing
to 1.29 MPa and elongation at break to 23.52%, compared to 0.28 MPa and 18.76%, respectively, in
the film without ZnO. The water contact angle also increased, indicating lower hydrophilicity and
higher water resistance. The film demonstrated complete biodegradability (100%) after 15 days in soil
and intense antibacterial activity, with inhibition zones of 26 mm against Bacillus sp. and 30 mm
against Pseudomonas sp. These results suggest that the nanocomposite is a promising material for
active food packaging, combining antimicrobial efficacy with environmental safety.

Yousefi et al. (2024) [72] investigate the effects of temperature, azodicarbonamide (AZ) as a
foaming agent, and boron nitride (BN) as a reinforcement agent in PHA/PLA composites, using a
design of experiments (DoE) approach. The addition of 1% BN to the composite resulted in a
significant improvement in mechanical properties, increasing tensile strength to 8.46 MPa and
modulus to 164 MPa. The study also identified the optimal concentration of AZ (0.25%) to maintain
good mechanical properties while allowing the formation of porous structures, resulting in a 20-21%
reduction in density. Additionally, higher AZ concentrations led to faster crystallization, with the
cold crystallization temperature reduced to 92.7°C and crystallinity of 32.6% during the second DSC
heating. These results suggest that using AZ and BN can effectively enhance the properties of
PHA/PLA composites while reducing material costs and density, making them more competitive for
industrial applications.
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4. Comparison of Bio-Based and Conventional Materials in Packaging

The analysis of Table 2 reveals critical aspects regarding the environmental and functional
properties of bio-based materials compared to conventional plastics, highlighting both the benefits
and limitations associated with the use of biopolymers in packaging. These materials, such as PLA,
PHA, bacterial cellulose, and chitosan, stand out for their lower CO, emissions than petroleum-based
polymers such as PET and PP. For example, PLA has emissions of only 0.9 g CO,-eq/kg, a fraction of
the emissions associated with PET, which reaches 28.3 g CO»-eq/kg [53,73,74]. This difference
underscores a significant environmental advantage of bio-based materials, particularly in the
growing demand for solutions minimizing carbon footprint. Replacing conventional polymers with
biopolymers can, therefore, represent a relevant contribution to reducing greenhouse gas emissions
throughout the life cycle of the materials.

However, the high energy consumption of some biopolymers is still a point of concern. For
example, PHA, with an energy consumption of 79.0 MJ/kg, is close to the consumption of plastics
such as PP (76.7 MJ/kg), which suggests that, although these biopolymers are environmentally
advantageous in terms of CO, emissions, the impact of energy consumption still needs to be
optimized. This high energy demand is partly related to the fermentation and purification processes
inherent to the production of biopolymers, highlighting the need for technological advances to
increase the efficiency of these processes. This implies that, although PHA offers advantages in
biodegradability and functionality, its energy efficiency needs to be improved to achieve a more
balanced economic and environmental viability [75].

In addition, water consumption varies substantially between materials. While materials such as
thermoplastic starch and paper consume large volumes of water during production (5.0 liters/kg and
15.9 liters/kg, respectively), which can pose a challenge in water-stressed regions, PP and PLA
consume significantly less (1.9 liters/kg and 2.5 liters/kg) [73]. Although the use of renewable raw
materials such as corn and potatoes for thermoplastic starch is positive in terms of resource
sustainability, high water consumption may limit the potential application of these materials in
geographic contexts where water is a scarce resource. Therefore, it is essential to consider the water
balance as a critical criterion when assessing the global sustainability of biopolymers.

In terms of biodegradability, biopolymers significantly outperform conventional plastics, such
as PET, PP, and LDPE, which have decomposition times of over 100 years [46,76]. Materials such as
PLA, PHA, bacterial cellulose, and thermoplastic starch have considerably shorter biodegradation
times, ranging from 1 to 5 years, making them ideal for disposable packaging, especially in locations
where recycling infrastructure is limited. PLA may present high biodegradability, as its hardness
decreases after 3 months [25]. Faster biodegradability is a crucial advantage in reducing the
environmental impact of plastic waste and preventing the accumulation of waste in landfills or the
environment.

