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Abstract: Dairy products are highly perishable and susceptible to microbial spoilage, chemical degradation, and
quality loss during storage and distribution. Traditional packaging technologies often fail to adequately protect these
products from environmental stressors such as oxygen, moisture, and microbial contamination. Recent advances in
nanotechnology-based smart packaging offer innovative solutions to extend shelf life, preserve nutritional integrity,
and ensure consumer safety. Smart packaging systems, incorporating nanomaterials such as silver nanoparticles,
titanium dioxide, and nanoclays, provide enhanced barrier properties, antimicrobial functions, and active
monitoring of product quality. In addition, nanosensors embedded in packaging materials allow real-time detection
of spoilage indicators, enabling rapid decision-making across the supply chain. These innovations not only reduce
post-harvest losses but also contribute to food quality assurance and regulatory compliance. This review explores
the current state of nanotechnology applications in smart dairy packaging, highlighting their mechanisms, benefits,
and potential risks. It also addresses sustainability challenges associated with nanomaterials, consumer acceptance,
and regulatory frameworks that govern their safe usage. By critically examining both technological advancements
and implementation barriers, this paper provides a comprehensive perspective on how nanotechnology-driven smart
packaging can revolutionize the dairy industry. The discussion emphasizes the importance of multidisciplinary
collaboration between food scientists, material engineers, and policymakers to ensure sustainable adoption and
maximize societal benefits.
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1. INTRODUCTION
1.1 Background on dairy perishability and global consumption trends

Dairy products—including fluid milk, yogurt, cheese, and cream—are among the most perishable food categories, owing
to their high water activity, rich nutrient composition, and susceptibility to enzymatic, chemical, and microbial degradation.
Microbial spoilage (e.g. by lactic acid bacteria, psychrotrophs, coliforms) leads to off-flavors, acidification, and curdling,
while lipid oxidation, proteolysis, and Maillard reactions erode sensory and nutritional quality during storage. The
perishability challenge intensifies with extended cold chain durations, variable temperature excursions, and microbial
contamination during handling and packaging.

Globally, consumption trends of dairy products have been rising, especially in developing regions, driven by population
growth, urbanization, increasing incomes and dietary diversification. Bojovi¢ and McGregor (2023) trace how consumption
and production are shifting from the Global North to the Global South, thus broadening logistical and shelf-stability
challenges in dairy supply chains. Bhat et al. (2022) project that global dairy production will require more efficient handling
along distribution lines to ensure freshness, safety, and minimal losses, particularly as climate stress and sustainability
pressures mount. In many middle-income countries, expanding consumer demand means dairy often arrives fresh over long
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distances, intensifying the risk of spoilage losses. These megatrends highlight that while dairy demand is rising, so too are
the hazards of quality deterioration unless packaging and preservation technologies keep pace. As a result, packaging
interventions must evolve to mitigate perishability effects for increasingly distributed and time-extended dairy supply
chains.

1.2 Importance of packaging in food quality assurance

Food packaging plays a crucial role not merely as a passive containment for dairy products, but as an active interface to
preserve quality, ensure safety, and provide assurance to both producers and consumers. Packaging must guard against
physical damage, chemical migration, moisture and gas exchange, light exposure, and microbial infiltration over time.
Pascall et al. (2022) emphasize that functional packaging systems provide barriers against oxygen, moisture, and external
contaminants while inhibiting nutrient degradation, microbial ingress, and oxidation. Through hermetic sealing, selective
permeability, and physical protection, packaging upholds freshness and shelf stability. Meanwhile, Yan, Hsieh, and Ricacho
(2022) discuss how advanced packaging has evolved beyond simple protection to incorporate active and intelligent
functionalities—such as scavenging agents and sensor integration—which help monitor or respond to deteriorative
processes.

From a quality assurance perspective, packaging also fosters traceability, tamper-evidence, shelf-life labeling, and consumer
confidence. Properly designed packages can communicate storage conditions, predict remaining shelf life, and provide
visible indicators of spoilage onset. Moreover, packaging mitigates risks of foodborne illness by creating hygienic barriers.
In complex dairy distribution chains with temperature fluctuations and handling stresses, packaging becomes a critical
control point: poor packaging can lead to leakage, microbial contamination, or rapid spoilage, compromising food safety
and brand integrity. Thus, in the context of dairy products with narrow tolerance for quality loss, packaging is a linchpin of
the quality assurance framework, bridging processing, cold-chain logistics, and consumer-end safety.

1.3 Emergence of nanotechnology in food systems

Nanotechnology has emerged as a transformative frontier for food systems, offering novel materials and functionalities that
can be integrated into packaging, processing, and sensing modalities. At scales from 1 to 100 nm, nanomaterials exhibit
distinctive physicochemical properties—enhanced surface area, tunable reactivity, and improved diffusion behaviors—that
can be harnessed for food preservation and detection. Sahoo, et al. (2021) outline how nanotechnology applications in food
include antimicrobial coatings, barrier-enhancing nanocomposites, and real-time sensors for spoilage or pathogen detection.
He et al. (2016) similarly emphasize how nanomaterials can improve the sensitivity, stability, and responsiveness of
nanosensors embedded into packaging matrices. Together, these advances enable a paradigm shift from passive packaging
to “smart” systems that react to changing food microenvironments.

In dairy contexts, nanotechnology permits the tailoring of barrier films with nanoparticle fillers (e.g., nanoclays, metal
oxides) to reduce oxygen and moisture transmission. Simultaneously, antimicrobial nanoparticles (such as silver, zinc oxide,
or titanium dioxide) can actively suppress microbial proliferation on surfaces. Nanosensors (e.g. for pH, ammonia, volatile
amines, or metabolites) embedded in packaging can deliver real-time alerts to quality shifts before overt spoilage occurs.
These capabilities promise to extend shelf life, reduce waste, and support rigorous quality assurance by integrating detection
and intervention in a responsive, material-integrated fashion (Oyekan, et al., 2025). As global dairy supply chains become
more distributed and time-sensitive, these nanoscale interventions offer critical leverage to maintain safety, freshness, and
consumer trust.

