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Abstract
The integration of nanotechnology into food packaging marks a paradigm shift toward improved preservation, safety, and sustainability. This review explores recent advances in nanotechnology-based packaging, emphasizing mechanisms, applications, and transformative potential in the food industry. Nanotechnology, involving the manipulation of materials at the nanoscale (1–100 nm), enables the creation of nanocomposites and nanostructured films with enhanced mechanical, thermal, and functional properties. These nanosystems facilitate targeted interaction with food matrices, leading to improved quality and protection. Key nanomaterials such as silver nanoparticles (AgNPs), zinc oxide nanoparticles (ZnO NPs), graphene oxide (GO), carbon nanotubes (CNTs), and titanium dioxide nanoparticles (TiO2 NPs) are examined for antimicrobial, barrier-enhancing, and smart sensing properties. Market trends indicate rapid growth, with the nanotechnology food packaging sector projected to reach $63.4 billion by 2034 at an 11.3% CAGR. Despite this promise, challenges persist regarding safety evaluations, regulatory clarity, and consumer acceptance. Emerging directions include intelligent packaging, nanoencapsulation technologies, and biodegradable materials for sustainable solutions. Overall, nanotechnology presents vast opportunities for food quality preservation and extended shelf life, but standardized regulations and comprehensive safety assessments are crucial. Future research should focus on real-time monitoring systems and eco-friendly nanomaterials to address global food security.
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1. Introduction
The global food packaging industry is undergoing major transitions driven by consumer demands for fresh, safe, and sustainable products. Conventional packaging, though effective for basic protection, often fails to meet modern requirements such as extended shelf life, real-time quality monitoring, and environmental sustainability (Azeredo et al., 2021). Nanotechnology offers innovative solutions by enabling precise manipulation of materials at the nanoscale, opening new possibilities for food preservation. 
Nanotechnology in packaging involves materials with at least one dimension between 1 and 100 nanometers (Ingle et al., 2023). At this scale, unique physicochemical properties emerge, including higher surface-to-volume ratios, improved mechanical strength, superior barrier performance, and antimicrobial functions (Tomar et al., 2025). These properties support next-generation systems that actively interact with food and the environment to ensure safety and quality (Kaur et al., 2023). 
Applications have evolved from additive incorporation to advanced smart packaging capable of real-time monitoring, controlled release of active agents, and responsive behavior to environmental stimuli (Primožič et al., 2021). Such innovations address microbial contamination, oxidation, moisture migration, and deterioration during storage and transport (Simbine et al., 2019). Research now emphasizes three domains: (i) enhanced packaging with improved barrier and mechanical strength, (ii) active systems that release protective compounds or absorb harmful ones, and (iii) intelligent packaging that monitors and communicates food quality (Zare et al., 2022). These advances align with global goals of sustainability, food waste reduction, and food security.
The market for nanotechnology-based packaging shows strong growth potential, supported by rising awareness of food safety, demand for longer shelf life, and regulatory interest in innovative materials (Brandelli, 2024). However, challenges remain, including safety assessments, regulatory approval, and consumer acceptance. This review explores recent advances, mechanisms, and applications of nanomaterials, highlighting antimicrobial nanoparticles, barrier-enhancing nanocomposites, smart sensors, and biodegradable solutions, while evaluating their role in shaping future global food packaging.
2. Nanomaterials in Food Packaging Applications
2.1 Silver Nanoparticles (AgNPs)
Silver nanoparticles (AgNPs) are among the most widely researched nanomaterials for food packaging because of their strong antimicrobial activity (Díez-Pascual & Díez-Vicente, 2021). With particle sizes from 1–100 nm, AgNPs act against bacteria, fungi, and viruses through direct membrane interaction, penetration, and silver ion (Ag+) release (Singh & Siddiqui, 2023). Their high surface-to-volume ratio enhances microbial interactions, causing membrane disruption, protein denaturation, and DNA damage. AgNPs can reduce pathogens like E. coli, Salmonella enterica, and Listeria monocytogenes by over 99% within 48 hours (Zorraquín-Peña et al., 2020).
