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Abstract: Consumers now have access to synthetic natural
organic nanofoods with tailored properties. These nano-
foods use organic or inorganic nanostructured ingredients
to enhance bioavailability, making them more effective
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than traditional supplements. Common materials include
metals like iron, silver, titanium dioxide, magnesium, cal-
cium, selenium, and silicates. Modifying the surface of these
nanoparticles can provide unique benefits such as improved
preservation, mechanical strength, moisture control, and
flavor enhancement. Nanocarriers, such as polymeric, lipid,
and dendrimer-based carriers, are used in food production.
Common polymers include polyglycolic acid, poly (lactic
acid), chitosan, and sodium alginate. Lipid carriers have a
hydrophobic outer layer and a hydrophilic core, while den-
drimer carriers are made from materials like polyethylene
glycol and polyamidoamine. These nanocarriers can encap-
sulate up to 99% of active ingredients, ensuring precise
delivery and stability. The nanocarriers in commercial foods
are emulsions, inorganic coatings, and fiber coatings. For
instance, cucumbers coated with nano emulsions show up
to 99% antimicrobial effectiveness. Inorganic coatings, such
as potassium sorbate, calcium caseinate, and titanium dioxide,
significantly extend the shelf life of packaged foods. Lipid and
protein-encapsulated nanosystems offer complete gas barrier
protection. This review highlights the exclusive use of nano-
particles in food processing and packaging to enhance quality,
safety, and shelf life.

Keywords: food processing, polymer carrier, nanomater-
ials, food coating, food preservation, antioxidants, gut
microbiota

1 Introduction

Innovation in foods has been of great interest to mankind
for ages. They were differentiated based on their size and
structure. Several building blocks of food are naturally occur-
ring nanoparticles. For years together they have been a part
of the roots of nutrition for centuries. Nanostructures of
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natural origin are made up of an ordered arrangement of
proteins and starch. The ever-increasing demand for nutri-
tionally advanced foods and smart foods has driven scientists
to venture into many potential nanoparticles in foods. Both
the major categories of nanofoods were studied and discussed
in detail. The major edible foods were discussed under the
food processing section. Packing of foods did throw light into
the fact the incorporation of nanomaterials did yield it to
have properties like antimicrobial control, biofilm control,
barrier control for gases, sensing ability for toxins, etc.
Special emphasis was given to the types, fabrication, and
applications of nanocarriers used in food designing and
upgradation. Organic-based nanocarriers have been found
to be of maximum use in food processing to date. The main
applications of nanotechnology in food are emphasized in the
current review. Control and enhancement of essence, appeal,
biological availability, sensing ability, gas diffusion, moni-
toring, etc., are very much essential for sensory and customer
satisfaction. Smart packaging using functional materials and
sensing toxins, pathogens, and undesired substances are also
discussed in the present review. The main objective of the
present review is to bring a comprehensive article that
focuses on the latest updates used in green composites
and polymeric nanocarriers for enhancing food quality
and processing. The potential safety issues and trends are
also brought to light and pondered on, to still curiosity in
future researchers in the field of food nanotechnology.

1.1 Food nanotechnology - an overview

Naturally, our foods contain various essential components.
These components are studied and differentiated based on
their size and structure. Among them, we have many natu-
rally occurring nanoparticles. They have consumed safely
for generations together all around the world. The basic
composition of any food (carbohydrates, proteins, and
lipids) undergoes transformation and property changes
at micro to nanometre ranges [1]. Proteins in food like
beta-lactoglobulin get denatured by pH, heat, or pressure
to form longer fibers or aggregates. These get assembled
systematically to form a gel-like matrix. This is a natural
example of the formation of curd from milk. Taking this
natural phenomenon as an example, reports have been pub-
lished on the utilization of alpha-lactalbumin of hydrolyzed
protein from milk as a potential carrier of nano grade in
pharmaceuticals, supplements, and food sector [2].

When polysaccharides and proteins are mixed in a
solution, they separate spontaneously into micro- and
nano-phased droplets. The recrystallized starch granules
lie between 10 and 20 nm range. These crystals are formed
and released in response to heat and hydration. This is the
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science behind our flat breads. For lipids, triglycerides can
be crystallized and arranged as self-assembled hierarchical
layers. These will range from 10 to 100 m initially and later
will lead to the formation of flocs and finally fat network [3].
Nanostructures of natural origin are made up of ordered
arrangements of proteins and starch. For example, arrange-
ment of amylopectin and amylose of starch in food-binding
processes are candidates for nanomaterials. Myriad struc-
tured proteins of the cow are made in its udder. This is a
very apt example of nano assembly, nano synthesis, and
nano dispensing of fats. Fine milling and grinding also
change the phase of foods into the nanometre range. Milk
in homogenized form has droplets ranging from 100 nm in
size. The three basic nanostructures of milk namely (1) fat
globules, (2) whey, and (3) casein are used to make most of
the dairy products we use today. These include emulsions of
butter, foams of ice and whipped cream, homogenized milk,
solid cheese, and jelly-like yogurt [4]. This through light that
the traditional dairy industry was actually a nanotechnology
industry for ages together.

Nanotechnology has opened doors for many fields to
merge together and thrive toward targeted goals of overall
development. Their scope in the field of functional nutri-
tion and foods with enhanced molecules of biological
origin, but quite varying from nature, has been a major
jump in research and development in the food industry.
This field provides new innovative tools and alternatives
for scientists to reach new extremes in the area of food
sciences. The use of nanosized materials in the advancement
of technology is called nanotechnology [5]. They are generally
below 100 nm in overall size to be recruited under the nan-
ometer scale. Their properties flip and become unique at the
nanoscale compared to their bulk form. To name a few of
these changes are novel chemical and physical properties —
thermodynamics, solubility, etc., high surface area, enhanced
electrical conductivity, etc. [6,7]. Milk protein casein is sought
to be a good nanovesicle for drug delivery and food enrich-
ment via encapsulation [8]. Extrusion-based degradation of
natural food products like dextrin can be utilized for encap-
sulation processes [3]. When it comes to food, nanotization
leads to enhanced taste, color, and texture perception of food
for the customer. To name a few, mayonnaise and ice —
creams made up of low nanostructured fat are found to be
healthier than the ones made up of natural ingredients. Their
consistency is found to be as creamier as its full-fat natural
counterpart [9]. They also provide novel protection mechan-
isms against potential spoilage agents. Sensing through nano
sensors and packaging using nanomaterials has enabled
rapid, reliable, and highly sensitive alternatives for assaying
contaminations in food. The processing of foods in encapsula-
tions of nano forms to trigger heightened bioavailability of
bioactive agents in foods is also gaining momentum [10].
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These aspects of nanotechnology have revolutionized the
food industry [11,12]. Hence, investing in this field is of great
interest among the different countries [13].