1.4 Objectives and Scope of the Review

The primary objective of this review is to critically examine the role of nanotechnology-based smart packaging in extending
the shelf life of dairy products and strengthening food quality assurance systems. It seeks to provide a comprehensive
overview of the scientific principles, material innovations, and technological strategies that underpin smart packaging
applications within the dairy sector. The scope of the review encompasses an analysis of current challenges in dairy
preservation, the mechanisms by which nanomaterials enhance packaging performance, and the integration of intelligent
sensing systems for real-time quality monitoring. Additionally, the review highlights regulatory, safety, and sustainability
considerations associated with the adoption of nanotechnology in food systems, while identifying gaps in research and
opportunities for industrial application. By situating these developments within the broader context of global dairy
consumption trends and quality assurance demands, this review establishes a framework for understanding both the
transformative potential and the practical limitations of smart packaging in modern food supply chains.
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2. NANOTECHNOLOGY IN FOOD PACKAGING

2.1 Concept and principles of nanotechnology in packaging

Nanotechnology in packaging refers to the integration of materials and devices engineered at the nanoscale to impart
advanced functionalities beyond conventional packaging. The foundational principle is that nanomaterials—typically with
at least one dimension between 1 and 100 nm—exhibit size-dependent physicochemical properties (e.g., increased surface
area, altered optical behavior, quantum effects, enhanced reactivity) distinct from their bulk counterparts (Ononiwu, et al.,
2025) as shown in figure 1. These unique traits enable the development of packaging matrices with improved mechanical
strength, barrier performance, stimuli responsiveness, and interfacial compatibility (Herrera-Rivera et al., 2024). In practice,
nanoparticles are dispersed or embedded within polymer matrices (producing nanocomposites) or coated onto surfaces to
form functional layers. The small particle size often leads to better dispersion, lower percolation thresholds, and reduced
impact on optical clarity. The design philosophy is to embed nanostructures that either reinforce existing barrier layers or
serve as active agents for protective or interactive roles (Pathiraja, Silva, & Ekanayake, 2024). Crucially, the success of a
nanotechnology-based packaging system depends on the compatibility between nanoparticle and host polymer, the
uniformity of dispersion, interfacial adhesion, and controlled migration kinetics (Ononiwu, et al., 2024). When properly
engineered, the nanocomposite behaves as a cohesive multifunctional barrier layer rather than a mere additive. In effect,
nanotechnology transforms packaging from a passive shell into a dynamic, multifunctional interface capable of interacting
with the food environment (Ononiwu, et al., 2023).

Development of Nano-sensors based Intelligent packaging systems:
Food quality and medicine
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Figure 1: Picture of Development of nanosensor-based intelligent packaging systems for food and medical
applications (Chelliah, R. et al., 2021).
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Figure 1 illustrates the concept and principles of nanotechnology in packaging by showcasing how nanosensors are
integrated into smart packaging systems for both food and medicine. At the core of the diagram is the idea of “Smart
Packaging,” which combines preservation, protection, quality monitoring, and communication functions. Nanotechnology
enables this by embedding nanosensors and nanomaterials within packaging films, giving them properties that go beyond
passive containment. On the left, examples such as biodegradable nanosensors applied to food items like apples and
beverages highlight how nanomaterials can actively monitor spoilage indicators, moisture, or gas changes. On the right,
medical packaging applications are presented, showing how nanotechnology can be used to monitor drug stability,
authenticity, and dosage control. The arrows around the cube emphasize the cyclical principle of feedback—packaging is
no longer static but interacts dynamically with the product and environment. Mechanistically, this relies on the nanoscale
properties of materials: increased surface area, enhanced sensitivity, and controlled reactivity allow nanosensors to detect
minute changes in biochemical markers or environmental conditions. The overall principle demonstrated is that
nanotechnology transforms packaging into an intelligent system capable of protecting product integrity, providing real-time
safety data, and supporting sustainable, biodegradable solutions, thus addressing the modern needs of both the food and
pharmaceutical sectors.

2.2 Types of nanomaterials used in food packaging (nanoclays, silver nanoparticles, etc.)

A diverse spectrum of nanomaterials has been adopted for food packaging, each selected for particular functional benefits.
Among the most commonly used are nanoclays (e.g., montmorillonite, halloysite), silver nanoparticles (AgNPs), zinc oxide
(ZnO) nanoparticles, titanium dioxide (TiO-), copper-based nanoparticles, and carbon-based nanostructures (e.g., graphene,
carbon nanotubes). Peng et al. (2024) systematically catalog nanomaterials used in active packaging: nanoclays improve
barrier characteristics, while metallic and metal oxide nanoparticles deliver antimicrobial functionality. Suvarna, et al.,
(2022) further elaborate antimicrobial nanomaterials: silver and zinc oxide particles exhibit broad-spectrum inhibition of
bacteria and fungi, often via ion release or reactive oxygen species generation. Nanoclays, particularly montmorillonite,
when exfoliated or intercalated within polymer chains, enhance tortuosity to gas and moisture diffusion pathways,
improving barrier resistance (Ononiwu, et al., 2023). Metal and metal oxide nanoparticles act either as direct antimicrobial
agents or in synergy with light or catalytic triggers. For instance, TiO- under UV irradiation generates reactive oxygen
species to inactivate microbes. Carbon-based nanomaterials, such as graphene oxide or carbon nanotubes, contribute to
mechanical reinforcement, electrical conductivity (useful in sensor layers), and barrier improvement (Ononiwu, et al.,
2023). Hybrid or functionalized nanoparticles (e.g., Ag-GO composites) are being explored to balance antimicrobial
potency, mechanical integration, and controlled release profiles. The synergistic use of nanoclays with metallic
nanoparticles in layered or co-nanocomposite systems also enables multifunctionality. Selection of a specific nanomaterial
depends on the target function (barrier, antimicrobial, sensing) and compatibility with food systems and regulatory
constraints.

