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ABSTRACT: Background: The global food packaging industry is undergoing a paradigm
shift from passive containment toward dynamic, multifunctional systems that actively

preserve food quality, monitor spoilage in real time, and minimize environmental impact.
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Objectives: This review synthesizes recent advances (2020-2025) in intelligent, active,
and sustainable food packaging with emphasis on technological principles, material

innovations, and regulatory frameworks.

Methods: A comprehensive narrative review was conducted using peer-reviewed literature
from PubMed, Scopus, and Web of Science databases. Publications from 2020 to 2025

were included.

Results: Active packaging incorporating antimicrobial agents, essential oils, and
nanocomposites demonstrated significant shelf-life extension. Intelligent systems including
colorimetric freshness indicators, time-temperature indicators (TTIs), biosensors, and
RFID-enabled labels offer real-time food quality data. Sustainable alternatives such as
polylactic acid (PLA), chitosan-based films, and polyhydroxyalkanoates (PHAs) address
environmental concerns associated with petroleum-derived plastics. Artificial intelligence

(Al) and Internet of Things (IoT) integration are accelerating these advances.

Conclusion: Convergence of smart materials, digital technologies, and circular economy
principles is transforming food packaging. Harmonized regulatory frameworks, consumer

acceptance, and cost-effectiveness remain critical challenges for broader adoption.

Keywords: active packaging, sustainable food packaging, nanocomposites,; biosensors;

food safety, shelf-life extension; biopolymers.
1. Introduction

Food safety and quality assurance remain pressing global priorities. Approximately one-
third of all food produced for human consumption, estimated at 1.3 billion tonnes annually,
is lost or wasted across the supply chain, contributing to economic losses approaching
USD 1 trillion per year. [1] Conventional packaging, while effective in providing
mechanical protection and extending shelf life through barrier properties, is largely passive
and unable to actively respond to changes in food condition or environmental parameters.
This inadequacy, combined with escalating concerns over plastic pollution and climate

change, has catalysed a search for next-generation packaging solutions. [2]

The past five years have witnessed extraordinary growth in three interrelated domains of

food packaging technology: active systems that release or absorb substances to extend
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shelf life; intelligent systems that sense and communicate information about food quality;
and sustainable systems that reduce environmental impact through the use of bio-based,
biodegradable, or recyclable materials. [3] The global smart packaging market, valued at
approximately USD 24.66 billion in 2024, is projected to reach USD 40.02 billion by 2032
at a compound annual growth rate (CAGR) of 6.24%. [4]

Central to these advances are innovations in biopolymer science, nanotechnology,
biosensor engineering, digital connectivity (IoT, blockchain, Al), and circular economy
design principles. The convergence of these disciplines is enabling packaging solutions
that not only preserve food quality but also provide consumers and supply chain
stakeholders with unprecedented transparency regarding product history and condition.

[5.6]

This review comprehensively examines recent developments (2020-2025) across these
three interconnected domains, evaluating key material technologies, sensing mechanisms,
sustainability considerations, regulatory frameworks, and commercialization prospects.
Four summary tables and four illustrative figures are provided to contextualise the breadth
of current advances. Table 1 provides a classification framework for the principal

categories of advanced food packaging systems discussed throughout this review.

Table 1. Classification and characteristics of advanced food packaging systems.

Category Key Primary Food
Components/Technologies Functions Applications
Active Oxygen scavengers, moisture Extended shelf life, = Fresh produce,
absorbers, ethylene scavengers, | controlled meat, dairy,
CO; emitters atmosphere bakery
Intelligent TTIs, freshness indicators, gas | Real-time quality Meat, seafood,
sensors, RFID, QR codes, monitoring, dairy, fruits
biosensors traceability
Sustainable/Bio- = PLA, chitosan, starch, Reduced All food
based cellulose, PHA films environmental categories
footprint,
biodegradability

Nano-enabled Silver NPs, ZnO NPs, carbon Enhanced barrier, Perishable
dots, nanocellulose composites | antimicrobial, foods,
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mechanical beverages

properties
Smart/Digital IoT-enabled sensors, Supply chain Global food
blockchain, Al-based transparency, supply chain
monitoring predictive analytics