The rising demand for quality foods with advanced
health benefits is pushing researchers to search for ways
of incorporating these nano systems, structures, and mate-
rials in foods without disturbing their natural nutritional
balance [14]. They are designed to be non-toxic and have
high stability at elevated temperatures and pressures [15].
The use of nanosized materials delivers a combined package
of high-quality food with advanced safety and sensing abil-
ities along with good health benefits of the food. Several
industries and laboratories are working day and night to
come up with various applications, protocols, and products
for direct implementation of nanotechnology in foods [16,17].
Therefore, the overall application of food nanotechnology can
be divided into two main categories — (1) nanostructured
agents and (2) nano sensors for food. The first category will
contain domains like food packing and processing. In food
processing, criteria like additives, carriers, anti-caking agents,
fillers, etc., will be covered. In the packaging section, criteria
like antimicrobial and mechanical durability agents will be
emphasized. The second category will deal with food safety
and quality assessment and agents [18].

1.2 Green composites and their properties

Green composites, made from renewable resources and
biodegradable polymers like starch, chitosan, and cellulose,
are eco-friendly alternatives to traditional petroleum-based
composites [19,20]. They offer benefits such as lighter weight,
flexibility, and reduced carbon emissions, making them carbon-
neutral and compostable. However, drawbacks include lower
strength, poor fire resistance, and moisture absorption, which
can cause fiber swelling [21]. Reinforced with materials like clay
nanoparticles or cellulose nanofibers, green composites decom-
pose naturally through microbial action, minimizing environ-
mental impact [22]. Despite some limitations, they are gaining
popularity for their sustainability and reduce harm to the
ecosystem.

Green composites typically use biodegradable polymers
made from substances like chitosan, cellulose, or starch. The
biodegradation depends on the polymers, microorganism
type, and environmental conditions. Biodegradable poly-
mers based on starch or synthetic polymers may be used
as a useful substitute with superior qualities. Nevertheless,
the ingredients in packaging materials made from synthetic
starch are not entirely harmless. It is possible for harmful
compounds to migrate into food products and have an impact
on people. This issue is prompting research into substitute
packaging materials [23]. Biodegradable films have the
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following qualities: they are ecological, non-poisonous, flavor-
less, and odorless. These films protect food products from
oxidation and increase shelf life and quality without sacrifi-
cing customer acceptability in low-humidity environments by
exhibiting extremely little oxygen penetrability [24]. Due to
its superior barrier qualities and gas selectivity, plastic packa-
ging not only offers protection during storage and transporta-
tion but also stability and an extended shelf life for food.
However, because of their hydrophilic nature, natural biopo-
lymers, such as those made from proteins and starch, usually
have strong oxygen barriers but low moisture resistance [25].
Improved gas, moisture, and scent barrier qualities of bio-
plastics are needed to meet the stringent criteria of some food
packaging, such as an oxygen barrier lower than 5 cc:mday
for items like instant coffee [26]. These barrier qualities,
which guard against oxygen, water vapor, and UV light,
are crucial for preserving food quality while it is being stored
[27]. When it comes to safeguarding food under stressful
circumstances like handling, processing, and storage, a
packaging system’s mechanical qualities are essential. These
mechanical qualities are mostly determined by the polymer
matrix’s structure. Important parameters including elastic
modulus, elongation at break, and tensile strength are utilized
to evaluate the mechanical performance of the material.
Since the food may contain acidic ingredients that could
interact with the packaging material, chemical resistance is
also essential. Knowing the food’s chemical makeup before
packing is crucial for safety. Mechanical characteristics of the
material can change when molecules from the food are
absorbed into the biopolymer matrix. Furthermore, the
packing material’s thermal characteristics, as determined by
differential scanning calorimetry and thermogravimetric ana-
lysis, are significant. These thermal properties ensure that the
packaging can withstand the temperatures required for storing
and transporting food products safely [28,29]

The mechanical properties of green composites, such
as tensile strength, elongation at break, and modulus, are
influenced by the type and treatment of natural fibers and
the polymer matrix. Fibers like jute or hemp can enhance
the strength and stiffness of the material, making it
suitable for packaging applications. The strength and flex-
ibility of green composites largely depend on the combina-
tion of fibers and the matrix. For example, reinforcing
materials with natural fibers like flax or hemp improves
mechanical strength. The development of fiber-reinforced
polymers also has the potential to reduce the carbon footprint
[30]. In the case of sugar palm yarn/glass fiber-reinforced
unsaturated polyester hybrid composites, chemical treatment
of the sugar palm yarn significantly improved fiber/matrix
interfacial adhesion, resulting in enhanced overall mechanical
properties [31]. Green composites often have lower thermal
stability than synthetic polymers, limiting their use in high-
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temperature food processing [19]. Some green composites, like
those made from polylactic acid (PLA), provide transparency,
making them ideal for food packaging where visibility is
important. PLA has gained popularity as a biopolymer in
recent decades due to its renewable nature, non-toxicity,
wide availability, affordability, excellent mechanical proper-
ties, and versatile applications in food packaging [32].

