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Abstract

Recent advancements in food packaging have transitioned from passive containment
toward innovative smart systems that integrate active and intelligent functionalities to
improve product preservation, safety, and consumer interaction. This review examines the
evolution of these technologies, focusing on biodegradable polymers and nanomaterial-
enhanced substrates that combine environmental sustainability with superior barriers
and antimicrobial performance. Developments in embedded sensing systems, including
chemical, temperature, and humidity sensors, enable the continuous monitoring of food
quality and environmental conditions, supporting extended shelf-life and early contami-
nation detection. Intelligent packaging further incorporates indicators, sensors, and data
carriers that enhance transparency and traceability across supply chains. These systems are
often connected through blockchain and Internet of Things (IoT) platforms for real-time
data analysis. The review also addresses consumer engagement via interactive labels and
personalized nutritional feedback, along with the economic, behavioral, and regulatory
aspects influencing large-scale adoption. Life cycle assessments are analyzed to evalu-
ate trade-offs between enhanced functionality and environmental impact, emphasizing
recyclability and end-of-life strategies within circular economy frameworks. Finally, the
article discusses current technical challenges while highlighting emerging trends such as
Al-driven predictive analytics and IoT-enabled connectivity as key enablers of sustainable,
efficient, and safe food packaging systems.

Keywords: food safety; intelligent packaging; smart packaging; nanomaterials; quality
sensors; sustainability

1. Introduction

The packaging industry is undergoing rapid transformation, driven by emerging tech-
nologies and increased consumer awareness of sustainability and food safety. There is a
growing trend toward innovations that combine technological sophistication with environ-
mental responsibility in the food sector [1-3]. A key focus is advanced smart packaging,
defined as systems that interact with their contents or the environment to monitor and pro-
vide real-time data regarding product condition, authenticity, and safety [1,3,4]. These systems
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use external parameters such as humidity, temperature, and gas composition, or internal
indicators such as metabolites, to monitor product quality [2-6].

A major catalyst for these innovations is the rising regulatory pressure and market
demand for eco-friendly solutions [7]. In developed economies, policies promoting sus-
tainable materials create opportunities for manufacturers who combine environmental
goals with modern, functional design. This reflects dual movement: the ecological re-
form of packaging materials and the concurrent integration of intelligent features within
them [1,4,8].

Smart packaging lies at the intersection of multiple scientific and engineering disci-
plines. Nanotechnology plays a central role by enabling nanocomposites and nanofibrous
structures that enhance performance through selective barrier properties and reactive
surfaces [3-6,9]. Electrospinning techniques used to fabricate nanofibers provide precise
control over porosity and surface chemistry, not only improving protection against contami-
nation but also enabling specialized applications, such as bacterial culture platforms [10,11].
These nanoengineered systems are increasingly recognized as essential components for
achieving active and intelligent packaging functions.

The integration of biosensors into food packaging enhances the functional capabilities
of the packaging system. Supply chain managers and consumers can benefit from the
dynamic feedback offered by these sensors that detect spoilage markers or harmful con-
taminants inside the package [3-7,12,13]. The challenges persist, including concerns about
biosensor safety, precise control over particle size in bionanocomposites, and achieving
a balance between affordability and environmental compatibility. Future research must
consider the trade-offs between innovation and sustainability.

Beyond laboratory development, smart packaging directly contributes to food lo-
gistics. Time—temperature indicators (TTIs) enable precise monitoring during transport,
particularly in the “last mile,” where temperature fluctuations are common [14-18]. These
systems improve inventory control, delivery coordination, and consumer transparency.
Blockchain-linked packaging adds traceability and protects against counterfeiting, offering
economic benefits by reducing waste and enhancing brand trust [19]. Still, scalability is
limited by high integration costs and difficulties in combining electronic components with
biodegradable materials.

Consumer perception also plays a significant role in determining the adoption of smart
packaging technologies. Acceptance varies according to technological familiarity and the
level of trust placed in regulatory oversight. While some consumers value features such
as freshness indicators and origin verification, others express concerns regarding privacy
when packaging systems transmit data digitally [5,7,20]. Enhancing public understanding
of the lifecycle of smart packaging, from production to disposal, may help reduce these
concerns. Moreover, smart systems are increasingly incorporated into food defense strate-
gies, enabling authenticity verification and tamper detection to mitigate risks of fraud and
adulteration. The integration of such intelligent functionalities with active preservation
mechanisms strengthens product safety and transparency across global supply chains.

Technological classifications distinguish between active packaging, which interacts
chemically or biologically to maintain quality, and intelligent packaging, which communi-
cates product status [2,11-14,21,22]. Increasingly, these functionalities are integrated, for
example, into edible films derived from fruit or vegetable sources that incorporate freshness
sensors, thereby combining renewable materials with digital monitoring capabilities to
reduce food waste.

Overall, smart packaging lies at a complex intersection of sustainability, technology,
economics, and consumer perception. Advances in materials science, sensor design, and
supply chain integration will determine how effectively food integrity evolves from the
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point of a passive container to an active system ensuring food integrity throughout its
lifecycle [7,9,23].

Numerous studies demonstrate the growing importance of smart packaging in the food
industry and examine various aspects of its development and functionality [1-5,7,9-23].
This review explores current developments and challenges in smart packaging, emphasiz-
ing how nanotechnology and biosensors can enhance food safety and sustainability. Its
practical goal is to identify scalable, eco-compatible solutions that can be implemented
in real-world food supply chains to reduce waste and improve product traceability. In
this context, the analysis advances the field by integrating recent findings and delineat-
ing emerging research pathways that are poised to guide the future development and
application of smart packaging system.

2. Background and Evolution of Food Packaging

The background and evolution of food packaging illustrate a progressive shift from
basic protective functions to sophisticated, sustainable, and technology-driven systems de-
veloped to meet contemporary requirements for safety, quality, and consumer engagement.

2.1. Historical Development of Packaging Technologies

The progression of packaging technologies in the food industry traces back to rudi-
mentary containment methods, which served primarily as physical barriers against external
contaminants. Early societies relied on naturally occurring materials such as leaves, animal
skins, gourds, and woven fibers to store and transport food items. Although these organic
solutions offered limited preservation capacity, they were widely available and easy to ob-
tain. With advancements in metallurgy and ceramics, packaging evolved into more durable
formats like tin containers and clay amphorae that offered better protection from moisture
and pests [2,8,24,25]. During the industrial revolution, standardized manufacturing en-
abled widespread adoption of glass bottles, metal cans, and paper-based wraps, ushering
in mass production of packaged goods with consistent quality. The emergence of plastics
in the mid-20th century marked a substantial transformation [18,26-28]. Petroleum-based
polymers were inexpensive to produce at scale while offering lightweight form factors,
versatility in molding shapes, and resistance to mechanical damage (Figure 1). This era saw
the rapid integration of polyethylene, polypropylene, and PET into the supply chain [29].
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Figure 1. Historical evolution of food packaging.
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However, this heavy dependence on synthetic polymers generated environmental
concerns due to their persistence in ecosystems. These issues later catalyzed research into
biopolymers derived from renewable resources as alternatives for sustainable development.
Initially, packaging functionality was mostly passive, focused on containment and occa-
sional esthetic branding [7,17,30,31]. The conceptual shift toward active packaging caused
significant changes in the mid- to late-20th century. Incorporating antimicrobial emitters
or oxygen scavengers directly into film layers allowed food quality to be maintained over
longer periods without bulk chemical preservatives. Active mechanisms interacted with
the internal atmospheres of the package to inhibit microbial growth or oxidative degrada-
tion processes [32]. Concurrently, intelligent packaging emerged as a distinct paradigm,
characterized by systems capable of communicating product condition through embedded
indicators or sensors. By the late 20th century, heightened regulatory attention to pub-
lic health further increased interest in dynamically monitoring food quality through the
packaging itself [8,21,33]. The development of smart labels using responsive polymers,
such as polyaniline-based sensing films that change color upon detecting spoilage volatiles,
demonstrated how visual cues could inform consumers in real time [34]. This intersection
between material science and consumer transparency laid the foundation for integrating mi-
croelectronics into food packages. The historical trajectory also reflects societal influences:
evolving consumer expectations for convenience accelerated the adoption of resealable
containers, while globalization demanded greater shelf life for long-distance shipping. Pack-
aging has shifted from an ancillary aspect of food production to a strategic tool influencing
supply chain logistics and brand differentiation [5,35]. Active temperature management
via time-temperature indicators strengthened transport reliability, especially during critical
“last mile” delivery phases. Early biodegradable solutions often struggled with mechanical
robustness and barrier properties compared to petrochemical plastics. Refinement using
nanocomposite structures has partially bridged this gap, fortifying biopolymer films while
preserving composability profiles [36]. Alongside technological innovation, legislative
frameworks evolved to reflect shifts in scientific understanding of material safety and
waste management. Packaging regulations expanded beyond labeling accuracy into do-
mains such as recyclability standards and migration limits for potential contaminants from
package materials into food items [37]. Harmonization of standards across regions emerged
gradually but remains inconsistent, affecting globalized deployment strategies. Intelligent
packaging now interfaces with blockchain systems to generate traceability records across
distribution chains. This capability builds upon the long-established foundations of prod-
uct labeling, and transforms them into a robust mechanism against fraud and mislabeling
by embedding digital verification at each stage of the supply chain [25,38,39]. Despite the
perceived linearity from primitive containment toward modern smart systems, historical
development exhibits cyclical elements. For example, the early emphasis on local organic
materials resonates today as researchers return to plant starch derivatives like cassava-
based smart films using anthocyanin pH indicators [40]. Multiple forces continuously
shape packaging evolution: scientific breakthroughs creating new functional horizons;
regulatory pressures dictating acceptable safety margins; cultural values prioritizing fresh-
ness transparency; and environmental realities, steering production away from persistent
synthetic waste streams. This cumulative pathway reveals that current smart packaging
sophistication did not emerge abruptly but was rooted in centuries-long adaptation cycles
responding to changing material science capabilities and societal priorities. Tracing this
lineage also underscores an underlying continuity: whether through clay jars safeguarding
wine millennia ago or present-day nanocomposite pouches tracking microbial activity via
sensor arrays, the central aim persists, protecting food’s integrity until consumption. The
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technical toolkit has vastly expanded over time, but its historical anchors remain connected
through shared objectives shaped by necessity at each stage of advancement.

