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Abstract:
The limitations of traditional food packaging materials 
in terms of barrier properties, antimicrobial activity, 
freshness retention, and environmental friendliness 
are becoming increasingly apparent. Nanomaterials, 
however, have emerged as the core technological solution 
to overcome these traditional packaging constraints, 
owing to their unique quantum size effects, surface 
effects, and macroscopic quantum tunnelling effects. This 
paper systematically reviews three major application 
directions of nanomaterials in food packaging: Improved 
Packaging, Active Packaging, Smart Packaging and Bio 
- based Packaging It focuses on elucidating the technical 
principles, material selection, application cases, and latest 
research advances for each category. Research indicates 
that nanomaterials can significantly enhance packaging’s 
physical properties (such as barrier properties and 
mechanical strength), confer active intervention functions 
(such as antimicrobial and antioxidant properties), enable 
intelligent monitoring (such as oxygen and freshness 
monitoring) and promote biodegradation, thereby 
providing robust support for the advancement of the food 
packaging industry. In the future, nanomaterials in food 
packaging will evolve towards the miniaturisation of smart 
sensors and the standardised assessment of safety, offering 
potential solutions to critical global issues concerning food 
safety and sustainable development.

Keywords: Nanocomposites; food packaging, compos-
ites.

1. Introduction
Food packaging plays a key role in getting food from 
factories to people’s homes. It affects both business 
costs and consumer safety. Common packaging like 
plastic and glass have been used for years. But these 

materials have clear weak points. For example, thin 
plastic wraps let too much air and moisture pass 
through. This makes oily foods like nuts and chips 
go bad faster. These materials also don’t stop germs 
from growing. Dangerous bacteria like Salmonella 
can live on them. This raises health risks for people 
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eating the packaged food.
Another problem is that normal packaging can’t control 
what happens inside the package. It can’t adjust moisture 
levels or oxygen amounts. This makes it hard to keep food 
fresh for long times. Also, most plastic packaging comes 
from oil and doesn’t break down naturally. This creates 
lasting pollution and hurts the environment.
New packaging materials using tiny particles offer solu-
tions. These include metal bits, special clays, and carbon 
tubes. Their small size gives them special abilities. They 
can block more air and moisture. They can also fight 
germs. For example, silver nanoparticles can kill bacte-
ria. Zinc oxide particles can block sunlight and stop food 
spoilage.
Some new packaging can even sense when food is going 
bad. It uses tiny sensors that detect changes in air com-
position or moisture. Other new materials mix natural 
products with nanoparticles. These materials break down 
naturally but still work well. They use things like plant 
fibers and seafood shells. These new approaches are mak-
ing packaging safer and more earth-friendly.

2. Types of Nanomaterials Applied in 
Food Packaging

2.1 Inorganic Nanomaterials
The application of inorganic nanomaterials in food pack-
aging has emerged as a significant advancement in mate-
rials science, with four principal categories demonstrating 
particular utility: metallic nanoparticles, metal oxide 
particulates, nanoclays, and nanosilica. These materials 
exhibit a constellation of exceptional physicochemical 
properties—including substantial specific surface area, en-
hanced thermal capacity, and improved electrical conduc-
tivity—that collectively facilitate notable improvements 
in three fundamental packaging characteristics: barrier 
efficacy, antimicrobial performance, and mechanical in-
tegrity.
Silver nanoparticles (AgNPs) exemplify this class through 
their potent antibacterial mechanisms, which operate pri-
marily through the formation of free radicals and reactive 
oxygen species (ROS). These reactive species induce 
structural damage to cellular membranes while simultane-
ously inhibiting microbial reproduction. Titanium dioxide 
nanoparticles (TiO₂) present an alternative antimicrobial 
strategy based on photocatalytic activation, where ultra-
violet radiation stimulates ROS generation capable of in-
activating diverse microorganisms. In contrast, nano-clay 
materials such as montmorillonite enhance packaging 
performance through physical rather than chemical mech-

anisms, creating convoluted diffusion pathways within 
polymer matrices that markedly reduce oxygen and water 
vapor permeability. This structural modification directly 
contributes to extended preservation of packaged food-
stuffs. Additional inorganic materials including nanosili-
cate and zinc oxide (ZnO) nanoparticles further broaden 
the functional spectrum, simultaneously enhancing an-
timicrobial characteristics and mechanical durability in 
food packaging systems [1,2].