1.3 Polymeric nanocarriers and their
properties

Polymeric nanocarriers, including nanoparticles, nanofi-
bers, and nano capsules, offer advanced solutions in food pro-
cessing and packaging, such as enhancing nutrient delivery and
providing active packaging functions. Hydrocolloids, such as
polysaccharides, are extensively used in both food and non-
food applications as crystallization inhibitors, encapsulating
agents, gelling agents, solidifying agents, and stabilizers. These
hydrocolloid coatings demonstrate excellent permeability to
gasses and lipids, but they are less permeable to moisture,
making them effective in maintaining food quality [33]. Many
hydrocolloid polymers also exhibit remarkable mechanical
properties, which are advantageous for protecting delicate
food items. Among these, protein-based polymeric foods are
particularly intriguing due to their multifunctionality. Poly-
meric nanocarriers, such as those based on chitosan or PLA
nanoparticles, are used to encapsulate bioactive compounds,
flavors, or preservatives. These nanocarriers enable controlled
release in response to environmental triggers such as pH, tem-
perature, or enzymatic action, which helps to extend food fresh-
ness and improve quality [34]. Food systems typically contain
complex mixtures of polypeptides and polysaccharides, whose
structures vary based on chain length, chemical and physical
properties, and molecular aggregation. Polymeric foods derived
from plants, animals, and microorganisms composed of pep-
tides, polysaccharides, and proteins are key contributors to the
structure, function, and shelf life of food products [35]. The
performance of polymeric food coatings depends on several
factors, including their color, mechanical strength, and barrier
properties, all of which are influenced by the preparation
method. For example, coatings made with modified (oxidized)
starch exhibit superior mechanical properties compared to
those made with unmodified starch [36]. Nanocarriers can
also be chemically modified to improve compatibility with
food ingredients or packaging materials. For instance, surface
modifications using surfactants or coupling agents can
enhance the dispersion of nanoparticles within the polymer
matrix, improving the barrier properties of the packaging.
These advances in polymer nanocarriers hold great promise
in food processing, contributing to better preservation and
protection while extending shelf life [37].
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Nanomaterials differ from bulk materials in their unique
properties and behaviors, with their diameters spanning
from 1 to 100 nm [38]. More research is being done on their
multifaceted functions, especially in antibacterial and antiox-
idant applications. Numerous sectors, including automotive,
aerospace, electronics, packaging, and biomedical, use these
materials [39]. Because of their many uses, nanomaterials are
becoming more and more in demand in the packaging sector.
Usually, smaller than 100 nm in size, polymeric nanocarriers
take use of their tiny size and high surface-to-volume ratio to
improve their interaction with food matrices. By doing this, it
becomes easier to integrate encapsulated active components
like antioxidants and antimicrobials into food packaging
materials and guarantees that food products are effectively
protected and preserved. It also improves the transport effi-
ciency of these compounds [40]. Foods’ physical properties,
such as liquid or solid state, affect how well antimicrobial
agents are absorbed and diffused in food products, which
in turn affects the activities of antimicrobials [41]. Polymeric
nanocarriers often exhibit enhanced thermal stability,
making them suitable for processing at higher temperatures
without degradation. This is critical in food packaging appli-
cations, where heat treatments are involved (e.g., during ster-
ilization or pasteurization). The incorporation of nanocarriers
into biopolymer matrices can significantly improve the
mechanical properties of the packaging material, such as
toughness, elasticity, and resistance to breakage. Nanocar-
riers act as reinforcement fillers, improving the strength of
biopolymers like PLA or starch-based materials, which are
otherwise brittle.

1.4 Nanostructure materials in the food
sector

They are the first category of nanotechnological applica-
tion in the food industry. They offer new opportunities for
processing edible goods [42]. Unique and innovative struc-
tures are created and designed using different functional
nanostructures. They form the building blocks of such mar-
velous food varieties. Weiss and his team in 2006 reported
that nanostructures in the form of fibers, emulsions, par-
ticles, and liposomes have potential applications in food
building, processing, storing, and packaging [43]. Materials
of nano origin administered in foods basically fall into
three sections: (1) organic, (2) inorganic, and (3) surface
functionalized compounds [44].

1.4.1 Organic engineered nanostructured food materials

Many substances used in this section are of natural origin.
They are engineered to harbor structures and features of
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their choice in foods. They have specialized characteristics
like increased bioavailability, enhanced antioxidant prop-
erty, and increased uptake in the gut compared to their
bulk counterparts. Some of the major candidates in this sec-
tion are food additives and supplements incorporated into
foods to enhance their nutritional value [45]. To name a few
examples of the former we have ascorbic acid, citric acid,
and benzoic acid. For the latter vitamins E, vitamin A, beta
carotenes, isoflavones, omega-3 fatty acids, lutein, and coen-
zyme-10 are some examples [46]. Evidence for engineered
nanomaterial of organic origin is manipulated lycopene.
The synthetic carotenoid of tomato is manufactured in nano-
sized from and is equivalent to its natural bulk counterpart
in terms of functionality [47]. Materials whose sources are
from plants like fats, proteins, nutraceuticals, and sugars are
all part of organic nanomaterials used in foods.

1.4.2 Inorganic engineered nanostructured food
materials

Inorganic materials in nanoforms are mostly transition
metals. These metals range from iron, silver, and titanium
dioxide to earth metals (magnesium and calcium) to non-
metals (selenium, silicates). Packaging is the major sector
where inorganic nanostructures are used in foods. Silver in
its nanoform is in great demand in the consumer market.
They cover all areas in food processing and packing (anti-
microbial agent, supplement, ant odorant, food contact
surfaces, etc.). Nanosilica is an amorphous nanomaterial
known for food contact and packing utility applications.
Selenium in its nanoform is marketed in green tea for its
proclaimed benefits to health [48]. Patents have been filed
on the potential food applications of nano calcium. Along
with magnesium and iron in nanotized form are used as
supplements in foods. Nano iron is also used to clean con-
taminated water (killing pathogens and breakdown organic
matter). A specially engineered salt called nano salt is
designed for customers with hypertension to cut down their
salt consumption in foods [49]. Their nano size gives them a
large surface area that spreads in food even in the smallest
of quantities [50]. Milk tasting like cola and fat-reduced
mayonnaise is still on the way to the commercial market.
Nano sensors in food products act as barcodes that can be
detected electronically [51].

1.4.3 Surface-functionalized nanostructured food
materials

These structures add some special functionalities to the
food. These can be preservation properties, mechanical

Nanotechnology for food application == 5

strength, barrier for gas diffusion, moisture control, flavor
control, etc. They have a tendency to have a greater affinity
toward food matrices and food components [52]. Therefore,
they are restricted from moving out of their packing or the
GI tract. Bentonite is engineered to form nano-clay from
volcanic rocks. They are bound to polymers with their
nano-scaled layers to form a gas barrier packing for foods
[53].

2 Nanocarrier

They belong to the first category of nanostructured mate-
rials used in foods. They are classified as organic and inor-
ganic or a combination of both [7]. Liposomes, polymers,
nano emulsions, micelles, dendrimers, carbon nanotubes,
fullerenes, etc., are components of organic-based nanocar-
riers. Quantum dots and metallic structures are comprised
of inorganic-based nanocarriers [14]. The major types of
materials of nano origin and different nano carriers that
are used in the food sector have been depicted in Figure 1.

2.1 Polymers

Biodegradable synthetic and natural polymers are utilized
to make specialized carriers of nano range. Biocompatibility
is also an essential aspect that in kept in mind while
designing these carriers [15]. Polyglycolic acid, poly(e-capro-
lactone), poly(amino acid), poly(lactic acid), polymethyl
methacrylate, and poly(lactic-co-glycolic acid) are few syn-
thetic resins used for making polymeric nanocarriers. Chit-
osan, sodium alginate, fibrin, and agarose are few natural
polymers used for the same [13]. Polymeric nanoparticles
have special features like sustained release and enhanced
flexibility to apt integration with food materials in the form
of supplements and growth factors [51].