2.2. Transition from Passive to Active Packaging

The shift from passive packaging formats, characterized by their static and inert roles,
to active systems capable of modulating a product’s microenvironment appears closely
tied to technological progress and evolving consumer and regulatory pressures. As noted
in Section 2.1, traditional packaging primarily functions as a physical safeguard, providing
structural containment and protection from external contamination [8,32,41]. Passive modes
were effective for basic preservation but lacked adaptability to changing conditions during
distribution or storage. They relied on initial sealing processes without later interaction,
once packaged, the internal atmosphere or composition of the food remained unchanged
until opening. Active packaging emerged as a response to limitations inherent in purely
passive approaches (Figure 2).

Passive packaging [ Active packaging

@8]

&
i v
e i

TEMPERATURE
CONTROL

\.

Figure 2. Transition from passive to active packaging.

Typical innovations include oxygen scavengers, moisture absorbers, antimicrobial
agents, ethylene removers, and controlled-release preservatives. Technological designs
range from simple sachets containing desiccants that regulate humidity to complex mul-
tilayer films engineered with embedded functional biomolecules [10,29,42]. Within this
category, the incorporation of compounds such as antimicrobials and antioxidants directly
into polymer matrices exemplifies how materials science has enabled active functionalities
beyond traditional passive roles. The primary catalyst for this shift is the recognized link
between packaging performance and food-safety requirements. Foodborne pathogens
and spoilage organisms can proliferate when environmental conditions within a package
become favorable [17,30,43]. Active technologies mitigate this risk by controlling factors
such as humidity or gaseous composition. Moisture regulation, for example, can involve
hydrophilic salts dispersed within foamed polymer layers produced via thermoforming;
these alter water vapor transmission rates while matching physical resilience require-
ments [27,32]. Such interventions not only slow microbial proliferation but also maintain
desirable texture and sensory attributes. Cost considerations have historically limited
active components to high-value or sensitive products. However, advances in polymer
processing, such as hot melt extrusion for uniform dispersion of active fillers, are making
these technologies more adaptable across product categories. Integration challenges remain,
particularly regarding migration risks for bioactive agents into the consumable portion
of food [44]. Regulatory bodies closely evaluate these risks as they are directly aligned
with public health policy. This transition also reflects increasing sophistication in the un-
derstanding of packaging—food—environment interactions. Active systems function within
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dynamic equilibrium frameworks, requiring the packaging to respond to changes arising
from internal biological activity (e.g., respiration in fresh produce) or external perturba-
tions, such as fluctuations in ambient temperature [41]. Modified atmosphere packaging
(MAP), often paired with oxygen scavengers, represents a hybridized evolution toward
active control mechanisms intended to sustain optimal gas balances inside sealed units [45].
Consumers’ demand for fresher products over extended timelines has heightened industry
interest in visible quality assurance markers embedded within packages. Though intel-
ligent indicators are distinct from purely active agents, combining them with interactive
preservation functions amplifies perceived value. For instance, colorimetric freshness
sensors embedded into edible biopolymer films not only monitor degradation markers
but also coexist with antimicrobial additives targeting spoilage at the source [19,46]. This
synthesis blurs strict categorical boundaries between “active” and “intelligent,” forging
hybrid packages tailored toward multi-level quality maintenance strategies. Studies record
consumer concerns regarding reliability and universality, for example, doubts over whether
oxygen-scavenging sachets perform equally well for diverse foods differing in moisture
content or density [5,47,48]. Looking deeper at industrial implications, transitioning into
active formats forces a reevaluation of supply chain logistics. Since active systems continue
to alter conditions within packages post-sealing, storage duration predictions must incor-
porate kinetic models describing agent depletion rates or diffusion coefficients through
various layers. Offering clear labeling on active functioning may encourage adoption while
mitigating suspicion regarding unseen chemical processes occurring during storage. The
shift toward active packaging configurations is driven largely by environmental concerns
related to food waste reduction and safety enhancement, making a return to purely passive
designs unlikely. Transforming conventional passive systems into more adaptive solutions
offers several tangible advantages, including reduced spoilage-related losses, extended
shipping distances, decreased reliance on synthetic preservatives, and improved sensory
quality upon opening [2,9,24,35]. Still, balancing regulatory compliance on migration limits
with technological efficiency remains critical to sustaining widespread application growth.
Overall, the movement away from inert packaging characterizes an inflection point where
material sciences intersect operational realities under increasingly stringent sustainabil-
ity mandates. This point toward a future dominated by integrated systems combining
preservation chemistry, responsive mechanics, and informational signaling, a continuum
evolving well beyond conventional cradle-to-consumption philosophies inherited from
earlier passive paradigms.

3. Classification of Packaging Systems

The evolution of technologies applied to food packaging has culminated in the de-
velopment of smart packaging, a concept that integrates monitoring, communication, and
product-condition-responsive functionalities. In this context, examining current smart
packaging applications in the food industry becomes essential for understanding how
these systems contribute to enhanced safety, extended shelf life, and improved traceability
(Table 1). Furthermore, a systematic classification of the various types of smart packaging,
structured according to their functional principles and operational performance (Table 2),
enables a comparative assessment of existing solutions and supports the identification of
future development directions in the field.
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Table 1. Smart packaging applications in food industry.
(a). Meat and Meat Products
Application Focus Reported and Quantified Outcome References
Absorbent pads with lemongrass Enhanced inhibition zones against S. aureus and E. coli [49-51]
essential oil integration compared to control samples
Blockchain -based supply chain Improved transparency and consumer trust through [52,53]
records linked with intelligent labels ~ farm-to-retail traceability data access ’
Natural antimicrobial active films Met consumer prefgrenc?g for additive-free preservation while 53]
aligning with sustainability targets
1-1.5log CFU/g reduction viable count over 12 days of chilled
Absorbent pad + lemongrass storage compared to control packs; maintained acceptable [49,54]
essential oil under MAP conditions & P packs, p ’
color scores
Silver-zeolite LDPE film wrap for Inhibited m(zsophll.lc bacte?la' gro.wt.h by.2—3 .log CFU/g over
14 days at 4 °C while sustaining lipid oxidation below [55,56]
fresh beef cuts
threshold PVs
PHMB-loaded nanofiber mats placed Redl.lced aerobic plate count grqwth rate constant k by ~35%
L . relative to controls; no degradation of drip loss performance  [57]
inside overwrap trays for pork slices
parameters
Volatile amine-sensitive freshness Provided visual alert (>90% correct positive signals) prior to
indicator label integrated into high-  reaching the sensory rejection thresholds determined by [58,59]
Oy MAP beef steaks trained panelists
RFID-linked gas-sensing MAP Continuous O,/ CO, logging identified micro-leakage events
containers for export lamb shipments allowing corrective action before sensory deterioration; [60]
(>20 days transit) reduced shipment rejections by ~15% year-on-year
(b). Milk and dairy products
Application focus Reported and quantified outcome References
Embedded biosensors detecting lactic ~ Early warning system for microbial growth enabling timely [58,61]
acid accumulation removal from distribution channels ’
Intelligent 1nd1cators. monitoring Provided verifiable cold-chain compliance data to retailers
temperature fluctuations during [55,62]
and consumers
transport/storage
B1o—r.1anocomp osite fﬂ.m S IMPTOVINE  Reduced oxidation-related flavor deterioration over longer
barrier properties against oxygen . [58]
. storage periods
ingress
Chitosan -PLA composite film wrap ~ Suppressed surface bacterial counts by >2 log CFU/cm? over [63]
for soft cheese 10-day storage at 4 °C; no effect on pH or ripening profile
. Reduced headspace oxygen from 1.8% to <0.05% within three
O, scavenging bottle closures for davs: 2 :
. ays; prevented oxidative off-flavors up to end-of-shelf-life [64]
UHT milk ) . .
testing point at 120 days ambient storage
Lactic acid biosensor integrated into  Provided early spoilage alert ~248 h before sensory detection
biodegradable multilayer carton threshold; maintained full compostability under industrial [58,65]
liners conditions post-use
TTI label on HDPE fresh milk bottles COIO'rectly .1dent1f1e.d 95% of c.old—cham breaks exceeding 2 h at
: . o . >8 °C during monitored delivery routes over two months [66]
in urban chilled distribution trials .
study period
RFID—hnl.<ed Tl arrays in export . Enabled rejection avoidance by re-validating compliance in
butter shipments (>30 days) logging . .
. . cases where container sensor logs contested portside
continuous temperature profiles [67]
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Table 1. Cont.
(c). Bakery products
Application focus Reported and quantified outcome References
PLA —protein composite film with Reduced visible mold incidence by 80% over 10-day ambient [68]
clove oil for sliced bread packaging  storage; no adverse sensory defect noted
Starch-based lamlnate INCOIPOrating  n rintained ay below 0.50 during 30-day test cycle; prevented
anhydrous calcium chloride layer for . . [67,69]
. . . loss of crispness relative to unprotected controls
cookies transport in humid climates
Rosemary-extract infused LDPE Delayed peroxide value (PV) increase beyond sensory [55,70]
pouches for butter-rich biscuits detection threshold by ~40% over 60 days storage at 25 °C !
Humidity-sensitive printed ink patch
inside bread bag headspace area Correctly forecast mold outbreak risk 24—48 h before visual
indicating unsafe high-moisture mycelium appearance on loaf crusts under simulated [58,71]
condition via irreversible color distribution conditions
change
Compostable cellulose-acetate Extended microbial-free shelf life by ~3 days under bakery
cupcake liners impregnated with store display settings while enabling post-use biodegradation [69]
cinnamon oil vapors release system  within 90 days under industrial composting conditions
(d) Vegetables and Fruits
Application focus Reported and quantified outcome References
Activated carbon -clay composite Extg nd'e d grfgen stage b.yhf.“\:9 da}ll.s rel;ttw}el tlo pflam PE.IWI..apl’.
film for bananas during shipping maintained firmness within quality threshold for retail display [72]
acceptance rates above 85% after arrival
Cellulose fiber-based humidity Reduced mass loss from turgor decline by 22% over 7-day
absorber pads for packaged lettuce storage; microbial counts remained below spoilage limit [53,69]
leaves throughout trial period
Graphene oxide VOC sensor arrays ~ Achieved >90% predictive accuracy for mold development
integrated into strawberry export within 48 h of first detectable colony growth under partial [55,73]
clamshells refrigeration transport regimes
PLA —chitosan biodegradable films Suppressed visible spoilage 1pc1dence by ~40% after 14 days
. SR ambient storage compared with non-active PLA controls;
with essential oil microcapsules for L. . o [74]
maintained average lycopene content retention above 95%
cherry tomatoes .
baseline level measured at harvest day
I\iltl:;l;i}ﬁr Searilggs};ijfel Cszﬁzllzz,ng Reduced ethylene concentration inside carton headspace from
potasstumi p & & initial 0.45 ppm to below 0.10 ppm throughout transit;
and silica-gel desiccant for L . . :
. : . prevented cross-ripening chain reaction among mixed [55,75]
mixed-fruit cartons during . . . o o
. . . climacteric loads leading to rejection rate drop from 12% to
intercontinental sea freight (>21 o . .
under 5% year-on-year shipment statistics
days)
Table 2. Classification of smart packaging types applied to food industry.
(a). Meat and Meat Products
Type Description References
Passive High-barrier multilayer films prevent oxygen/moisture ingress; [76]
vacuum-sealed PE or PP formats for chilled transport
Active Antimicrobial films with essential oils or silver-zeolites; oxygen [55,77]
scavengers integrated into modified atmosphere packaging (MAP) units ’
Intelligent Vol.at.lle amine detectors: pH—sensmve 1nd1<;ators signaling microbial [58,78]
activity before sensory spoilage markers arise
Hybrid MAP with embedded gas sensors transmitting data via RFID for [69]
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Table 2. Cont.
(b). Milk and dairy products
Type Description References
. High-barrier cartons or multilayer bottles minimizing light and oxygen
Passive ingress; PET with UV-blocking additives for milk [79,80]
. Antimicrobial films/coatings (e.g., chitosan-based) inhibiting
Active . . ¢ [55,81]
psychrotrophs; oxygen scavenging closures for cheese ripening control
. TTIs signaling cumulative chill-chain breaks; biosensors detecting pH or
Intelligent lactic acid change indicating microbial growth [66]
Hybrid Smart Systems RFID-enablgd TTI§ lqggmg temperature .hlstory linked with blockchain [69,82]
for cold chain audits in export milk consignments
(c). Bakery products
Type Description References
Passive High-barrier laminates preventing moisture ingress; metallized films [69]
blocking light-induced oxidation in chocolate coatings
Active Mo.lsture absprbers embc.sdded in bread bags; antifungal essential [55,83]
oil-infused biopolymer film wraps
Intelligent Hum1d1ty-sen§1t1ve inks aler.tmg excessive water vapor for mold-risk [58,84]
scoring; integrity seals showing tamper detection
. Bio-based films combining humidity absorption with visual indicator
Hybrid Smart Systems windows color-coded for safe/unsafe conditions [79,85]
(d). Vegetables and Fruits
Type Description References
Gas-permeable films allowing controlled respiration while limiting
Passive water vapor transmission; UV-blocking wraps to prevent [69]
photodegradation of pigments
Active Ethylene scavenger sachets; hqmldlty absorber pads preventing fungal [55,86]
proliferation in high-moisture items
. VOC-sensitive nanosensors for senescence detection; TTI labels
Intelligent . .. . . [58,87]
recording temperature deviations during long-haul shipping
Hybrid Smart Systems Biodegradable films incorporating both ethylene absorption agents and [87]