2.3 Mechanisms of action: barrier, antimicrobial, and sensing functions

Nanotechnology-enabled packaging fulfills three interrelated functional roles—enhanced barrier, antimicrobial action, and
intelligent sensing—that together extend shelf life and assure quality. In barrier enhancement, embedded nanofillers (e.g.,
nanoclays, graphene) increase the tortuosity of diffusive pathways for gases, moisture, and volatile compounds, effectively
lowering permeability coefficients as shown in table 1. Muthu et al. (2025) describe how nanoscale fillers dispersed in
polymer matrices disrupt straight-line diffusion, forcing molecules to take longer, more convoluted routes. Secondly,
antimicrobial mechanisms are achieved by nanoparticles such as silver, ZnO, or TiO2, which act through ion release,
membrane disruption, oxidative stress, or catalytic inactivation of microbial cells. Wahab, et al., (2024) highlight how such
nanoparticles generate reactive oxygen species or metal ions that penetrate microbial membranes and denature proteins and
DNA. In some systems, light or pH triggers can accelerate antimicrobial release or activation. Thirdly, sensing functionality
is realized when nanosensors or indicator nanomaterials (e.g., pH-responsive dyes, metal oxides, carbon nanotube sensors)
are embedded into packaging films to detect spoilage markers such as volatile amines, CO2, hydrogen, ethanol, or changes
in pH. These sensors transduce chemical interactions into optical, electrical, or colorimetric signals, enabling real-time
monitoring (James, et al., 2024). The synergy among these functions means a single packaging layer can act as a barrier,
inhibit microbial growth, and signal early onset of deterioration—making it “smart.” Collectively, these mechanisms
integrate protection, reaction, and communication into a unified nanoscale platform tailored for dairy preservation (James,
et al., 2025).
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Table 1. Mechanisms of Action in Nanotechnology-Based Packaging

Aspect Description Technical Examples Implications
Nanomaterials reduce Nanoclavs raphene Extends dairy shelf life by
. diffusion pathways for s, grap > | limiting oxidation,
Barrier . nanocellulose integrated )
gases, moisture, and | . . moisture loss, and flavor
. into polymer matrices.
volatiles. changes.
Nanoparticles inhibit | . Reduces foodborne
Antimicrobial microbial growth via ion %ger (Ag)l’lanzong;ticell:: pathogens and spoilage
release, ROS generation, chit(z)san nanoﬁberr)s > | organisms, improving
or membrane disruption. ' food safety.
Embedded nanosensors .\ Enables real-time
. detect spoilage markers pH-sensitive dyes, CNT- monitoring of product
Sensing . . based gas sensors, metal | . .
and signal quality . integrity and early
oxide nanosensors. ; .
changes. spoilage detection.

3. SMART PACKAGING FOR DAIRY PRODUCTS
3.1 Challenges in dairy product preservation

Dairy products inherently present one of the most challenging matrices to preserve due to their high moisture, rich nutrient
profile, neutral pH, and presence of indigenous microbial populations. Pathogenic and spoilage organisms such as
Lactobacillus, Pseudomonas, psychrotrophs, yeasts, and molds exploit the favorable environment, leading to acidification,
proteolysis, off-flavors, gas formation, and textural defects (Martin, et al., 2021). Concurrently, chemical degradation
processes—namely lipid oxidation, Maillard browning, and enzymatic lipolysis—further erode flavor and nutritional
constituents (Das, Shukla, & Prakash, 2025). In addition, heterogeneity in distribution of fat, protein, and water phases
within dairy emulsions or gels influences diffusion paths for oxygen and moisture, creating microzones more susceptible to
spoilage (Imoh, & Idoko, 2022). Another challenge is temperature abuse: even short deviations in the cold chain facilitate
microbial lag-phase shortening and accelerated spoilage kinetics. Moreover, packaging breaches or microleaks can
introduce external contaminants or permit gas exchange that exacerbates spoilage (James, et al., 2023). In multi-layer dairy
formulations (e.g. cultured dairy with flavor layers), differential migration of moisture and volatile compounds can lead to
layer delamination or water condensation, reducing shelf integrity. Finally, the shelf-life window continues shrinking as
consumer demand favours minimal preservatives and clean-label formulations, thus reducing tolerance for spoilage buffers
(Imoh, & Enyejo, 2025). These multiple, intertwined challenges demand packaging systems that not only block ingress and
diffusion but also actively respond to dynamic degradation processes.