2.2 Liposomes

These are concentric double layers of lipids. Nanocarriers
will have a core of aqueous nature enclosed by functiona-
lized surfactants. These can be synthetic or natural phos-
pholipid layers. Liposomal nanocarriers are categorized
based on the type of vesicles they contain. These ca be uni-
lamellar vesicles, multilamellar vesicles, and oligolamellar
vesicles [52]. They are abbreviated as ULV, MLV, and OLV,
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Figure 1: Schematic representation of different types of nanocarriers used in foods.

respectively. Unilamellar vesicles based on size are divided
into four subclasses — nearly 20 nm in diameter (small uni-
lamellar vesicles), 20-100 nm in diameter (medium unila-
mellar vesicles), larger than 100 nm (large unilamellar vesi-
cles)) and larger than 1,000nm in diameter (giant
unilamellar vesicles). Virosomes, archaeosomes, immunoli-
posomes, and stealth liposomes are some carriers that natu-
rally have stable and soluble biocompatible cores [53].

2.3 Dendrimers

They are macromolecular nanocarriers that are monodis-
persed in a medium. They consist of an inner core center
and branched dendrites outside. They can be constructed
from convergent monomers or divergent monomers via
polymerization [54]. Their number of branching and
repeating units determines the size and shape of the den-
drimer. Polyethylene glycol, polyamidoamine, polyethyle-
neimine, chitin, melamine, polypropyleneimine, and poly
1-glutamic acid are some fundamental units used in den-
drimer formation [55]. Targeted delivery is feasible using
the core of the dendrimer for loading many functional and
bioactive agents [56].

2.4 Carbon nanocarriers

Graphene sheets can be arranged in a cylindrical structure
for nanotubes or capped structures on both sides as bucky
balls. Based on the walls of the carbon structures, they can
be classified as single-walled nanotubes and multiwalled nano-
tubes [57]. Based on the functionalization process and storage
conditions, carbon-based nanocarriers can be divided into sur-
face-grafted nanocarriers, ligand-attached nanocarriers, and
solvent-dispersed nanocarriers [58]. The geometrical arrange-
ment of carbon atoms to manifest hexagonal and pentagonal
sides is also a type of carbon nanocarrier called fullerenes.
Bioactive compounds can be loaded in the core and used for
sustained and targeted delivery in foods [59].

2.5 Hydrogel nanocarriers

They are three-dimensional networks of polymers with
hydrophilic groups on their surfaces. They absorb a large
quantity of biological fluids or water. These groups can be
-S03H, —CONH, -OH, CONH,, etc. [60]. The bonds that hold
these polymers intact are a combination of van der Waals
interactions, covalent bonds, dipole-dipole interactions,



DE GRUYTER

physical entanglements, and hydrogen bonds [61]. The poly-
mers also make their own crosslinked networks. Some basic
polymers discussed in the above sections form good hydrogel
nanocarriers too. They get influenced by temperature, pH,
electric field, and light’s intensity [62].

2.6 Quantum dots

They are examples of inorganic nanocarriers. They are
crystals in the nano range of semiconductor materials.
They have sizes ranging from 2 to 10 nm. They are fabri-
cated in such a way that they emit light in all ranges (from
UV to IR) [63]. The emitted intensity is propositional to the
subcellular responses. They are biocompatible and stable
and harbor surfaces to functionalize with various biomo-
lecules [63,64].

2.7 Nano emulsions

These are tiny drop-like structures with various size ranges.
Generally, they are approximately 100 nm. They are classi-
fied into two major categories based on the spatial config-
uration between the two major building blocks — water and
oil. Basically, it comprises oil suspended with an aqueous
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phase [65]. This is referred to as oil in the water micellar
system. The reverse of this is termed as water in an oil
micellar system. Nanoemulsions have a unique property
of light scattering in the weakest order [65]. Hence, they
are incorporated in light foods for fortification like soft
drinks, whitening cosmetics, soups, waters, and sauces [66].

3 Preparation methods for
nanocarriers

There are several methods and approaches to fabricate a
nanocarrier. New techniques are emerging every day for the
food-based application and generation of nanocarriers. The
pioneer technique is emulsification [67]. Each carrier has its
own set of specifications incorporated in the fabrication
process to yield its characteristic traits. Different methods
of preparation of nanocarriers are represented in Figure 2.

3.1 Conventional methods
3.1.1 Homogenization

Lipid-based carriers are basically synthesized using high-
pressure homogenization. Few examples are solid lipid-
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Figure 2: Schematic representation of different methods of preparation of nanocarriers.
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based nanoparticles, emulsions, etc. The high-pressure
atmosphere creates shear stress of high magnitude. This
leads to the breaking of particles to the nano range [68].
The atmosphere in which the homogenization takes place
divides the whole process into two as hot and cold. The hot
homogenization process gives rise to low particle sizes as
the viscosity decreases with an increase in temperature
[69,70]. The main drawback associated with this technique
is the possibility of degradation of the core food component
that is carried in these carriers. Cold homogenization is the
remedy for the former disadvantage [71].

3.1.2 Diffusion method

Polymer and lipid-based carriers are nowadays made using
this method. The oil medium will harbor the polymer in a
solvent of organic nature. Stabilizers are added and mixed
well. Water will initiate the diffusion of the solvent and form
nanocarriers. Later, the solvent is removed. The complexity
of the nanocarriers can be enhanced by double emulsifica-
tion processes [66]. A minute amount of water is added to an
organic solvent that is immiscible in water. The phospholi-
pids are dissolved and further large amount of aqueous
medium is incorporated to create a water in oil in water-
type medium [72]. A monolayer of fatty acids is formed
around the organic matter, resulting in an aqueous core.
The ability of entrapment can be increased by the removal
of solvent afterward [73,74].

3.1.3 Injection method

The solvent used for this method generally uses two solvents,
namely ethanol or ether. Mixtures of ether — methanol and
diethyl ether — are also used to dissolve the constituent lipids
[75]. The ether-based lipid solution is added to the water
medium. This leads to the formation of nanocarriers [76,77].
As the speed is increased, LUVs can be fabricated. Ether
injection techniques allow the removal of solvent from the
end product. This helps in concentrating products and
extending running time. Even the entrapment efficiency is
enhanced. The final products are heterogeneous in nature
and need high-temperature working conditions [78]. The
sizes range from 700 to 200 nm. For the ethanol-based injec-
tion technique, concentration can be enhanced for the core
in the water phase by doing multiple incorporations of for-
mative lipids [79]. It forms MLVs and the process is also
simple and quick [80]. The disadvantage is the same as the
former technique which is the formation of heterogenous
end products. The sizes vary from 30 to 110 nm. The
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removal of ethanol is a herculean task followed by
liposomes generated in lower concentrations. This
removal is very crucial when liposomes are created
with a motive for microbial treatment and cell cul-
ture-based applications [81].