There is considerable variation between the different biopolymers in terms of mechanical
properties. Bacterial cellulose, for example, is recognized for its high tensile strength, which makes it
a viable alternative to replace conventional plastics such as PP in applications that require high
structural integrity [77]. In contrast, PLA has greater rigidity and brittleness, limiting its application
in packaging and requiring flexibility and deformation resistance [25]. However, this limitation can
be mitigated by adding nanocomposites, such as nanocellulose or zinc oxide nanoparticles, which
improve mechanical resistance and give greater versatility to these materials.

The barrier properties of biopolymers also vary widely. PHA stands out for its good barrier
properties to gases and water vapor, making it competitive with conventional plastics. In contrast,
thermoplastic starch has greater permeability to gases and moisture, requiring additional treatments
or the addition of compounds to improve its performance in this regard. Bacterial cellulose, with the
incorporation of nanocrystals, shows great potential to overcome these limitations, significantly
improving resistance to water vapor, as evidenced in Table 2, which presents different life cycle CO2
emissions, energy and water consumption of different bipolymer production in comparison to
traditionally used plastic. It may be observed that bipolymer usually present a minor CO2 emission
and energy consumption rate in comparison to petroderivates, also being significantly more
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biodegradable. This indicates that combining biopolymers with functional additives can transform
the barrier properties of these materials, bringing them closer to the performance of petroleum-based
plastics.

The thermal stability of biopolymers is another essential factor to be considered, particularly for
applications involving exposure to temperature variations. PLA, with a relatively low melting
temperature, may not be suitable for packaging requiring high-temperature resistance, limiting its
use in specific contexts such as microwave packaging. On the other hand, PHA and bacterial cellulose
offer greater thermal stability, making them more suitable for applications involving temperature
variations or exposure to heat [78,79].

The high production cost of biopolymers remains a significant barrier to their widespread
adoption. The production process, which often involves complex steps such as fermentation and
chemical modification, increases costs than conventional plastics such as PET and PP. For
biopolymers to become competitive, investing in optimizing production processes, including
building more efficient biorefineries and using agricultural waste as a raw material source, is
necessary. In addition, expanding composting and recycling infrastructure is essential to ensure that
these materials are genuinely sustainable at all stages of their life cycle, from production to final
disposal.

Table 2. Comparison of bio-based and conventional materials regarding CO, emissions, energy
consumption, water consumption, biodegradation time, and renewability.

. C(.)z-.eq Energy. Water . _|Biodegradation Source/
Material Emissions | Consumption | Consumption (vears) Renewabilit Ref.
(kg/kg) | (MJ/kg) (liters/kg) y y
Non-
PET (Polyethyl
(Polyethylene | ) 1530 | 109.2-115.2 59 >100 renewable | [80-82]
terephthalate)
(petroleum)
Non-
PP (Polypropylene) 1.75-2.3 73 59 >100 renewable ([80,81,83]
(petroleum)
PLA (Polylactic Acid) 1.8 46 15-23 2-5 Renewable | [82,84]
PHA 0.49 78-88 268 2-5 Renewable | [85,86]
(Polyhydroxyalkanoates)
Bacterial Cellulose 16.1 31.6 460 2-4 Renewable [87]
Thermoplastic Starch 1.8-3.7 33-72 10 1-3 Renewable | [88,89]
Chitosan 1.64 31.0 250 2-4 Renewable [90]

5. Intelligent Packaging Technologies

Innovative packaging represents an innovation in the food industry, integrating additional
functionalities beyond the simple physical protection of products. This concept encompasses a
variety of technologies that enable active or informative interaction between the packaging and its
contents or between the packaging and the consumer. There are two main types of intelligent
packaging: active and innovative packaging with sensors. Active packaging is designed to interact
with the internal environment of the packaging, controlling factors such as humidity and oxygen. On
the other hand, packaging with sensors monitors and provides information on the conditions of the
product, such as freshness and temperature, during transportation and storage. In addition, tracking
and identification technologies, such as RFID and QR codes, are increasingly integrated to ensure the
traceability and quality of products throughout the supply chain (Figure 3).
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Figure 3. Intelligent packaging potential for parameters indication and food quality enhancement.

