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ABSTRACT

The integration of nanotechnology in the food industry has shown great potential for addressing challenges
in food processing, packaging, and safety. This review explores the role of nanotechnology in enhancing
food functioning, focusing on its impact on defense against chemical corrosion, improvement of physical
properties, protection of food, detection of foodborne pathogens, defense against allergens, prevention of
heavy metal contamination, and inhibition of biofilm formation. Nanoparticles have been identified as
effective agents for preventing undesirable chemical reactions in food media, while also improving the
stability and shelf life of food products. Additionally, the incorporation of nanomaterials has significantly
enhanced the physical properties of food packaging materials, ensuring UV radiation protection and high
flame resistance. Nanotechnology has played a crucial role in ensuring food safety by enabling the rapid and
precise detection of foodborne pathogens and allergens, thus mitigating potential health risks. Furthermore,
nanomaterials have demonstrated their effectiveness in removing heavy metal contaminants from food items
and wastewater, contributing to environmental remediation efforts. The use of nanotechnology has also
shown promise in inhibiting biofilm formation and preventing bacterial contamination in food processing
industries. Despite the promising advancements, challenges related to the potential hazards of certain
nanomaterials and their regulatory implications in the food industry need to be addressed. Future research
endeavors are expected to focus on further optimizing nanotechnology applications to ensure sustainable
and safe practices in the food industry.

Keywords: Nanotechnology, Nanomaterials, Food technology

Article History (ABR-23-178) || Received: 21 Oct 2023 || Revised: 18 Nov 2023 || Accepted: 23 Nov 2023 || Published Online: 23 Nov 2023
This is an open-access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. INTRODUCTION

In recent times, the integration of nanotechnology has emerged as a transformative force across multiple
industries, ushering in a new era of possibilities and advancements. Particularly in sectors like manufacturing,
healthcare, and food production, the application of nanotechnology has garnered considerable attention for its
potential to revolutionize traditional practices. Operating within the nanometer scale, typically ranging between 1 to
100 nm, nanotechnology focuses on harnessing the unique properties of nanoscale resources, paving the way for the
development of innovative devices and methodologies (Singh et al. 2021). Notably, the utilization of nanoparticles,
considered to be the smallest operational units capable of independent functioning, has captured the imagination of
researchers and industry experts alike. Their distinctive characteristics, such as amplified surface area and accelerated
mass transfer rates compared to larger particles of the same composition, have sparked interest due to their enhanced
biological and chemical activities, improved penetrability, catalytic behavior, enzymatic reactivity, and even quantum
properties (Duncan 2011). Concurrently, the global food market has witnessed a steady upward trajectory, with
projected revenues of $9.43 trillion anticipated for the year 2023, and an annual growth rate of 6.21%. Within this
expansive market, the Confectionery & Snacks sector is poised to take the lead, with a projected market volume of
US$1.64 trillion. Projections indicate a substantial per capita income of US$1228.00 in 2023, while internet sales are
expected to contribute 8.5% to the overall revenue. Amidst this remarkable growth, the food industry is confronted
with the pressing need for innovative solutions that not only ensure the ease of use and authenticity of food products
but also solidify its competitive stance within the market (Singh et al. 2023). Nanotechnology, in this context, has
emerged as a pivotal catalyst for addressing these evolving needs within the food industry. Its widespread
applications, ranging from the prevention of spoilage to the enhancement of product longevity and quality, underscore
its pivotal role in transforming the landscape of food production and distribution. Leveraging nanomaterials and
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nanoscale food additives, industry players are exploring novel avenues, including the use of preservatives,
antimicrobial sensors, flavoring agents and innovative packaging materials, all geared toward enhancing nutritional
profiles and extending the shelf life of food products (Ahmed et al. 2023). Moreover, the potential of nanotechnology
extends beyond conventional applications, fostering the development of functional foods, pharma foods,
nutraceuticals, and bioactives, while also contributing to advancements in food safety and quality assurance through
the detection of foodborne viruses. Nanoencapsulation, as a processing technique, has enabled the integration of nano-
sized food components and nutritional supplements into functional foods, thus facilitating improved transport, taste
masking, and controlled release, ultimately elevating consumer satisfaction and engagement (Ali et al. 2021).