3.1.4 Evaporation method (reverse phase)

The main principle behind this is the formation of micelles
in the reversed order. The central core is an aqueous
medium and the lipid surrounds the core in a solvent of
organic nature [82]. An organic solvent is sonicated after
the addition of minute quantities of aqueous and lipids.
This produces micelles in the inverted order. A rotary eva-
porator is employed on the crude mixture to produce a gel-
like matrix [83]. Further removal of the solvent leads to the
gel collapsing and vesicles get suspended [84,85]. The major
drawback of this method is the fact that the material to be
incorporated is in contact with the external organic sol-
vent. Hence, fragile and degradable materials are at great
risk of breaking down during the process of incorporation
in the nanocarrier. But the potential encapsulation effi-
ciency is 80% [86].

3.2 Emerging technologies
3.2.1 Channel method (microfluids)

Polydimethylsiloxane wafers are usually employed in the
fabrication of the channel. Two wafers are attached together
and one side of the wafer is engraved [81]. The engraving
width is kept to be around 1,000 um max. One outlet and two
inlet lines are carved and connected to the microfluid
channel [87]. The central point is the two inlet points mer-
ging at the center. The aqueous medium is incorporated
from the outer inlet and the lipid is from the central
channel. This creates a difference in the shear forces due
to the different liquid interfaces and hence leads to the
fabrication of the liposome [88]. The perks of this technique
are the ease of operation, vesicle size control, and mono-
layer dispersion. A continuous system of fabrication through
micro channels is yet to be devised.

3.2.2 Fluid method (supercritical)

The drawbacks of the conventional method are tackled at
times using gas or liquids. These are called supercritical
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fluids. A certain parameter gives these fluids or gases
unique properties that aid in nanocarrier formation [85].
For example, carbon dioxide and water are used above
critical thermodynamic points of pressure (250 bar) and
temperature (60°C). Based on the property opted by the
supercritical fluid, they are classified as antisolvent preci-
pitation technique and rapid expansion method [86,89].
The main highlights of this method are better liposome
particle design and environmental friendliness. Scalability
is an issue that needs to be addressed as it may lead to
varying size ranges for the end product [90].

3.2.3 Self-assembly method

It is a process where disordered structures arrange and
regulate themselves in an ordered fashion [91]. These occur
without a prior external force. The formation of micelles
itself is a self-assembly. It has not been used to its full
potential yet. Encoding them will give way to various prop-
erties never ventured [92].

4 Current trends

Attributing to the large surface-to-volume ratio of nanopar-
ticles, the food quality, physical and chemical features, and
biological potency can be altered with good efficiency.
Gold, silver, titanium, zinc oxides, and carbon nanomater-
ials of various dimensions are structures used in food sto-
rage applications [93]. The main issue that is to be tackled
in the current day scenario is the wastage of food. This
leads to a major loss for the company and a shortage of
supply for the customers. The wastage of raw resources
and recycling of the same for environmental cleanliness
is an overall loss for the world economy. 1.3 billion tons of
food wastages have been recorded every year all around
the world by the special division of food and agriculture
organizations under the United Nations. These losses are
due to poor harvest approaches, market wastages, trans-
port delay, and consumer wastages [88]. The ability to fortify
the quality of foods should go hand in hand with food wastage
management initiatives. A combined effort will help the
present generation to solve the emerging crisis situations
related to food wastage and environmental remediation. As
previously discussed in the above sections, nanotechnology
has been successfully utilized in the food sector for produc-
tion, processing, preservation, distribution, and sensing
[88]. The plastic physical barriers imposed and proposed by
these novel functional nanomaterials provide functional
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fortification to the food component simultaneously. This
enhances shelf life and overall quality and productivity. Sen-
sing is also feasible for various toxins and pathogens via
changes in color and hue [94]. These intelligent and novel
systems have incorporated a greater assessment in the food
industry through their smart reporting and controlling of the
foods with the help of localized sensing. The nutraceutical
value of the food is also enhanced to a good level. Nanotubes
have been reported as potent cellular damaging agents for
Escherichia coli. The main mechanism is the direct punc-
turing of the cell wall [94]. Biosensors made up of nanoma-
terials have been reported previously for their proficiency in
sensing pathogenic that are carcinogenic in nature. Ideally,
post-harvest-based techniques are preferred and researched
on now a day. It aids in the enhancement of texture, flavor,
consistency, and availability for assimilation [95]. Many con-
fectionaries use coated with nano edible coatings for their
anti-bacterial properties [96]. Innovative filters impregnated
with nanomaterials have been devised to remove color from
extracts of beetroot. They enable the retention of pigments
and flavors for red wine. Similarly, milk is filtered out of its
lactose ingredient and altered to be consumer friendly for
people who are lactose intolerant. The same principle can
be employed for the removal of bacterial pathogens from
beverages like milk or water without any heat treatments.
Beers are also filtered and refined using nano sieves [97,98].