2.2 Organic Nanomaterials
Organic nanomaterials present a biologically compatible 
alternative to their inorganic counterparts, with their appli-
cation spectrum dominated by polymeric nanostructures 
and bio-sourced materials such as nanocellulose, chitosan, 
and gelatin. These organic systems offer distinct advan-
tages rooted in their inherent biochemical properties, 
particularly their pronounced biocompatibility and natural 
biodegradability, making them exceptionally suitable for 
sustainable food packaging applications where environ-
mental considerations are paramount.
Within this category, nanocellulose and chitosan-based 
architectures have demonstrated remarkable potential as 
foundational elements for ecologically conscious packag-
ing solutions. Beyond their structural function, nanocel-
lulose platforms can be engineered with advanced capa-
bilities including pH-responsive behavior and controlled 
release of bioactive compounds, positioning them as 
versatile components in intelligent packaging systems that 
actively interact with their contents[2,3].

2.3 Nanocomposites
Nanocomposites represent a sophisticated convergence of 
inorganic and organic components, engineered to create 
hybrid material systems that exhibit synergistic perfor-
mance characteristics unattainable by either constituent 
alone. These advanced materials are fabricated through the 
strategic incorporation of inorganic nanomaterials within 
organic matrices, yielding structures with multifunctional 
capabilities including concurrent antibacterial activity, an-
tioxidant behavior, and stimulus-responsive properties.
The combinatorial methodology enables precise tailoring 
of material functionality, as demonstrated by composite 
systems integrating silver and titanium dioxide nanoparti-
cles. These hybrids successfully unite the robust antibac-
terial attributes of silver with the photocatalytic properties 
of TiO₂, producing enhanced preservation effects in food 
packaging contexts. Similarly, chitosan matrices incor-
porating silver nanoparticles manifest both superior anti-
microbial efficacy and enhanced mechanical properties, 
effectively addressing multiple packaging requirements 
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within unified material platforms[2].

3. Applications of Nanocomposites in 
Food Packaging

3.1 Enhanced Packaging: Strengthening the 
Physical Properties of Traditional Packaging
The core of enhanced packaging lies in incorporating 
nanomaterials to elevate the physical properties of con-
ventional packaging materials, thereby addressing in-
herent shortcomings in temperature stability, mechanical 
strength, and barrier properties.
3.1.1 Material and Mechanism

Commonly employed nanomaterials include metallic 
nanoparticles (e.g., silver, gold), metal oxides (e.g., titani-
um dioxide, zinc oxide), nanoclay (e.g., montmorillonite), 
and carbon nanotubes. Taking nanoclay as an example, 
its layered structure creates a ‘labyrinth effect’ that sig-
nificantly reduces the permeation rate of oxygen, water 
vapour, and organic molecules through packaging mate-
rials. Metal oxide nanoparticles, through surface modifi-
cation, enhance packaging heat resistance and mechanical 
strength while improving material processability.
3.1.2 Application

Research indicates that incorporating 2%–5% nanoclay 
into polyethylene (PE) packaging films reduces oxygen 
transmission rates by over 40% while enhancing tensile 
strength by 25%, effectively extending the shelf life of 
high-fat foods such as nuts and crisps [1]. Carbon nano-
tube-modified polylactic acid (PLA) packaging exhibits 
threefold higher impact strength than pure PLA, making it 
suitable for transport packaging of fresh produce [2].

3.2 Active Packaging: Endowing Packaging 
with ‘Proactive Intervention’ Capabilities
Active packaging employs functionalised nanomaterials to 
proactively regulate the internal environment, inhibiting 
microbial growth and delaying oxidative reactions, there-
by directly enhancing food texture and extending shelf 
life.
3.2.1 Material and Mechanism

Key nanomaterials include silver (Ag) and gold (Au) 
nanoparticles, alongside metal oxides such as zinc ox-
ide and titanium dioxide. Silver nanoparticles exhibit 
broad-spectrum antibacterial properties by disrupting 
bacterial cell membranes and inhibiting DNA replication. 
Zinc oxide nanoparticles combine antimicrobial activity 
with ultraviolet light absorption, preventing lipid oxida-

tion and pigment degradation in food caused by light ex-
posure.
3.2.2 Application

In meat packaging, dairy packaging incorporating zinc 
oxide nanoparticles absorbs ultraviolet radiation between 
280–400 nm, reducing vitamin D degradation in milk and 
preserving product freshness [2]. Silver nanoparticle-mod-
ified polyethylene films demonstrate significant efficacy 
in inhibiting pathogenic bacteria and extending meat shelf 
life.

