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Introduction

Raw and processed food products help people to obtain their intended energy, but
raw products begin to exhibit reactions to deterioration after harvest and caused
great waste all over the world. Food preservation is one of the widely used to address
food waste concerns. The objective of food preservation is to block metabolic pro-
cesses and prohibit the growth of bacteria or fungus (Saravanan et al., 2021). Due to
relatively recent changes in the lifestyle of consumers, there has been a concomitant
increase in the demand for products that are ready-to-consume or minimally pro-
cessed (Bialkowska et al., 2020).

Consumers require microbially safe, fresh or fresh-tasting, nutritious, shelf-
stable, and accessible products made using ecologically friendly technology.
Inadequately performed food processing procedures such as peeling, slicing, or
washing, can present a danger to public health, particularly if these products are
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handled and disseminated inappropriately. In addition, microbial contamination
with pathogen microorganisms can cause illnesses and lowered nutrition content in
foods. Consequently, the effective control of spoilages established by bacteria is one
of the most critical aspects of food production, processing, transit, and storage
(Jaiswal et al., 2019).

Nanotechnology is the technique used to manipulate nanoparticles for a variety
of applications. It plays a critical role in food and agricultural industries by promot-
ing plant growth, enhancing food security and quality, and improving public health
in novel and inventive ways (Duncan, 201 1a). In addition, nanoparticles are used as
nano additives, nanocapsules, gelating compounds, anti-caking factors, etc. in the
food industry. Food safety, conservation, and functionalization are thus the core
functions of nanotechnology in food security (Ghosh et al., 2020).

Nanoparticles (NPs) are tiny substances ranging in size between 1 to 100 nm.
They are non-soluble or bio-persistent by nature, may be manufactured by a variety
of methods, and are used in a variety of fields of study, such as the medical, electri-
cal, agricultural, and food industries (Duncan, 2011b). Due to their prospective anti-
microbial properties, silver (Ag), gold (Au), zinc oxide (ZnO), titanium dioxide
(TiO,) and carbon NPs are produced tenfold more than other nanomaterials. These
NPs are used in air purifiers, food packages, deodorants, band aids, toothpastes,
acrylics, and other consumer products (Kumari et al., 2009). In addition, the strong
antimicrobial activity of nanosized copper oxides (CuO) has led to their widespread
use in commercial nano-biocides (Nair et al., 2010). Food nanotechnologies employ
nanoparticles of different sizes to provide healthier, safer, and high - quality prod-
ucts. Nanotechnology in food product packaging has demonstrated significant
potential for enhancing the material characteristics of packaging. Nanocomposite
antibacterial packaged techniques are effective, and large surfaces and the elevated
surface energy of nanofillers produce positive interfacial interactions among poly-
mer bonds and NPs. As a result, NPs substantially enhance biopolymer qualities
such as thermal, mechanical, barrier and antibacterial activities (Sharma et al.,
2020). This chapter explores the potential uses and applications of various NPs in
food processing, microbial quality, storage time, as well as the ways in which NPs
can be effective in extending the storage life and improving the quality of various
products.

Food-System Nanoparticles

Inorganic NPs

Various types of NPs that have been used in food items are mostly constituted of
inorganic components such as Ag, iron oxide, TiO,, silicon dioxide, and ZnO. These
components can be crystalline or amorphous, spherical or non-spherical at ambient
temperature, exhibit variable surface features, are dependent on the original
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materials and processing techniques for production and come in a range of sizes
(Ghosh et al., 2019). Inorganic NPs, such as metallic NPs and nanoclays, attach to
the pathogen cell membrane and cause inactivation by producing reactive oxygen
compounds. Protein denaturation, DNA damage, and ion release may be attribut-
able to reactive oxygen species (ROS) (Hoseinnejad et al., 2018).

Organic NPs

Organic NPs with antimicrobial capabilities include chitin nano-fibrils, nanofiber of
cellulose or nanocrystals, and additional nanostructures generated from biopoly-
mers using a solution casting technique to make carrageenan-based nanocomposites
fortified with chitin nano-fibrils. Strong antibacterial action against Listeria mono-
cytogenes was shown by the produced films. Additionally, grape seed extract is
widely recognized for its significant antibacterial activity against Gram-positive
(G+) microorganisms and has been used to generate antimicrobial biopolymer-
based nanocomposite films for utilization in food packaging. (Jaiswal et al., 2019).
Organic compounds may dissolve, accumulate, or be broken down in the mouth,
stomach, small intestine or colon based on the composition and structures of the
compounds. Organic NPs are assumed to be less hazardous than inorganic ones
because they are broken down in the gastrointestinal tract (GIT) and are not bio-
resistant (Ghosh et al., 2019).