Healthier foods are feasible at much more economical
costs thanks to nanotechnology in the food industry. Low-
salt, low-sugar, and low-fat products have their own place
in the world share market due to the ever increase in life-
style disorders among people. Certain nanomaterials are
accepted to such a level that they are used in bulk mea-
sures in factories as additives in foods. E551 and E171 made
of silicon dioxide and titanium dioxide are very well-
known additives used in bulk form [99]. Poly-p,i-lactide
in bio-degenerative encapsulated form is used to enhance
the shelf life of various vegetables and fruits, especially
tomatoes [100]. Neosino, a supplement of green tea in the
nano range, is commercialized effectively today because of
the nanotechnology revolution in the food market. Along
with the former Aquanova, an active ingredient of canola
oil is used to increase the biological availability and absorp-
tion of most of the fat-soluble vitamins through pills. Omega
fatty acids, beta carotene, nutraceuticals, and medicinal
drugs in carriers of nano range (Nutra lease) have also
been successfully commercialized in recent times. Many
Western countries have their very own nano-fortified foods
in the form of teas, fruit juices, oats drinks, and supplements
composed of tuna oil with breads and slim shakes made up
of nanoceuticals [101,102].
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When it comes to packaging the ultimate main to avoid
spoilage and contamination to the maximum. Muscle and
meat-based products are packaged with utmost care with
the latest smart packing systems to ensure better shelf life,
good tenderness of products due to enzymatic activity,
retain the hue of the protein meat produced, and reduce
overall weight loss [80]. The unique flavors and colors
generated through these nanosystems in accordance with
the foods help the consumers to analyze the condition of
the food products based on the presence of contamination,
toxins, pathogens, or pesticides [103,104]. Colloids of starch
are often used as carriers for potential antimicrobials for
packaging materials [105]. These packaging materials can
harbor and transport antioxidants, flavors, enzymes, anti-
browning materials, etc., for the preservation of foods post-
opening of the sealed package [106]. Many nanoparticles
(magnesium dioxide, silicon dioxide, titanium dioxide,
gold, silver) used in packaging provide high thermal resis-
tance, mechanical stability, and low mass along with anti-
pathogenic properties. They also are capable of generating
reactive oxygen species which is found to be detrimental for
most of the pathogens. They also provide a suitable barrier
against oxygen, carbon dioxide, water vapors, ultraviolet
radiations, chemical fumes, etc., and fire resistance can be
attained for smart packing materials by filling their matrix
with composites in nano sizes. Silicate nanoplatelets, cellu-
lose-based nanofibers, chitin- or chitosan-based materials,
carbon nanotubes, clay, graphene, and many more compo-
nents can be used as fillers for active packaging in foods
[107]. The features of the above-mentioned materials get
further enhanced due to the uniquely high surface-to-
volume ratio attained in the nano dimension [108]. Silver
zeolite is specialized used in the antimicrobial packaging of
foods. The silver nanoparticle is responsible for the ROS
activity and the ceramic used in combination with silver
zeolite is in charge of the disinfection mechanism [109].
Nanocarbon is of great use in the elimination of unpleasant
odors and flavors, especially carbon dioxide. Many bottles
and packaging materials are fabricated from bentonite
(nanoclay) as it has advanced gas barrier features, thereby
aiding in beverage stabilization and extending shelf life
[110]. Nanocor, a US-based company, developed a nanocom-
posite harboring nanocrystals in beer bottles. These special
bottles have very limited carbon dioxide loss and the inflow
of oxygen is also very low [111]. Similarly, ethylene-vinyl
alcohol incorporated with clay and PLA forms a nanocompo-
site with good oxygen barrier control for foods [112]. The
addition of nanofillers provides better degradation properties
to the polymer than when compared to its parent polymer.
Hence making the nano system to be environment
friendly [110].
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4.1 Trends in food processing

There are many companies today in the market that have
revolutionized the nano-based food supplements and pro-
ducts in the market. A self-assembled nanostructure made
up of Leaseanola essential oil is commercialized by Israel
to reduce cholesterol absorption in the gut into the sys-
temic circulation. It is a form of liquid self-assembled struc-
ture (NSSL) [113,114]. Shenzhen in China is a major trader
for nano tea as a beverage. A team of researchers from
United States have come up with micelles incorporated
with lycopene. They have been used in fortified juices
and beverages. The size of the micelles ranges to a max
0100 nm in dimension (diameter). RBC Life Sciences in the
United States has successfully launched a flavor-based diet
shake and health drink for people who are calorie con-
scious. Nanoscale chocolate and vanilla flavors are con-
verted into low-calorie slim shakes of preferred choice
[115]. Even baby products are introduced to these remark-
able nanosystems for better nutritional support to infants.
Los Angeles-based toddler Health Company has launched
an oats drink as a beverage for babies to provide enhanced
essential nutritional needs. This beverage has 33% more
micro and macro nutrients which will aid in the overall
development of the infant [116]. In Australia, a bread com-
pany has successfully incorporated nanocapsules of essen-
tial oils into confectionary items to elevate their nutritive
values. Omega 3 FA is one of the main essential oils that
they majorly use in their products. A supplement company
in the United States has bagged the attention of pharma-
ceutical as they have formulated nanodroplets that can be
loaded with vitamin B-12 with great efficiency [117]. Kimchi
has been tailored with nanosized bacterial species to have
a dual function of fermentation as well as deal with the
colitis of consumers. Lactobacillus plantarum has been
nanosized and substituted with traditional probiotics used
in kimchi. The nano size gives it a unique feature of being
anticolitic [118]. German-based Aquanova has fabricated
nano micelles that have special features to improve the
solubility of various active agents like omega fatty acids,
vitamins, [-carotenes, etc. [119]. Oats-based nutritional
drinks with a variety of flavors are formulated in combina-
tion with iron nanoparticles. The nanoparticles increase the
biological availability and reactivity of the overall health
drink with the body. The size ranges to an approximate
value of 300 nm [120]. Cutting boards are incorporated
with nanosized silver to provide good antimicrobial features
to the food in contact with the board [121]. Baby feeding
bottles are lined with nano silver for better storage condi-
tions of infant formulas. These bottles are in great demand
in South Korea. A special type of nano colloid is utilized to
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reduce the surface tension of portable drinking water. It also
enhances solvent properties and neutralizes free radicals. It
is composed of hydracel and silicate minerals [122].

Solgar, a US-based product is a nano nutrient of the
CoQ-10 enzyme. It increases the absorption of lipids in the
gut. The size of the nano food product is around 30 nm in
size. Clusters in the nano range are devised to make a
yummy alternative for a low-calorie diet. The flavors are
boosted using nanoclusters of cocoa to provide chocolate
or coffee essence. The main nanocluster consists of ingredi-
ents like spirulina and artichoke. Spirulina provides the
protein base for nourishment and muscle mass [123]. Another
type of nutrient derived from soya beans is nanochelated to
form carrier systems and vehicles for various active nutri-
ents. Their carrier matrix is composed of 50-nm-sized phos-
phatidylserine base. Even antioxidants can be delivered
with sustained release features. Lypo-Spheric is a well-
known vitamin C health booster supplement that is used
by consumers all around the United States for potential
health applications [124]. Hawaii has its very own fortified
juice of Jambu that is loaded with daily essential vitamins
and minerals. Silver along with 22 rich minerals is supplied
to the consumer via this health drink [125]. For patients with
acidity and ulcer issues, Aquanova has brought to the
market SoluE, a nano supplement with vitamin E. It soothes
the stomach and prevents an acidic environment for the
mucosal layer of the gut. Appetite can be stimulated by
dispersed nanocrystals in association with micronized com-
ponents. Ceramic products of the nano range have been
used to inhibit the breakdown and degradation of oils.
They are known by the commercial name Oil Fresh [126].

