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Nanotechnology has revolutionized many scientific and industrial fields and has also made a good beginning in the food science and technology.
Recent research has revealed enormous applications of nanomaterials for food processing and packaging. Nanomaterials brings a remarkable
difference not only in terms of food quality but also in various health aspects. In food processing, it improves the sensory characteristics like
taste, texture, and appearance, extends shelf life, enhances nutritional bioavailability of nutrients, and removes chemicals and pathogens from
food. Nano food packaging technology extends food life due to high barrier packaging material and improves food safety. The application of
nanosensors allows consumers to identify whether food is contaminated or spoiled. Controlled and continuous release of preservatives help to
prolong the food's life in the package. The intelligent packaging nanomaterial can slow down product deterioration and can tell about product
safety and quality. As research in nanotechnology continue to expand, its applicability to the food industry will increase further. The use of
nanomaterials also raises a serious concern about the toxicity of nanoparticles in food. This necessitates more studies to establish their impact

on health.
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INTRODUCTION

Recently, nanotechnology has gained importance in several
fields of the food sector.2? It is a technology that deals in nanometer
scale to create and use materials with unique and novel properties.
The technical revolution initiated by nanotechnology has a wide
range of applications in the food industry. Nanotechnology offers
several opportunities to develop and apply structures, materials, or
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systems with novel properties in various fields like agriculture,
food, materials® and medicine.*® It is observed that these materials
have properties different from their macroscale counterparts due to
the high surface to volume ratio. They exhibit many novel
physicochemical properties like color, strength, diffusivity,
toxicity, optical, thermodynamic behaviour.”

The food market demands technologies necessary to maintain
market leadership in the food industry to produce fresh, healthy,
convenient, and appealing food products. Extending the product
shelf life, freshness and the nutritional quality of food are the major
targets while designing the materials for food packaging. In this
context, the nanoscience and nanotechnology based scientific
advancements have the possible potential to revolutionize the food
industry.>2

The demand for nanoparticle-based materials has been on the
rise in the food industry, as many of them possess essential
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elements, and are also reported to be nontoxic,® and these materials
have been observed to be stable at high temperature and pressure.®
Nanotechnology covers a broad range of food improvement from
food manufacturing and processing to packaging. Nanomaterials,
along with the improvement of food quality and safety, also has
health benefits.

In food processing, the nanomaterials can be used as food
additives, carriers of nutrients, antimicrobial agents, fillers for
improving the physical strength and durability of the packaging
material, etc. Food nanosensors can be used to achieve better food
quality and as a safety check.’ In this review, the role of
nanotechnology in food processing and packaging along with the
safety aspects associated with this technology have been discussed.

NANOTECHNOLOGY AND FOOD PROCESSING

Food processing involves the conversion of raw materials into
marketable products having a long shelf life. Nano Technology
finds varied use in food processing. It is associated with
improvement in many functional properties like taste, texture,
consistency, and bioavailability of food products.!* The
nanomaterial helps to provide the right color and flavor to improve
the product appeal. The shelf life of meat, fruits, vegetables, bakery,
and confectionery products can be extended by using edible nano-
coating as they act as gas and moisture barriers and thus help to
bring down the food wastage due to microbial infestation.> Some
innovative uses of this technology include removing any
component from the food ingredient to make it suitable for a
particular group of consumers, like substituting lactose in the milk
with other sugar to make it ideal for lactose intolerant patients.
Production of healthier processed foods with low fat, sugar, and salt
is also feasible. Nanocarriers are being used as food additives in
food products without changing their basic morphology (Figure 1).