Nanotechnology in Food Processing

Food processing refers to the way of preserving food using techniques to change the
food into a state that is suitable for consumption. The main goals in food processing
are to maintain the structure of the food and increase its storage period. The term
nano-food refers to nanotechnology-processed, manufactured, secured, and pack-
aged food. Nutritional supplementation, gelation and viscosification, nutrient deliv-
ery, vitamin supplements, and flavor nano-encapsulation are examples of
nanomaterial-based food processing methods (Hossain et al., 2021). As gas and
moisture barriers, edible nano-coatings (thin coatings around 5 nm) may be feasible
for meat products, fruits, vegetables, cheese, processed food, and baked products.
Nano-filters are applied to beetroot juice for discoloration without any damage to
product flavor, and also, for production of lactose free milk by replacing lactose
with other polysaccharides and making the milk appropriate for lactose-intolerant
consumers (Bratovcic, 2020).

Advancement of NPs, or nano-textures, in food products as preservative factor or
in packaging are subgenres of the use of nanotechnology in food processing. In
general, nano-emulsions, surfactant microcapsules, emulsion multilayers, double or
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multiple emulsions, and reverse micelles are the techniques employed to produce
nanostructured food items. Examples of nano-textured food include spreads, may-
onnaise, cream, yogurts, and ice creams, etc. (Jayakar et al.). Nanotechnology is
effective in a term of food-borne illnesses prevention and production of healthier
foods with less fat, sugar, and salt content. It has been reported that TiO, is approved
as an additive in gums, sauces, and baked products (Weir et al., 2012). Furthermore,
CuO, ZnO and iron oxide, have been classified as GRAS (generally recognized as
safe) components for animal and plant products by the European Food Safety
Authority (EFSA). Nutralease (enhancing nanoparticles to transport nutraceuticals
and pharmaceuticals), Neosino capsules (nutritional supplements) and nano green
tea are the most prevalent developed nanotechnology-based items currently on the
market (He et al., 2019; Paidari & Ibrahim, 2021).

Nanotechnology for Food Preservation

Due to their antibacterial and physiochemical capabilities, usage of NPs is a popular
method against pathogenic bacteria in healthcare, crop protection, water purifica-
tion, food safety and preservation (Baranwal et al., 2018). The processing and pres-
ervation aspects of nanoparticles include nano-encapsulation, nano-emulsions,
nano-formulations, and noncomposites. These innovative and novel usages of nano-
technology have the ability to solve a variety of issues faced by food technologists.
For example, food NPs have active capabilities that may minimize a variety of food
supply problems. Because of the obvious advantages of nanotechnology, its appli-
cations in food have grown dramatically (Donsi et al., 2011). The promising
achievements of nanotechnology may be attributed to its low pollution, efficiency of
energy, and small space needs. In addition, nanotechnology has several uses in agri-
cultural, food, and environmental safety, toxicity, and risk assessment. (Anvar et al.,
2019; Kaphle et al., 2018; Paidari & Ahari, 2021).

Nano-antimicrobials may prevent food deterioration and extend storage life.
Many metal and metal oxide NPs have been suggested as antibacterial agents. Also
ROS produced by attachments of metallic NPs to the pathogen cell membrane, have
unique physicochemical properties, and caused oxidative stress and cell damage
(Prasad et al., 2016).

Yu et al. produced silica in-situ poly-vinyl alcohol (PVA)/chitosan (CS) based
films that are organic, cost-effective and possess very beneficial mechanical proper-
ties. These films decreased moisture and oxygen permeability by 10.2% and 25.6%,
respectively, and tripled the cherry preservation period compared to standard pack-
aging.(Yu et al., 2018). Chitosan NPs (CSNPs) have outstanding bioactivity and
physiochemical properties that contribute to their growing popularity in food pres-
ervation (Yang et al., 2010).
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Nanotechnology in Food Packaging

Food packaging techniques are designed to ensure that food quality is maintained
and the food is safe for consumption. The packaging provides physical protection
from external shocks and vibrations, microbiological contamination and heat by
absorbing oxygen and other gases that contribute to product deterioration (Dera &
Teseme, 2020; Esmaeili et al., 2021, 2022).