Amidst the manifold opportunities presented by nanotechnology, its role in combating food-related disorders,
designing tailored nutrition plans for diverse demographics, and promoting sustainable food production practices
stands out as a critical avenue for future exploration. The prospect of precision nutrition nano-therapy devices,
intelligent nutrient release systems, and nanoscale enzymatic reactors underscores the transformative potential of
nanotechnology in reshaping the future of food production (Ali et al. 2014). Furthermore, the adoption of electro-
spun nanofibers as potential food packaging materials serves as a testament to the industry's commitment to
innovation, promising enhanced mechanical barriers, effective microbial contamination detection, and improved
nutrient bioavailability. However, the widespread implementation of nanotechnology in food packaging necessitates
a nuanced understanding of regulatory frameworks and safety considerations, particularly in relation to the potential
migration of nanostructures and their implications for consumer health (Ravichandran 2010).

This comprehensive exploration seeks to shed light on the evolving landscape of nanotechnology within the food
industry, presenting a holistic overview of recent advancements, potential benefits, associated challenges, and crucial
avenues for future research and development. By delving into the intricate interplay between nanotechnology and food
production, this analysis aims to underscore the transformative impact of nanotechnology in promoting sustainability,
ensuring food safety, and fostering innovation within the dynamic realm of the food sector.

1.1. The Role of Nanotechnology in Food Industry

Nanotechnology has made significant strides in the field of food technology, particularly in the area of detecting
harmful substances, controlling flavor characteristics, and enhancing the bioavailability of food materials.
Nanosensors have emerged as pivotal devices in the food industry, showcasing the ability to detect trace amounts of
organic compounds, pathogens, and various chemicals with rapid response, high sensitivity, and precise
quantification. Quantum spots and nanocrystal sensors, such as those utilized by the Kraft Food Company, have
shown promise in detecting pesticides and gases produced by food-borne pathogens, aiding in the preservation of
food freshness and quality during packaging and storage (Gottardo et al. 2021). The application of nanosensors has
also facilitated the detection of mycotoxins and pathogens in food, addressing the limitations of conventional
detection methods. Nanoelectromechanical systems (NEMS) have been successfully integrated into the quality
control sector, ensuring the specific identification of hazardous materials in food products. These nanosensors offer
several advantages, including low costs, portable instrumentation, and rapid response times, making them invaluable
in ensuring food safety and quality (Kuswandi 2016).

In the realm of controlling flavor characteristics, encapsulation techniques involving carriers such as chitosan,
proteins, biopolymers, carbohydrates, and gums have proven effective in preserving the stability of flavors and aromas
during production and storage. Nanoencapsulation methods have been utilized to provide controlled release of
encapsulated flavors, preventing degradation during storage and production processes. The sustained release of
flavors through nanoencapsulation within suitable nanocarriers ensures the maintenance of flavor quality and stability
throughout the shelf-life storage of food products (Vanderroost et al. 2014).

Furthermore, the enhancement of bioavailability in food materials has been a critical focus of nanotechnology in
the food industry. By encapsulating lipophilic and hydrophilic bioactive compounds, nanocarriers have enabled
improved absorption and stability of these compounds in the gastrointestinal tract, thereby enhancing their
bioavailability in the body. Encapsulation efficiency, specific molecular requirements, and the preservation of food
attributes are crucial considerations in the development of effective delivery systems for bioactive compounds (Huang
et al. 2023). Nanocarriers offer increased surface area per unit volume, resulting in enhanced biological activity,
delivery efficiency, and solubility of encapsulated mixtures, without compromising the sensory properties of the final
food product (Dey et al. 2022). Overall, the integration of nanotechnology in the food industry has paved the way for
significant advancements in detecting harmful substances, controlling flavor characteristics, and improving the
bioavailability of food materials, contributing to the overall enhancement of food safety, quality, and consumer
satisfaction. The rapid growth and widespread adoption of nanotechnology in various industries, including the food
sector, have raised several ethical, regulatory, and safety concerns (Namasivayam et al. 2022). Nanomaterials exhibit
diverse biological and physicochemical characteristics compared to their bulk counterparts, making their risks
unpredictable and necessitating careful evaluation and risk management. Despite the progress made in understanding
the implications of direct human exposure to nanomaterials, uncertainties persist regarding the long-term effects of
oral intake and direct contact with these materials (Mathew and Radhakrishnan 2022).
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In the gastrointestinal tract (GIT), the fate of nanocarriers is influenced by various factors, including conditions
within the GIT and their susceptibility to hydrolysis by digestive enzymes. The use of emulsifiers and organic solvents
in the production of nanocarriers poses potential risks due to their toxicity, necessitating strict adherence to safety
guidelines and limits set by global organizations such as the European Food Safety Authority (EFSA), World Health
Organization (WHO), and the Food and Drug Administration (FDA) (Siddiqui et al. 2022). The removal of organic
solvents through processes like evaporation can lead to the presence of residual solvents, posing additional challenges
and risks that require comprehensive risk assessment and management (Sahoo et al. 2023).

