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ABSTRACT
Nanotechnology has emerged as a powerful and innovative tool in modern food systems,
offering significant advantages in enhancing food quality, safety, shelf life, and nutritional
value. Applications such as nano-enabled packaging, nutrient delivery systems, and nano
sensors have revolutionized the food industry by improving preservation, bioavailability, and
real-time monitoring of food quality. These advancements highlight the immense potential
of nanotechnology in addressing global challenges like food security, malnutrition, and food
wastage. However, alongside these benefits, growing evidence indicates serious concerns
regarding the potential health and environmental risks associated with nanoparticles. Due to
their extremely small size and high reactivity, nanoparticles can easily enter the human body
through ingestion, inhalation, or dermal exposure, leading to toxicity, oxidative stress,
inflammation, genotoxicity, and disruption of gut health. Their tendency for bioaccumulation
in vital organs further raises the risk of long-term health complications. Additionally, the
release of nanoparticles into the environment can disturb ecological balance, affect soil and
water quality, and impact biodiversity. A major challenge lies in the lack of comprehensive
regulatory frameworks, standardized safety assessment methods, and long-term human
studies. Current knowledge gaps create uncertainty regarding safe exposure levels and the
overall impact of nanoparticles on human health and ecosystems. Therefore, a cautious and
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balanced approach is essential. In conclusion, while nanotechnology holds great promise for
transforming the food sector, its safe and sustainable application requires rigorous risk
assessment, strict regulations, continuous research, and increased consumer awareness.
Ensuring a balance between innovation and safety is crucial to fully harness the benefits of

nanotechnology while minimizing its potential risks.

INTRODUCTION:

anotechnology has become one of the

most revolutionary scientific

developments of the 21st century,
playing a crucial role in multiple fields such as
medicine, agriculture, and the food sector. The
core of this technology lies in nanoparticles,
which are materials having at least one
dimension between 1-100 nanometers (nm).
At this nanoscale, materials exhibit distinctive
physicochemical characteristics such as a
higher surface area, increased reactivity, and
improved interaction with biological systems.
These features differentiate nanoparticles from
their bulk forms and make them highly
applicable in modern food science and
technology (McClements and Xiao, 2017).

In recent years, nanotechnology applications in
the food industry have grown rapidly due to
their ability to improve food quality, safety,
and shelf life. One of the key applications is in
food packaging, where nanoparticles like
silver and zinc oxide are integrated into
packaging materials to enhance strength and
These
systems  also

barrier  properties. nano-enabled

packaging show  strong
antimicrobial properties, which help inhibit
foodborne pathogens and extend the shelf life

of food products (Cushen ef al., 2012).

Another major application of nanoparticles is
in food preservation, where they act as
antimicrobial and antioxidant agents. Owing to
their high surface reactivity, nanoparticles can
effectively suppress microbial growth and
delay oxidation, thereby maintaining food
freshness for longer periods. Additionally,
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nanosensors have been developed for real-time
monitoring of food quality, including the
detection of spoilage, contamination, and
environmental variations. These innovations
significantly contribute to minimizing food
waste and enhancing food safety (Sekhon,

2010).

Nanoparticles are also extensively used in
nutrient delivery systems, especially in the
formulation of functional and fortified foods.
Through nano-encapsulation, nutrients such as
vitamins, minerals, and bioactive compounds
are protected from degradation caused by heat,
light, and oxygen. This technology improves
the stability, solubility, and bioavailability of
nutrients, ensuring better absorption in the
human body. Consequently, nanotechnology
provides new opportunities for designing
with
nutritional and therapeutic value (Acosta,
2009).