3.2 Active packaging applications in extending shelf life

Active packaging strategically interacts with its contents or headspace to modulate the environment and retard spoilage,
rather than acting solely as an inert barrier. For dairy applications, active packaging may incorporate oxygen scavengers,
moisture absorbents, carbon dioxide emitters or absorbers, and antimicrobial releasing agents (Andrade, et al., 2025) as
shown in figure 2. For instance, oxygen-scavenging sachets or integrated film layers containing iron, ascorbate, or
enzymatic scavengers can reduce residual oxygen levels, suppressing oxidative rancidity in butter and high-fat dairy
spreads. Rejeesh and Anto (2023) document that carbon dioxide emitters or absorbers placed within dairy packaging can
moderate CO- accumulation from fermentation or respiration, preventing package swelling or collapse. Antimicrobial
agents such as nisin, essential oils, or metal-derived nanoparticles may be gradually released from the polymer matrix into
the headspace or food surface, inhibiting microbial growth in yogurt or soft cheese (Ijiga, et al., 2022). Some designs embed
moisture-control pads or silica gel to manage condensation and reduce water activity fluctuation (Ijiga, et al., 2021). The
controlled release kinetics is engineered by manipulating polymer diffusion coefficients, nanoparticle loading, or
encapsulation techniques (e.g., microcapsules, nanocapsules). By tuning the emission rate to match spoilage kinetics, active
packaging extends shelf life without overexposing the food to agent overdose. In dairy systems, success has been recorded
in extending refrigerated shelf life of yogurt and cheese by days to weeks, depending on matrix, load, and agent choice
(Ijiga, et al., 2021). The coupling of active functionalities with nanotechnology holds further promise in precisely
modulating release behaviors in response to environmental triggers (e.g. pH, temperature).
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Figure 2: Diagram Illustration of Active packaging applications for extending the shelf life of dairy products.

Figure 2 shows how nanotechnology-enabled active packaging interacts with dairy products through two primary
mechanisms: atmosphere modulation and antimicrobial/antioxidant release. The first branch, atmosphere modulation,
focuses on controlling the internal conditions of the package. Oxygen scavengers, such as iron-based films or enzymatic
systems, remove residual oxygen to prevent oxidative rancidity and nutrient degradation. CO- emitters and absorbers help
maintain gas balance in cultured dairy products, preventing bloating or package collapse. Moisture regulators, including
absorbent pads and nanoclay films, reduce condensation and water activity shifts that encourage mold growth or syneresis.
The second branch, antimicrobial and antioxidant release, highlights packaging that actively delivers protective agents.
Controlled-release matrices gradually diffuse encapsulated antimicrobials or antioxidants, while bioactive agents such as
essential oils, nisin, or lactoferrin provide natural microbial inhibition without altering flavor. Metal and metal-oxide
nanocomposites (Ag, ZnO, TiO2) act by ion release or reactive oxygen species generation, enhancing microbial safety, while
enzyme systems such as lactase or lysozyme add functional and preservative value. Each sub-branch culminates in specific
outcomes: prolonged shelf life, reduced microbial loads, minimized oxidative damage, and preserved texture and flavor.
Collectively, the diagram demonstrates how active packaging moves beyond passive containment, instead becoming an
adaptive, functional system that sustains dairy quality throughout storage and distribution.

3.3 Intelligent packaging with nanosensors for spoilage detection

Intelligent packaging adds a monitoring or signaling layer to active/passive systems, using sensors or indicators to detect
changes in quality and communicate this to stakeholders. In dairy products, nanosensors embedded within films or labels
can detect spoilage markers such as volatile amines, CO: concentration, pH shifts, ethanol, or hydrogen sulfide, often
converting chemical interactions into optical or electrical signals (Alizadeh, et al., 2022) as shown in table 2. For example,
a pH-responsive nanostructured dye may change color when acidification occurs during spoilage, providing a visual
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freshness indicator. Palanisamy, et al., (2025) discuss recent advances where nanocomposite sensors, microelectronic chips,
and wireless data modules are integrated into packaging to continuously monitor internal atmosphere and thermal history.
These smart packages can issue alerts (via color change, RFID link, or smartphone interface) when thresholds are exceeded
(Igba, et al., 2025). In dairy contexts, such systems can identify early-stage spoilage before sensory failure, allowing removal
or consumer warning downstream. A milk carton might incorporate a nanosensor patch that monitors ammonia or volatile
nitrogen and changes color as spoilage begins (Ijiga, et al., 2025). Cheese packaging may use embedded gas sensors that
track CO: evolution and correlate to microbial growth rates (Idika, et al., 2023). By bridging detection and communication,
intelligent packaging enables proactive decision-making and reduces waste across the cold chain. The challenge lies in
sensor stability, selectivity, calibration drift, and economical integration into scalable packaging formats (Ijiga, et al., 2025).

Table 2. Summary of Intelligent Packaging with Nanosensors for Spoilage Detection

Aspect Description Technical Examples Implications
Packaging detects chemical | Detection of volatile Early intervention prevents
Spoilage Markers and biological signals amines, CO:, ethanol, consumer exposure to
indicating deterioration. hydrogen sulfide. unsafe dairy products.
Changes translated into Colorimetric labels, RFID Enhances supply chain
Signal Response optical, electrical, or digital | chips, smartphone-readable | transparency and consumer
outputs. nanosensor patches. assurance.
Nanosensors linked with Wireless nanosensors, Eamhtgtes predlctlve shelf-
. . . L . life estimation and
Smart Integration 0T platforms for real-time | microchips integrated into . .
L . proactive logistics
monitoring. dairy cartons.
management.

3.4 Case studies and industry applications

Recent studies and industrial pilots illustrate the performance and translational potential of nanotechnology-based smart
packaging in dairy contexts. Li, Xu, and Zhu (2025) report the incorporation of nanostructured silver—clay hybrid coatings
on cheese packaging, demonstrating a 25—35% reduction in spoilage counts and extension of shelf life under refrigeration.
In another example, de Sousa et al. (2023) review commercially scaled nanocomposite packaging incorporating nanoclay
and TiO2 nanoparticles in milk-carton liners, which enhance barrier performance without compromising recyclability. Some
dairy manufacturers have piloted antimicrobial sachets with nano-encapsulated essential oil blends in yogurt containers,
yielding shelf-life extension of 7-10 days in trials. In Europe, certain high-end cheese brands now employ indicator labels
embedded with pH-sensitive nanopigments that shift color when volatile amines surpass safe levels. One hybrid dairy
facility implemented smart-pack systems combining RFID-enabled nanosensors and active CO2 modulators, enabling real-
time logging of spoilage risk across logistics nodes (Idika, et al., 2024). While commercialization remains limited, such
case studies underscore viability: the nanocoated barrier films reduce oxygen ingress by as much as 40%, while integrated
sensors alert to early spoilage onset before visual signs emerge. These examples underscore how smart packaging not only
preserves quality but also delivers traceability and transparency, supporting branding and regulatory compliance (Idika, &
Salami, 2024). As manufacturing cost pressures and sensor miniaturization improve, more dairy producers are expected to
adopt such solutions at scale.