The safety implications associated with nanomaterials warrant thorough investigation, particularly concerning
their indirect and direct impacts on the human body, their behavior within the biological systems, and their fate within
the gastrointestinal environment (Abraham 2022). It is crucial to expand existing regulatory frameworks to ensure
the safety of individuals and mitigate the potential side effects associated with the use of nanotechnology in the food
industry. Enhancing transparency and implementing specific nanotechnology regulations will be essential to
guarantee the safe utilization of nanomaterials in food production, processing, and packaging (Baicu et al. 2022).

Amidst the current regulatory gaps, ongoing research efforts are striving to advance the understanding of
regulatory affairs in the context of nanotechnology, aiming to establish comprehensive guidelines and standards that
promote the safe and responsible use of nanomaterials in the food industry (Zare et al. 2022). This collaborative
approach between regulatory bodies, researchers, and industry stakeholders will be instrumental in addressing safety
concerns and ensuring the ethical and sustainable integration of nanotechnology in the food sector. The dynamic
interplay between nanotechnology and the food and beverage industry has necessitated a comprehensive
understanding of nanomaterial definitions and their implications. The European Commission (EC) has laid out a
precise framework, defining nanomaterials as natural, incidental, or manufactured substances comprising particles
ranging between 1 to 100 nm in size (Sarangi et al. 2023). In the case of agglomerates and aggregates, the EC stipulates
further specifications, emphasizing the distinction between weakly bound and strongly bound particle structures.
Crucially, the EC's definition excludes solid products from the scope, focusing solely on the particulate matter and
not on the resulting products that incorporate nanomaterials. This framework aims to streamline regulations and foster
a clearer understanding of the application of nanotechnology in consumer products, particularly within the food and
beverage sector (Sharma et al. 2023).

The marriage of nanotechnology with the food and beverage industry has redefined conventional packaging,
giving rise to active and intelligent packaging solutions that transcend the conventional roles of product protection
and presentation (Prasad et al. 2022). Notably, these innovative packaging solutions have paved the way for enhanced
moisture control mechanisms, antioxidant activities, and antimicrobial functionalities, thereby extending the shelf life
of food products. Intelligent packaging has enabled the integration of smart labels and sensor tags that provide crucial
information regarding product safety, quality, and brand protection, thereby enhancing consumer trust and
engagement (Krishnani et al. 2023).

The application of nanotechnology in plastic and bio-based materials has yielded promising results, primarily in
augmenting physical properties such as gas, water, and aroma barriers, as well as mechanical strength. Furthermore,
the incorporation of nanoparticles within the polymer matrix has demonstrated the potential to imbue packaging
materials with additional functionalities, including antimicrobial and antioxidant properties, thus bolstering the
preservation and safety aspects of food products (Idamokoro and Hosu 2022). The historical evolution of food
packaging showcases a progression from natural materials like leaves and animal skins to the introduction of ceramic,
glass, and metal containers, all designed to protect food from spoilage and contamination. Over the centuries, the
advent of new technologies and manufacturing techniques has revolutionized the packaging industry, with
innovations like lacquered cans and flexible packaging driving significant shifts in the preservation and distribution
of food products (Onyeaka et al. 2022).

In recent decades, the limitations of traditional packaging have spurred the emergence of active and intelligent
packaging solutions, characterized by their ability to enhance food quality, safety, and traceability. These novel
packaging methods have not only improved the consumer experience but also fostered more efficient supply chains,
catering to the growing demands of the contemporary food industry (Pushparaj et al. 2022). In essence, the integration
of nanotechnology within the food and beverage sector, coupled with advancements in packaging techniques, signifies
a pivotal shift toward sustainable and consumer-centric practices, underlining the industry's commitment to ensuring
the longevity and quality of food products in an ever-evolving market landscape (Ahari et al. 2022).