4.2 Trends in food packaging

Silicon dioxide is a very bright candidate in terms of food
drying, hygroscopic, preservation, coloring, anti-caking,
and packaging [127]. Titanium dioxide is used along with
dairy products like cheese, butter, and milk as a whitening
agent. They are also used in food packaging and preserva-
tion. Zinc oxide is utilized in packaging materials because
of their unique property to inhibit the flow of air, espe-
cially oxygen, hence delaying spoilage of products [128].
Silver nanoparticles in smart packaging aid in the antibac-
terial protection of the foods and eliminate the chemicals
produced by ripened fruits and vegetables, hence preser-
ving them for longer hours [129]. For fried food preserva-
tion, nanoparticles of inorganic ceramics are opted for
extensively [130]. Polymers like chitosan are used to pre-
serve fresh fruits like strawberries and mandarin. Food
contaminants and adulterants are efficiently detected
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through nanoplate-shaped graphene composites [131].
Water packaging is made safe and secure by cellulose
nanocrystals lining into packaging bottles. Magnetic nano-
materials are used for monitoring pathogens in foods as
they have large surface areas [132]. For foods that require
quality inspection and vacuum-sealed packaging, carbon
nanotubes are employed with regard to their thermal, elec-
trical, mechanical, and optical properties. The strength of
packaging materials along with barrier properties were
enhanced by including clay-polymer composites in them.
The type of material opted in the packaging for foods will
determine the oxidations that it would hinder, the amount
of moisture bypassed through, control on respiration rate,
volatile fumes managed over time, and the impact on the
flavor of the product as a whole [133]. Essential oils of
garlic were used in combination with PEG for the packa-
ging of goods. Their unique trait aided in prohibiting pests
that feed on foods while stored. €-Polylysine with nanopar-
ticles of phyto glycogen octenyl has been shown to increase
the shelf life of various fresh and synthetic produce [134].
Glycerine-based nano micelle in packaging identifies vege-
table and fruit pesticide residues as well as dirt and oil
contaminants from cutlery.

Overwraps can be used as chilled storage systems for
many foods. However, the duration should be kept short
along with modified atmospheric conditions. Vacuum can
be used for sealing and packaging with a 100% carbon
dioxide flushing system. If the duration of refrigeration
needs to be made longer bulk flushing of gas can be
employed. Many simple polymers like polypropylene and
polyethylene of lower density are also used in packaging
foods even if they are not incorporated with advanced
nano systems. They are known to be hydrophobic and inert
in nature with minimum surface energy. Food spoilage can
be avoided on the basis of modifications of the inserted
nanosystems both functionally and chemically. Special
and intensive care should be taken for meat products.
They have various parameters that get altered like aroma,
hue, dehydration, and oxidation leading to changes in tex-
ture [135]. Modified atmospheric conditions are a key
aspect that needs to be considered during meat handling
and storage. Very cold conditions are always favored by
protein producers to sustain their quality.

A unique formulation of non-inert gases is employed
on the meat product to replace the surrounding air and
sealed well for transportation and storage in deep freezers.
The commonly used gases in MAP are oxygen and carbon
dioxide. Their profiles are varied based on criteria like
product type, packaging material used, size and dimension
of the product, respiration rates involved with the ingre-
dients of the products, the integrity of the package, and the
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Figure 3: Schematic representation of different trends in food processing and packaging by nanosystems.

conditions for storage [136]. The German-based chemical
company has launched nano-dispersed clay in plastic sto-
rage materials. They have heightened gas barrier features.
Even moisture is controlled for maintaining the freshness
of the meat. Several patents are filed all around the world
in regard to nano silver and nano clay for innovative food
packaging fillers [137]. Carbon nanotubes and allyl isothio-
cyanate are known to regulate many metabolisms asso-
ciated with cooked products, especially chicken. It also
aids in the depletion of the pathogenic population and
any change in the aesthetic appeal of the cooked chicken
for up to 40 days. Figure 3 and Table 1 summarize the
trends followed incurred by nanosystems in the food
industry [138].

From the current review, it can be suggested that the
most common forms of nanocarriers for commercial foods
are emulsions, inorganic, and fiber coatings. Cucumbers
with nanoemulsions have antimicrobial properties up to

99% [136]. To enhance the shelf life of packed foods inor-
ganic coatings of potassium sorbate, calcium caseinate, tita-
nium dioxide, and silver nanoparticles have been reported
to provide 100% efficiency [139]. Lipid- and protein-encap-
sulated nanosystems have manifested 100% gas barrier dif-
fusion [140]. Silicon dioxide is a major component of CODEX
additive with a 33% thickening property [141]. Milk proteins
and nanotubes have a controlled release characteristics of
88%. Nanofiber coatings on carrots and enzymes have been
reported 90% transport agents [142].

4.3 Safety and toxicity assessments

Nanotechnology in food-contact materials, particularly in
packaging and coatings, has shown great potential for
enhancing food safety and shelf life. However, it raises
concerns regarding safety and toxicity, as nanoparticles
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may migrate from packaging into food and cause potential
health risks [159]. The two primary safety issues with
employing nanoparticles are allergies and heavy metal
leakage. Currently, food items are using nanoparticles
more quickly than intended and without the required
understanding or laws, endangering both human health
and the environment [19]. The similarities between nano-
particles (NPs) and nanostructures, namely their enormous
surface area, high reactivity, and nanoscale, could be
harmful to human health as well as the health of other
living things. Although the usage of nanostructures in
food may not directly affect human health, some inevitable
side effects may result from their nanoscale properties.
The toxicity mechanisms generated by nanoparticles, or
NPs, have been well investigated [143]. Nano-entities
have the potential to disrupt a variety of cellular pathways
and functional processes that change the intracellular
milieu which may result in excessive exposure to nanoma-
terials. This can have unanticipated effects on the overall
functionality of the cellular system, fidelity of cell division,
and DNA replication. DNA damage has been linked to cel-
lular exposure to some nanomaterials, resulting in genome
rearrangements, single- and double-stranded breaks, as well
as inter/intra-strand breaks [160]. One key concern is the
migration of nanoparticles into food. Studies have demon-
strated that under certain conditions, nanoparticles can
leach from packaging into the food matrix. For example,
silver and zinc oxide nanoparticles, commonly used for their
antimicrobial properties in food packaging, have been found
to migrate in low concentrations, raising concerns about long-
term exposure [161].