5.1. Active Packaging

The evolution of active packaging has led to the development of innovative solutions to extend
the shelf life of perishable food products while maintaining their microbiological and sensory quality.
Various studies have demonstrated the potential of bioactive materials and natural compounds, such
as nanofibers, essential oils, and metal-organic frameworks (MOFs), to create packaging that interacts
directly with the food environment. These advancements offer functionalities such as moisture
control, gas absorption, and controlled release of antimicrobial compounds.

A noteworthy example is the study by Sethunga et al. (2024) [91], which developed cellulose
acetate nanofibers (CANFs) infused with essential oils of cinnamon and clove (CNO and CBO)
through electrospinning. These active membranes demonstrated excellent antioxidant and
antimicrobial properties and controlled the release of bioactive compounds. When applied to fresh
grapes and tomatoes, the CANFs extended the shelf life of the produce to over 30 days, compared to
just 15 days for the control group, while maintaining the microbiological safety and sensory quality
of the fruits.

Fu et al. (2024) [92] developed a multi-active packaging material made from chitosan and pectin
containing epigallocatechin gallate (EGCG) and natamycin (NATA). This packaging demonstrated
significant effectiveness in protecting strawberries from UV radiation and microbial contamination,
delaying spoilage and extending the fruit's shelf life. Similarly, Benlloch-Tinoco et al. (2025) [93]
explored the use of alginate films loaded with green tea polyphenols, which showed a controlled
release of bioactive compounds, improving their bioavailability during digestion and enhancing the
functionality of the packaging.

Another significant development is the application of metal-organic frameworks (MOFs) in
active packaging, as Fu et al. (2023) [94]described. MOFs, known for their high porosity and gas
adsorption properties, control ethylene levels and are a critical factor in the ripening and degradation
of fruits and vegetables after harvest. MOF-based packaging has been shown to extend the post-
harvest shelf life of produce by regulating ethylene concentrations, making it a promising solution
for reducing food waste.

Lee et al. (2020) [95] introduced an active packaging film with insect-repellent properties,
incorporating star anise essential oil (SAEO) into a multilayer PET-based film. The film effectively
repelled insects and proved practical in natural food systems, such as bread packaging, by preventing
insect infestations. The release of SAEO was controlled through various laminations, ensuring long-
lasting insect-repellent activity while maintaining the sensory properties of the packaged food.
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These advancements highlight the considerable potential of active packaging technologies in
preserving perishable foods while offering various functionalities, such as antimicrobial protection,
gas regulation, and insect repellency. The combination of nanocomposites, electrospinning
techniques, and bioactive compounds like essential oils provides innovative and sustainable
solutions for the food packaging industry, enhancing both food safety and quality while addressing
environmental challenges.

5.2. Food Packaging with Sensors

The integration of sensors into intelligent packaging has revolutionized the food industry by
introducing innovative methods for ensuring safety and real-time monitoring of product quality,
particularly for perishable goods. These advanced technologies offer crucial data on food conditions
such as freshness, gas presence, and environmental factors, allowing consumers and distributors to
supervise product integrity throughout the supply chain effectively.

Ammonia detection has gained projection as an indicator of spoilage, especially in protein-rich
foods like meat and fish. As noted by Chia et al. (2022) [96], starch/polyaniline (PANI) biopolymeric
films have shown significant potential for intelligent packaging. These films serve as colorimetric
sensors, changing color in response to ammonia, a byproduct of protein degradation. Specifically, the
starch/PANI films change from green to blue when exposed to ammonia vapor, providing a simple
and effective method for visually monitoring food spoilage.