3.3 Smart Packaging: Enabling Real-Time 
Monitoring of Food Condition
Smart packaging utilises nano-sensors to monitor oxygen 
levels, freshness indicators (such as biogenic amines and 
volatile organic compounds), and the presence of patho-
gens in real time, providing consumers and retailers with 
immediate quality feedback.
3.3.1 Material and Mechanism

Common nanoscale sensors include metal oxide semicon-
ductor sensors (e.g., tin oxide, zinc oxide), quantum dot 
sensors (e.g., CdSe, ZnS), and carbon-based nanomaterials 
(e.g., graphene, carbon nanotubes). For instance, tin oxide 
nanoparticles exhibit oxygen sensitivity, with their resis-
tance values altering according to oxygen concentration; 
quantum dots reflect food freshness through fluorescence 
intensity changes (e.g., when fish freshness declines, bio-
genic amines bind to quantum dots causing fluorescence 
quenching); graphene nanoplates possess high specific 
surface area and superior electrical properties, enabling 
detection of pathogens in food (e.g., Escherichia coli).
3.3.2 Application

In fruit and vegetable packaging, films incorporating tin 
oxide nanosensors provide real-time oxygen concentration 
monitoring, triggering alerts when levels fall below 5% to 
inhibit anaerobic bacterial proliferation [2]. Metal oxide 
nanostructure-based colour indicators exhibit visual co-
lour changes when oxygen concentration increases due to 
packaging breaches, enabling rapid assessment of packag-
ing integrity [4].

3.4 Bio-based Packaging: A Green Solution 
Driving Sustainable Development
Bio-based packaging utilises bio-based nanocomposites 
as its core material, combining natural polymers (such 
as starch, cellulose, and chitosan) with nanomaterials to 
achieve biodegradability, edibility, and environmental 
friendliness.
3.4.1 Material and Mechanism
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Bio-nanocomposites are formed by combining biopoly-
mers (e.g., polylactic acid, chitosan) and their derivatives 
with nanomaterials (e.g., nano-cellulose, nano-clays). Na-
no-cellulose enhances the mechanical strength of biopoly-
mers while preserving their biodegradability; chitosan-na-
no-silver composites offer both antimicrobial properties 
and edibility, making them suitable for inner packaging of 
ready-to-eat foods..
3.4.2 Application

Polylactic acid-nanocellulose composite packaging films 
exhibit biodegradability exceeding 90% in soil condi-
tions while maintaining tensile strength comparable to 
PET plastics. These films are suitable for beverage bot-
tles, food containers, and similar applications [5]. Chi-
tosan-nanoparticle silver films exhibit over 95% inhibition 
against Staphylococcus aureus and degrade within the hu-
man digestive tract, making them suitable for infant food 
packaging that balances safety and environmental sustain-
ability [5,6].

4. Future Development Trends

4.1 Miniaturisation and Integration of Smart 
Sensors
Current nano-sensors are predominantly integrated into 
packaging films or labels. Future developments will lean 
towards miniaturisation—utilising 3D printing and mi-
crofluidic technologies to embed sensors within ‘smart 
labels’ or ‘edible sensors’ on food packaging, enabling 
personalised monitoring with unique identification codes 
for each item. For instance, a research team at MIT (2023) 
has developed graphene nanosensors with a diameter of 
just 10 μm. These can be embedded within the sealing 
layer of food packaging to monitor oxygen concentration 
and humidity in real time, without compromising the 
packaging’s mechanical properties.

4.2 Standardised Assessment of Nanomaterial 
‘Safety’

4.2.1 Toxicity assessment

The toxicity of nanomaterials must be evaluated through 
in vitro cell studies (e.g., Caco-2 cells) and in vivo ani-
mal studies (e.g., mice). For instance, ZnO nanoparticles 
exhibit low toxicity to Caco-2 cells at low concentrations 
(<100 mg/L), but high concentrations (>100 mg/L) may 
induce apoptosis [7,8]. Furthermore, long-term ingestion 
of nanomaterials may affect hepatic and renal function, 
necessitating further investigation into their cumulative 
effects [9].

4.2.2 Environmental risk assessment

Degradation products of nanomaterials (e.g., Zn²⁺, Ag⁺) 
may impact soil, aquatic systems, and microbial commu-
nities. For instance, the median lethal concentration (LC₅₀) 
of Ag⁺ for aquatic organisms (e.g., algae, fish) ranges from 
0.1 to 1 mg/L, necessitating control of its environmental 
concentrations [10]. Research also indicates that organic 
acids (e.g., acetic acid) produced during nanocellulose 
degradation can stimulate soil microbial activity, though 
excessive amounts may alter soil pH [11].

5. Conclusion
The utilization of nanomaterials signifies a paradigm shift 
in food packaging, providing critical solutions to world-
wide concerns regarding food safety and sustainability. 
With ongoing scientific progress, the capabilities of nano-
materials are expected to expand considerably, leading to 
the creation of enhanced packaging options for consum-
ers. Future endeavors should focus on miniaturizing smart 
sensors and developing precise safety standards, which 
are essential for achieving broader implementation. Such 
progress will be instrumental in guiding the food industry 
toward a comprehensive transformation underpinned by 
the principles of safety, intelligence, and sustainability.
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