Nanomaterials, due to their small size and large sur-
face area, have the potential to interact with biological
systems in unintended ways. Cytotoxicity tests involving
cells in vitro have shown that certain nanoparticles, like
titanium dioxide and silver nanoparticles, can cause oxi-
dative stress, inflammation, and even DNA damage [162],
Genotoxicity testing is essential to determine the potential
of nanoparticles to induce mutations, which could have
long-term health implications. Toxicity assessments often
involve in vivo testing on animals, where doses of nano-
particles are introduced through ingestion or skin contact
to study their effects on different organs [145]. Recent stu-
dies using rodents have shown that nanoparticles such as
zinc oxide and silicon dioxide, when ingested at high doses,
can accumulate in organs such as the liver and spleen,
leading to systemic toxicity [163]. This highlights the impor-
tance of establishing safe limits for nanoparticle exposure
in food-contact materials. Government agencies like the
European Food Safety Authority and the U.S. Food and
Drug Administration have issued guidelines for the use
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of engineered nanomaterials in food-contact applications
[162]. These guidelines emphasize the need for thorough
risk assessment which includes evaluations of toxicity, bio
persistence, and potential bioaccumulation in the body. The
EFSA recommends that any new nanomaterial intended for
use in food packaging must undergo a full safety evaluation,
focusing on migration studies, as well as acute and chronic
toxicity assessments [164]. To mitigate the potential toxicity
risks associated with nanotechnology in food contact mate-
rials, researchers are focusing on developing biodegradable
nanomaterials and safer nanoparticle coatings. These mate-
rials are designed to minimize migration and ensure that
any exposure to nanoparticles is well within safe limits.

4.4 Limitations and challenges

Assessment of risks pertaining to the health of the consu-
mers is the most important parameter that needs to be kept
in mind when working with nanomaterials. The safety and
quality of food is the utmost priority of any food inspecting
authority. The utilization of nanomaterials to purify water
has been already noted to be toxic to the environment and
to human life forms. Nanoforms used in these exports of
quality drinking water need to be addressed in detail in the
future [140,159]. Various forms of nanocarbon like single-
walled, multi-walled, buckyballs and quantum dots have
shown undesirable interactions with markers and test
reagents that make it quite an unreliable nanosystem for
food processing. Thus, extensive real-time evaluation is
termed necessary for the application of nanomaterials when
applied to food products. Developing targeted and specific
assessment assays is a major challenge that researchers face
that would aid them to analyze the safety of nanosystems for
enhancing food quality for commercial applications [165,166].
Furthermore, less heat is used for nanoencapsulation to inac-
tivate or kill microorganisms than in the thermal process,
which allows for energy savings. It is important to remember
that an innovative ohmic heating method can be used in
place of traditional heating [167]. Biodegradable polymers
can decompose or degrade after use, making them great
substitutes for the non-biodegradable packaging stated
above. This is due to the difficulties in achieving oxygen/
water vapor barrier performance on par with conventional
petroleum-based polymers, or their blends [168]. In the food
sector, encapsulating natural preservatives is a useful tactic
for shielding delicate ingredients from unfavorable proces-
sing-related environmental factors. Even in modest concen-
trations, this method improves the stability and effectiveness
of preservatives, enabling continuous release and residual
antibacterial action. Nanoemulsions, polymer nanoparticles,



DE GRUYTER

and nanoliposomes are often used as nanocarriers for this
reason since they all provide the enclosed substances with
controlled release characteristics [169,170]. Despite the fact
that nanocomposites are widely used in the production of
food, active food packaging, and delivery of functional ingre-
dients, the majority of these applications have focused on the
nanoparticles that incorporate nanocomposites. There are
fewer applications for other nanocarriers such as nanogels,
nanoemulsions, nano-micelles, and nanoliposomes. These
systems have greater advantages over nanoparticles, like
higher loading and absorption efficiencies. It is necessary
to expand the application ranges of different nanoencapsu-
lation systems [161].

5 Conclusion

The present article deals with the use of nanotechnology in
food processing using promising polymeric nanomaterials.
Among the various polymeric nanomaterials used in food
processing carbon nanotubes and allyl isothiocyanate are
known to regulate many metabolisms associated with
cooked produces especially chicken by depleting patho-
genic population and change in aesthetic appeal of the
cooked chicken for up to 40 days. Nanoscience provides
new innovative tools and alternatives to scientists to reach
new extremes in the area of food sciences. For example,
the arrangement of amylopectin and amylose of starch in
food binding processes are candidates for nanomaterials.
In all the innovations done, one thing is tried to keep con-
stant is the natural balance and the originality of the food.
Nanosystem-based health drinks have 33% more micro and
macro nutrients which will aid in the overall development
of infants. Design protocols were mostly found to be bio-
compatible and environment friendly. The concentration
of 0.2% of nanosized zinc oxide is found to be optimal to
effectively reduce the mold proliferation for up to 12 days.
Two main crossroads for any food researcher would be to
either go for nanofood processing or nano food sensing
aspect. The use of a green approach to manufacture most
of the components related to novel foods is in great
demand as it gives a sense of clean and green technology-
based drive. The application of polymeric nanomaterials
like allyl isothiocyanate and carbon nanotubes, which
have been demonstrated to improve the shelf life and aes-
thetic quality of cooked goods like chicken by lowering
pathogenic populations, opens up revolutionary possibilities
for food processing and preservation using nanotechnology.
Applications of nanoscience in food science, such as the
alignment of amylopectin and amylose in starch binding

Nanotechnology for food application = 15

processes, show how versatile nanoscale substances are in
enhancing the texture, structure, and usefulness of food.
Furthermore, by providing 33% more nutritional content
than conventional formulations, nano-based health drinks
enhanced with micro- and macronutrients hold the poten-
tial for enhancing nutritional outcomes, especially in vulner-
able groups like babies. Biocompatibility and environmental
sustainability are crucial factors to take into account as
research progresses, with an increased emphasis on eco-
friendly techniques and green synthesis processes. In addi-
tion to improving food safety, innovations like edible and
biodegradable packaging materials also lessen their nega-
tive environmental effects. These advancements are in line
with the industry’s increased emphasis on sustainability and
clean technology. Even yet, there are still a lot of obstacles to
overcome. Nanofood technologies need to be further refined
to make them commercially viable. More efficient produc-
tion procedures are also required. Furthermore, even
though nanoparticles have a lot to offer in terms of food
safety, preservation, and nutrient delivery, more research
needs to be done on their possible toxicity and long-term
health impacts. To fully comprehend how nanoparticles
interact with biological systems and how they affect the envir-
onment, more thorough research is needed. Global laws and
safety standards need to advance together with technology to
address these worries. For consumer use of nano-based food
items to be both safe and effective, a strong regulatory frame-
work must be established. Furthermore, by providing a meth-
odical way to mimic and improve the physicochemical and
microbiological characteristics of nanofood systems, mathema-
tical modeling tools may be crucial in optimizing design and
development processes. Even though there have been great
advancements in the use of nanotechnology in food
science, innovation in this field must be balanced with
sustainability, scalability, and safety. To fully utilize
nanotechnology in food processing and produce safer,
more nutrient-dense, and environmentally friendly
food items, extensive regulatory policies and ongoing
research are required.
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