real-time freshness indicator windows visible to handlers/consumers

Cost and limitations

Passive packaging: Generally low to moderate cost; materials already industrially
adopted, minimal cost increase compared to conventional packaging.

Active packaging: Higher material cost (active agents/antimicrobials); regulatory
approval and migration studies may limit scalability and global adoption.

Intelligent packaging: Indicators increase unit costs; stability, sensitivity, and reliability
under refrigerated conditions remain limitations [7,10,16,58].

Hybrid Smart Systems: Higher implementation costs due to sensors, data infrastruc-
ture and RFID systems; limited by long-term sensor stability, and cold-chain variability.

3.1. Passive Packaging Systems

Passive packaging systems represent the earliest form of food packaging, designed
primarily as inert barriers protecting contents from harmful external conditions. In these
systems, materials are chosen for their mechanical strength, barrier efficiency, and durability,
not for interactive functions. Once sealed, the internal state of the product remains largely
stable until consumption [41,88].

Their protective role focuses on containment, shape retention, and prevention of
contamination, while minimizing exposure to moisture and gases through impermeable
layers. Performance depends on intrinsic material properties such as tensile strength,
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oxygen transmission rate (OTR), water vapor transmission rate (WVTR), and UV resistance.
Common materials include glass, metal cans, paperboard laminates, and polymers like PET,
HDPE, PP, and LDPE, valued for their low cost and manufacturing versatility [51,79,89].

However, their inert nature affords only static protection, meaning that temperature
or humidity fluctuations can still accelerate food degradation [36]. Passive systems remain
suitable for stable products, such as dry goods or carbonated beverages, where shelf-life
expectations align with controlled storage and distribution conditions. Yet when handling
practices or temperature levels deviate from these conditions, such packaging lacks the
capacity to adapt and mitigate spoilage.

Unlike active or intelligent packaging, passive systems lack direct freshness or safety
indicators; consumers rely solely on expiry dates, which may not reflect real-time product
quality. In the context of environmental sustainability, these systems face scrutiny for their
reliance on non-degradable petroleum-based materials, which persist for decades after
disposal. Advances in biopolymers and nanocomposite reinforcements, using additives
such as nanoclays or cellulose nanofibrils, show promise in improving biodegradability
and mechanical strength [29,45,90,91].

Despite these limitations, passive packaging retains advantages: simplicity, reliability,
and low regulatory complexity as it does not involve the intentional migration of active
substances. These properties make it suitable for long-term storage, such as military rations
or humanitarian aid, where robustness outweighs innovation [92].

From a design perspective, optimizing passive packaging involves balancing barrier
trade-offs, for instance, low WVTR for hygroscopic products versus high OTR control for
oxygen-sensitive foods. Aluminum laminates enhance gas impermeability but complicate
recyclability [42].

Recent developments have explored hybrid approaches, combining inert containers
with external monitoring tags or removable active inserts [9,51,93,94]. Though gradually
replaced in high-tech sectors, passive packaging remains fundamental to global food distri-
bution for its proven reliability, economic efficiency, and role as a baseline for evaluating
newer technologies.

3.2. Active Packaging Systems

Active packaging systems differ from the inert barriers described in Section 3.1 by
introducing controlled interactions between the package, the product, and its microenviron-
ment. Their goal is to extend shelf life, improve sensory quality, and enhance food safety.
These systems incorporate biological, chemical, or physical agents into the packaging struc-
ture to regulate internal conditions over time. This transforms packaging from a passive
container into an active preservation tool.

The main functional categories include scavenging, releasing, blocking, and regulating
systems.

Active packaging systems employ a range of functional mechanisms designed to
control the internal environment of food products. Scavenging technologies remove unde-
sirable substances such as oxygen, moisture, carbon dioxide, ethylene, and various volatile
compounds. Oxygen scavengers, commonly based on iron or titanium dioxide reactions,
slow oxidative deterioration and microbial proliferation. Moisture absorbers, including
desiccant sachets or hygroscopic polymer layers, prevent textural defects such as staling in
crispy products or caking in powdered foods.

In addition to scavenging, releasing systems deliver beneficial compounds into the
food matrix or headspace. Antimicrobial release agents such as silver nanoparticles, organic
acids, nisin, and zinc oxide have demonstrated effectiveness in suppressing bacterial and
fungal growth. Similarly, CO, emitters formulated from citric acid and sodium bicarbonate
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are widely used in modified-atmosphere packaging (MAP) for fish and poultry, where
controlled gas evolution helps maintain product freshness.

Other approaches focus on blocking or regulating key degradation pathways. Ethylene
blockers delay fruit ripening, while antioxidant films limit lipid oxidation in high-fat foods. Reg-
ulating systems further contribute to product stability by maintaining consistent humidity or gas
levels, thereby reducing mold development and quality loss [14,29,45,50,55,95-97]. Active agents
are commonly incorporated into polymer matrices through extrusion or coating techniques,
enabling controlled antimicrobial or antioxidant functionality. For example, lysozyme-loaded
PVA films exhibit targeted antibacterial effects, whereas chitosan-lactoperoxidase composites
demonstrate antifungal efficacy in fruit preservation [98]. Although these systems show clear
performance advantages, a major industrial challenge remains achieving uniform dispersion of
active compounds, as heterogeneity can lead to inconsistent release rates and variable microbial
suppression. This limitation is repeatedly highlighted across studies and represents a key barrier
to large-scale implementation.

Nanotechnology further enhances the efficiency of active systems by increasing surface
reactivity and reducing the required dosage of functional compounds. Nanocomposites in-
corporating chitosan, nanoclays, or metal-oxide nanoparticles consistently improve barrier
properties and antimicrobial potency [99]. These hybrid materials introduce multifunction-
ality, simultaneously modulating gas permeability, moisture transfer, and microbial inhibi-
tion, yet also raise concerns regarding cost, regulatory approval, and potential nanoparticle
migration, underscoring the need for harmonized safety frameworks.

Recent developments combine active and intelligent features, reflecting a shift to-
ward integrated preservation-monitoring platforms. For instance, modified-atmosphere
packaging (MAP) can incorporate CO, emitters alongside colorimetric indicators to detect
gas leakage or product aging. While such systems offer substantial advantages in reduc-
ing spoilage, they require food-specific optimization: oxygen scavenger capacity differs
markedly between high-fat products and fresh produce, and inappropriate calibration may
result in under- or over-performance. Kinetic modeling based on Fickian diffusion prin-
ciples supports this tailoring by predicting release behavior under different temperature,
humidity, and permeability conditions [31,46,100].