In packaging, AgNPs are incorporated into polyethylene, polypropylene, polylactic acid (PLA), and bacterial cellulose through melt blending, solution casting, or in-situ polymerization (Zhang et al., 2022). Applications include multilayered films with controlled release, nanocomposite coatings for produce, and antimicrobial sachets to extend shelf life (Wang et al., 2024). Safety remains critical, particularly regarding migration into foods. The EFSA reported that AgNPs largely stay embedded in polymer matrices, with migration limited to soluble silver ions below 6 μg/kg food—well under the acceptable daily intake of 0.9 μg/kg body weight/day (Ahari et al., 2021; EFSA, 2021; Lambré et al., 2021). This ensures consumer safety when used at approved concentrations, supporting their potential for wider commercial adoption.
Table 1: Applications of Different Nanomaterials in Food Packaging Systems
	Nano-material
	Size Range (nm)
	Mechanism of Action
	Key Benefits
	Applications
	Safety Considerations

	Silver Nanoparticles (AgNPs)
	1-100
	Release of Ag+ ions, disruption of cell membranes, ROS generation, DNA damage
	Broad-spectrum antimicrobial activity, effective against bacteria, fungi, and viruses
	Antimicrobial packaging, food preservation, shelf-life extension
	Migration limited to 6 μg/kg food, ADI: 0.9 μg/kg bw/day

	Zinc Oxide Nanoparticles (ZnO NPs)
	20-100
	ROS generation, Zn2+ ion release, membrane disruption, enzyme inhibition
	GRAS status, antimicrobial and antifungal activity, UV protection
	Active packaging, UV-blocking films, antimicrobial coatings
	Generally recognized as safe (GRAS) by FDA, minimal migration

	Graphene Oxide (GO)
	1-10 (thickness)
	Physical barrier formation, tortuous path creation for gas molecules
	Enhanced barrier properties, improved mechanical strength, gas impermeability
	High-barrier packaging, water vapor barriers, oxygen-sensitive products
	Limited toxicity data, potential for dermal and respiratory exposure

	Carbon Nanotubes (CNTs)
	1-50 (diameter)
	Physical reinforcement, barrier enhancement through maze structure
	Superior mechanical properties, electrical conductivity, thermal stability
	Reinforced packaging materials, smart packaging sensors, conductive films
	Potential respiratory hazard, limited migration from polymer matrix

	Titanium Dioxide Nanoparticles (TiO2 NPs)
	10-50
	UV protection, photocatalytic activity, ROS generation under UV light
	UV-blocking properties, photocatalytic self-cleaning, antimicrobial activity
	UV-protective packaging, photocatalytic coatings, active packaging
	Banned as food additive in EU due to genotoxicity concerns

	Montmorillonite Clay
	1-10 (thickness)
	Barrier improvement through platelet structure, tortuous diffusion path
	Enhanced barrier properties, low cost, natural origin, thermal stability
	Barrier films, nanocomposite packaging, biodegradable materials
	Generally safe, authorized for food contact in EU and US

	Cellulose Nanocrystals (CNCs)
	3-5 (width), 100-1000 (length)
	Mechanical reinforcement, barrier enhancement, biocompatibility
	Biodegradable, biocompatible, renewable source, mechanical strength
	Biodegradable packaging, reinforced films, sustainable packaging
	Generally safe, biodegradable, minimal toxicity concerns



2.2 Zinc Oxide Nanoparticles (ZnO NPs)
Zinc oxide nanoparticles (ZnO NPs) are recognized as safe for food packaging, supported by their GRAS status from the U.S. FDA (Youn & Choi, 2022). Typically sized 20–100 nm, they combine antimicrobial, UV-blocking, and photocatalytic properties (Jahani et al., 2024). Their antimicrobial action stems mainly from reactive oxygen species (ROS) generation and Zn²⁺ release (Jin & Jin, 2021). ROS—including hydrogen peroxide, hydroxyl radicals, and superoxide anions—damage microbial walls and disrupt metabolism (Mandal et al., 2022), while Zn²⁺ ions impair enzymes and protein synthesis.
ZnO NPs are applied in antimicrobial films for meat and dairy, UV-shielding packaging for photosensitive foods, and active packaging for fruits and vegetables (Espitia et al., 2012). Such packaging extends shelf life by 30–50% compared to conventional materials (Jahani & Biglari, 2024). Their photocatalytic nature also supports self-cleaning surfaces and contaminant degradation (Moafi et al., 2021). Innovations include hybrid nanocomposites with silver for stronger antimicrobial action, biodegradable ZnO–polymer composites for sustainability, and smart systems with ZnO-based sensors for real-time monitoring (Brandelli, 2024). The favorable safety profile of ZnO NPs and their multifunctional properties make them well-suited for direct contact applications, aligning with consumer demand for safe, effective, and eco-friendly packaging (Jahani & Biglari, 2024).