Sources: Data synthesised from references [3,5,6]

2. Active Packaging Systems

Active packaging is defined as a system in which the packaging, its components, or its
headspace interact deliberately with the packaged product or its immediate environment to
extend shelf life, improve safety, or maintain sensory quality. [7] Unlike conventional
packaging, active packaging either releases beneficial substances (antimicrobials,
antioxidants) or absorbs deleterious compounds (oxygen, moisture, ethylene) from within

the package.
2.1 Antimicrobial Packaging

Antimicrobial packaging constitutes the most extensively investigated category of active
systems. Chitosan, a biopolymer derived from crustacean exoskeletons, is widely
employed owing to its inherent cationic charge which disrupts bacterial cell membranes.
Brandelli demonstrated that nanocomposites incorporating chitosan alongside essential oils
and metal nanoparticles achieve synergistic antimicrobial effects against both Gram-
positive and Gram-negative pathogens. [8] Silver nanoparticles (AgNPs) embedded in
polymer matrices demonstrate broad-spectrum activity; however, safety concerns regarding

nanoparticle migration into food continue to warrant careful regulatory scrutiny. [9]

Essential oils (EOs) from thyme, oregano, cinnamon, and rosemary represent attractive
naturally-sourced alternatives to synthetic preservatives. Their incorporation into
biopolymer matrices such as polylactic acid (PLA), poly(butylene adipate-co-
terephthalate) (PBAT), and hydroxypropyl methylcellulose (HPMC) has been shown to
extend the shelf life of meat and dairy products. Casalini et al. demonstrated that
nanocellulose films embedded with cinnamon, oregano, and thyme essential oils
effectively inhibited microbial growth on fresh raspberries.[8] A key challenge remains the
thermal sensitivity of EOs, which limits their processing via conventional extrusion or

injection moulding.[9]
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Beyond organic antimicrobials, metal oxide nanoparticles, particularly zinc oxide (ZnO)
and titanium dioxide (TiO2), are gaining attention for their light-activated antimicrobial
mechanisms. Photoactivated systems incorporating TiO2 doped with copper or gold
nanoparticles have demonstrated visible-light-responsive antimicrobial activity against E.
coli, P. aeruginosa, and S. aureus, achieving inhibition zones of 6.5-10 mm in laboratory

studies.[10]
2.2 Antioxidant and Scavenging Systems

Oxygen scavenging films incorporated with iron-based sachets, enzymatic systems
(glucose oxidase), or palladium catalysts represent commercially mature technologies for
extending the shelf life of oxygen-sensitive products. Ethylene scavenging is critical for
fresh produce, with metal-organic framework (MOF)-based nanofillers emerging as
superior alternatives to conventional potassium permanganate sachets. MOF-loaded films
can adsorb ethylene while simultaneously providing antimicrobial and antioxidant
benefits.[11] Carbon quantum dots (CQDs), applied as edible coatings on fresh-cut fruits,

exhibit dual antioxidant and antibacterial activities while meeting food safety criteria.[5]

Figure 1 presents the schematic representation of key active packaging mechanisms:
antimicrobial release, oxygen scavenging, ethylene scavenging, and moisture control,
while Table 2 summarises the principal active packaging materials, their sources,

functional properties, antimicrobial efficacy, and food applications documented in recent

literature.
1. Antimicrobial Release Zinc oxide 2. Oxygen Scavenging 0, P —
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Figure 1. Schematic representation of key active packaging mechanisms: antimicrobial release,
oxygen scavenging, ethylene scavenging, and moisture control.
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Caption: A detailed, clean scientific schematic illustration on a white background showing the key

mechanisms of active food packaging: (1) antimicrobial release from a polymer film with labelled

nanoparticles (AgNPs, ZnO) and essential oils, (2) oxygen scavenging with arrows indicating

Source: Adapted from references [7—11]

absorption, (3) ethylene scavenging for fresh produce; (4) moisture control.