Sustainability considerations increasingly influence material selection, pushing re-
search toward biodegradable matrices compatible with active components. PLA- and
starch-based polymers represent promising candidates; however, their integration with
reactive agents remains hindered by issues of compatibility, mechanical stability, and
moisture sensitivity [101]. Hybrid systems such as alginate-based carriers combined with
natural antimicrobials offer a pathway toward compostable yet functional packaging. Still,
ensuring biodegradability without compromising controlled-release efficiency remains an
unresolved challenge and a central direction for future research.

Commercial adoption is constrained by cost, processing complexity, and consumer
perception. Advanced techniques such as co-extrusion and microencapsulation signifi-
cantly elevate production expenses, limiting their feasibility to high-value perishable foods
such as meats and fruits [102]. In parallel, public acceptance depends on effective communi-
cation addressing concerns related to perceived “chemical additives” in direct contact with
food [38,44,103]. Comprehensive risk assessment—through migration testing, accelerated
aging, and field trials monitoring microbial reduction and active-agent depletion—remains
essential to building trust and regulatory compliance. Current legislation requires ac-
tive components to remain within strict migration limits; however, divergent national
frameworks hinder international commercialization, reinforcing the need for harmonized
global standards.
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As a multidisciplinary innovation, active packaging integrates chemistry, materi-
als science, and microbiology to create systems capable of responding to environmental
fluctuations. Beyond extending shelf life and reducing food waste, these responsive tech-
nologies support market expansion for perishable products and align global sustainability
goals. Nonetheless, balancing performance, safety, cost, and biodegradability remains the
key research frontier that will determine whether active packaging can serve as a viable
alternative to conventional plastics.

3.3. Intelligent Packaging Systems

Intelligent packaging systems extend the concept of active preservation by embed-
ding mechanisms that can monitor, record, and communicate information regarding the
product’s status or the conditions surrounding it (Figure 3). Unlike purely active designs,
their primary function is informational: enabling stakeholders across the supply chain
to respond to quality changes in real time rather than passively relying on predefined
shelf-life estimates.

Animal products smart packagmg
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Figure 3. Intelligent packaging systems.

This capacity is crucial in modern logistics, where unpredictable environmental fluc-
tuations during transport can drastically influence product integrity. The technological
backbone of intelligent packaging comprises three categories: indicators, sensors, and
data carriers [27,37,93,104]. Indicators provide immediate, usually visual feedback about
specific attributes, for example, color shifts linked to cumulative temperature exposure in
time—temperature indicators (T'TIs), or changes triggered by volatile compounds signaling
microbial spoilage. Sensors go beyond simple indicators by detecting a wider range of
parameters such as temperature profiles, relative humidity levels, oxygen concentration,
carbon dioxide composition, or even pH shifts within the package environment [36,105].
Data carriers encompass tools such as RFID tags and barcodes designed to store and
transmit product-related data through various stages of logistics. A key example is the
TTI predictor technology, which determines dynamic shelf lives based on initial reference
temperature values. Integrating spectrophotometric readings from indicator labels at each
stage of distribution enables real-time adjustments to the remaining shelf life. This granular
monitoring enables decision-makers to redirect products close to expiring towards nearby
markets or launch rapid sales promotions [96,106]. TTIs essentially link laboratory models
with field observations through straightforward visual indicators or digital integration.
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Recent advances combine intelligent indicators with active preservation methods, forming
hybrid smart packaging capable of simultaneously extending freshness and reporting degra-
dation. For instance, gas concentration indicators embedded into fresh meat packaging may
shift color when microbial respiration increases CO, above safe thresholds; concurrently,
antimicrobial films can suppress spoilage rates until intervention occurs. These designs rely
heavily on synchronization between signal output and actual sensory deterioration so that
the information presented aligns closely with food safety reality [29,60,107]. The application
spectrum has greatly expanded due to commercial innovations such as Turbotag, an RFID
tag that monitors temperature and logs a commodity’s thermal history for visibility across
the entire supply chain. Some RFID-enabled sensors, beyond just monitoring capabilities,
can identify pathogenic microbes by attaching them to artificially created virus structures
within sealed detection areas. The microbial event triggers generate electronic signals that
can be detected by portable systems at inspection stations, especially for high-risk foods like
ready-to-eat meats or seafoods, where contamination can have severe consequences [108].
Intelligent packaging systems also employ bio-based sensor paradigms using natural poly-
mers and pigments responsive to biological changes. For example, freshness indicators
leveraging pH-sensitive anthocyanins change hue upon detecting acids produced dur-
ing protein decomposition in fish storage environments [30,100]. Bio-based sensors aim
not only to provide accurate detection but also to align with sustainability requirements
through compostable substrates and minimal chemical residues post-disposal. While such
approaches appear promising environmentally, stability under fluctuating temperatures
or light exposure remains under study and could limit broader market rollout without
enhancement. The advantages attributed to intelligent packaging include heightened
transparency in product quality verification across diverse handling contexts and extended
ability to mitigate food waste through proactive responses. Supply chain actors gain early
alerts regarding deviation from optimal ranges, preventing spoiled goods from reach-
ing consumers, and enhancing compliance with regulatory requirements for cold chain
documentation during audits. However, these strengths are tempered by disadvantages
such as a narrow focus on certain devices (e.g., solely tracking thermal events without
addressing non-temperature-related degradation) and increased unit cost compared to
conventional static formats [94,109]. Implementation of industry-wide technologies can
be hindered when the costs associated with setup and integration far outweigh perceived
advantages among parties without experience with the expected returns on investment. A
persistent challenge is standardization: the lack of uniform guidelines makes it difficult to
choose among diverse technologies that offer similar results but have different operational
parameters or communication protocols. Ultimately, intelligent packaging situates itself
as both a diagnostic tool and facilitator for adaptive logistics strategies, linking sensory
science with digital traceability architectures capable of responding within hours rather
than days to shifts in product condition during transit or storage.

4. Materials and Technologies for Smart Packaging

The materials and technologies for smart packaging encompass innovative biodegrad-
able substrates, active components, and advanced sensing systems that enhance food
preservation, safety, and real-time interaction throughout the supply chain.

4.1. Innovative Packaging Materials

Innovative packaging materials integrate biodegradable polymers, nano-enhanced
structures, and environmentally friendly composites designed to improve product protec-
tion while supporting sustainability and reducing ecological impact.
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4.1.1. Biodegradable and Sustainable Materials

Biodegradable and sustainable materials have emerged as a critical focus in packaging
innovation. The move away from petroleum-derived polymers stems from concerns about
their persistence in natural ecosystems and the resultant pollution impact. Biodegradable
alternatives, particularly those derived from renewable sources, aim to balance mechanical
performance, barrier properties, and processability with compostability or degradability
after disposal. This shift implies a rethinking of material selection criteria, where the end-
of-life environmental impact becomes as important as the in-use functionality. A notable
category within this area is starch-based bioplastics, such as those produced from corn
starch waste or direct extraction from corn plants. These exhibit very high biodegrad-
ability profiles while using agricultural by-products that might otherwise contribute to
waste streams [15,34,110]. Corn starch packaging can be formed into containers or films
using heat and is suitable for use with food. Their stability under humid storage condi-
tions is limited by intrinsic hydrophilicity, so they often need to be blended with other
biodegradable polymers or undergo surface modifications to prevent moisture uptake
without sacrificing compostable properties [101,111,112]. Similarly, polybutylene succinate
(PBS) is an example of a synthetic but biodegradable polyester developed for packaging
applications. PBS resists heat and light exposure and maintains favorable processability
characteristics in extrusion or film blowing [29]. Nevertheless, its lower impact strength
and tear resistance constrain application scope unless reinforced through copolymerization
or inorganic filler addition. Highly amorphous polyvinyl alcohol (commonly referred to
as polymer-G) offers another candidate, strongly biodegradable yet mechanically flexi-
ble, but must reconcile solubility traits with water resistance when employed for moist
products [113]. From an ecological standpoint, plant-material-based packaging offers dual
benefits: it leverages naturally occurring celluloses, hemicelluloses, or lignins to fabricate
structures that degrade within environmental cycles while contributing minimal green-
house gas emissions during production. When cultivated under sustainable agricultural
practices, such feedstocks avoid competition with essential food supply resources [114,115].
The use of 3D printing technologies on plant-based filaments provides precision control
over material use efficiency, reducing manufacturing scrap rates while enabling bespoke
package geometry adapted to product-specific shapes. Advances in nanotechnology have
further enhanced the viability of biodegradable materials by augmenting barrier functions
without resorting to persistent synthetic layers [116]. Adding nanoparticle reinforcements
like nanoclays to starch or PLA matrices enhances tensile strength and reduces gas trans-
mission rates, characteristics that are typically difficult to obtain in fully biodegradable
systems. These improvements expand their capabilities into areas that need stricter preser-
vation standards, such as fresh produce or high-fat products susceptible to oxidative
rancidity [94,117]. Conserving resources and reducing energy intensity can be achieved
by utilizing recycled organic material streams, such as a blend of reclaimed paper pulp
and natural fiber composites, instead of extracting virgin materials. Consumer perception
plays an equally strong role; awareness campaigns highlighting successful examples of
biodegradable packaging in retail environments could enhance receptivity while mitigating
skepticism related to durability or product safety. Government legislation exerts significant
influence over adoption trajectories. Regulatory incentives such as banning single-use
plastic bags or imposing plastic taxes encourage industry investment in eco-packaging
solutions [112,118]. Companies that switch to biodegradable products can meet increasing
consumer demands for environmentally responsible practices and comply with changing
waste disposal regulations. Not all biodegradable materials perform equally well across a
range of packaging situations. Biopolymers sensitive to moisture may perform well in dry
goods packaging but struggle when sealing perishable goods that are transported in humid
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environments [30,34]. Including antioxidant releasers within bio-film matrices extends
shelf-life without needing non-degradable carriers; this can be achieved by encapsulating
green tea extract into multilayer PLA films for oxidative stability control. Similarly, an-
timicrobial peptides embedded inside edible alginate coatings provide both bio-protection
and full environmental reconciliation upon disposal [94,119,120]. These integrations al-
low smart packaging paradigms to operate within fully green material footprints rather
than conventional petrochemical baselines. There remains an open scientific challenge
concerning the unintended impacts of biodegradable systems throughout their full lifecycle.
Factors such as methane generation during anaerobic degradation or incomplete break-
down under suboptimal conditions warrant closer examination lest environmental gains
be offset by side effects elsewhere in waste chains [114]. Laboratory simulations coupled
with field-scale validation could clarify optimal contexts ensuring maximal emission reduc-
tions alongside safe reabsorption into natural nutrient cycles. The broader path indicates
convergence between performance requirements characteristic of conventional plastics and
degradability requirements influencing the development of future regulatory frameworks.
Research collaborations involving polymer scientists, logistics providers, policymakers,
and consumer advocacy groups appear likely to speed up the refinement process required
for the large-scale rollout beyond environmentally aware markets.