4. QUALITY ASSURANCE AND SAFETY CONSIDERATIONS

4.1 Role of nanotechnology in maintaining nutritional and sensory quality

Nanotechnology-based packaging plays a pivotal role in preserving both the nutritional and sensory attributes of dairy
products by mitigating degradation pathways and sustaining organoleptic stability. Nanomaterial-enhanced barrier films can
limit permeation of oxygen, moisture, and light, thereby protecting sensitive vitamins (e.g., A, D, B-complex) and
preventing lipid oxidation in high-fat dairy systems such as cream or butter. The structural stability provided by well-
dispersed nanofillers helps maintain texture consistency (e.g., creaminess, viscosity) and prevent syneresis or phase
separation in emulsified dairy matrices (Mohammad, et al., 2022) as shown in figure 3. Furthermore, nanotechnology allows
controlled release of antioxidants or flavor stabilizers via encapsulated nanosystems, which helps to retard off-flavor
formation while preserving desirable aroma compounds in milk, yogurt, or cheese. This targeted delivery avoids wholesale
migration of actives and limits interference with taste (Azonuche, et al., 2025). The small size and high surface area of
nanocarriers permit more precise interaction with interfaces, reducing unintended sensory impact. Moreover,
nanocomposite layers can reduce color fading or browning induced by light or Maillard reactions, preserving the visual
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appeal of dairy surfaces (Atalor, 2022). The synergy of barrier protection, controlled functional release, and minimal
interference ensures that nutrient retention and sensory attributes are better maintained over extended shelf life (Azonuche,
& Enyejo, 2024). However, achieving this requires careful matching of nanoparticle type, loading, and polymer matrix to
avoid adverse textural or organoleptic artifacts.

Figure 3: Picture of Worker inspecting packaged food products in a processing facility (Claus C. 2024).

Figure 3 shows a worker in a food processing facility inspecting packaged products, which highlights the role of packaging
technologies in protecting food integrity. Relating this to 4./ Role of nanotechnology in maintaining nutritional and sensory
quality, nanotechnology enhances these packaging systems by creating active barriers that prevent oxygen, moisture, and
light from degrading sensitive nutrients such as vitamins and proteins in dairy and other perishable foods. Nanocomposite
films with embedded nanoparticles (e.g., nanoclays, nanocellulose) reinforce mechanical strength and minimize
permeability, preserving the original flavor, texture, and color of packaged products. Additionally, nanocarriers can
encapsulate antioxidants or flavor stabilizers that are gradually released, slowing lipid oxidation and maintaining freshness
without altering taste. For sensory quality, nanosensors can monitor changes in pH or volatile compounds, ensuring that
oft-flavors or spoilage indicators are detected before they impact consumers. In essence, while the worker visually inspects
the packages in the photo, nanotechnology operates at the invisible nanoscale to sustain nutritional value, prevent sensory
deterioration, and ensure consistent product quality from production to consumption.

4.2 Regulatory frameworks for nanotechnology in food packaging

Regulatory oversight of nanotechnology in food packaging remains in a transitional phase, as authorities strive to adapt
existing frameworks to novel nanoscale materials. The migration potential and unique physicochemical behaviors of
nanoparticles compel regulators to scrutinize packaging materials under updated risk-assessment protocols. Ong, et al.,
(2022) emphasize that regulatory regimes (e.g. EU, U.S., and other jurisdictions) are increasingly incorporating nanospecific
migration testing, nanosafety guidance, and labeling requirements within existing food-contact regulation frameworks. In
the European Union, FCM (food contact materials) legislation under Regulation (EU) 1935/2004 and the framework for
active and intelligent materials requires that nanomaterial-containing packaging prove no adverse effect, minimal migration,
and compliance with safety standards (Wang, Li, & Zhang, 2025). In the United States, the FDA’s Center for Food Safety
and Applied Nutrition (CFSAN) is developing nanotechnology programs, guidance documents, and risk assessment tools
for nanomaterials in food and packaging (FDA CFSAN nanotechnology programs). Under these regimes, manufacturers
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must submit data on nanoparticle characterization, migration behavior, toxicological profiles, and interaction with food
matrices. Regulatory frameworks also require robust traceability, documentation, and post-market surveillance (Atalor,
2022). However, challenges remain: existing food-contact laws often do not distinguish nanomaterials from conventional
substances, and standardized test methods for nanoparticle migration and fate in complex food matrices are still evolving
(Atalor, et al., 2023). Thus, regulatory agencies are frequently issuing interim guidance, calling for more empirical data and
harmonized global standards.