Building on this, Musaev et al. (2024) [97] developed an inexpensive cellulose fiber-based sensor
for detecting ammonia and other volatile compounds. Tested with fish fillets, this sensor effectively
tracked food deterioration over 11 hours at 25°C, performing comparably to traditional
microbiological methods. This low-cost and disposable technology offers a promising solution for
real-time monitoring perishable foods, enhancing the practical application of intelligent packaging in
everyday use.

Oxygen regulation within food packaging is another critical aspect of spoilage prevention.
Oxygen can accelerate lipid oxidation and encourage the growth of aerobic microorganisms, both of
which lead to food degradation. Won & Won (2021) [98] introduced a self-powered oxygen sensor
that requires no external power sources, making it adaptable and cost-effective. This sensor's ability
to control oxygen levels helps prevent oxidation-related spoilage, ensuring extended product
freshness.

In addition to these innovations, assessing spoilage-related compounds such as biogenic amines
has proven an effective strategy for freshness detection. Calabretta et al. (2023) [99] developed a
colorimetric paper sensor for detecting biogenic amines, including putrescine, which are byproducts
of microbial spoilage in meat and fish. The sensor, integrated directly into intelligent packaging,
enabled real-time evaluation of chicken meat quality through visible color changes, demonstrating
its precision in detecting spoilage markers.

Moreover, pH sensors have also shown potential in freshness monitoring. Kuswandi et al. (2020)
[100] designed an edible pH sensor based on anthocyanins extracted from red cabbage and
immobilized onto a bacterial cellulose membrane. This sensor responded quickly and reliably to pH
variations, with good color stability over time, making it suitable for monitoring the freshness of
foods like milk and dairy products.

While these advancements in intelligent packaging are promising, challenges remain,
particularly regarding large-scale commercialization. As discussed by Dodero et al. (2021) [101], the
high production costs of sensors and the complexity of integrating them with existing packaging
systems are critical barriers to widespread adoption. Furthermore, the need for sophisticated
instrumentation limits the use of some advanced solutions. However, like those used in colorimetric
detection, optical sensors offer a more accessible and user-friendly alternative, increasing the
likelihood of their adoption in commercial settings.

Intelligent packaging with sensors represents a critical innovation for ensuring the quality and
freshness of perishable foods. Technologies based on colorimetric, oxygen, and pH sensors have
proven effective in real-time monitoring, offering enhanced food safety while reducing food waste.
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Continued research is crucial to overcoming cost and integration challenges, facilitating the broader
application of these sustainable and effective packaging solutions.

5.3. Tracking and Identification Systems

Traceability is a crucial component in intelligent packaging, playing a key role in ensuring food
safety and the efficient management of supply chains. Technologies such as RFID (Radio-Frequency
Identification) and QR codes are widely used to monitor the location and condition of products, such
as temperature and humidity, throughout the distribution chain. This real-time monitoring enables
the early identification of logistical issues, such as breaks in the cold chain, thereby preventing the
compromise of food quality.

In addition to these technologies, the emergence of blockchain has provided an even more robust
solution for traceability. Blockchain is a decentralized, distributed ledger technology that records
transactions securely and immutably, meaning that it cannot be altered once data is entered. This
characteristic makes blockchain an ideal tool for ensuring transparency and trust throughout the
supply chain.

According to Singh et al. (2023) [102], blockchain can revolutionize Food Safety Traceability
Systems (FSTS) by enabling the tracking of products from farm to consumer. Transactions are visible
to all stakeholders, promoting greater trust in data integrity. When combined with technologies such
as RFID and IoT (Internet of Things), blockchain enables real-time monitoring of food conditions,
improving data quality and responsiveness during supply chain failures.

In the restaurant sector, Yele and Litoriya (2024) [103] demonstrated the benefits of blockchain
in ensuring food safety and transparency in traceability. By combining blockchain with IoT devices
and smart contracts, their system allows real-time tracking of food ingredients, building greater
consumer confidence in food safety practices.

RFID UHF technology has also emerged as a particularly effective tool for food traceability,
especially in the meat industry. Qiao et al. (2023) [104] developed a traceability system for meat
products using UHF RFID, allowing accurate data collection at every stage of production and
distribution. This technology enables monitoring in extreme conditions and allows for the
simultaneous reading of multiple tags, streamlining the tracking process.