Table 2. Summary of key active packaging materials and their functional properties (2020-2025).

Material

Source

Key

Properties

Antimicrobial
Efficacy

Food
Applications

Chitosan

Polylactic Acid (PLA)

Silver Nanoparticles

(AgNPs)

Zinc Oxide NPs (ZnO)

Essential Oils (EOs)

Cellulose Nanofibers

(CNF)

Polyhydroxyalkanoates

(PHA)

Biopolymer
(crustacean)

Corn/sugarcane
derived

Metal
nanoparticles

Metal oxide

Plant-derived
(thyme,
oregano,
cinnamon)

Plant biomass

Microbial
biosynthesis

2.3 Controlled-Release Packaging

Controlled-release

packaging (CRP)

Antimicrobial,
antifungal,
film-forming

Biodegradable
barrier film

Broad-
spectrum
antimicrobial

Antimicrobial,
UV barrier

Antimicrobial,
antioxidant

Mechanical
reinforcement,
barrier

Biodegradable,
thermoplastic

enables the

timed,

High

Moderate—

High

High

High

Moderate

Moderate

Moderate

Sources: Data compiled from references [7—12]

Meat,
seafood, fresh
produce

Dry foods,
beverages,
dairy

Meat, poultry,
dairy

Fruit,
vegetables,
meat

Cheese, meat,
bakery
products

Coatings,
composite
films

Fresh
produce,
confectionery

stimuli-responsive, or

concentration-gradient-driven delivery of bioactive agents from the packaging matrix into
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the food or headspace. Electrospun nanofibers from biopolymers such as zein, gelatin, and
polycaprolactone (PCL) represent a particularly versatile platform for CRP, as their high
surface-area-to-volume ratio facilitates encapsulation of thermally sensitive compounds.
[12,13] Shen et al. demonstrated that carboxymethyl chitosan/PCL nanofibers deposited
directly onto cherry tomato surfaces via solution blow spinning provided effective

antimicrobial protection while maintaining fruit quality over extended storage.[14]
3. Intelligent Packaging Systems

Intelligent packaging (IP) refers to systems that monitor the condition of packaged food or
the environment surrounding it and communicate this information to consumers, retailers,
or supply chain operators.[13] Core technologies include indicators, sensors, data carriers,

and increasingly, artificial intelligence (AI)-driven analytics platforms.[15]
3.1 Colorimetric Freshness Indicators

Colorimetric food freshness indicators (CFFIs) represent the most consumer-accessible
class of intelligent packaging technology, functioning through visible colour changes
triggered by spoilage metabolites including volatile basic nitrogen (TVB-N), ammonia,
hydrogen sulphide (H2S), biogenic amines, and pH shifts.[16] Natural pigments,
particularly anthocyanins, curcumin, and alizarin, have gained prominence over synthetic
dyes owing to their safety profiles and environmental compatibility. Anthocyanin-based
pH-sensitive chitosan films prepared from yam or red cabbage extracts exhibit

reproducible colour transitions correlating with meat and seafood spoilage.[13]

Luo et al. conducted a comprehensive review of colorimetric indicator technologies,
reporting that incorporation of natural pigments into cellulose-based, electrospun fibre, or
polymer film substrates offers considerable potential for commercial-scale
development.[17] More recently, Zhai et al. reviewed classification systems for CFFIs,
highlighting colorimetric sensor arrays, composed of multiple sensing compounds
including porphyrins and pH indicators, as superior to single-component films in

sensitivity and selectivity for multi-target spoilage detection.[16]
3.2 Time-Temperature Indicators (TTIs)