4.3 Consumer perceptions and acceptance issues

Consumer acceptance of nanotechnology-enabled food packaging is shaped by perceived benefits, perceived risks, trust in
institutions, and information transparency. Parrella and Siegrist (2024) report that U.S. consumers showed moderate
willingness to adopt nanofood technologies when benefits to safety and shelf life were well communicated; skepticism
persisted when perceived risks (e.g. unknown toxicity) were ambiguous (Atalor, et al., 2023) as shown in table 3. In a
European and global context, Young, et al., (2020) document that consumers increasingly demand sustainable and eco-
friendly packaging, often scrutinizing novel technologies more critically, especially when the potential for nanoparticle
migration or environmental accumulation is unclear. Key acceptance barriers include technological unfamiliarity, fear of
“nano residues,” and limited regulatory assurance (Atalor, & Enyejo, 2025). Many consumers hold a precautionary stance
toward nanomaterials in food contexts due to low awareness and perceived novelty. The “naturalness” bias further
undermines acceptance: packaging perceived as more synthetic or engineered may face resistance despite functional
benefits (Atalor, 2019). Transparent labeling, credible certification, and third-party validation are central to fostering trust.
Consumer education campaigns, engagement with stakeholder groups, and integration of participatory decision-making can
reduce apprehension. In dairy products, where sensory quality is paramount, any suggestion of altered flavor or “nano
additives” may provoke suspicion (Azonuche, & Enyejo, 2024). Thus, acceptance is contingent on demonstrable safety,
clear benefit communication (e.g. reduced spoilage or waste), and alignment with consumer values of food integrity and
sustainability.

Table 3. Summary of Consumer Perceptions and Acceptance Issues

Aspect Description Technical Examples Implications
Consumers express concern | Skepticism about silver May slow adoption unless
Risk Perception over nanoparticle migration | nanoparticles in milk safety and regulatory clarity
and toxicity. packaging. are ensured.
Acceptance increases when | Emphasis on extended Transparent messaging
Benefit Awareness benefits are tangible and shelf life and reduced food | improves trust and consumer
clearly communicated. waste. willingness to adopt.
Labeling, certification, and « ” Builds cr641b111ty apd al.1gns
. . Eco-labels, “nano-safe products with sustainability-
Trust & Transparency third-party validation . .
. certification schemes. focused consumer
improve confidence. .
expectations.

4.4 Safety concerns: migration, toxicity, and environmental risks

One of the core challenges in deploying nanotechnology in food packaging is ensuring that nanoparticles do not migrate
into food at levels posing health risks. Paidari, Dehghani, and Mortazavi (2021) review that nanoparticle migration occurs
via diffusion, desorption, or mechanical abrasion, and is influenced by nanoparticle size, surface chemistry, polymer matrix,
food pH, temperature, and storage time. In acidic or fatty dairy media, metallic nanoparticles (e.g. Ag, TiO2) may dissolve
partially into ionic forms, increasing migration risk. Onyeaka et al. (2022) discuss the toxicological hazards associated with
nanoparticle exposure: oxidative stress, inflammatory responses, genotoxicity, and disruptions to gut epithelial cells have
been observed in in vitro and animal models. Chronic exposure—especially via cumulative ingestion of migrated
nanoparticles—may amplify these risks (Amebleh, & Okoh, 2023). Moreover, environmental concerns stem from
nanoparticle release during packaging disposal or recycling: nanomaterials may persist, bioaccumulate, or interact adversely
with soil, water, and microbial communities. The lack of standardized long-term ecotoxicological data complicates risk
assessment. Nanoparticles that leach into recycling streams or degrade into nanoscale fragments may pose secondary
environmental hazards (Amebleh, et al., 2025). Mitigating these risks requires rigorous characterization of nanoparticle
behavior across the life cycle, adoption of safer-by-design strategies (e.g. biodegradable or inert coatings), and post-market
surveillance to monitor human and ecological exposure. Only with such safeguards can nanotechnology-enabled smart
packaging be deployed sustainably and responsibly.
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5. SUSTAINABILITY AND FUTURE DIRECTIONS
5.1 Circular economy perspectives in nanotechnology-based packaging

Integrating nanotechnology into circular economy frameworks represents both an opportunity and a challenge for
sustainable packaging. Circularity in food packaging emphasizes reducing waste, designing for recyclability, and closing
material loops, while nanotechnology introduces functionalities such as antimicrobial activity, barrier enhancements, and
sensing capabilities. Tamasiga, et al., (2022) highlight that for nanotechnology-enabled packaging to align with circular
principles, material design must ensure reusability, compatibility with recycling streams, and minimal environmental
leakage. Conventional polymer-nanoparticle composites often face recycling barriers due to heterogeneity and difficulty in
separating nanoscale additives. Dikshit, Chawla, and Kumar (2023) argue that circular economy integration requires “design
for disassembly” strategies, where nanomaterials are embedded in biodegradable matrices or engineered for recovery during
post-use processing. For dairy applications, reusable or recyclable nanocomposite films with low migration potential are
critical in balancing functionality with sustainability. Closed-loop systems that reclaim packaging waste into high-value
secondary raw materials could leverage nanotechnology for enhanced reprocessing stability (Amebleh, & Igba, 2024). For
example, incorporating nanoclays into biopolymer films has shown improved recyclability compared to traditional
petroleum-based multilayers. The circular economy perspective also encourages life cycle assessments (LCA) to quantify
energy, water, and carbon savings relative to traditional systems (Amebleh, & Omachi, 2023). Thus, while nanotechnology
offers transformative potential in extending dairy product shelf life, its adoption within a circular economy requires holistic
redesign to prevent waste lock-in and to harmonize safety, performance, and environmental objectives.