2.3 Graphene Oxide (GO) and Carbon-Based Nanomaterials
Graphene oxide (GO) has emerged as a key nanomaterial in packaging due to its superior mechanical strength and impermeability to gases and vapors (Ahmed, 2019). GO nanosheets embedded in polymers significantly reduce oxygen permeability (up to 1000-fold) and water vapor transmission (over 70%) (Rossa et al., 2022). This is achieved by forming tortuous diffusion paths that impede gas flow. Parallel alignment of GO nanosheets in films strengthens this barrier, aided by strong hydrogen bonding and van der Waals interactions with polymer chains (Lee et al., 2022).
Carbon nanotubes (CNTs), including single- and multi-walled forms, add mechanical reinforcement, conductivity, and antimicrobial traits (Li et al., 2023). CNT-reinforced films show up to 88% higher tensile strength and 172% improved Young’s modulus compared to unmodified polymers (Pegel et al., 2012). Applications range from high-barrier films for oxygen-sensitive products to conductive packaging for electromagnetic shielding and smart systems integrating sensors (Mitura et al., 2021). Functionalized CNTs and GO have further enabled antimicrobial films, controlled-release packaging, and biodegradable composites (Green et al., 2021). Together, carbon-based nanomaterials are expanding possibilities for advanced, durable, and sustainable food packaging solutions.
2.4 Other Significant Nanomaterials
Titanium dioxide nanoparticles (TiO₂ NPs) are valued for photocatalytic and UV-protective functions in packaging (Feckler et al., 2014). Yet, EU restrictions on their use as additives due to genotoxicity concerns limit applications, though they remain useful in indirect-contact packaging (EFSA, 2021; Li et al., 2024).
Montmorillonite clay nanoparticles provide low-cost, naturally derived barrier enhancement by creating tortuous gas diffusion paths (Deshmukh et al., 2022). Approved in the U.S. and EU for food contact, they are widely applied in nanocomposites (European Commission, 2023).
Sustainable nanomaterials such as cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs), derived from renewable biomass, are gaining attention. These biodegradable materials enhance mechanical strength, barrier properties, and food-contact safety (Jose et al., 2025; Del Rosario Herrera-Rivera et al., 2024). Innovations include CNC-based antimicrobial films, CNF-reinforced biodegradable packaging, and nanocellulose-based smart freshness indicators (Mateo et al., 2021). Collectively, these alternative nanomaterials expand the toolbox of packaging innovations, balancing performance with sustainability. Their potential lies in combining barrier, antimicrobial, and smart functions while meeting regulatory and environmental demands, ensuring a pathway toward safe and eco-friendly packaging solutions.
3. Mechanisms and Applications
3.1 Antimicrobial Mechanisms
Nanomaterials in food packaging display antimicrobial activity through several mechanisms, providing effective protection against pathogens (Barage et al., 2022). Direct contact killing is a primary pathway, especially for silver and zinc oxide nanoparticles, where interaction with microbial cell membranes leads to disruption, protein denaturation, and cellular leakage (Franco et al., 2022). The high surface energy of nanoparticles ensures strong microbial adhesion, enabling action at low concentrations.
Another important mechanism is ion release. Silver ions (Ag⁺) and zinc ions (Zn²⁺) interfere with enzyme activity, protein synthesis, and DNA replication, ensuring prolonged antimicrobial protection as ions gradually leach from packaging (Cao et al., 2023). Reactive oxygen species (ROS) generation is particularly significant for photocatalytic nanoparticles such as titanium dioxide and zinc oxide. These produce hydrogen peroxide, hydroxyl radicals, and superoxide anions that damage microbial structures under suitable conditions (Ran et al., 2023). This mechanism is highly effective against biofilm-forming bacteria, which are often resistant to conventional antimicrobial methods.
3.2 Barrier Property Enhancement
Nanotechnology provides a major advancement in food packaging by reducing the permeation of gases, moisture, and volatiles, thus extending product shelf life (Suddala, 2020). The key mechanism is the tortuous path effect, where dispersed nanomaterials such as graphene oxide and montmorillonite create maze-like diffusion barriers, drastically reducing permeability even at low loadings (Muthu et al., 2025).