1.2. Polymeric Matrices for the Production of Packaging Materials

The use of various polymer matrices has enabled the production of customized food packaging materials, each
tailored to specific properties and applications within the packaging industry. Initially, conventional synthetic
polymers, including high-density polyethylene, low-density polyethylene, linear low-density polyethylene,
polystyrene, polypropylene, and polyethylene terephthalate, found extensive application due to technological
constraints and a lack of environmental consciousness (Kaur et al. 2023). However, the widespread adoption of these
petroleum-derived polymers has led to severe ecological challenges, highlighting the need for more sustainable
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alternatives. In response to these concerns, biobased and biodegradable polymers have emerged as practical
substitutes for traditional non-degradable synthetic polymers. Sourced from renewable origins such as plants and
microorganisms, these polymers possess the inherent capacity to decompose naturally in the environment, offering a
more environmentally friendly solution. Notably, several biobased and biodegradable polymer matrices have gained
prominence in the food packaging sector, including Polylactic acid (PLA), Polyhydroxyalkanoates (PHASs), and
Thermoplastic starch (TPS) (Tavassoli et al. 2023). PLA, derived from corn starch or sugarcane, boasts both
transparency and durability, making it an ideal candidate for shaping into various forms such as films, trays, and cups.
Its natural breakdown into carbon dioxide and water aligns with the growing emphasis on sustainable packaging
solutions. PHAs, synthesized by microorganisms utilizing renewable substrates like vegetable oils or fermentable
sugars, exhibit exceptional biodegradability and versatile properties, rendering them suitable for diverse food
packaging applications, including films, bags, and containers (Adetunji et al. 2022).

Similarly, TPS, extracted from plant-based sources like corn, wheat, or potatoes, presents itself as a
biodegradable option for food packaging, primarily in the production of films, trays, and containers. However, the
need for modifications to enhance its barrier properties and heat resistance underscores ongoing efforts to optimize
its performance. While these biobased polymers offer promising alternatives, it is crucial to consider the
environmental conditions necessary for their degradation, including the presence of specific microorganisms, to
ensure effective waste management practices (Wani et al. 2023). Despite the numerous advantages of biobased
polymers, certain limitations regarding essential properties required for food packaging have been identified.
However, the emergence of nanobiopolymer packaging has effectively addressed these limitations, offering superior
barrier performance, enhanced mechanical strength, and improved thermal stability. These advanced features
significantly contribute to the preservation of packaged foods, extending their shelf life, and maintaining their quality
throughout the stages of storage, transportation, and consumption. As a result, nanobiopolymer packaging stands as
a pivotal innovation in the quest for sustainable and efficient packaging solutions within the food industry (Chinchkar
et al. 2023).
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Fig. I: The two types of smart packaging, active and intelligent packaging, and their functions and examples (de Sousa et al. 2023).
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1.3. Nanotechnology in Food Packing and Security

In the realm of food safety, effective packaging plays a pivotal role, although no packaging material can
completely prevent the permeation of natural chemicals, atmospheric gases, and water vapors. This permeability
needs to be regulated according to the specific requirements of various food types, as exemplified by the distinct
needs of fresh fruits and vegetables versus carbonated beverages. Fresh produce undergoes cellular respiration,
necessitating controlled gas exchange, while carbonated drinks must be shielded from air and carbon dioxide to
prevent decarbonation and oxidation (Ranjha et al. 2022). This variation in gas exchange dynamics underscores the
importance of employing specialized nanocomposite materials, particularly polymers, to address these intricate
challenges in food packaging (Adeyemi and Fawole 2023).

Nanoparticles, typically measuring less than 100 nm in diameter, are significantly smaller than human hair
or a book page, thus presenting a diverse range of potential applications in the fields of medicine and food science.
However, these applications must adhere to rigorous regulatory protocols to ensure consumer safety. Notably,
recent advancements in the utilization of nano-bio composites in food packaging have bolstered the packaging's
ability to act as a barrier against gas accumulation (Singh and Kumar 2023). In the quest for more sustainable
packaging solutions, the industry is increasingly embracing biodegradable polymers augmented with
environmentally friendly nano-fillers. However, this progress has raised concerns regarding the potential health
risks associated with the ingestion of these nanoparticles. Consequently, extensive research is warranted to
investigate the migration of these nanoparticles within the human body, as well as their potential immunogenic
and toxic effects (Goyal et al. 2023). Additionally, the biological degradability of these nano-filled biodegradable
polymers is a matter of ongoing scrutiny, demanding thorough assessments to ensure their safety for human
consumption and minimal environmental impact. As scientists continue to prioritize the development of safe and
sustainable nanomaterials, these critical concerns remain at the forefront of ongoing research efforts within the
field (Bhagat and Singh 2022).