4.1.2. Emerging Nanomaterials: Metal-Organic Frameworks (MOFs) and Quantum
Materials for Smart Packaging

Emerging nanomaterials such as Metal-Organic Frameworks (MOFs) and quantum-
derived nanostructures offer a viable pathway toward replacing conventional plastic pack-
aging by enabling biodegradable, high-performance, and multifunctional smart packaging
systems that preserve food quality and extend shelf life. Also, nanomaterials have emerged
as a transformative element in packaging innovation, providing functionalities that surpass
conventional materials and complementing biodegradable strategies (Figure 4).
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Figure 4. Innovation in smart food packaging.

Emerging nanomaterials for smart food packaging can be grouped into three main
categories: (i) Metal-Organic Frameworks (MOFs), which function as gas-scavenging
and antimicrobial platforms due to their high specific surface area and tunable porosity;
(ii) quantum-derived nanomaterials, such as carbon dots and graphene quantum dots,
mainly providing antimicrobial, antioxidant and UV-blocking performance; and (iii) hybrid
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MOF-polymer or MOF-metal oxide systems that combine multiple active and intelligent
functionalities within bio-based matrices. Among these classes, MOFs represent crystalline
porous networks generated through the coordination of metal ions with organic ligands,
resulting in structures with an adjustable pore size and surface chemistry. Such tunability
enables MOFs to operate as oxygen, moisture and ethylene scavengers, or as carriers
for antimicrobial and antioxidant agents, thereby supporting both active and intelligent
functions in food packaging applications. Recent reviews have emphasized the potential of
MOFEF-based systems to operate as antimicrobial agents, oxygen and ethylene scavengers,
and moisture absorbers in active food packaging applications [86,121].

MOF-based active-packaging materials have been explored for post-harvest fruit
and vegetable preservation. Fu et al. (2023) summarized MOF-loaded films and coat-
ings designed to adsorb ethylene and delay ripening, showing that properly engineered
MOFs can significantly extend the post-harvest shelf-life and maintain the quality at-
tributes of fresh produce [122]. More recent studies have focused on biopolymer matrices
incorporating MOF-based nanofillers, for example, cellulose nanofiber/gelatin films con-
taining bismuth MOF-TiO; hybrids that combine ethylene scavenging, photocatalytic
activity and antimicrobial protection, thus slowing fruit ripening while limiting microbial
spoilage [50,72,112,123].

Other studies have demonstrated cerium-based MOFs embedded in food-contact films
as efficient ethylene scavengers with added antioxidant and antibacterial performance, fur-
ther illustrating the versatility of MOFs as multifunctional nanofillers for smart packaging
systems [124].

In parallel, quantum-derived nanomaterials, particularly carbon dots (CDs), carbon
quantum dots (CQDs) and graphene quantum dots (GQDs) emerge as promising, cost-
effective alternatives or complements to MOFs in active and intelligent packaging. Carbon
dots are ultra-small carbonaceous nanoparticles with abundant surface functional groups,
excellent aqueous dispersibility, strong and tunable photoluminescence, and generally low
toxicity and good biocompatibility [125].

When incorporated into biopolymer films, CDs can endow the packaging with multi-
ple functionalities, including UV-blocking, radical scavenging (antioxidant activity) and
broad-spectrum antimicrobial effects, while at the same time improving the mechanical
strength and barrier properties [34,126]. Recent reviews have highlighted that CD-based
systems can be used not only as active agents in films and coatings, but also as sensing
elements for intelligent packaging and food quality monitoring [127].

Several recent experimental studies demonstrate the practical feasibility of quantum-
derived nanomaterials in food packaging. Priyadarshi et al. (2024) reported edible coatings
containing carbon quantum dots applied directly on fresh and fresh-cut fruits, showing that
CQDs can be safely used in contact with food and that their antibacterial and antioxidant
activities effectively delay spoilage and preserve quality [128].

Singh et al. (2024) developed gelatin-based films enriched with green carbon quantum
dots, which significantly slow the decay of fresh-cut apples in refrigerated storage and
improve the antioxidant capacity of the films [129]. According to Riahi et al. (2025), red pep-
per waste-derived carbon dots were successfully incorporated into sodium alginate/gelatin
matrices to develop multifunctional active packaging films with enhanced antimicrobial,
antioxidant, and UV-barrier performance, demonstrating that biowaste-based nanomate-
rials can significantly extend fruit shelf life while contributing to sustainable food waste
management [130,131].

Graphene quantum dots have also been introduced into biodegradable packaging
matrices, where their ability to generate reactive oxygen species and interact with microbial
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membranes leads to strong antibacterial and antifungal activity, together with UV shielding
and improved oxidative stability of the packaged food [132].

MOFs and quantum-derived nanomaterials comprise two distinct classes of emerging
nanofillers for smart food packaging. MOFs offer highly customizable porosity and sorption
properties, making them suitable for use as gas scavengers and controlled-release systems
for active compounds, whereas carbon-based quantum materials exhibit robust optical
responses, effective UV blocking capabilities, and antioxidant and antimicrobial effects,
and can frequently be synthesized from low-cost biowaste precursors [132-134].

By integrating these advanced nanomaterials into biodegradable or bio-based poly-
mer matrices, recent research demonstrates that it is possible to design multifunctional
packaging films and coatings that simultaneously enhance food safety, extend shelf-life
and contribute to more sustainable and efficient packaging solutions.

4.2. Embedded Sensing Technologies

Embedded sensing technologies integrate chemical, physical, and biological sensors
into packaging systems, enabling continuous monitoring of food quality, environmental
conditions, and potential contamination in real time.

4.2.1. Chemical Sensors for Food Quality

Chemical sensors for food quality operate at the intersection of analytical chemistry,
material science, and food safety engineering, using selective detection mechanisms to
identify or quantify compounds that signal deterioration, contamination, or suboptimal
storage conditions. They transform chemical interactions in the packaging environment
into measurable outputs, often electrical or optical, that can be processed and interpreted
by end users or automated systems. This capability strengthens the functionality of smart
packaging by enabling proactive interventions when quality degradation begins, rather
than relying on fixed-expiry assumptions. Within packaged food environments, certain
gases and volatile compounds act as reliable indicators of microbial growth or chemi-
cal changes. Carbon dioxide (CO;) is widely monitored because its accumulation inside
sealed packages often results from respiration in fresh produce or metabolic activity by
spoilage microorganisms in protein-rich products. Non-dispersive infrared (NDIR) sensors
detect CO, through spectroscopic absorption at specific wavelengths, converting changes
in transmitted light intensity into concentration readings [29,107,135]. These sensors are
well-suited for integration into rigid or flexible packaging formats given their non-contact
nature, though calibration stability under temperature fluctuations must be carefully man-
aged to avoid false readings. Optical oxygen sensors are another strand of chemical sensing
techniques that contribute to food quality assessment. They typically rely on absorbance
changes or luminescence quenching when sensor dyes interact directly with O, within
the headspace of a package [31,136,137]. Since oxygen levels strongly influence oxidative
rancidity, color stability, and aerobic microbial proliferation, monitoring them allows pro-
ducers to confirm that modified atmosphere packaging (MAP) conditions remain intact
throughout distribution. In perishable goods, such as vacuum-packed cured meats, where
even trace oxygen can shorten shelf life, these sensors serve both as a diagnostic and compli-
ance verification tool against mishandling or seal failure [41,138]. Functional diversification
has extended chemical sensors toward detecting ethylene gas emitted by certain fruits
during ripening. Ethylene accelerates senescence processes; its timely removal or sup-
pression can extend fresh windows for retail display [114,139]. Sensor arrays identifying
ethylene concentrations facilitate coordinated operation with active components, ethylene
absorbers, or blockers to maintain optimal ripening stages until sale. Analogously, volatile
amines, such as trimethylamine and ammonia arise during fish spoilage; pH-sensitive dyes
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embedded into polymer films or labels can respond to their presence through distinct color
shifts [100,114]. This approach offers direct freshness cues without the need for specialized
readers, enhancing transparency for consumers inspecting products before purchase. Sen-
sor elements are frequently combined with conductive polymers, piezoelectric crystals, or
metal oxide semiconductor field-effect transistors to produce amplified electronic signals
because of analyte interaction. These systems can take advantage of selective chemistry at
the nanomaterial level, such as functionalized graphene sheets engineered to absorb target
molecules while changing electrical resistance in proportion to concentration [140,141].
The use of carbon nanomaterials is particularly attractive owing to their high sensitivity
and mechanical compatibility with thin film substrates. While many chemical sensors
focus on single-analyte detection for specific reasons, multisensory arrays capable of si-
multaneous monitoring across a suite of volatile markers emerging as powerful tools for
complex food matrices. By constructing data fingerprints based on proportional responses
among multiple detection channels, often referred to as “electronic noses”, packaging
systems can differentiate between similar spoilage pathways caused by different microbial
communities or physical stresses. The application of machine learning algorithms applied
to these sensor datasets improves the predictive accuracy of the remaining shelf life over
traditional threshold-based approaches. From a manufacturing perspective, embedding
chemical sensors directly within package walls avoids additional insertion steps but re-
quires careful consideration of sensor stability during forming or sealing processes [42,142].
Extrusion-based incorporation requires thermally stable sensing chemistries; conversely,
post-production coating methods permit heat-sensitive reagents but may limit adhesion
durability under handling stresses. Packaging transparency also influences sensor choice:
optical detection systems relying on visible cue presentation must position sensing layers
in a manner that does not obscure them by opaque design elements. The adoption of
biodegradable substrates combined with non-toxic sensing agents aligns output devices
with circular economic objectives without abandoning functional integrity over service life.
Bio-based pigments responsive to pH changes during spoilage leverage natural colorants
such as anthocyanins, safe within dietary contexts, while avoiding synthetic dye residues
post-disposal [30]. Emerging research suggests pairing nanoscale sensing elements di-
rectly with wireless data transmitters such as RFID chips embedded in smart packaging
ecosystems. This configuration transforms static measurements into continuous condition
streams that are remotely accessible along the logistics chain [33,37]. Such connectivity
supports rapid response actions such as rerouting shipments when cumulative spoilage
indicators breach defined thresholds, mitigating waste before products reach retail shelves.
As smart packaging continues to expand toward multifunctional platforms that combine
preservation chemistry with real-time diagnostics, chemical sensors will likely evolve into
integrated microsystems that offer precise environmental mapping inside each packaged
food unit [17,21,143,144]. This evolution opens pathways not only for enhanced safety
assurance but also for optimized resource management across globalized distribution net-
works where minute deviations during storage could otherwise propagate substantial loss
events if undetected until the terminal inspection stages.