Interfacial interactions between nanoparticles and polymers further improve barrier properties. Strong hydrogen bonding, chemical attachment, and polymer chain entanglement create additional resistance to molecular diffusion while improving thermal and mechanical stability. Material geometry also plays a decisive role. High aspect ratio nanomaterials such as graphene nanosheets or clay platelets provide superior diffusion resistance compared to spherical nanoparticles, due to more effective tortuous pathways (Chandra et al., 2025). Recent studies are designing optimized nanomaterials with controlled geometry to target specific packaging challenges, further enhancing barrier functionality.
3.3 Smart Packaging Systems
Smart packaging enhanced with nanotechnology enables real-time monitoring of food safety, quality, and environmental changes. These systems integrate nanosensors and responsive materials, allowing detection of gases, spoilage markers, and package integrity. Nanosensors operate via colorimetric, fluorescence, electrochemical, and chemical response mechanisms. They can detect oxygen, carbon dioxide, ammonia, hydrogen sulfide, and volatile organics associated with spoilage (Sharma et al., 2023). pH-responsive indicators have attracted interest, especially natural colorant-based nanosystems. Materials like chitosan films, anthocyanin-loaded nanoparticles, and curcumin nanofibers show visible color changes correlating with microbial growth or food degradation, enhancing freshness detection (Liu et al., 2022).
Wireless nanotechnology-enabled sensors expand applications across the supply chain. By integrating RFID, NFC, and miniaturized sensors, packaging can transmit real-time data on temperature, humidity, and food quality (Mani et al., 2025). Advances in nanotechnology improve sensor sensitivity, reduce energy requirements, and support device miniaturization, advancing scalable smart packaging solutions (Mohammadpour & Naghib, 2021).
4. Market Analysis and Commercial Applications
4.1 Market Size and Growth Projections
The global nanotechnology food packaging market has grown rapidly, driven by increasing adoption and consumer interest in advanced packaging solutions. Valued at approximately $22.0 billion in 2024, it is projected to reach $63.4 billion by 2034, at a CAGR of 11.3% (Global Market Insights, 2024). Regionally, Asia-Pacific leads due to rapid industrialization, expanding food processing, and supportive government policies (Jampílek & Kráľová, 2015). North America and Europe are also key markets, influenced by strict food safety regulations, demand for sustainable packaging, and strong research infrastructure (Bilali et al., 2021). Active packaging dominates, accounting for 57.3% of market value by 2025, due to its ability to extend shelf life, prevent spoilage, and maintain quality through oxygen scavengers, antimicrobial layers, and moisture regulation (Wyrwa & Barska, 2017). Intelligent packaging is the fastest-growing segment, with CAGR exceeding 17%, driven by IoT integration and consumer demand for transparency. Application sectors include processed foods, fresh produce, meat, dairy, and beverages, with fresh produce showing the highest growth potential due to reduced food waste and extended shelf life.
4.2 Commercial Products and Applications
Nanotechnology has moved from research to commercial food packaging, offering tangible benefits in preservation and quality. Antimicrobial packaging is the most successful application, with companies like Amcor, Sealed Air, and Bemis using silver nanoparticle-based films for meat, poultry, and fresh produce (Manickam et al., 2017). These products can extend shelf life by 30–50% compared to conventional packaging (Cerqueira et al., 2018). Barrier-enhanced packaging using nanocomposites like montmorillonite clay and graphene oxide is applied in coffee, snacks, and pharmaceuticals, offering superior moisture and oxygen resistance (Schmid et al., 2012; Ashfaq et al., 2022). Smart packaging solutions—including time-temperature indicators, freshness sensors, and tamper-evident systems—are emerging in premium food and specialty applications such as seafood, dairy, and pharmaceuticals. These technologies provide real-time quality monitoring, enhancing consumer trust and product value.
4.3 Industry Challenges and Opportunities
Commercialization faces regulatory, economic, and consumer acceptance challenges (Cerqueira et al., 2018). Varying safety assessment requirements across jurisdictions complicate global adoption (Allan et al., 2021). High production costs of nanomaterials compared to conventional additives limit adoption in price-sensitive markets, though cost reductions are possible through improved processes, scale-up, and cheaper nanomaterials (Cerqueira et al., 2018; Ali et al., 2022). Consumer perception is mixed: while safety and quality benefits are valued, concerns about “naturalness” and nanomaterial safety can hinder acceptance (Katare, 2013; Kuang et al., 2020). Transparency, education, and safety demonstration are key to building trust (Versino et al., 2023). Sustainability is an opportunity for differentiation. Biodegradable nanomaterials, recyclable nanocomposites, and environmentally friendly production methods can align with regulatory trends and consumer demand for eco-friendly packaging (Otasowie et al., 2025).