Improved
Organoleptic
characteristics
Enhancement
of Nutritive
Value

Targeted and
Controlled
Release

Nanotechnology
in Food
Processing

High Pathogen

Bioavailability Detection

Longer Shelf
Life

Figure 1. Role of nanotechnology in Food Processing

The role of nanotechnology in food processing can be discussed
under the following categories:

Improve Organoleptic Characteristics of foods:

Nanotechnology has made advancements to improve the sensory
qualities of foods like taste, texture, and appearance. Encapsulation,
a process in which one material is used to deliver another material
inside the human body, has been improved using nanotechnology.*®
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Nano encapsulated food products and supplements are helpful to
mask the bad taste. Nanocapsules can be used to incorporate
vitamins or specific fatty acids. These nanocapsules bypass the taste
buds, open on reaching the stomach, thus avoiding the unpleasant
taste. This technique successfully improves the release and
retention of the flavor of unstable and highly reactive pigments like
anthocyanins.'* Nanomaterials like SiO2 are most commonly used
as carriers of fragrances or flavors in food products.’® Rutin is a
widely used dietary flavonoid with pharmacological activities, but
it has restricted use in the food industry due to low solubility. The
ferritin nanocages encapsulation increased the solubility and
stability of rutin trapped inside ferritin compared to rutin in free
form. Nanoemulsions can be used to deliver lipid-soluble bioactive
compounds as they are formed easily with natural food ingredients.
These may be designed to improve qualities like water-dispersion
and bioavailability.1®

Figure 2. Nanotechnology used for organoleptic characteristics

Enhancement of nutritional value:

Nanotechnology offers viable solutions to improve the nutrition,
health, and wellbeing of masses by increasing the availability of
nutrients with various food vehicles having different
physicochemical properties. Several nano delivery vehicles like
association colloids,*” lipid-based nanocarriers, nanoemulsions,*®
biopolymeric nanoparticles,'® and nanofibers?® are developed. The
stomach acidic environment denatures many bioactive substances
like lipids, proteins, carbohydrates, and especially vitamins.
Encapsulation helps these bioactive substances overcome such
adverse conditions and facilitate their ready assimilation in food
products. This property is available only in encapsulation as in non-
capsulated form, there is poor assimilation due to low water-
solubility of these substances. To improve the availability of
medicines, vitamins, or other essential micronutrients in daily
foods, nanoparticles-based, tiny edible capsules are being
manufactured.?! Moreover, gastrointestinal permeability can be
improved by choosing suitable formulation surfactants. This can
increase both the absorption and bioavailability of nutrients. For
example, soy protein based nanoemulsions has the ability to
enhance the stability, bio accessibility and permeability of green tea
catechins. Due to surface-modified nano delivery systems,?22 their
interactions with biologic milieu and biodistribution could be better
controlled. With the chemical grafting of hydrophilic molecules, it
is possible to modify the nano delivery systems. Poly (ethylene
glycol) is the most commonly used hydrophilic molecule. In this
way, molecular transformation can be changed for maximum
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bioavailability and absorption. Several nutritional supplements
containing nano ingredients (e.g., vitamins, antioxidants, etc.) are
currently available. All of these products claimed to have enhanced
absorption and bioavailability of components in the body.

Provide a table here for the examples of nanomaterials used for
specific methods towards increase in nutritional value (as discussed
above).

Longer Shelf life:

Bioactive compounds in foods often get degraded soon, leading
to their inactivation due to the unfavorable environmental
conditions. Nanoencapsulation of these bioactive compounds helps
to extend their shelf-life by delaying the degradation processes till
the product reaches the target site. The edible nano-coatings on
several food materials help provide a barrier that prevents moisture
from entering and inhibits gas exchange factors for the deterioration
of the product. For example, the shelf life of tomato is extended by
the bionanoencapsulated quercetin (biodegradable poly-D,L-
lactide). This approach can extend the shelf life of other fruits and
vegetables. Besides, it provides colors, flavors, antioxidants,
enzymes, and anti-browning agents and helps extend the shelf-life
of packaged foods, even after being opened.?* Encapsulating the
functional components slows chemical degradation processes by
altering the properties of the interfacial layer around them. For
example, curcumin, a very active and less stable bioactive
compound of turmeric, was reported to be stable during
pasteurization and at various ionic strengths upon encapsulation.
Also, nanoencapsulation of probiotics is an efficient way to deliver
them to the gastrointestinal tract efficiently.