Time-temperature indicators are irreversible, visually interpretable devices that integrate

the combined effect of temperature and exposure time to provide a cumulative record of a
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product's thermal history.[18] Enzymatic TTIs, such as those based on lipase-catalysed
reactions producing fatty acids that lower local pH, triggering dye changes, have achieved
temperature-tracking accuracies below 1°C in frozen seafood cold-chain pilot studies.[4]
Commercial TTI systems including OnVu® (UV-activated photochromic label) and Fresh-
Check® (polymer crystallisation-based) remain the dominant products, while novel
systems incorporating carbon dots and photoluminescent nanomaterials are advancing

towards commercialisation.[ 18]
3.3 Gas Sensors and Biosensors

Electrochemical and optical gas sensors integrated into packaging are capable of detecting
spoilage gases (NHs, CO2, H>S) in real time without requiring package opening. The
electrochemical biosensor market grew at an annual rate of 6.7% in 2023 compared with
3% in 2015, reflecting accelerated commercial adoption.[l1] Biosensors employing
enzyme-linked immunosorbent assay (ELISA) formats or molecularly imprinted polymer
(MIP) recognition elements can detect foodborne pathogens including Salmonella, E. coli

O157:H7, and Listeria monocytogenes at clinically relevant concentrations.[2]

Silk microneedle arrays functionalized with polydiacetylene (PDA) bioinks represent an
innovative platform for in-situ pathogen detection; these microneedles pierce packaging
film and transport interior food fluid to a colorimetric sensor, enabling E. coli detection
within 16 hours.[19] Colourimetric paper sensors exploiting genipin-amine reactivity have
also been reported for biogenic amine detection in commercial chicken meat samples, with

results correlated with established best-before date labelling.[20]
3.4 RFID, NFC, and Digital Integration

Radio-frequency identification (RFID) and near-field communication (NFC) technologies
bridge physical packaging and digital supply chains. Smart RFID labels have reduced dairy
product waste by up to 20% in commercial pilot studies through real-time temperature
monitoring.[4] QR code labels incorporating anthocyanin-based dyes that change colour in
response to fish spoilage gases have been reported, enabling consumers to scan the label

for freshness status alongside visual colour interpretation.[15]

The integration of Al, particularly deep learning-based image recognition algorithms, with

smart label systems has achieved approximately 97.8% accuracy in controlled fruit
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freshness assessment, though real-world performance may decline by 5-20% due to

variable lighting and fruit type variability.[4] Blockchain-based traceability platforms,

when combined with IoT-enabled biosensor networks, provide immutable, transparent

records of product origin, processing, storage, and distribution.[3] Table 3 provides a

comparative overview of intelligent packaging technologies, their sensing principles, target

analytes, applications, and current commercialisation status.

Table 3. Comparative overview of intelligent food packaging technologies (2020-2025).

Technology

Working Principle

Target

Applicatio
n

Commercializati
on Status

Time-
Temperature
Indicators
(TTIs)

pH-sensitive
Freshness
Indicators

Gas Sensors
(CO2/O2/NH3)

RFID/NFC
Smart Labels

Biosensors

QR
Code/Blockcha
in Integration

Irreversible
colorimetric dye
reaction

Anthocyanins,
curcumin;
colorimetric pH shift

Electrochemical/optic
al transducers

Electromagnetic data
carrier + embedded
sensor

Enzyme-based or
immunosensor
platforms

Digital data carrier +
distributed ledger

Sources: Data compiles from references [4,13,15-20]

Analyte

Temperatur
e history

Volatile
metabolites
(TVB-N,
NH3)

Headspace
gas
compositio
n

Temperatur
e, humidity,
location

Pathogens
(Salmonella
, E. coli,
Listeria)
Origin,
storage,
expiry data

Cold chain
monitoring
for meat,
dairy,
seafood

Meat, fish,
fruit
spoilage
detection

MAP
monitoring,
seafood
spoilage

Cold-chain
traceability,
dairy
products

Pathogen
detection in
meat,
produce

Consumer-
facing
transparenc
y, anti-fraud

Commercial (e.g.,
OnVu®, Fresh-
Check®)

Lab/pilot scale;
emerging
commercial

Commercial
(partial); IoT-
integrated

Commercially
available

Emerging;
regulatory
approval pending

Increasingly
adopted
commercially
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Figure 2. Overview of key intelligent packaging sensing technologies: colorimetric
freshness indicators, time-temperature indicators (TTIs), biosensors, and RFID/NFC digital
integration.