advanced food products enhanced

Despite these advantages, concerns regarding
the potential health risks of nanoparticles in
food systems are increasing. Due to their
extremely small size, nanoparticles can easily
cross biological barriers and enter systemic
Their high
reactivity may result in the production of

circulation after ingestion.
reactive oxygen species (ROS), which can lead
to oxidative stress, cellular damage, and
inflammation. Furthermore, research suggests
that nanoparticles may accumulate in vital
organs such as the liver, kidneys, and brain,
raising concerns about long-term toxicity and

bioaccumulation (Oberddrster et al., 2005).
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Apart from health concerns, there are notable
gaps in regulatory frameworks and safety
evaluation procedures for nanoparticles in
food. Conventional toxicological methods may
not be sufficient to assess nanoparticle
behavior, as they differ significantly from
traditional materials. Additionally, there is
limited information on chronic exposure and
long-term health effects in humans, which
creates uncertainty regarding their safety. The
absence of standardized guidelines and low
consumer awareness further complicate their
safe use in the food sector (Handford et al.,

2014).

Environmental issues also add to the growing
concerns about the use of nanoparticles in food
systems. Once released into the environment,
nanoparticles can interact with soil, water, and
organisms,

living potentially  disturbing

ecological balance. Their persistence and
ability to accumulate in the food chain may
result in indirect human exposure, thereby
increasing associated risks. These concerns
need for risk

emphasize the thorough

assessment and  sustainable use  of
nanotechnology in food applications (Kahru

and Dubourguier, 2010).

Although nanotechnology offers numerous
benefits, rising safety concerns cannot be
ignored. Therefore, it is essential to carefully
evaluate both its advantages and risks. A
balanced scientific

approach  involving

advancements,  strict  regulations, and
comprehensive risk assessment is necessary to
ensure the safe and responsible use of

nanotechnology in the food industry.
Routes of Exposure

Nanoparticles present in food systems can

enter the human body through several
pathways. Understanding these exposure
October 2026

routes is important for assessing their potential

'%:éf ROUTES OF EXPOSURE TO NANOPARTICLES IN FOOD SYSTEMS

Inhalation Skin Contact

Ingestion

health risks.
Ingestion

* The
nanoparticles in food systems

main route of exposure to

* Occurs through the consumption of nano-
enabled food products or migration of
nanoparticles from packaging into food

» After ingestion, nanoparticles pass through
the gastrointestinal tract and may be
absorbed into the bloodstream

* They can interact with the gut lining and
microbiota, potentially influencing
digestion and nutrient absorption

* Due to their small size, nanoparticles can
cross intestinal barriers and distribute to
different organs (McClements and Xiao,
2017)

Inhalation

e Occurs when airborne nanoparticles are
inhaled during food processing, packaging,
or handling

* Common in occupational environments
such as food industries and manufacturing
units

* Inhaled nanoparticles may deposit in the

respiratory tract and enter systemic
circulation
e Can lead to respiratory problems,

inflammation, or damage to lung tissues
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* Studies indicate that inhaled nanoparticles
can penetrate deep into the lungs and
induce oxidative stress (Oberdorster et al.,
2005)

Skin Contact (Dermal Exposure)

* Occurs through direct contact with
nanoparticle-containing food packaging or
handling materials

* Nanoparticles may penetrate the skin,
particularly if it is damaged or exposed for
extended periods

* Less significant compared to ingestion but
still relevant in occupational exposure

* May cause skin irritation or localized
toxicity

* Dermal exposure studies show limited but
possible skin penetration under certain
conditions (Kahru and Dubourguier, 2010)

Harmful  Effects of  Nanoparticles,
Environmental Impact, and  Safety
Concerns

The extensive use of nanoparticles in food
systems has raised serious concerns regarding
their potential adverse effects on both human
health and the environment. Due to their
extremely small size, large surface area, and
high reactivity, nanoparticles can easily
interact with biological systems, leading to
various toxic effects. These effects are
complex and often interconnected, involving

multiple biological pathways.
a) Toxicity (Nanotoxicity)

Nanotoxicity refers to the harmful effects
caused by nanoparticles when they enter the
human body. Their small size enables them to
easily cross biological membranes, including
the intestinal barrier and even the blood—brain
barrier. Once absorbed, they can circulate in
the bloodstream and reach vital organs. A
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major concern is their
accumulation in
organs such as the
liver, kidneys, lungs,