Furthermore, an edible coating is the most common way to
prevent browning in fresh-cut fruits.?> Browning of fresh-cut fruits
during storage is due to the conversion of phenolic compounds into
colored pigments in the presence of oxygen.?® These undesirable
changes can be prevented by applications of nanomaterials as anti-
browning agents. Nano-ZnO-coated active packaging has been
used to improve shelf-life properties of freshly cut “Fuji” apples.?”
It was reported that the activities of polyphenol oxidase and
pyrogallol peroxidase decreased significantly in cut fruits stored in
nano-ZnO packaging.

Extends shelf life of bioactive
compounds.

* For example helps to deliver probiotics
efficiently to gastrointestinal tract.

« Prevents moisture loss and gaseous
exchange and thus extends shelf life

« Serves as anti-browning agents for cut
fruits

Figure 3. Preservation of food materials by nanotechnology

Nanoencapsulation .

Edible nanocoating

Pathogen detection:

Nanomaterials are used for the construction of biosensors having
high sensitivity along with novel attributes. These nanosensors are
used to detect pathogens in processing plants or in food material
and alert the consumers and distributors about food safety status.?
The nanosensor works as an indicator that respond to changes in
the environment, such as humidity or temperature during storage,
microbial contamination, or product degradation.?® Thousands of
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nanoparticles on a platform have been designed to fluorescence in
specific colors when they contact food pathogens. Several
nanostructures like nanofilms, rods, particles, and fibers have been
considered for their possible use in biosensors.*® When specific
protein molecules are immobilized on sensor chips in these sensors,
they emit signals to detect target molecules.®® For example, a
dimethylsiloxane microfluidic immunosensor has been constructed
by integration of specific antibody with immobilization on an
alumina nanoporous membrane and evaluated for rapid detection of
foodborne pathogens like Escherichia coli.®? It was reported that
nanotechnology is also useful in the detection of pesticides,®
pathogens, and toxins* in the food quality chain. Further, an
electronic tongue or nose possessing an array of nanosensors are
used to monitor the food condition. It gives signals according to
aroma or gases released by food items 53¢

Nanomaterials

Biosensors

Respond to changes in
environment

Fluorescence in specific colour

Detection of
pathogens/pesticides/toxins

Figure 4 Pathogen detection by nanosensors

Food Additives:

Food additives are the substances added to the food to improve
their functional properties like antioxidants, emulsifiers,
antimicrobials, colorants, etc. Because of changing perception and
safety issues, these food additives are being replaced by
nanoencapsulated additives. Their use can affect the nutritional
value and bioavailability of health-promoting nutrients.

Used to Possess food

packaging
applications

encapsulate
and deliver
drugs and
vaccine

* Used for
enrichment,
fortification,
preservation
Helps to
retain flavor

Figure 5 Nanomaterials as food additives.
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Nanotechnology has introduced value-added properties in new
foods. Additives are rarely utilized in their pure form; they are
generally used as coatings or incorporated as nanoscale
formulations. Many nanoscale matrics have been designed for
encapsulation systems like nanoemulsions, nanoparticles, and
nanofibers.

Nanoemulsions:

Nanoemulsions are the most commonly used nanostructure in
the enrichment, fortification, and preservation of food matrix.
Broadly, nanoemulsions are nontoxic when formulated with oil and
are in the category of Generally Recognized As Safe (GRAS) for
human consumption by the United States, Food and Drug
Administration. Nanoemulsions are preferred in comparison to
conventional emulsions as a large exposed surface facilitates easy
digestion, thus better absorption. Another difference between them
is that when a nanoemulsion is added to a food item, it does not
change its appearance. Nanoemulsions are used to manufacture
food products like salad dressing, flavored oils, sweeteners, and
other processed foods. They help release different flavors with the
help of stimulations such as heat, pH, ultrasonic waves, and so
forth.®” They efficiently retain the flavors and prevent the loss by
oxidation and enzymatic reactions. These in the form of proteins
such as egg, milk, or vegetable protein and carbohydrates such as
starch, pectin, carrageenan, and guar gum provide better texture and
lead to uniformity of the food products.® The nanoemulsions are
made by dispersing the liquid phase in a continuous aqueous phase.
A lipophilic component is required for the creation of
nanoemulsion. Its placement within the nanoemulsion is dependent
on the molecular and physicochemical properties like solubility,
melting  point  hydrophobicity, and surface activity.*®
Nanoemulsions possess antimicrobial activity and are used against
Gram-positive organisms instead of Gram negative-organisms* as
a result they are used for decontamination of the food packaging
articles. Microbial growth could be restricted by using
nanoemulsions developed by utilizing non-ionic surfactants,
soybean oil, and tributyl phosphate. Nanoemulsions have proved
beneficial in delivering phytochemicals like polyphenols and
carotenoids as the smaller size of lipids led to their higher
bioavailability.4°

Nanoparticles:

Food-grade biopolymers, such as polysaccharides or proteins,
can be utilized to produce nanosized particles. A single biopolymer
breaks into smaller nanoparticles with aggregative or segregative
interactions. These nanoparticles can be further utilized to
encapsulate functional ingredients. Most common nanoparticles
such as polylactic acid (PLA) are commonly used to encapsulate
and deliver drugs and vaccines, but it has certain limitations. It used
to be quickly removed from the bloodstream and may remain
isolated in the liver and kidneys. Thus, PLA needs to be associated
with a compound like polyethylene glycol to successfully deliver
the active components to other parts of the body.*

Nanofiber:

The use of nanotubes is mainly applied for non-food
applications. Few food grade materials like Sea Cucumber/Gelatin
Nanofiber have been made with fibers that can be used for
packing.*” Carbon nanotubes are generally used as low-resistance
conductors (like use in sensor for presence of specific contaminants
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and microbes) and their role in the food industry have mainly been
explored for the food packaging applications.*®

NANOTECHNOLOGY AND FOOD PACKAGING

Every year about one-third of the total food produced worldwide
get wasted due to spoilage. Food contamination and spoilage have
a huge impact on human health. It also has economic implications
and raised medical care expenses. Due to globalization, food
packaging requires longer shelf life, a food safety monitoring
system, and quality at par with international standards. To address
these current needs, nanotechnology might potentially help out with
new food and beverage packaging technologies. Nanotechnology
has been used to develop innovative packaging materials over the
last years, which had an important impact on the food market.
Nanotechnology application in food packaging can be segregated
into three main categories.*

Food Packaging

Intelligent
Packaging

Active
Packaging

Improved
Packaging

I ! v

Durability, barrier Antimicrobial Monitoring
properties, Properties, freshness of
Environment Longer Shelf food by
Friendly e.g., clays, life e.g., Ag, nanosensors
SiO; TiO»

Figure 6. Role of nanotechnology in Food Packaging

Improved packaging: Nanotechnology-based food packaging
presents certain advantages over conventional packing materials in
terms of properties like temperature resistance, more durability,
flameproof, barrier to microbial damage, recycling, and easy
process-ability due to lower viscosity. It helps to deliver active
materials into the biological systems along with minimum costs
with fewer environmental issues. They are widely used in food
packaging applications of products like processed meat products,
cereals, cheese, confectionery items, boil-in-the-bag foods. Along
with this, it helps in extrusion-coating applications for products like
fruit juices, dairy products, beer and carbonated drinks.*