Food packaging methods play a crucial role in preserving the freshness and quality of food, ensuring its protection
from external factors, and preventing spoilage before consumption. Various traditional materials such as metal, paper,
glass, and plastic have been widely used in the food packaging industry, each offering unique advantages and
drawbacks. While these materials serve their purpose, challenges related to their cost, resistance to corrosive
compounds, and environmental impact have prompted the exploration of alternative solutions, notably through the
integration of nanotechnology (Fathima et al. 2022). Nanomaterials have introduced a range of benefits in food
packaging, including enhanced mechanical barriers, microbial contamination detection, and improved nutritional
absorption. Incorporating nanocomposites and nanoparticles in food packaging materials has revolutionized the
industry, enabling the development of active packaging solutions that actively extend the shelf life of products.
Various nanomaterials, such as nano-silver, nano-titanium dioxide, and nano-copper oxide, have been utilized in the
creation of high-performance packaging materials, enabling the industry to produce innovative solutions for
preserving food products and ensuring their safety and quality (Biswas et al. 2023).

The development of edible thin films has further expanded the possibilities for food preservation, leveraging
materials such as chitosan, carrageenan, and poly-lactic acid. These films act as active packaging solutions, creating
barrier protection against gases like ethene and oxygen, thereby preserving the freshness and quality of perishable
foods. Furthermore, nanoencapsulation techniques have facilitated the creation of nano-capsules, allowing for
improved bioavailability, increased stability, and controlled release of active ingredients. Nano-capsules have proven
to be effective in the delivery of food supplements and the enhancement of the nutritional value of food products
(Osmolska et al. 2022). The utilization of nano-emulsions in the food industry has facilitated the production of various
products such as flavored oils, salad dressings, and individualized drinks. Nano-emulsions have exhibited superior
stability and enhanced resistance to oxidation and enzymatic degradation, ensuring the prolonged preservation of food
flavors and enhancing their overall shelf life. Additionally, the development of nano-sensors has significantly
contributed to the detection of various gases and changes in color, allowing for real-time monitoring of food quality
and safety. Nano-sensors have been instrumental in detecting contaminants and pathogens in food items, providing
crucial insights for ensuring consumer safety and preventing foodborne illnesses (Rai et al. 2022). Overall, the
integration of nanotechnology in food packaging methods has ushered in a new era of innovation and sustainability,
offering solutions that address critical challenges related to food preservation, safety, and quality control. Through
the application of nanomaterials, the food packaging industry continues to evolve, providing consumers with safer
and more efficient packaging solutions while minimizing environmental impact (Angelopoulou et al. 2022).

1.4. Nano-Coatings as Intelligent Packing for the Surfaces

The integration of nano-structured materials with biopolymers has ushered in a new era of intelligent and active
food packaging, with the potential to significantly enhance the attributes and functionalities of traditional packaging
materials. While the European Union has imposed a ban on the use of "active" and "intelligent" packaging materials
in food, except for titanium nitride (TiN) in plastic bottles, recent advancements have demonstrated the efficacy of
incorporating nano-coatings to enable an array of innovative functionalities in packaging materials. For instance,
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Mill's innovative work with nanoparticle tin dioxide or titanium dioxide (TiO2) based intelligent ink facilitated
oxygen detection within packaging, employing a redox-activated methylene blue dye that changes color in response
to minute fluctuations in oxygen levels (Singh et al. 2022). Recent developments in the packaging industry have
emphasized the utilization of nanostructures and various nanomaterials, including nano-clay particulates and carbon-
based materials such as carbon nanotubes and graphene nanosheets. These materials offer cost-effective and efficient
solutions, facilitating improved packaging performance in terms of oxygen and odor blocking capabilities. The
concept of "nanocoating™ has gained prominence, referring to the application of uniformly thick layers (10 to 100
nm) on substrates, enabling enhanced protective attributes (Giri et al. 2022). Notably, innovative nanocoating films
have been developed to detect potential contamination during storage, while gas concentration and non-invasive
recognition techniques have demonstrated remarkable capabilities in monitoring excess moisture, gas content, and
oxygen concentration within a package's headspace (Salem 2023). The control of oxygen levels within packaging is
critical in extending the shelf life of food products, as it significantly influences the establishment of a conducive
atmosphere for microbial growth. Recent studies have highlighted the efficacy of in situ silica nanocomposite films
in reducing moisture and oxygen permeability, thereby significantly prolonging the preservation life of perishable
food items (Jena et al. 2022). Furthermore, the integration of nanostructured magnesium oxide (MgO) with
polylactic acid (PLA) biopolymer has demonstrated promising results in combating the formation of bacterial
biofilms on food packaging. Similarly, the utilization of zerovalent Fe particles as oxygen scavengers in food
packaging has garnered significant interest, emphasizing the potential of nanotechnology in addressing critical
challenges within the food packaging industry (Kapoor et al. 2022).