Caption: A scientific infographic diagram illustrating the principal intelligent food
packaging sensing technologies: (1) colorimetric freshness indicator with colour gradient
from green to red; (2) time-temperature indicator with thermal history curve; (3) biosensor
detecting pathogens with cartoon microbe icons; (4) RFID/NFC smart label with wireless
signal icon.

Sources: Adapted from references [13, 15-20]

4. Sustainable Food Packaging
4.1 Biopolymer-Based Materials

The transition away from petroleum-derived plastics is driven by regulatory pressure,
consumer preference, and the environmental imperative to reduce packaging waste.
Biopolymers derived from renewable feedstocks offer a spectrum of options with varying
functional performance and biodegradability profiles.[21] Polylactic acid (PLA),
synthesized from fermented corn or sugarcane starch, combines optical clarity, mechanical
rigidity, and biodegradability, making it one of the most commercially advanced
bioplastics. However, PLA's brittleness, low glass transition temperature (Tg ~60°C), and

limited moisture barrier properties remain challenges.[22]

Starch-based films, cellulose derivatives, and protein films (from soy, whey, or zein) offer
bio-based alternatives, though their high hydrophilicity typically necessitates incorporation
of hydrophobic fillers or cross-linking agents to achieve adequate barrier performance.

Polyhydroxyalkanoates (PHAs), microbially synthesised biodegradable polyesters,
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demonstrate superior thermomechanical properties and marine biodegradability compared
with PLA, representing a promising next-generation material despite higher production

costs.[21]
4.2 Nanocomposite Biopolymers

Nanocomposite reinforcement strategies address the performance limitations of neat
biopolymers. The incorporation of cellulose nanofibers (CNF), cellulose nanocrystals
(CNC), nanoclay (montmorillonite), and graphene oxide (GO) into biopolymer matrices
significantly improves tensile strength, oxygen barrier properties, and water vapour
permeability.[9] CNF-coated moulded pulp containers developed by Zhang and
Youngblood demonstrated PFAS-free, grease-resistant performance with a 200-pum
uniform dry coating, representing a viable sustainable alternative for food service

packaging.[14]

Photoactivated biopolymer films incorporating photothermal (PTA), photodynamic (PDI),
and photocatalytic (PCA) additives represent an emerging frontier. Hybrid systems
combining PTA/PDI composites with MOF-based nanofillers have achieved greater than
99% inhibition of major food pathogens under visible light exposure, while simultaneously

scavenging ethylene and providing antioxidant activity.[10]
4.3 Life Cycle and Environmental Assessment

Life-cycle assessments (LCA) of prototype intelligent packages reveal greenhouse gas
(GHG) reduction potentials of 30—55% when biodegradable nanocomposite films replace
conventional petro-based laminates, with energy inputs of 0.8—-1.4 MJ per unit.[8]
However, end-of-life management of electronic components embedded in smart packaging
remains a significant challenge; research into solvent-free delamination and enzymatic
depolymerisation pathways is emerging.[8] Sustainable adoption will ultimately depend on
developing fully compostable or self-powered electronic materials that maintain sensor
performance without generating electronic waste (e-waste).[5] Figure 3 shows the
Comparative spectrum of sustainable food packaging materials from conventional
petroleum-based plastics to fully circular bio-based and biodegradable alternatives,

highlighting barrier properties, biodegradability, and production cost.
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Figure 3. Comparative spectrum of sustainable food packaging materials from conve tional
petroleum-based plastics to fully circular bio-based and biodegradable alternatives, highlighting

barrier properties, biodegradability, and production cost.

Caption: A detailed scientific comparative diagram showing the spectrum of sustainable
food packaging materials arranged from left to right in order of increasing sustainability:
conventional plastics (PET, PP) — bio-based but non-biodegradable (bio-PE) — bio-
based and biodegradable (PLA, starch, chitosan) — advanced nanocomposite biopolymers

(CNF-reinforced PLA, chitosan-ZnO) — fully circular (PHA, mycelium-based).
Sources: Adapted from references [9, 14, 21-23].