5. Safety Assessment and Regulatory Considerations
5.1 Migration and Exposure Assessment
The safety of nanotechnology-based food packaging depends on assessing nanomaterial migration and consumer exposure (Kumar & Singh, 2024). Migration testing protocols evaluate nanoparticle release and degradation under storage conditions. Studies indicate that well-designed nanocomposites, such as silver nanoparticles in polymer matrices, show negligible particulate migration, releasing only trace ionic forms within safety thresholds (Carbone et al., 2016). Migration is influenced by nanomaterial type, concentration, polymer properties, food characteristics, and contact conditions such as pH, temperature, and duration (Ashfaq et al., 2022). Acidic foods and high temperatures may increase release, requiring material-specific risk assessments (Seref & Cufaoglu, 2025). Exposure assessment integrates migration data with food consumption and packaging use to estimate intake levels for risk evaluation (Rodriguez & Martinez, 2024). These methodologies establish realistic exposure scenarios, ensuring packaging safety while guiding regulatory approval and consumer protection (Wyrwa & Barska, 2017).
5.2 Toxicological Evaluation
Toxicological evaluation of nanomaterials in food packaging requires protocols tailored to nanoscale properties. Conventional toxicology methods are adapted alongside novel assays to address unique nanoparticle interactions. In vitro cytotoxicity studies using human and animal cell lines serve as preliminary screening tools, assessing uptake, viability, and toxic responses to define safe exposure levels (Savage et al., 2018; Martin & Sarkar, 2019). Complementary in vivo studies in animal models provide detailed data on acute, subchronic, and bioaccumulative effects, supporting acceptable daily intake determinations (Ezhilarasi et al., 2012). Genotoxicity assessment remains critical, as materials such as titanium dioxide may cause DNA damage (Manickam et al., 2017). Specialized protocols evaluate genetic toxicity under relevant conditions (Otasowie et al., 2025). Together, these studies provide essential data for regulatory decision-making, ensuring consumer safety and guiding responsible nanomaterial applications in food packaging.
5.3 Regulatory Frameworks
Regulatory approaches to nanotechnology in food packaging differ globally, complicating commercialization. The European Union enforces stringent frameworks requiring pre-market approval and safety assessment for nanomaterials in food-contact uses (European Commission, 2023). In contrast, the U.S. applies existing food additive and GRAS (Generally Recognized as Safe) regulations, where FDA guidance outlines safety considerations without mandating specific pre-market approval (FDA, 2024). To address fragmentation, international organizations such as OECD, ISO, and Codex Alimentarius are working toward harmonized safety standards and unified testing protocols (Marchant et al., 2010). Labeling requirements also vary, with some regions mandating explicit disclosure of nanomaterial use, while others permit general ingredient labeling. Growing consumer-right-to-know initiatives are driving transparency and pushing regulators toward consistent global frameworks (Kuang et al., 2020). Establishing harmonized policies remains key for safety, trade, and public trust.
6. Emerging Technologies and Future Directions
6.1 Nanoencapsulation Technologies
Nanoencapsulation is a rapidly growing approach in food packaging, enabling precise protection and controlled release of bioactive compounds (Kumar & Singh, 2024). It safeguards sensitive ingredients such as vitamins, antioxidants, probiotics, and flavors, while ensuring targeted and sustained delivery (Ezhilarasi et al., 2012). Advanced methods including electrospraying, electrospinning, and complex coacervation allow production of nanocapsules ranging from 10–1000 nm (Schmid et al., 2012). Functional systems include pH-responsive and temperature-sensitive nanocapsules, as well as biodegradable carriers that dissolve safely in digestion (Martin & Sarkar, 2019). Applications span antimicrobial delivery, antioxidant stabilization, probiotic protection, and flavor control (Mahato et al., 2021). Compared to conventional additives, nanoencapsulation enhances bioavailability, prevents degradation, and improves controlled release kinetics, offering significant advantages for next-generation functional food packaging (Das et al., 2020; Allan et al., 2021).