Costs and Limitations

However, the large-scale adoption of chemical sensing technologies in food packaging
remains limited by the high unit cost of sensor components, the need for specialized
printing or integration processes, and additional IoT infrastructure for data transmission
and management. Moreover, current chemical sensors may face challenges related to
long-term stability, calibration during storage, and reliable performance under variable
temperature and humidity conditions, which further constrain widespread commercial
implementation [7,10,16,58].
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4.2.2. Temperature and Humidity Sensors

Temperature and humidity sensors embedded in food packaging play a key role in
monitoring environmental conditions that affect food safety, quality, and shelf life. Their
integration transforms packaging into a dynamic feedback system that alerts users to
temperature or moisture deviations during storage and transport.

Temperature fluctuations are a major cause of food deterioration. High temperatures
promote microbial growth, lipid oxidation, and texture loss, whereas poor cold chain control
can cause thaw-refreeze cycles that damage the structure. Time—-temperature indicators
(TTIs) work on the principle that heat exposure over time reflects product degradation.
Polymer-based TTIs use dyes that migrate or change color according to thermal history.
More advanced types use enzymatic reactions whose rates vary with temperature, enabling
the estimation of shelf life [4,14,36,62].

Electronic temperature sensors provide higher accuracy. Miniature thermistors or
resistance detectors (RTDs) on flexible circuits can record continuous data and transmit
it wirelessly through RFID modules. These systems verify cold-chain compliance for
perishables such as seafood and dairy, sending alerts when limits are exceeded [31,145].
Predictive algorithms support logistics decisions, such as rerouting or prioritizing products
nearing degradation.

Humidity also affects food quality. High humidity encourages mold growth and
clumping, whereas low humidity causes drying and hardening. Humidity sensors detect
these variations through capacitive sensors (measure changes in the dielectric constant as
water is absorbed); resistive sensors (detect conductivity shifts in hydrophilic polymers);
optical hygrometers (track light scattering from condensation) [58,60,65].

Flexible packaging can be integrated with thin-film capacitive RH sensors without
altering its structure. Combining them with desiccant components generates self-regulating
microenvironments. A film that incorporates silica gel pockets can initiate additional drying
agents when humidity surpasses specified limits, thus maintaining the crispness of snacks
throughout the distribution process [130,146].

Maintaining sensor calibration is crucial. Temperature sensors must remain accurate
across —20 °C to +40 °C, while humidity sensors must minimize hysteresis—drift caused
by repeated wet—dry cycles. Another challenge is the power supply: passive RFID sensors
harvest energy from readers but need proximity, whereas printed thin-film batteries or
solar cells offer independence at higher cost [106].

When integrated into intelligent packaging, temperature and humidity data become
more valuable. Correlating humidity spikes with CO, readings, for instance, can reveal
spoilage caused by microbial activity [95,99,147]. Multi-sensor systems enhance predictive
quality control and reduce false alarms.

In modified atmosphere packaging (MAP), these sensors confirm the gas balance and
detect leaks or unwanted permeability. Reliable performance requires material compatibil-
ity, flexible circuits must endure sealing temperatures, and food-safe sensor coatings [45].

Market-ready examples include luminescent ZnO nanoparticle films embedded in
polymers, which change brightness with temperature, and color-shifting nanomaterials
that indicate humidity levels in bulk goods [95,119,148]. Such low-cost visual indicators
allow easy quality checks during transport.

Future designs will likely feature printed biodegradable sensor arrays that combine
temperature, humidity, pH, and gas detection. These smart sustainable systems align with
the circular economic goals. Correctly implemented, temperature and humidity sensing
strengthens proactive quality assurance from production to retail, reducing waste and
enhancing consumer trust.
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Costs and Limitations

Temperature and humidity sensors currently add a noticeable cost to smart food
packaging, with low-cost printed temperature indicators ranging from a few cents per unit
while electronic temperature-humidity modules or RFID-based loggers involve higher
costs, depending on functionality and volume.

Passive RFID sensors are battery-free, low-cost and can be embedded in food packag-
ing. An important direction in developing such sensors is to find a biocompatible, food-safe,
and temperature-sensitive smart material. However, limitations such as calibration drift,
sensitivity to variable storage conditions, energy demand for continuous monitoring, and
long-term signal stability continue to restrict large-scale commercial adoption in conven-
tional food supply chains.

4.3. Benchmarks and Comparative Evaluation of Smart Food Packaging Systems

To contextualize recent advances in smart food packaging, it is important to identify rel-
evant benchmarks and compare their characteristics with those of emerging nanomaterial-
based systems. Conventional passive packaging based on plastics, paper, glass, or metal
still represents the dominant benchmark in the food industry, providing basic mechanical
strength and barrier properties but offering limited active functionality and no real-time
quality monitoring [149].

Ahmed et al. (2022) systematically reviewed active packaging systems for food quality
and safety, showing that incorporating oxygen scavengers, antimicrobial agents, and
antioxidant components into packaging films can substantially reduce microbial growth
and oxidative deterioration compared with conventional packaging, leading to significant
shelf-life extension across diverse food categories [150].

Mkhari et al. (2025) highlighted a wide range of intelligent packaging solutions,
including colorimetric freshness indicators, gas sensors, and RFID-based systems that
allow real-time monitoring of food quality and storage conditions, offering a distinct
benchmark for comparison with other developed smart packaging technologies [151].
Environmental impact assessments, such as the comparative study by Srivastava et al.
(2024), have shown that active biocomposite packaging can reduce environmental burdens
relative to conventional plastic packaging, while maintaining or improving preservation
performance [152].

Table 3 provides a systematic overview of the identified benchmark packaging system
types (passive, active, and sustainable) and delineates their characteristic features relative
to Smart Food Packaging. Furthermore, the analysis explicitly outlines indicative cost
considerations associated with the material composition and technological complexity
inherent to each system’s application and manufacturing process.

Ultimately, while smart packaging offers a revolutionary leap in real-time safety as-
surance and supply chain transparency, its commercial viability and widespread adoption
are presently constrained by its significantly higher unit cost and inherent complexities in
achieving environmental compliance compared to established Passive and Active packag-
ing benchmarks.
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Table 3. Benchmark packaging systems: comparative characteristics, functional performance, and indicative cost considerations.
Key Characteristics/Typical Relevance as a Indicative Cost and Scalabilit
Packaging System Type y yp Benchmark for Smart . . y References
Performance . Considerations
Packaging
. . . Provides basic barriers and Serves as the traditional baseline for General}y low cost dug to mass
Conventional passive packaging . . . . production and established
) protection; no active or sensing evaluating the added value of industrial lv chains: highl [7,10,17,152]
(plastics, paper, glass, metal) functions active/smart systems industrial supply chains; highly
scalable
Moderate material and
Includes antimicrobial /antioxidant =~ Benchmark for functional incorporation cost depending on
Active packaging systems agents; oxygen/moisture improvement over passive active agents; scalable but [10,16,17,150]
scavengers packaging sometimes limited by regulatory
approval of active substances
. o . Provides real-time informationon =~ Benchmark for evaluating Higher cost due to SensTE elements,
Intelligent monitoring packaging roduct quality or temperature intelligence and monitorin electronics or smart indicators; [17,149,150]
(indicators, sensors, RFID, TTIs) 1}3115 tor quality P a ab?li ¢ & scalability depends on target food T
y P y category and cost-benefit ratio
Costs depend on nanomaterial type,
Nano-enabled active and intelligent En}.lar}ced l.)arner,- . Represents an advanced benchmark synthesis method, lqad1ng level,
. . antimicrobial /antioxidant ) and regulatory requirements;
packaging (nanocomposites, for high-performance smart [10,17,149,152]

nano-coatings, nano-sensors)

functionality, possible sensing
capabilities; often multifunctional

packaging

industrial scale-up feasible but still
under development for certain
nano-platforms
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5. Applications of Smart Packaging in the Food Industry

Smart packaging applications in the food industry span a wide range of functions, from
extending shelf life and ensuring product safety to enhancing traceability, transparency,
and consumer interaction through advanced digital and sensing technologies.

5.1. Shelf-Life Extension

Extending the shelf life of food products through smart packaging technologies repre-
sents a confluence of material science, chemistry, and sensor integration aimed at slowing
or halting degradation pathways while maintaining desirable sensory qualities. Building
upon the environmental monitoring capacities, these systems employ active and intelli-
gent features to control microenvironmental factors such as oxygen availability, moisture
content, ethylene concentration, and temperature stability (Figure 5a,b).
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Figure 5. Packaging methods for the extension of food shelf life: (a) temperature and humidity
sensors in smart packaging; (b) applications of smart packaging shelf-life extension.