Active packaging: Inactive packaging are deliberately included
in or on the packaging material or on the package space to improve
the package system's performance. Active packaging is a designed
packaging system with components that would release
antimicrobial agents or absorb oxygen and water vapor from the
food environment. Usage of active compounds like antimicrobial
agents, preservatives, oxygen, and water vapor absorbers, acts in
more effective way for improving the shelf life and quality of food
product.®! Various metals and metal oxides derived nanomaterials
have been used in active packaging applications.> Nanomaterials
like nano copper oxide, silver nanoparticles, and carbon nanotubes
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can provide antimicrobial properties. Nowadays, the use of silver
nanoparticles in food packaging as antibacterial agents is
increasing. Silver nanoparticles are the most commonly used
nanoparticles due to their well-known antimicrobial potential
against multiple pathogenic strains.>® Also, silver nanoparticles
inhibit wvarious fungi and viruses. Silver inhibits bacterial
metabolism by associating with its DNA, proteins, and enzymes;
thus, bacteriostatic effects have been achieved by using silver
nanoparticles. Silver nanoparticles also disrupt the cytoplasmic
membranes.>

Intelligent packaging: It helps to sense biochemical or
microbial changes occurring in the food. It can detect specific
pathogen growing in the food by sensing gases from the food
spoiling. Some smart packaging has been designed to use as a
detecting device for food safety. Such a system uses different
communication methods such as nanosensors, oxygen Sensors,
nanoscale, freshness indicators, etc.?>%® The nanosensors in food
packaging systems helped to detect the changes that occur during
spoilage, various pathogens, and chemical contaminants, thus
giving the exact status of food products freshness.5® Usually,
nanosensors can be applied as coatings to food packaging to detect
the package's integrity by checking leaks. This applies to foodstuffs
packed in a vacuum or inert atmosphere.>” Gas sensors are used to
detect the gas in the package. Nanoparticles, due to the presence of
the unique chemical and electro-optical properties, respond to
environmental changes (e.g., temperature, humidity, levels of
oxygen), product degradation, or microbial contamination.
Therefore, such technology would be beneficial to consumers,
industry stakeholders, and food regulators.

SAFETY ISSUES

Although there is an enormous range of food products available
for the consumer made by the application of nanotechnology, the
serious question raised is about the safety of these products. The
GRAS list of universally accepted additives needs to be re-
examined when used at the nanoscale level. There are safety issues
regarding the use of nanotechnology in its various food
applications.

In packaging, the un-intended transfer of harmful packaging
constituents may raise the safety concerns of consumers. The extent
of the migration of nanoparticle(s) to the food matrix depends
mainly on the chemical and physical properties of the food and
packaging polymer. Some other controlling factors are the
concentration, particle size, pH reading, molecular weight,
solubility, temperature, polymer structure and viscosity, contact
time, and food composition. The solubility of nanoparticles in an
aqueous solution is dependent on temperature and inversely
proportional to the food pH, which increases the inflow of metal
into the food matrix.

Nanoparticles are likely to enter the body through inhalation,
ingestion, or crossing the skin barrier. Besides the route of entry of
nanoparticles into the body, nanoparticles' toxicity also depended
upon the host susceptibility.® It is essential to understand the
interface between nanoparticles, cells and tissues of the organism.
On entering the human body, these nanoparticles come in contact
with biomolecules like protein, sugar, and lipids present in body
fluids such as lymph, blood, interstitial fluid. The pH and ionic
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composition of the gastrointestinal fluids affects the surface
potential and electrostatic interactions among nanoparticles, which
further influence their aggregation state and interactions with other
components.  Gastrointestinal  fluids possess surface-active
components, such as proteins, bile salts, phospholipids, and free
fatty acids (FFAs). These components may adsorb to nanoparticle
surfaces and modify their interfacial properties and, ultimately,
their biological fate. It has been reported that the interfacial
properties of inorganic nanoparticles are modified significantly
when they enter the gastrointestinal tract (GIT), which affects
cellular, and tissue response to the nanoparticles.® Gastrointestinal
fluids contain digestive enzymes that may change the properties of
nanoparticles. For example, nanoparticles having starch, proteins,
or lipids may be acted upon by enzymes like amylase, protease, or
lipase respectively.®