5. Artificial Intelligence and IOT Integration in Food Packaging

The integration of Al and IoT with advanced packaging systems represents the most
transformative recent development in the field. Al-driven systems analyse sensor data
streams from smart labels and biosensors in real time, enabling predictive shelf-life
modelling, early contamination alerts, and dynamic expiry date adjustment based on actual

storage conditions rather than fixed calendar dates.[8]

The global smart packaging market was valued at approximately USD 45 billion in 2023
and is projected to reach USD 68 billion by 2030 at an annual growth rate of 8.1%, with
Al-driven quality-monitoring solutions accounting for approximately 15% of this value.8
More than 300 Al-supported monitoring deployments were reported globally in 2022,

demonstrating a decisive shift from laboratory prototypes to industrial implementation.[8]

Machine learning algorithms, particularly convolutional neural networks (CNNs) applied
to hyperspectral imaging and electronic nose (e-nose) data, have enhanced the accuracy

and specificity of spoilage detection beyond what individual sensors can achieve alone.[15]
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Blockchain-integrated platforms provide immutable audit trails that enhance supply chain
transparency, reduce fraud, and facilitate rapid product recalls.[3] NFC-enabled packaging
communicating directly with smartphones is enabling consumer-level personalised

freshness information, contributing to food waste reduction at household level.[5]
6. Regulatory Considerations

The commercialisation of advanced food packaging technologies is critically dependent on
navigating complex and heterogeneous regulatory landscapes. In the European Union, EC
Regulation 1935/2004 and EC 450/2009 provide the foundational legal framework for
active and intelligent materials in food contact, supplemented by EFSA's 2022 guidelines
emphasising algorithm transparency and validation for Al-integrated packaging
systems.[8] The US FDA applies its Good Machine Learning Practice (GMLP) principles
to Al-based packaging, within the broader pre-market notification framework of 21 CFR
Parts 170-199.[8]

Emerging economies are rapidly developing regulatory instruments. India's FSSAI issued
digital-traceability and data-privacy compliance guidance in 2024, while Brazil's ANVISA
adopted a risk-tiered framework harmonised with Codex Alimentarius in 2023. China's
SAMR has placed particular emphasis on cybersecurity provisions for smart label
networks.[8] A convergence towards performance-based rather than prescriptive regulation
is evident globally, underscoring the need for internationally standardised validation
protocols.[24]. Table 4 provides a comparative overview of regulatory frameworks
governing active and intelligent food packaging across major jurisdictions, Whereas Figure
4 presents the Integrated smart food packaging ecosystem illustrating the convergence of
active/intelligent packaging, IoT connectivity, Al analytics, blockchain traceability, and

consumer interaction across the food supply chain.

Table 4. Comparative regulatory frameworks governing intelligent and active food packaging systems.

Jurisdiction Key Regulatory Scope and Requirements
Framework
European EC Regulation Comprehensive; covers Most stringent
Union (EU) 1935/2004; EC active/intelligent materials; | globally;
450/2009; EFSA migration testing required; | harmonized across
Guidelines (2022) ligoniihies [ipereney fon member states

Al systems
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United States 21 CFR Parts 170— Risk-based approach; pre-

(FDA) 199; FDA GMLP market notification for
Principles (2023); novel materials; good
GRAS designation machine-learning practice
for Al packaging
China GB 9685-2016 (food | Positive list for additives;
(SAMR/GB contact materials); cybersecurity requirements
Standards) SAMR cybersecurity = for smart label networks
provisions (2023)
India (FSSAI) | FSS Act 2006; Migration limits;
FSSAI Packaging biodegradable packaging
Regulations 2018; standards; emerging
Digital Traceability digital-traceability
Guidelines (2024) mandates
Brazil RDC 91/2001; Positive list approach; risk-
(ANVISA) ANVISA risk-tiered | tiered regulation
framework (2023); harmonized with Codex;
Codex Alimentarius | growing recognition of
alignment smart packaging
International CAC/RCP 1-1969 Non-binding international
(Codex Rev. 4 (2003); Codex | standards guiding national
Alimentarius) Packaging regulations; general
Guidelines (2022 principles for food contact
revision) materials
Sources: Data compiled from references [8,24,25]
Blockchain:
Secure Supply