One well-established mechanism for prolonging shelf life is controlling oxidative
processes through oxygen scavengers embedded within packaging films or added as
sachets. These scavengers, often based on iron powder oxidation or enzymatic reactions,
remove residual oxygen from sealed environments, thereby delaying lipid rancidity in
high-fat foods and color loss in fresh meats [153,154]. Advanced scavenger formulations
incorporate nanomaterials, such as titanium dioxide or zinc oxide particles, that participate
in controlled photocatalytic reactions under specific wavelengths, further enhancing the
efficiency of oxygen removal. For foods in which partial oxygen is required (e.g., fresh
vegetables reliant on aerobic respiration), scavenger capacity is finely tuned to avoid
anaerobic conditions that could cause off flavors [114,116]. Controlling moisture is similarly
crucial for maintaining the shelf life of a product. Mold growth and altered texture profiles
in baked goods can be caused by excessive humidity, whereas extremely low humidity leads
to desiccation. Moisture-absorbing inserts or layers within multilayer films help control the
relative humidity inside a package. Humectants such as sorbitol and fructose, dispersed
within biodegradable polymers, absorb moisture without leaving behind any residues [109,
155]. Pairing these absorbers with real-time humidity sensors enables the adaptive release
of desiccants only when the levels exceed the threshold values, thereby reducing the
use of additives while maintaining optimal textural properties. Ethylene management
provides another avenue for shelf-life extension, especially for climacteric fruits whose
ripening rate strongly correlates with ethylene concentration [73,86,156]. Active packaging
solutions embed ethylene absorbers, such as potassium permanganate supported on inert
substrates, within films to retard over-ripening during storage and transport. Intelligent
sensors detecting rising ethylene levels can trigger consumer-facing indicators alerting
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them to peak ripeness; such capability allows retail managers to adjust stock rotation before
quality declines irreversibly [29,111]. Plant-derived essential oils (e.g., cinnamon oil rich in
cinnamaldehyde) integrated into biodegradable films exhibit targeted inhibition against
Listeria monocytogenes while slowing lipid oxidation via natural antioxidant action. The
multifunctionality achieved by combining antimicrobial emission with oxidative stability
reinforcement aligns shelf-life extension goals with consumer preferences for “clean-label”
preservative strategies [99,147]. Hybrid designs integrating active preservation agents
with intelligent detection modules enhance effectiveness by synchronizing protective
actions with environmental monitoring outputs. For instance, CO, emitters used to inhibit
bacterial growth in MAP fish filets can be coupled with gas sensors that track headspace
concentrations over time; deviations from setpoints may indicate leakage or unexpectedly
high respiration rates requiring timely intervention [100]. Similarly, pH-sensitive dyes
embedded in films can visually reveal protein breakdown when nitrogenous volatiles
increase during seafood storage, alerts that complement microbial inhibition measures
already active within the same package. Material selection strongly intersects with the shelf-
life capabilities. Chitosan based edible coatings not only act as semi-permeable barriers
that moderate gas exchange but also possess intrinsic antimicrobial properties owing to
positive charge interactions with microbial cell membranes [98,151,157,158].

Nanocomposite reinforcements using nanoclays or graphene oxide within biopolymer
films significantly reduce permeability to O, and H,O vapor while enhancing mechanical
durability, which is crucial for extended transportation cycles, without compromising
barrier integrity. When these functional enhancements occur within compostable sub-
strates, sustainable frameworks gain momentum, meeting environmental targets without
sacrificing preservation performance [29,123]. The integration of TTIs serves two purposes
for temperature-sensitive products, such as dairy or meat products: validating cold chain
adherence and enabling dynamic estimation of the remaining shelf life based on cumulative
thermal exposure [96]. The internal microbiological environment of the packaging also
benefits from reactive components combining scavengers and inhibitors simultaneously
targeting multiple spoilage vectors. Multifunctional nanoparticles, for example, magne-
sium oxide, provide antifungal effects while regulating moisture, deliver broad-spectrum
defense against various degradation routes. Their deployment often reduces dependence
on synthetic preservatives applied directly on food surfaces, meeting health-conscious
consumer expectations without diminishing storage resilience [3,87,110,119]. Investments
in sensor arrays or multifunctional film production need to compensate for gains through
reduced spoilage rates across a sufficient volume of turnover before the industry is widely
penetrated. Real-world applications highlight how customized solutions surpass gen-
eralized shelf-life extension techniques by being accurately matched to specific product
requirements. Vacuum-packed sliced ham monitored via ruthenium dye-based O, sensors
showed accurate oxygen profiling over time, closely aligning with destructive headspace
analysis results, a validation strengthening confidence that intelligent monitoring effec-
tively augments traditional preservation methods [31,41,122]. Similarly, cellulosic packets
loaded with silver nanoparticles extended vegetable longevity by inhibiting Aeromonas
hydrophile proliferation post-harvest, a pathogen-specific solution that directly targets
the produce sector challenge directly. Future research aims at harmonizing regulatory
safety thresholds concerning active agents, including migration limits, with performance
imperatives ensuring extended shelf life under realistic logistical stresses across diverse
geographies [118,147].



Foods 2025, 14, 4347

24 of 37

5.2. Consumer Interaction and Engagement

Consumer interaction and engagement in smart packaging focus on enhancing the
user experience through interactive labels, real-time information, and digital tools that
promote transparency, trust, and informed decision-making.

Interactive labels and QR codes are key tools for increasing smart packaging consumer
engagement. They provide quick access to product information, personalized services,
and two-way communication between brands and consumers. These digital elements
transform static packages into interactive touchpoints, where decisions are guided by real-
time, accurate data [159]. In practice, interactive labels range from simple scannable codes
to more advanced augmented reality (AR) or near-field communication (NFC) systems
(Figure 6).
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Figure 6. Interactive labels and QR codes.

Among them, QR codes are the most common among them because they are inexpen-
sive, easy to print, and compatible with smartphones. Scanning a QR code gives access to
details such as product origin, nutritional data, allergen alerts, and disposal instructions
based on local recycling systems.

Sustainability guidance is a major advantage of these labels. QR-linked applications
can identify material types at disposal, thereby reducing recycling contamination and
improving recovery efficiency. Some systems provide location-based recycling instructions,
which help users manage waste correctly despite regional differences [28,100,160,161].

Interactive labels can also enhance food safety. They can connect to cloud-stored
freshness indicators or sensor data, which display whether cold chain conditions were
upheld. Colorimetric sensors change color in response to temperature fluctuations and
relay data via linked QR platforms [36,91,162]. Establishing consumer trust helps prevent
the early disposal of food. In addition to quality assurance, interactive packaging can
enhance brand engagement.

AR-triggered labels can display recipes, videos, or brand stories. QR scans can offer
loyalty points or personalized discounts, transforming simple purchases into continuous
interactions. Such tools help brands stand out in competitive markets. From a logistics
perspective, QR codes support traceability. Each code serves as a unique identifier linked
to blockchain-based records that track distribution and authenticity. Retailers can verify
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shipments, detect counterfeits, and confirm handling standards without opening packages.
However, effective implementation requires attention to accessibility and clarity. Too much
promotional content can distract from data on safety or quality. Interfaces must be concise,
explaining what users gain from scanning. Visible indicators or printed summaries of
sensor data ensure inclusiveness for audiences less familiar with technology.

Ensuring security is a high priority. QR codes can be vulnerable to exploitation if
they are altered during manufacturing or if fake versions are created afterwards. Utilizing
encrypted or dynamic URLs and secure servers minimizes this risk. NFC tags offer en-
hanced protection as chip data is more difficult to replicate [163,164]. Strong data integrity
safeguards are essential for sensitive products, particularly those with allergen risks, to
ensure both consumer safety and protect brand reputation.

Economic considerations also influence design choices. Printing QR codes are low-cost,
whereas NFC chips allow richer, automated interactions but are more expensive. Many
companies adopt a phased strategy—starting with printed codes for basic engagement and
later integrating NFC features for premium lines as ROI becomes clear [165]. Regulations
increasingly shape how interactive labels are used. Rules specify minimum font sizes and
contrast for scannable reliability, as well as backup printed safety information in case scans
fail. Lack of global harmonization forces brands to adapt designs per region, raising costs
but ensuring compliance.

Recent research shows the potential of smart integration combining sensors and QR
systems. For example, gas sensors that detect spoilage can trigger QR-linked updates that
notify retailers or offer discounts before quality declines. Some eco-labels directly link to
carbon footprint data or verified offset programs, turning packaging into a channel for
environmental action [1,54,166].

Consumer response depends on perceived usefulness. People engage more when
scanning offers practical value, such as safety information or recycling help, rather than
intrusive marketing. Effective designs balance transparency with optional interactive
features. Overall, interactive labels and QR codes bridge the gap between consumers and
smart packaging technologies. By directly linking sensor intelligence, traceability data, and
sustainability instructions to the user, they combine health protection with environmental
responsibility, which are two core goals that shape modern food packaging innovation.

6. Impact of Antimicrobial and Antioxidant Nanomaterials on Food
Safety and Shelf-Life

In recent years, the development of smart and active food packaging has increasingly
relied on nanomaterials not only as structural or barrier enhancers, but also as bioactive
components that provide antimicrobial and antioxidant functions. These functionalities
directly contribute to reduced microbial spoilage, delayed oxidation, and extended shelf
life of food. Beyond classical inorganic nanoparticles such as silver or zinc oxide, emerging
quantum materials (e.g., carbon dots) and metal, organic frameworks (MOFs) have attracted
attention owing to their tunable structure, large specific surface area, and ability to host or
generate bioactive species [130,167].

1.  Antibacterial mechanisms and packaging efficacy

Antibacterial nanomaterials typically act through a combination of: (i) disruption
of cell membranes, (ii) generation of reactive oxygen species (ROS), (iii) release of toxic
ions, and (iv) interaction with intracellular components (proteins, DNA). For instance,
silver nanoparticles and ZnO nanoparticles are known to adhere to bacterial cell walls,
disturb membrane integrity, and promote leakage of intracellular constituents; in parallel,
released metal ions and ROS damage DNA and essential enzymes, ultimately causing
cell death [168]. A similar behavior has been demonstrated for carbon dots (CDs), which
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are a class of carbon-based quantum nanomaterials with sizes typically <10 nm. CDs
usually bear abundant surface functional groups (-NH,, -OH, -COOH, C=0), enabling
both electrostatic interaction with microbial membranes and direct radical scavenging or
ROS generation, depending on their chemistry and environment.