Figure 4 illustrates how sustainable design, recycling, and policy integration converge to close material loops and reduce
environmental impact. The first branch, Design & Materials, emphasizes the development of biodegradable nanocomposites
using PLA, starch, or cellulose reinforced with nanoclays or nanocellulose, as well as safe-by-design nanoparticles
engineered to minimize migration and toxicity. These materials not only degrade harmlessly but also integrate barrier,
antimicrobial, and sensing functions within recyclable matrices. The second branch, Recycling & Reuse, highlights
strategies to ensure nanomaterial compatibility with mechanical recycling processes, the establishment of closed-loop
systems that recover food-grade nanocomposites, and innovative upcycling approaches that redirect recovered
nanomaterials into non-food applications such as construction or textiles. The third branch, Sustainability & Policy,
underscores the importance of life cycle assessments (LCA) to quantify energy, water, and carbon savings; eco-certifications
and standards that guarantee safe circular products; and supportive policies such as subsidies, tax incentives, and extended
producer responsibility schemes that encourage adoption. Together, these branches demonstrate how nanotechnology-
enabled packaging can move beyond linear “produce—use—dispose” models toward a circular system that preserves
functionality, minimizes waste, and aligns with global sustainability and food security goals.

| «PLA, starch, Tax relief,

cellulose with subsidies, or
nanoclay or extended
nanocellulose, prudUQQ(
-Reduces‘ Circular Economy in responsibility
microplastic Nanotechnology-Based (EPR) to
pollution. Packaging e:[;:;quEe
ption.
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Nanocomposites | x b <4 Economic
Incentives
\ I\Dﬂefignl& | f Sustainability
| aterials | ; . Poli
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Figure 4: Diagram Illustration of Circular economy perspectives in nanotechnology-based packaging.
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5.2 Eco-friendly nanomaterials and biodegradable solutions

The development of eco-friendly nanomaterials is essential to address environmental concerns and ensure sustainability in
food packaging. Biopolymers such as starch, cellulose, chitosan, and polylactic acid (PLA) have gained traction as matrices
for biodegradable nanocomposites. El-Sayed, & Youssef, (2023) demonstrate that biopolymer films reinforced with
nanoclays or nanocellulose significantly improve mechanical strength and water vapor barrier properties while maintaining
biodegradability. These features make them suitable for dairy products such as yogurt and cheese, where moisture retention
and microbial safety are paramount. Zubair, et al., (2023) further show that green nanotechnology approaches, such as
biosynthesized metallic nanoparticles or plant-derived nanofillers, minimize toxic residues and align with eco-design
strategies. Such materials decompose naturally in composting environments, reducing landfill accumulation and
microplastic release. Additionally, integrating natural antimicrobial nanomaterials like essential oil-loaded nanoparticles or
chitosan nanofibers offers dual benefits of biodegradability and spoilage prevention (Amebleh, & Okoh, 2023). For
example, milk pouches produced with PLA—nanocellulose composites degrade under industrial composting within months,
contrasting sharply with conventional polyethylene films. Moreover, advances in solvent-free and water-based fabrication
methods reduce the ecological footprint of nanocomposite production. The combination of performance enhancement,
biodegradability, and non-toxic sourcing positions eco-friendly nanomaterials as the cornerstone for next-generation dairy
packaging (Amebleh, & Omachi, 2022). However, scaling these solutions requires overcoming cost barriers, variability in
raw material supply, and ensuring functional stability comparable to petroleum-based systems.

5.3 Integration of digital technologies (10T, blockchain) in packaging systems

The convergence of nanotechnology with digital technologies like IoT and blockchain is transforming food packaging into
a data-rich, interactive platform. Smart packaging integrated with nanosensors enables real-time monitoring of temperature,
pH, and gas emissions in dairy products, but the full benefit arises when these sensors connect to IoT networks. Ellahi, et
al., (2023) report that IoT-enabled smart labels can transmit quality and safety data across supply chains, reducing losses
caused by cold-chain failures. Blockchain further ensures immutable data records, enabling transparent traceability from
production to consumption. Kamble, et al., (2020) show that blockchain-backed IoT packaging systems enhance supply
chain resilience, ensure authenticity, and reduce fraud in food distribution. For dairy, integration may involve milk cartons
with embedded nanosensors transmitting spoilage data to distributors, which is then validated on blockchain platforms for
accountability (Abiodun, et al., 2023). This combination creates a trusted ecosystem that aligns with regulatory and
consumer demand for transparency. The fusion of nanotechnology, 10T, and blockchain allows predictive analytics by
aggregating sensor data, enabling dynamic shelf-life estimation and waste reduction strategies (Akinleye, et al., 2025).
However, technological and cost barriers remain in embedding IoT hardware into low-cost dairy packaging while
maintaining recyclability (Ajayi, et al., 2019). Still, the trend points toward interconnected, digitally enhanced packaging
that not only preserves dairy quality but also provides actionable insights for producers, retailers, and consumers.

5.4 Future research needs and industrial adoption strategies

Despite the significant promise of nanotechnology in dairy packaging, several gaps persist that require targeted research
and industrial alignment. Prakash, et al., (2021) argue that fundamental research must focus on safe-by-design nanomaterials
with predictable migration behavior, non-toxic degradation products, and compatibility with existing dairy matrices as
shown in figure 4. More empirical studies are needed to validate nanosensor stability under real supply chain conditions,
including fluctuating temperatures and humidity levels. Singh, et al., (2023) highlight that industrial adoption faces barriers
such as high production costs, lack of standardized safety protocols, and uncertainty in consumer acceptance. Scaling up
requires cost-effective synthesis methods for nanoparticles, integration with biodegradable polymers, and optimization of
fabrication for mass production. Industrial strategies should include partnerships between dairy companies, material
scientists, and regulatory agencies to establish pilot projects and demonstrators (Singh, et al., 2017). Adoption may also
hinge on regulatory clarity, harmonized international standards, and transparent communication about safety and benefits
to consumers. Additionally, digital technologies like blockchain and IoT must be harmonized with nanotechnology
packaging to demonstrate value-added traceability and waste reduction (Abiodun, et al., 2025). Future research directions
should focus on multifunctional composites that combine barrier, antimicrobial, and sensing properties while remaining
recyclable or compostable. Industrial adoption strategies should embrace life cycle assessments, eco-certifications, and
consumer education campaigns to accelerate mainstream acceptance (Akinleye, et al., 2022). Only through
multidisciplinary collaboration can the transition from laboratory innovations to real-world deployment be achieved at scale.
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Table 4. Summary of Future Research Needs and Industrial Adoption Strategies

Aspect

Description

Technical Examples

Implications

Safe-by-Design Materials

Development of
nanomaterials with
predictable migration and
minimal toxicity.