Despite these advancements, challenges remain. Singh et al. (2023) [105] point out issues such as
scalability and interoperability that still need to be addressed before these technologies can be widely
adopted. However, the potential to transform the food industry by ensuring better safety and
transparency is evident, and ongoing research will be vital to overcoming these challenges.

6. Integration of Bio-Based Materials and Smart Packaging

The integration of bio-based materials with innovative packaging technologies is emerging as
one of the most promising advances in the search for sustainable solutions in the food sector. The use
of biopolymers derived from renewable sources, such as starch, cellulose, and
polyhydroxyalkanoates (PHA), offers environmentally friendly alternatives to conventional plastics,
which have contributed significantly to environmental pollution. These biodegradable and
compostable materials reduce the carbon footprint and plastic waste and have functional properties
that, when combined with smart technologies, offer innovative solutions for food safety and
preservation.

Bio-based materials, mainly starch and cellulose, are widely used in producing biodegradable
films that can serve as a basis for integrating intelligent sensors. These materials are particularly
suitable for food packaging due to their high biodegradability and compatibility with advanced
technologies. Kumar et al. (2024) [106] highlight that incorporating pH-sensitive natural pigments,
such as anthocyanins, into starch and cellulose-based biopolymers allows the creation of films that
change color in response to pH variations associated with food degradation. For example, when the
food begins to deteriorate and the pH increases, the anthocyanins integrated into the film react with
the change in acidity, providing a visual indication of the product's freshness. This feature makes it
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possible to monitor the quality of perishable foods, such as meat and dairy products, in real-time,
offering greater safety to the consumer and reducing food waste.

In addition, intelligent nanofibers produced from anthocyanin-rich agricultural waste, such as
those developed by Oliveira Filho et al. (2024) [107], are another notable innovation. These nanofibers,
composed of a polyester and cellulose matrix, react to pH changes and ammonia's presence. These
substances accumulate during the decomposition of perishable foods such as fish. The use of
agricultural waste to extract anthocyanins further increases the sustainability of this type of
packaging, as it uses by-products from other production chains. The rapid production of these
nanofibers via Solution Blow Spinning (SBS) offers an efficient and scalable approach to
manufacturing smart packaging, which can be adapted for different types of food.

Another relevant aspect in the evolution of intelligent bio-based packaging is the integration of
active functionalities. Active packaging is not passive like traditional wrappers; instead, it interacts
directly with food, helping to maintain its freshness for longer. An example is the work of Gao et al.
(2024) [108], who developed starch films combined with propyl gallate, a natural antioxidant. These
films can release the antioxidant in a controlled manner, slowing down the oxidation of food. This
technology is particularly effective for high-fat products, such as peanut butter, susceptible to
oxidation. The gradual release of antioxidants extends the shelf life of food products while using
starch, a natural and renewable material, ensuring that the packaging is biodegradable.

This active functionality can be further enhanced using bio-based materials that control oxygen
and moisture permeability. In addition to being biodegradable, PHA and starch-based films can be
designed to absorb or release moisture, creating an optimized environment for preserving fresh food.
This is essential to prevent the proliferation of microorganisms that accelerate food spoilage,
particularly in perishable products such as fruits and vegetables.

In addition to active functionality, integrating traceability technologies into bio-based packaging
can provide an additional layer of security and control. Monitoring systems that use blockchain, as
highlighted by Sandeep et al. (2024) [109], allow for precisely tracking each stage of the supply chain,
from production to consumption. This ensures product integrity and allows consumers and
distributors access to detailed information about the origin of food, transportation conditions, and
cold chain maintenance. These systems can be combined with intelligent sensors that monitor food
quality, providing real-time product freshness and safety information.