Consequently, these nanoparticles' properties may be very
different when compared with those of the ingested nanoparticles.
Gastrointestinal tract (GIT) bacteria may produce products that
affect some properties of ingested nanoparticles. On the other hand,
ingested nanoparticles may influence the properties of
gastrointestinal tract (GIT) bacteria. To be precise, many types of
inorganic nanoparticles possess antimicrobial properties that may
alter the composition of different bacterial species in the colon, thus
leading to adverse health effects. Even after cellular uptake,
inorganic nanoparticles may interact with blood proteins, which can
further change their biological fat.5! It is known that active or
passive transport mechanisms absorb these nanoparticles. After
being metabolized, they are either transferred out from the cells or
accumulate within the cells. This depends on nanoparticle
properties such as composition, dimensions, morphology, and
aggregation state. The excessive accumulation of nanoparticles in
the specific tissues may lead to long-term problems if the level
reaches above a certain accumulation threshold. This is especially
important for inorganic nanoparticles that are generally not digested
or metabolized in gastrointestinal tract (GIT). Studies on titanium
and silver nanoparticles have reported that insoluble substances are
deposited in the organs.52® The liver and spleen are the main
organs responsible for the transportation of nanoparticles from the
intestine to the blood circulation.

Few reports have been pointed towards the carcinogenic nature
of nanoparticles. It might be possible that material is being
considered as GRAS (generally regarded as safe) substance. More
research is required to examine its nano counterparts' risk as the
physiochemical properties differ in nano states than macrostates.
ZnO nanoparticles are reported to have genotoxicity in human
epidermal cells, whereas the bulk ZnO is nontoxic, which proves
the role of particle size.®* Earlier, in a study it was reported that the
smaller nanoparticles are more toxic than, the larger ones.% High
surface area enhances the interaction with the biological molecules,
thus leading to adverse responses. Some reports prove inhalation of
significantly high doses (10 mg/m3) of nano-TiO2 has been linked
with the incidence of lung tumors.®6:7

Nanoparticles also produce toxicity in cells through several
mechanisms, depending on their composition and structure. There
is a strong possibility that nanoparticles in the body can result in
increased oxidative stress that, in turn, can generate free radicals,
leading to DNA mutation, cancer, and possible fatality. It is
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reported that the toxicity of inorganic nanoparticles is due to their
ability to generate singlet oxygen, superoxide, and hydroxyl
radicals.®® These further cause damage of the cell membranes and
other cell organelles by reacting with macromolecules like lipids,
proteins, or nucleic acids.®® Due to this effect, many biochemical
functions essential to maintain cell viability, such as ATP
production, may be adversely affected. Several reports have been
shown the ability of inorganic nanoparticles to produce
cytotoxicity, including silicon dioxide nanoparticles, zinc oxide
nanoparticles™®™* and silver nanoparticles. Scientific evidence has
indicated that free engineered nanoparticles can cross cellular
barriers that may eventually lead to increased production of
oxyradicals and ultimately oxidative damage to the cell.” Thus a
number of possible health ailments are likely possible from the
consumption of food and drinks containing nanosized ingredients
and additives. Besides this, their entrance through skin penetration
is a matter of great concern, especially for workers who come in
direct contact of such nanoparticles.”” Overall data available
suggested that more research is needed before nanoparticles may be
tagged as non-toxic or safe.

CONCLUSIONS

There are many benefits of nanotechnology, and they are
expected to grow more. This rapidly developing technology
impacts every aspect of the food system, from production to easy
processing, active packaging, easy transportation, longer shelf life,
and higher bioavailability. The range of nanomaterials' commercial
applications in the food industry is expanding due to their unique
and novel properties. With these advancements, human exposure to
nanomaterials are also increasing. Hence, the health impact of
human beings in the food industry is a primary public concern.
Acceptance of food products containing nanomaterials should
depend on their safety standards. A uniform international
regulatory framework for nanotechnology in food processing and
packaging is essentially needed. Nanomaterials should be
synthesized or applied in such a way that it does not cause any risk
to the health of consumers or to the environment. More research
studies are required to investigate the hazards of nanomaterials,
considering the nano state as some of chemical substances are safer
when used in the form of large particles.
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