NANOTOXICITY

>

and brain. Continuous
exposure may result in
toxic buildup and
impaired organ
function. Metal-based
nanoparticles, such as
silver and titanium dioxide, have been reported
to persist in tissues and exhibit long-term toxic
effects (Oberdorster et al., 2005).

b) Oxidative Stress and Inflammation

One of the key mechanisms of nanoparticle
toxicity is the generation of reactive oxygen
species (ROS), leading to oxidative stress. Due
to their high reactivity, nanoparticles can
produce free radicals such as superoxide and
hydroxyl ions, which damage -cellular
components including lipids, proteins, and
DNA. This oxidative damage is associated
with several chronic diseases, including cancer
and neurodegenerative disorders (Nel et al.,
2006).

Moreover, nanoparticles can trigger immune
responses, resulting in inflammation. Immune
cells release cytokines and other mediators,
causing Chronic
inflammation can damage organs and disrupt

tissue  inflammation.
normal physiological functions. Such effects
have been observed in the lungs, liver, and
gastrointestinal tract following nanoparticle
exposure (Donaldson et al., 2001).

¢) Genotoxicity

Nanoparticles also demonstrate genotoxic
effects, meaning they can damage genetic
material. Due to their ability to enter cells and
interact with intracellular  components,
nanoparticles may cause DNA strand breaks,
chromosomal damage, and mutations. These
effects may occur directly or indirectly

through oxidative stress. Such genetic
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alterations increase the risk of mutations and
cancer development, making long-term
exposure a serious concern (Singh et al.,
20009).

d) Effect on Gut Health

Since ingestion is the primary route of
exposure, nanoparticles can significantly affect
the gastrointestinal system. After entering the
digestive tract, they interact with the intestinal
lining and gut microbiota. Research suggests
that nanoparticles may disturb the balance of
gut microbiota by reducing beneficial bacteria
and promoting harmful ones. This imbalance

can negatively impact digestion, nutrient

absorption, and immune function.
Additionally, nanoparticles may damage
intestinal  epithelial cells, increase gut

permeability, and contribute to systemic health
issues (McClements and Xiao, 2017).

e) Bioaccumulation

Bioaccumulation is another major concern,
referring to the gradual accumulation of
nanoparticles in the body over time. Due to
their persistence and resistance to degradation,
nanoparticles are not easily eliminated. They
can accumulate in vital organs such as the
liver, kidneys, and brain, where they may exert
effects long durations. This
increases the risk of chronic diseases and long-

toxic over

term health complications, particularly with
continuous dietary exposure (Kahru and
Dubourguier, 2010).

f) Environmental Impact

The
environment

into the
ecological

release of nanoparticles
has  significant
consequences. Soil contamination can occur
through agricultural inputs, waste disposal, or
degradation of packaging materials, leading to
altered soil properties and reduced fertility.
Nanoparticles may also interfere with nutrient
cycling and plant growth (Kahru and

Dubourguier, 2010).
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iy Similarly,  water
pollution occurs
when nanoparticles
enter aquatic
systems through
industrial discharge
or runoff. Their

stability allows them
to persist in water
and interact with

organisms,
food chain.
may  affect

beneficial

aquatic
the

Furthermore, nanoparticles

microorganisms, especially
microbes in soil and water. Their antimicrobial
properties can reduce microbial diversity,
thereby  disturbing essential  ecological

potentially  disrupting

processes such as decomposition and nutrient
recycling (Handford et al., 2014).

g) Regulatory Issues and Safety Concerns

Despite their increasing application, specific
regulatory guidelines for nanoparticles in food
are still lacking. Existing frameworks are often
insufficient to address their unique properties
and associated risks. Another major limitation
is the lack of long-term human studies, as most
research is based on laboratory or animal
models. This creates
determining safe exposure levels and long-

uncertainty  in

term health impacts (McClements and Xiao,
2017).

International organizations such as WHO and
FAO have highlighted the need for
comprehensive risk assessment strategies,
while in India, FSSAI is working toward
developing guidelines.
standardized testing methods and stricter
regulations are still required to
consumer safety (FAO/WHO, 2010).

suitable However,

ensure
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