One of the main advantages of intelligent bio-based packaging is its biodegradability. Materials
such as cellulose and PHA are compostable, meaning they can decompose under appropriate
conditions without leaving any harmful residues in the environment. Studies such as that by Al-
Qahtani and Al-Senani (2024) [110] show that packaging made from delignified wood reinforced with
cellulose nanocrystals and natural pigments is highly effective in detecting food spoilage and is
biodegradable. The color change in response to pH changes provides a visual solution for monitoring
while using natural materials, ensuring that the packaging can be disposed of sustainably after use.

The combination of bio-based materials with innovative packaging technologies offers a
promising solution to address today’s environmental and food safety challenges. In addition to
improving sustainability using biodegradable materials, these packages offer advanced
functionalities such as freshness detection and traceability, which are essential to ensuring food
quality throughout the supply chain. As these technologies evolve, they are expected to create a more
sustainable and safe future for the food industry.

7. Perspectives and Conclusions

The widespread adoption of bio-based and intelligent packaging systems presents significant
opportunities for innovation, sustainability, and food safety improvements. However, several
technological, regulatory, and market challenges must be addressed for these innovations to become
mainstream.

From a technological perspective, scaling the production of bio-based materials, such as PLA,
PHA, and cellulose-based films, continues to pose challenges. The large-scale adoption of bio-based
materials and smart packaging in the food sector faces significant challenges, such as high cost, the
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need to improve material properties, and the lack of clear regulations. The production process must
become more cost-effective, and improvements in the materials’ mechanical and barrier properties
are essential to match the performance of conventional plastics. Moreover, the integration of
intelligent systems, such as sensors and tracking technologies, requires further miniaturization and
compatibility with bio-based materials. Developing biodegradable sensors is essential to ensure that
these technologies do not compromise the compostability and sustainability of the packaging.

On the regulatory side, the lack of harmonized standards and guidelines for using bio-based
materials and intelligent packaging in the food industry creates uncertainty for manufacturers and
consumers. Issues such as compostability certification, food safety concerns related to new materials,
and waste management strategies for packaging that combines biodegradable materials with
electronic components require clear and consistent regulations. These regulatory challenges are
compounded by the need to meet stringent environmental requirements while ensuring the safety
and effectiveness of the packaging.

Market factors also play a crucial role. The relatively higher cost of bio-based materials
compared to conventional plastics represents a significant barrier to widespread adoption, especially
in cost-sensitive industries like food production. While consumer demand for sustainable solutions
is growing, traditional plastics dominate the market due to their affordability and well-established
supply chains. Furthermore, the current infrastructure for recycling and composting bio-based
materials remains limited, particularly in regions lacking adequate waste management systems.

The future of packaging in the food industry is poised for significant advancements. As
technology evolves, the costs of bio-based materials are expected to decrease, making them more
competitive with conventional plastics. Nanotechnology and material science advances will likely
improve the mechanical strength, gas barrier properties, and overall functionality of bio-based
materials, expanding their applications in high-demand areas such as packaging for perishable
goods.

On the regulatory front, international standards are anticipated to evolve to support the use of
sustainable materials. Stricter regulations on traditional plastics, including bans on certain non-
recyclable packaging types, will likely accelerate the adoption of bio-based alternatives. Governments
and policymakers must collaborate with industry stakeholders to establish clear frameworks that
facilitate the adoption of bio-based and smart packaging.

Technological innovations and advanced sensor systems are expected to revolutionize the
packaging landscape. Future packaging solutions may go beyond simply protecting food; they will
likely provide real-time data on product quality, environmental conditions, and supply chain
integrity. These innovations will enhance food safety, reduce waste, and meet growing consumer
expectations for transparency and sustainability.

The transition toward bio-based materials and innovative packaging represents a critical step in
addressing both environmental concerns and the evolving needs of the global food industry. While
challenges remain, ongoing research and development efforts will be key to overcoming technical,
regulatory, and market barriers. These innovations can lead to a more sustainable, efficient, and
resilient food system through academia, industry, and government collaboration. The integration of
bio-based materials and intelligent technologies offers a promising path forward, providing long-
term solutions that align with the principles of a circular economy and sustainable development.
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