Chain Ledger

Logistics:
Cold Chain &
TTI Monitoring |

Flexible but
evolving for
Al/loT-integrated
systems

Rapidly updating;
focus on digital
integration and
data security

Evolving
framework;
limited guidance
on intelligent
packaging

Progressive
adoption of
performance-
based regulation

Used as reference
benchmark
globally

Consumer App:

Freshness &
Traceability

Al Analysis:
Predictive
Shelf-Life

?’9;7

—~ Regulatory
Compliance
Certified

Figure 4. Integrated smart food packaging ecosystem illustrating the convergence of
active/intelligent packaging, IoT connectivity, Al analytics, blockchain traceability, and consumer

interaction across the food supply chain.
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Caption: A comprehensive scientific illustration of an integrated smart food packaging ecosystem.

Show a central food product package emitting sensor data that connects via wireless signals to: (1)

a smartphone app displaying freshness status and QR code; (2) a blockchain cloud server showing
supply chain ledger; (3) an Al/machine learning brain icon performing predictive shelf-life

analysis; (4) a cold-chain truck with TTI monitoring label; (5) a regulatory compliance badge icon
Source: Adapted from references [4, 5, 8, 15]
7. Challenges and Future Perspectives

Despite remarkable technological advances, several barriers impede the widespread
commercialisation of intelligent, active, and sustainable food packaging. Cost remains a
primary constraint; the per-unit cost of sensor-equipped smart packaging is substantially
higher than conventional alternatives, limiting adoption particularly in price-sensitive
markets and developing economies.[25] Scalability of nanomaterial production and
biopolymer film manufacturing to industrial levels without compromising quality or

introducing batch-to-batch variability is a further technical challenge.[22]

Safety and toxicological uncertainties surrounding nanoparticle migration into food,
particularly for silver nanoparticles and quantum dots, necessitate comprehensive long-
term safety assessment. Regulatory agencies require robust migration data under realistic
food-contact conditions and end-use scenarios.[9] The ecotoxicological fate of
biodegradable nanocomposites and their degradation products in soil and aquatic

environments requires systematic investigation.[21]

Consumer awareness and acceptance constitute an often-underestimated barrier. While
studies demonstrate consumer interest in technology-enabled packaging for safety and
transparency purposes, willingness to pay premium prices and trust in sensor-derived
freshness data remain variable across demographic groups and geographies.[25] Educating

consumers and building trust through transparent communication will be essential.[5]

Future research priorities include: development of fully compostable electronic packaging
components; advancement of Al models for real-time multi-parameter spoilage prediction;
discovery of novel natural pigments with superior stability for freshness indicators; scaling
of MOF and quantum dot synthesis for industrial food packaging applications; and
harmonisation of international regulatory standards to facilitate global commercialisation.

[3,8,10]
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8. Conclusions

The landscape of food packaging has been fundamentally transformed by convergent
advances in materials science, nanotechnology, biosensor engineering, Al, and sustainable
chemistry. Active packaging systems incorporating antimicrobial agents, antioxidants, and
gas scavengers have demonstrated compelling efficacy in extending shelf life and reducing
microbial spoilage across diverse food categories. Intelligent systems, encompassing
colorimetric indicators, TTIs, biosensors, and digitally integrated RFID/NFC labels, are
enabling real-time, consumer-accessible monitoring of food quality throughout the supply
chain. Sustainable bio-based materials, particularly PLA, chitosan, starch, and PHA
composites reinforced with nanofillers, offer credible environmental alternatives to

petrochemical plastics.

The integration of Al and IoT is accelerating the transition from isolated packaging
innovations towards holistic, data-driven food safety ecosystems. Regulatory frameworks
are progressively adapting to accommodate these technologies, though greater international
harmonisation is urgently needed. Addressing remaining challenges in cost, scalability,
safety characterisation, consumer acceptance, and end-of-life management will be essential
to realising the full potential of intelligent, active, and sustainable food packaging in

protecting global food security and public health.
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