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Abstract

Innovative preservation methods have grown absolutely vital given the worldwide increase

f?) Article Processing
in food spoilage and waste, especially in perishables. In smart food packaging systems,
Received: 22 May 2025 waste-derived nanomaterials have proven to be a sustainable and efficient answer.
Accepted: 31 May 2025 Synthesized from agricultural and industrial waste, these nanomaterials show remarkable
antibacterial qualities and improve packaging barriers, thereby greatly extending the shelf
Published: 4 June 2025 life of dairy, meats, fruits, and vegetables. Recent developments in green synthesis have made
it possible to produce nanoparticles like ZnO, Ag, and TiO, in an environmentally friendly
way; when included into biopolymers, these particles enhance mechanical strength and
guard against microbial contamination. Furthermore, smart packaging systems using these
nanomaterials can offer environmental responsiveness and real-time freshness signals,
thereby guaranteeing food safety and lowering losses in the supply chain and for consumers.
Emphasizing their promise in creating a circular, low-waste economy, this article investigates
the production techniques, functional advantages, environmental and economic

consequences of employing waste-derived nanomaterials in food packaging.

Introduction
Food spoilage remains a major challenge worldwide,

AghPs  from
especially for perishable items including dairy, meats, L
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fruits, and  vegetables. Often, conventional
preservation techniques fail to keep freshness and
stop bacterial contamination. Therefore, the need of
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the hour is to develop innovative ideas that can
prolong the shelf life of perishable commodities while

maintaining environmental sustainability.
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novel ideas in food preservation. Scientists can
enhance the functional qualities of packaging
materials by manipulating nanoscale materials,

including their mechanical strength, barrier

capabilities, and antibacterial activity (Herrera-Rivera Fig. 1: Conceptual Venn diagram showing the integration of food shelf-life

. . extension, nanotechnology, and waste-derived materials. The overlappin,
et al, 2024). Especially, the use of waste-derived o 9. ] bping
areas show creative intersections; the central convergence denotes smart,

nanomaterials—nanoparticles prOduCEd from eco-friendly, and antimicrobial edible coatings produced from agri-waste
industrial and agricultural waste—offers a twofold using nanotechnology to extend the shelf life of perishable food items.
advantage: reducing waste disposal problems and

producing value-added items for usage in food

packaging.
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Waste-derived nanomaterials

Waste-derived  nanomaterials are  nanoparticles
synthesized from various waste sources, including
agricultural residues, food processing by-products, and
industrial waste. These materials not only offer a
sustainable method for waste management but also act
as affordable substitutes for traditional nanoparticles.
For example, nanofiber coatings improving the shelf life
of fruits like mandarins have been successfully made
using cellulose nanofibers (CNFs) derived from onion

peels (Jarman, 2025).

Processes including green synthesis, which uses
biological agents like plant extracts to reduce metal ions
into nanoparticles, characterize the synthesis of waste-
derived nanoparticles. This approach avoids the use of
dangerous chemicals and is ecologically beneficial. For
instance, neem leaf extracts have been used to create
zinc oxide (Zn0) nanoparticles, which were then added
to starch-based biofilms showing notable antibacterial
action against prevalent foodborne pathogens (Pattnaik
etal, 2025).

Antimicrobial properties and mechanisms

Including waste-derived nanomaterials into food
packaging provides essential antimicrobial qualities
absolutely vital for prolonging the shelf life of
perishables. By destroying microbial cell membranes,
producing reactive oxygen species, and disturbing
cellular activities, nanoparticles including silver (Ag),
zinc oxide (Zn0), and titanium dioxide (TiO.) show

significant antibacterial activity.

Research has demonstrated that chitosan films
containing ZnO nanoparticles efficiently prevent the
proliferation of bacteria such as Escherichia coli and
Staphylococcus aureus, thereby improving the safety and
shelf life of packaged foods (Pattnaik et al, 2025).
Likewise, silver nanoparticles included in cellulose-
based materials have shown the capacity to prolong the
shelf life of vegetables by preserving moisture and
inhibiting bacterial growth (Gayathri, 2021).

Barrier enhancements and functional
improvements

Apart from antibacterial action, waste-derived
nanomaterials enhance the barrier qualities of
packaging  materials, thereby lowering the
permeability to gases and moisture, which contribute
to food deterioration. The incorporation of ZnO
nanoparticles in polyvinyl alcohol (PVA) films, for
example, has been demonstrated to lower oxygen and
water vapour transmission rates, thereby maintaining
and preserving the quality of cherry tomatoes and
prawns packaged in PVA films (Herrera-Rivera et al.,

2024).