1.5. Nanoparticles as Antimicrobial Agents in Active Packaging

Nanoparticles equipped with antibacterial properties have revolutionized food safety measures by ensuring
protection against foodborne diseases that might arise from the consumption of contaminated packaged food. Active
food packaging, unlike conventional methods, not only acts as a passive barrier but also eliminates unfavorable
elements such as air or water vapor, facilitating the release of antioxidant and antibacterial substances upon direct
contact with the food, thus enhancing food durability (Fig. 2). The incorporation of active polymer nanoparticles into
the packaging material has garnered considerable attention, with the capability to encapsulate various bioactive
compounds, improving their bioavailability and safeguarding their stability during storage, transit, and consumption
(Singh and Packirisamy 2023).
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Fig. 2: The applications of nanotechnology in safety, packaging, and processing of food (Singh et al. 2023).
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Encapsulation plays a crucial role in preserving the bioactive components, enhancing their solubility and
bioavailability, and protecting them from degradation in the gastrointestinal environment. Several encapsulation
methods, including spray cooling, coacervation, nano-emulsion, extrusion, fluidized bed coating, and spray drying,
have been employed to create nano or micro-particulate systems, ensuring the efficient and controlled delivery of
bioactive polyphenolics. Silicon dioxide (SiO2) has emerged as a prominent aroma carrier, while lipid-based nano-
encapsulation methods have demonstrated the potential to improve the antioxidant activity of individual constituents
and facilitate their targeted, site-specific delivery (Aimonen et al. 2022).

Nanoparticle edible coatings have exhibited remarkable efficacy in preserving food freshness and extending
its shelf life by employing materials such as gelatin with nano-silica, cellulose, lysozyme, and chitosan.
Furthermore, the utilization of polyethylene merged with nano-powders like kaolin, silver, rutile TiO2, and
anatase TiO2 has presented a simple yet effective approach for preserving fruits such as strawberries. Despite
the growing body of research in nano-encapsulation using a diverse range of materials, the long-term toxicity
and safety of nano-encapsulated food products warrant further investigation (Luo et al. 2022).

Notably, the utilization of nano-structured calcium silicate for the absorption of Ag+ ions, resulting in the
formation of NCS-Ag complex, has proven to be an effective antimicrobial agent in food packaging. Similarly,
titanium dioxide (TiO2) has been extensively employed in surface coatings, demonstrating photocatalytic disinfection
capabilities and neutralizing harmful bacteria present in food. Films incorporating nanocellulose, polyvinyl alcohol
(PVA), and silver nanocomposites have exhibited potent antimicrobial properties against Methicillin - resistant
Staphylococcus aureus (MRSA) and Escherichia coli (Palit et al. 2023). The antibacterial potential of nano-coatings
based on metal oxide and metal nanoparticles, particularly silver nanoparticles, has been widely acknowledged, with
their ability to disrupt bacterial membranes, inhibit DNA replication, and induce cell death, thereby effectively
countering various food pathogens. Additionally, the inclusion of antimicrobial components directly into packaging
films has proven to enhance the overall antimicrobial efficacy, ensuring the safety and quality of packaged food
products (Rahmati et al. 2020).