Biodegradable nanoclays,
plant-derived nanoparticles.

Ensures regulatory
compliance and consumer
safety.

Real-world Validation

Testing stability and
performance across actual

Studies under variable cold-
chain, humidity, and light

Provides empirical data
for industry adoption and

dairy supply chain

conditions. exposure. policymaking.
Saczll;;gi;p tllﬁgztelf hnology Partnerships between dairy Accelerates

Industrial Strategies Ic)ollab%) ra%ion anﬁ ilot producers, material commercialization and
projects P scientists, and regulators. cost-effective production.

Builds consumer trust and
aligns adoption with
sustainability and food
security goals.

Education and awareness
campaigns to overcome
skepticism.

Outreach programs,
transparent labeling, and
sustainability certifications.

Consumer Engagement

6. CONCLUSION
6.1 Summary of findings

This review has demonstrated that nanotechnology-enabled smart packaging presents a transformative approach to
extending the shelf life of dairy products while safeguarding their nutritional, sensory, and safety attributes. Conventional
dairy preservation strategies—such as refrigeration and chemical additives—face increasing limitations due to consumer
demands for clean-label products and the complexity of globalized supply chains. Nanomaterials such as silver
nanoparticles, nanoclays, and nanocellulose have been shown to significantly improve barrier properties, reduce microbial
proliferation, and maintain product integrity over prolonged storage periods. Intelligent nanosensors embedded into
packaging films have further enabled real-time detection of spoilage indicators, including pH shifts, volatile amines, and
gas emissions, enhancing traceability and transparency across the cold chain. Active packaging applications, such as
controlled release of antimicrobial or antioxidant agents, complement these innovations by slowing chemical and microbial
spoilage processes. Beyond technological functionality, sustainability considerations were also highlighted: biodegradable
and eco-friendly nanomaterials are emerging as viable substitutes for petroleum-based polymers, offering compatibility
with circular economy models. The integration of digital technologies, particularly IoT and blockchain, allows data-driven
monitoring and transparent quality assurance from production to consumption. Taken together, these findings emphasize
that nanotechnology-based packaging solutions are not isolated scientific achievements but rather integrated systems
capable of addressing both quality preservation and systemic sustainability challenges in modern dairy industries.

6.2 Implications for dairy industry and food security

The adoption of nanotechnology-based smart packaging carries profound implications for both the dairy sector and broader
food security frameworks. For dairy producers, these innovations can reduce spoilage rates, extend distribution reach, and
maintain brand reputation by ensuring consistent product quality. This is particularly critical in regions where cold-chain
infrastructure is weak or fragmented, as nanosensors can provide early-warning systems for spoilage, allowing rapid
corrective measures and minimizing economic losses. For global food security, reducing dairy waste translates directly into
increased availability of protein-rich, nutrient-dense foods, helping to meet nutritional demands of growing populations.
Extended shelf life also facilitates international trade in dairy commodities, enabling export to food-insecure regions without
compromising safety standards. Furthermore, smart packaging integrated with blockchain offers transparency in origin and
handling, which supports consumer confidence and combats fraudulent practices such as adulteration or mislabeling. These
technologies also contribute to sustainability by aligning with circular economy strategies, reducing environmental burden
from discarded dairy products, and minimizing reliance on synthetic preservatives. Importantly, widespread adoption could
alleviate pressure on dairy supply chains during disruptions such as pandemics or logistical crises by ensuring longer
resilience of perishable stocks. Overall, the dairy industry stands to gain enhanced efficiency, reduced losses, and
strengthened capacity to contribute meaningfully to global food security through nanotechnology-driven packaging.
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6.3 Policy and research recommendations

To realize the full potential of nanotechnology-enabled smart packaging in the dairy industry, coordinated policy and
research efforts are required. Policymakers must establish clear regulatory frameworks that address nanoparticle migration,
toxicity, and life cycle impacts while fostering innovation through transparent risk assessment guidelines. Harmonization
of international standards would facilitate global trade of nanotechnology-packaged dairy products, ensuring consistency in
safety and labeling across jurisdictions. Investment in infrastructure for recycling and biodegradable packaging disposal is
equally vital to align innovations with circular economy objectives. From a research perspective, priority should be given
to the development of safe-by-design nanomaterials that maintain performance while minimizing human and environmental
risks. Long-term studies on nanoparticle interactions with dairy matrices under real supply chain conditions are urgently
needed to close existing knowledge gaps. Additionally, interdisciplinary research integrating materials science,
microbiology, data analytics, and supply chain management can accelerate the commercialization of multifunctional
packaging systems. Pilot-scale trials with dairy producers should be expanded to demonstrate scalability and cost-
effectiveness, providing empirical data for regulators and consumers alike. Consumer education campaigns are also
recommended to address perception barriers, ensuring that the benefits of nanotechnology—such as waste reduction, safety,
and sustainability—are well understood. Ultimately, an ecosystem of supportive policies, evidence-based research, and
transparent industry practices will be essential for advancing smart packaging from promising laboratory solutions to
mainstream adoption in global dairy markets.
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