Furthermore, these nanomaterials improve the
thermal stability and mechanical strength of
packaging films. Coatings with increased water
resistance and durability produced by the

incorporation of cellulose nanofibers from
agricultural waste into PVA matrices are appropriate

for use in humid conditions (Jarman, 2025).

Smart Packaging and Sensor Integration

Smart packaging system development includes sensors
and indicators to monitor the state of packaged food.
This invention is increasingly driven by waste-derived
nanomaterials. For instance, natural pigments can be
combined with titanium dioxide nanoparticles to
produce pH-sensitive films that change colour in
response to spoilage, therefore offering visual cues of

food freshness (Pathiraja and Munaweera, 2024).

Silver nanoparticles have also been used to make time-
temperature indicators warning consumers of potential
spoilage caused by temperature abuse during storage
and transportation (Reidel, 2017). By notifying
customers about the quality of the food in real-time,
these smart packaging solutions improve food safety and

reduce wastage.
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Environmental and Economic Benefits

Using waste-derived nanomaterials in food packaging
aligns with the principles of sustainability and circular
economy. This strategy addresses the challenges of
waste management while reducing the dependence on
virgin resources by turning waste into useful
nanomaterials. Moreover, the biodegradability of
biopolymer-based packaging materials containing
waste-derived nanoparticles reduces environmental
pollution connected to traditional plastic packaging

(Olawore et al., 2024).

From an economic perspective, utilizing waste as a
raw material for production of nanoparticle reduces
manufacturing costs and adds value to materials that
would otherwise be discarded. Scalability and
commercialization of such technologies are made
easier by this cost-effectiveness, facilitating their
broad use in the food sector.

Risks, Challenges, and Safety Concerns

Although including waste-derived nanomaterials in
food packaging holds significant promise, their
widespread use raises concerns about human health,
environmental safety, and regulatory control that
must be addressed first. One major issue is the
possible movement of nanoparticles into food, which
could be harmful if consumed. Nanoparticles such as
silver (Ag), zinc oxide (ZnO), and titanium dioxide
(TiO;) can leach from packaging materials into food
matrices—especially under high temperatures or
acidic conditions—potentially leading to oxidative
stress, inflammation, or genotoxic effects in humans
(Ranjan et al,, 2014; EFSA, 2021). Raising the risk of
circulatory, cardiovascular, and pulmonary diseases,
these ultrafine particles could cross biological barriers
and enter the bloodstream (Tarhan, 2020).
Furthermore, their gastrointestinal tract behaviour is
still not well known, and limited information exist
about their possible toxicological mechanisms in

different organs (Deng et al., 2021).

Their unique physicochemical properties—including
small size, high surface area, and increased reactivity—
further complicate the toxicological profile of
nanoparticles.  These elements change how
nanoparticles interact with food components, therefore
altering  their behaviour and maybe raising
bioavailability and health concerns. There is still a lack
of toxicological tests, particularly for oral exposure,
which are urgently needed to define safe limits (Das et
al.,, 2009).

The absence of uniform testing techniques and
thorough regulatory systems for nanomaterials in food
contact applications is another major concern. Although
the European Food Safety Authority (EFSA) and the U.S.
Food and Drug Administration (FDA) have started
safety assessments, there is still no worldwide
agreement. Regulatory fragmentation could result in
uneven enforcement, varying safety assessments, and
obstacles to market approval (EFSA, 2021; Tarhan,
2020).

International initiatives are working to create uniform
risk assessment procedures and implement responsible
use of nanotechnology in the food industry.

Concerns about the environmental issues are also
mounting about the persistence and ecotoxicity of
engineered nanoparticles. Improper disposal of
nanomaterial-based  packaging could lead to
bioaccumulation in soil and aquatic systems, therefore
endangering beneficial microorganisms and upsetting
ecological balance (Keller et al., 2013). Though it does
not completely remove downstream hazards, green
synthesis from agro-waste provides sustainability

advantages.

Ultimately, although waste-derived nanomaterials have
several advantages for food preservation, a cautious
attitude is absolutely vital. Their safe and responsible
use in the food sector depends on strong toxicological
studies, long-term exposure assessments, life-cycle
analyses, and globally harmonized safety rules.
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Conclusion

Turning agricultural waste into smart, protective
nanocoatings helps to greatly lower food spoilage and
support environmental sustainability efforts. Waste-derived
nanomaterials provide real-time monitoring, improved
packaging integrity, and strengthened antibacterial
protection—qualities vital for contemporary food systems.
More than just a preservation technique, this breakthrough
transforms food packaging into a dynamic, smart interface
linking consumer and product. Such sustainable solutions
have the potential to change world supply networks, restore
consumer confidence in perishables, and integrate circular
economy ideas at the center of food technology as the
sector develops.
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