6.2 Artificial Intelligence and Machine Learning Integration
Artificial intelligence (AI) and machine learning (ML) integration with nanotechnology marks a frontier in smart packaging (Chen et al., 2019). AI-powered systems enable predictive modeling of food quality changes, optimize nanomaterial design, and improve supply chain decisions (Wyrwa & Barska, 2017). Advanced sensors linked with AI can analyze complex nanosensor data to predict safety and freshness, identifying subtle spoilage signals before visible deterioration (Mani et al., 2025). Predictive models optimize nanomaterial concentration and packaging formulation based on food composition, storage conditions, and shelf-life targets (Ali et al., 2022). AI also enhances quality control through automated defect detection, real-time process monitoring, and predictive equipment maintenance, improving consistency and reducing costs (Ashfaq et al., 2022). Together, AI-ML integration ensures efficiency, accuracy, and innovation in nanotechnology-driven packaging solutions.
6.3 Sustainable and Biodegradable Nanomaterials
Developing sustainable nanomaterials is a key priority for future food packaging to balance performance with environmental safety. Bio-based options from cellulose, chitosan, and starch provide biodegradable and renewable alternatives to synthetic nanomaterials, offering similar functionality with lower environmental impact (Mishra et al., 2024; Ezhilarasi et al., 2012). Design for sustainability incorporates circular economy principles, emphasizing recyclability, compostability, and resource efficiency throughout the lifecycle (Onyeaka et al., 2022; Franco et al., 2022). Green synthesis methods using eco-friendly solvents, renewable energy, and waste minimization strategies further reduce environmental footprint (Jadhav et al., 2024). Such innovations align with regulatory and consumer demand for eco-conscious materials, ensuring nanotechnology advances support both performance and sustainability. Biodegradable nanomaterials thus provide a pathway toward environmentally responsible packaging that meets global food security and climate goals.
7. Challenges and Limitations
7.1 Technical Challenges
Despite major progress, nanotechnology packaging faces technical hurdles limiting large-scale adoption. Key issues include achieving stable nanomaterial dispersion within polymers, as aggregation or agglomeration reduces performance and consistency (Das et al., 2020). Processing challenges arise from poor compatibility between nanomaterials and food-grade polymers, leading to phase separation and weakened mechanical properties (Versino et al., 2023). Advanced surface modification and processing strategies are being developed to enhance interfacial adhesion and stability (Beach et al., 2024). Another barrier lies in scaling laboratory successes to industrial production without compromising cost-effectiveness or quality (Cerqueira et al., 2018). These technical challenges highlight the need for optimized nanomaterial design, better polymer integration, and scalable processing technologies to ensure reliable, efficient, and commercially viable nanotechnology-based food packaging solutions.
7.2 Regulatory and Social Challenges
Nanotechnology packaging adoption is constrained by regulatory uncertainty and social acceptance (Kumar & Singh, 2024). Regulatory standards vary internationally, complicating commercialization and global trade. Harmonized frameworks and standardized testing protocols are essential for consistent approval processes (Marchant et al., 2010). Public perception presents another challenge, as consumers express concerns about safety, naturalness, and environmental risks. Building trust requires transparency in safety assessments, effective risk communication, and clear labeling practices (Das et al., 2020). Ethical considerations, including consumer choice and equitable access to advanced packaging, further shape societal responses. Additionally, long-term environmental impacts of nanomaterials remain insufficiently studied, requiring ongoing monitoring to ensure sustainable deployment. Addressing these regulatory and social barriers is critical for achieving safe, equitable, and widely accepted use of nanotechnology in food packaging.
8. Conclusion
Nanotechnology is reshaping food packaging by enhancing preservation, safety, and shelf life. This review highlighted key nanomaterials and their diverse roles: silver nanoparticles for antimicrobial protection, zinc oxide with GRAS status for consumer-friendly use, and graphene-based materials for superior barrier properties. Emerging smart packaging further enables real-time monitoring of food quality. Market forecasts project the sector to reach $63.4 billion by 2034, driven by rising consumer demand for safety, sustainability, and extended freshness. While commercialization has advanced, critical challenges persist. Safety evaluations, migration studies, and toxicological testing remain essential for consumer protection. Regulatory inconsistencies across regions hinder global adoption, underscoring the need for harmonized frameworks. Economic barriers, including high production costs, must be mitigated through innovation and scalability. Looking forward, integrating sustainable nanomaterials, AI-driven smart systems, and nanoencapsulation technologies promises transformative solutions for future food packaging that balance performance, safety, and environmental responsibility.
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