1.6. Role of Nanotechnology in Food Functioning

Nanotechnology has revolutionized the food industry by enhancing food safety, prolonging shelf life, and
improving packaging and food quality (Fig. 2; Fig. 3). Nanoparticles have been identified as effective agents for
protecting food from chemical deterioration (Enescu et al. 2019). Nanomaterials with reduced reactivity, acting as
antioxidant carriers, have been used to prevent undesirable chemical reactions in various food media. Encapsulation
of bioactive substances like vitamins and flavonoids in polymeric nanoparticles has been explored for their controlled
release in acidic environments, preventing browning and oxidation in fresh produce. Additionally, nanomaterials have
been utilized to enhance the functional properties of food by integrating nutraceuticals to reduce cholesterol levels.
Encapsulation methods guarantee the stability and controlled release of active compounds, such as epigallocatechin
gallate, improving the antioxidant performances and prolonging the shelf life of fatty food products (Sharma et al.
2017). In terms of improving the physical properties of both packaging and food materials, the incorporation of
created nanomaterials has shown promising results. Polymer nanocomposites have been developed, exhibiting UV
radiation protection and high flame resistance. Additionally, nanoparticles such as TiO2 have been approved as food
additive colorants, while SiO2 has been used as an anti-caking agent and a carrier of scent in edible and non-edible
items. The stabilization of B-carotene through the encapsulation within solid lipid nanoparticles has been
demonstrated, enhancing the physicochemical stability of the compound. These applications showcase the significant
advancements in food aesthetics and stability made possible by nanotechnology (Imran et al. 2010).

Nanotechnology has also played a vital role in ensuring food safety by facilitating the rapid and precise detection
of foodborne pathogens. Nano-biosensors have been utilized for the detection of various foodborne pathogens,
including E. coli, Salmonella, and Listeria monocytogenes. These biosensing methods have enabled the early
identification of pathogens through advanced technologies such as Surface-enhanced Raman scattering (SERS) and
lateral-flow immunological test strips. Furthermore, the use of nanotechnology has paved the way for the detection
of food allergens, offering effective and sensitive methods for the identification of allergenic components in food
matrices (Patel et al. 2018).

To address the issue of heavy metal contamination, various nanomaterials have been employed for the efficient
removal of heavy metals from food items and wastewater. Nanoparticles, such as silica-modified magnetite and
carbon dots, have been developed as effective adsorbents for heavy metal ions, demonstrating their potential for
environmental remediation and pollution control. Moreover, the use of nanotechnology has proven beneficial in
inhibiting biofilm formation and preventing bacterial contamination in food processing industries (de Sousa et al.
2023). Nanoparticles like nano-silver and nickel oxide have exhibited antimicrobial properties, inhibiting biofilm
formation of various bacterial strains, including Bacillus subtilis and Klebsiella pneumonia. The diverse applications
of nanotechnology in the food industry have significantly contributed to enhancing food safety, prolonging shelf life,
and preventing chemical and biological contamination. While addressing potential concerns, the potential of
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nanotechnology to revolutionize food functioning and safety remains promising, with further research and
development expected to uncover more advanced applications and solutions (Singh et al. 2023).
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Fig. 3: Various stages of food management and the use of nanotechnology (Singh et al. 2023).

2. CONCLUSION

The application of nanotechnology in the food industry presents a significant opportunity to revolutionize food
processing, packaging, and safety. The diverse applications of nanomaterials have shown remarkable potential in
enhancing the quality, shelf life, and safety of food products. Nanoparticles have proven to be effective in preventing
chemical reactions, improving packaging materials, and detecting contaminants, pathogens, and allergens.
Additionally, the use of nanotechnology has facilitated the removal of heavy metal contaminants and the inhibition
of biofilm formation, thereby ensuring the maintenance of high standards of food safety and quality. However, the
widespread adoption of nanotechnology in the food industry is not without its challenges. Concerns regarding the
potential health risks associated with certain nanomaterials, as well as the regulatory complexities surrounding their
use in food products, necessitate a comprehensive risk assessment and regulatory framework. Striking a balance
between technological advancements and ensuring consumer safety remains a critical consideration for the future of
nanotechnology in the food industry. To realize the full potential of nanotechnology in the food industry, further
research efforts should focus on addressing the challenges related to the safety, sustainability, and ethical implications
of nanomaterials. Developing standardized protocols for the evaluation and regulation of nanomaterials, along with
promoting transparent communication about their benefits and risks, will be essential for fostering public trust and
confidence in the use of nanotechnology in the food industry. Overall, the future of nanotechnology in the food
industry holds promise for advancing food quality, safety, and sustainability, provided that appropriate measures are
taken to ensure responsible and ethical implementation.
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