Riahi et al. (2025) synthesized carbon dots from red pepper waste and incorporated
them into a sodium alginate/gelatin (SA /Gel) matrix to develop bioactive composite films
for fruit preservation [130,131]. The authors reported that the red pepper-derived carbon
dots (RP-CDs were quasi-spherical (~2.5 nm) and rich in functional groups such as -NHj,
-OH, C=0, C-0O, and C-O-C, which facilitated strong interactions with the biopolymer
matrix and, importantly, antibacterial activity. Loading 1-3 wt% RP-CDs into the SA/Gel
films not only significantly improved the mechanical strength and moisture resistance
but also endowed the films with high bactericidal activity against Listeria monocytogenes,
reaching 99.9% reduction at 3 wt% CDs [130]. This strong antibacterial effect is attributed
to the physical interaction of CDs with bacterial membranes, leading to structural disrup-
tion, oxidative stress, and possible interference with cellular components induced by the
reactive surface groups of the CDs. The same study demonstrated that the SA/Gel/RP-CD
3% film maintained the freshness of packaged grapes and extended their storage life to
24 days, clearly demonstrating the efficacy of quantum-dot-type nanomaterials in real food
packaging scenarios.

Similar results were obtained by other authors. Fu et al. (2022) incorporated green-
synthesized CDs into a gelatin/chitosan blend and developed a multifunctional bio-
nanocomposite film [169]. The Gel/Chitosan/CDs films exhibited excellent antibacterial
activity against spoilage bacteria and were successfully applied as packaging for fish meat,
where they reduced quality loss and extended shelf life compared to control films without
CDs [169]. These results confirm that carbon-dot-based quantum materials can act as both
structural reinforcements and active antibacterial agents in perishable food packaging.

Metal-organic frameworks (MOFs), particularly Zn-based MOFs such as ZIF-8, have
emerged as another class of advanced nanomaterials for active packaging. Riahi et al. (2023)
engineered high-performance gelatin-based films integrated with Zn-MOFs (ZIF-8) and
showed that MOF-loaded films possessed strong antibacterial activity against both Gram-
positive (Staphylococcus aureus, L. monocytogenes) and Gram-negative (Salmonella enterica,
Escherichia coli) bacteria [170]. The authors explained that the porous MOF structure allows
for controlled interaction and, potentially, controlled release of Zn?* ions, which can disrupt
bacterial membranes, interfere with enzymatic systems, and induce oxidative stress in
microbial cells. Applying these Gel/Zn-MOF films were used to package cherry tomatoes,
they effectively inhibited microbial growth and retarded texture deterioration over 16 days
of storage at 10 °C, demonstrating their practical antimicrobial efficacy in a real food system.

2. Antioxidant mechanisms and oxidative stability

The antioxidant performance of emerging nanomaterials plays a crucial role in en-
hancing the oxidative stability of active food packaging systems. Lai (2022) reported that
polymeric antioxidant films enriched with nanoscale bioactive fillers in lipid-rich food
matrices significantly reduced lipid oxidation and delayed rancidity, highlighting the po-
tential of nanostructures as radical scavengers [171]. Carbon-based quantum materials
have received increasing attention as multifunctional antioxidant agents. Wu et al. (2025)
demonstrated that biodegradable films containing carbon dots derived from agricultural
residues exhibited strong reactive oxygen species (ROS) scavenging capacity and provided
effective UV shielding, thereby preventing the photo-oxidation of packaged foods [126].

Carrasco et al. (2025) developed poly (vinyl alcohol)—cellulose-MOF composite films
with enhanced oxidative stability due to the radical-scavenging behavior of metal-organic
frameworks, which helped preserve food quality over extended storage periods [172].
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A comprehensive review by Muthu et al. (2025) showed that a wide range of nano-
materials, including metal nanoparticles, nanoclays, nanocellulose and graphene-derived
structures are actively being investigated for their antimicrobial, antioxidant and oxygen-
or moisture-barrier performance, making them promising candidates for next-generation
sustainable food packaging systems [173].

Emerging nanomaterials offer valuable opportunities to delay spoilage and signifi-
cantly extend the shelf-life of perishable foods.

7. New Directions and Innovations for the Development of Sustainable
Food Packaging Systems

Advances in artificial intelligence, nanomaterials, and IoT connectivity drive future
directions and innovations in smart packaging, paving the way for highly adaptive, sus-
tainable, and intelligent systems that transform how food is monitored, protected, and
experienced.

7.1. Integration of IoT and Al in Next-Generation Smart Packaging

The integration of Internet of Things (IoT) technologies transforms smart packaging
from isolated monitoring units into interconnected components within complex digital
ecosystems. Through IoT, each package becomes an active data node capable of communi-
cating real-time information about product condition, transport environment, and origin
across the entire food supply chain (Figure 7).
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Figure 7. Artificial Intelligence and Internet of Things (IOT) in packaging data analytics.

The application of artificial intelligence (Al) to packaging data analytics signifies
an advanced point in the development of intelligent food packaging systems. Artificial
intelligence transforms heterogeneous data streams into actionable insights by compiling
sensor-generated data on temperature, humidity, gas composition, colorimetric indicators
and traceability records [165,174].
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Embedded sensors within packaging; measuring temperature, humidity, gases, or
microbial contamination, continuously transmitting data to cloud-based platforms using
RFID, NFC, Bluetooth Low Energy, or cellular networks. These data streams are auto-
matically analyzed by advanced systems that assess product quality, remaining shelf life,
and food safety compliance. Some packages employ passive RFID tags, which harvest
energy from reader signals, while active tags contain small batteries that enable contin-
uous monitoring, crucial for highly perishable goods such as seafood or dairy products.
The transmitted information is secured through encrypted communication channels that
comply with international data protection regulations [96,137,175,176].

Bi-directional communication is a major advantage of IoT integration. Packaging
sends data and receives operational commands based on network-level risk assessments,
such as activating antimicrobial compounds or adjusting scavenger release rates.

Full traceability and authenticity can be achieved by connecting smart packaging to
IoT and blockchain-based registries. Each product receives an immutable digital history
that records every environmental fluctuation throughout its distribution. Consumers can
verify real-time freshness and origin simply by scanning QR or near-field communication
(NFC) tags on the package surface [30,41,177].

IoT provides significant operational benefits to supply chain operators. Continuous
monitoring enables distributors to reroute shipments showing early signs of deterioration
to nearby retail points, thereby reducing waste and financial loss. Meanwhile, Al-powered
systems optimize transportation routes, improving efficiency and reducing emissions.

At the consumer level, IoT-connected packages offer complete transparency. Scanning
a smart label gives instant access to information on freshness, carbon footprint, and supply
chain performance. Some systems even link to loyalty programs, rewarding customers for
purchasing well-handled or sustainably sourced goods, thereby strengthening trust and
brand engagement [178,179].

However, technical challenges remain. Maintaining stable connectivity in refrigerated
or metallic environments, preventing data interception, and managing power efficiency
in active devices are key concerns. Edge computing can reduce bandwidth demand and
latency by processing data locally before cloud transmission. Global standardization
of communication protocols is also essential to ensure seamless interoperability among
producers, distributors, customs, and retailers [180,181].

IoT integration promotes sustainability from an environmental standpoint by reducing
premature food disposal. Instead of relying on static “best-before” dates, real-time freshness
data allow accurate consumption window definition, reducing carbon emissions and
minimizing avoidable waste. Recent developments in biodegradable electronics, such as
compostable conductive films, further align lIoT packaging innovations with eco-regulatory
goals [145,182].

Embedding IoT within smart packaging transforms it into an active participant in the
digitalized food ecosystem. These packages intelligently monitor, communicate, and re-
spond to environmental changes, ensuring safety, transparency, and sustainability through-
out the supply chain. Thus, each package becomes both a guardian of food integrity and a
node of collective intelligence, contributing to a more efficient, transparent, and responsible
global food system.

7.2. Advanced Strategies for Sustainable Food Packaging Development

The transition to sustainable food packaging is a critical priority driven by escalating
concerns over plastic pollution and the circular economy principles. Recent literature
highlights a paradigm shift toward bio-based materials, smart packaging technologies, and
integrated circular economy design strategies.
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Future research should concentrate on further improving sensor accuracy, enhancing
the biodegradability of packaging materials, and increasing cost-effectiveness to support
large-scale, global implementation [145,174,183,184].

New directions in smart packaging must prioritize improving the accuracy and long-
term stability of biosensors and intelligent indicators to enable more reliable real-time food
monitoring (Figure 8).
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Figure 8. New directions for sustainable food packaging.

Advances in nanotechnology and Al-based predictive models are expected to further
refine food safety evaluation and quality prediction. Moreover, developing cost-efficient
and scalable biodegradable packaging concepts is essential to ensure economic feasibility
without compromising functional performance. Furthermore, large-scale pilot implementa-
tions must demonstrate commercial viability under real supply-chain conditions.

Finally, gaining insights into consumer perception and strengthening public awareness
through targeted educational strategies will be critical for the broader societal acceptance
of smart packaging technologies.

8. Conclusions

Smart packaging marks a major transformation in food preservation, safety, and
sustainability, achieved by merging advanced materials, sensor technologies, and digi-
tal connectivity. These systems actively monitor and respond to environmental changes,
extending shelf life, reducing waste, and strengthening consumer trust. The shift from
passive to intelligent packaging aligns functionality with environmental responsibility,
using biodegradable materials and nanotechnology to balance performance and sustain-
ability. Integrated temperature, humidity, and gases sensors enable continuous monitoring,
whereas interactive indicators and data carriers improve traceability and safety across
supply chains.

Consumer engagement grows through interactive labels and transparent product
information, although success depends on clear communication, trust, and privacy pro-
tection. Economic and regional factors influence adoption, whereas life-cycle assessments
emphasize the need for recyclable and compostable designs.

The remaining challenges include sensor stability, system calibration, and compliance
with evolving legal and safety standards. Progress in Al and IoT will further enhance
predictive quality control, logistics optimization, and autonomous packaging responses. Ul-
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timately, smart packaging emerges as a cornerstone of sustainable food systems, combining
innovation with responsibility.

The significance of this study lies in its comprehensive examination of the latest advances
and persistent challenges in smart packaging technologies for the food industry, offering
critical insights into how emerging materials, sensor integration, and data-driven analytics
can collectively enhance food safety, extend shelf life, and support sustainable supply chain
management in alignment with global food security and environmental objectives.
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