Most of the NPs used in food packaging have potential antibacterial action and
prevent microbial spoilage. Through the controlled release of antimicrobials from
the packed substance, packaging material composed of a coating of starch colloids
containing the antimicrobial agent works as a barrier against microorganisms. NPs
are employed as incorporate enzymes, antioxidants,, flavors and anti-browning
agents carrier and other bioactive substances to extend the storage time of opened
packages (Nile et al., 2020) (Fig. 4.1).

light
barrier

Role of
nano technology
in food packaging

Fig. 4.1 Nanotechnology role in food packaging
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Edible Film Packaging

Increased consumer demand for naturally preserved foods has prompted the food
industry to investigate alternative preservation techniques. For example, edible bio-
polymers from renewable resources or industrial wastes are used in various packag-
ing techniques (Hassan et al., 2018). Due to their benefits over synthetic films and
their potential in preserving food, edible coatings have attracted great attention
(Galus & Kadzinska, 2015). Nanotechnology has improved the functionality of
edible films for food applications in recent years. It is feasible to include functional
agents such as antimicrobials, anti-browning agents, antioxidants, enzymes, flavors,
and colors by incorporating charged lipid or colloidal particles into nano laminated
edible films (Duran & Marcato, 2013). Emamifar and Bavaisi revealed that nano-
ZnO in edible sodium alginate coatings increased antioxidant activity and decrease
microbial load, vitamin C content and weight loss. After 20 days, untreated straw-
berries exhibited greater antioxidant activity and phenolic degradation than coated
ones (Emamifar & Bavaisi, 2020).

In another study, biodegradable starch-pectin-TiO,-NPs composite edible films
were created from sweet potato starch and lemon peel pectin containing TiO2-NPs.
A small concentration of TiO,-NPs improved the mechanical and moisture barrier
properties of starch-pectin coatings, making them appropriate for food-grade biode-
gradable packaging material with UV protection (Dash et al., 2019).

Wang et al. created a Cheddar cheese-preserving edible film incorporating whey
protein isolate nanofibers and carvacrol. Results show that the edible films have
antibacterial action against, Salmonella enteritidis, Staphylococcus. aureus,
Escherichia coli, and L. monocytogenes. Additionally, the antioxidant capacity was
increased. Consequently, the authors asserted that whey protein nanofibers coatings
might enhance the attributes of fresh cheddar cheese during storage (Wang
et al., 2019).

Soltanizadeh and Goli examined the effect of aloe vera and eugenol bio-nano-
coating on the physical and chemical parameters of fried shrimp. The coating sig-
nificantly reduced quality loss during cooking and absorption of oil through frying
and slowed the oxidation process during the freeze storage of samples. However,
higher eugenol concentrations resulted indetrimental effects on the texture attri-
butes of fried samples, and the combination of 2% aloe vera and 3% eugenol nano-
emulsion proved to be the best coating material (Sharifimehr et al., 2019).

Tabari evaluated the impact of adding carboxymethyl cellulose (CMC) NPs to
sago starch on water absorption capacity, physiochemical characteristics density,
and sealability of films. By increasing CMC NPs concentration, mechanical charac-
teristics increased significantly (P < 0.05) and tensile strength and elongation
parameter considerably (P < 0.05) decreased from 17.69 to 15.39. Consequently,
this film may be utilized as an edible film for food products and pharmaceutical
packaging in different sectors, notably the food industry (Tabari, 2018).

Using ZnO nanorods (ZnO-nr), Jafarzadeh et al. fabricated nanocomposite films
by solvent casting. The ZnO-nr particles were uniformly dispersed across the film
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surface, as demonstrated by SEM pictures. The amount of ZnO-nr significantly
affected semolina coating absorbance and adding ZnO-nr considerably decreased
oxygen permeability and thermal sealability, as revealed by the results. The nano-
composite coatings absorbed more than 90% of the near infrared spectrum
(Jafarzadeh et al., 2017). The edible films of whey proteins incorporating TiO, NPs
displayed superior physiochemical, moisture barrier, and antimicrobial characteris-
tics (Sani et al., 2017).

Nano-encapsulation

Encapsulation includes wrapping bioactive molecules with a barrier component or
enclosing them inside shells or carriers.

Encapsulation’s primary purpose is to shield the vital ingredient from damaging
external factors such as light, humidity, and oxygen. This will extend the product
shelf life and provide controlled encapsulation extraction, In addition, ease of han-
dling, enhanced stability, prevention of oxidative stress, preservation of volatile
substances, taste modification, moisture-triggered controlled release, pH-triggered
controlled release, active compounds continuous delivery, flavor character change,
long-lasting organoleptic impression, and improved bio-accessibility and effective-
ness are other applications of encapsulation (Pradhan et al., 2015).

The small size of the bioactives inside the capsules facilitates their distribution to
the intended location. Nanocapsules are preferable to microcapsules in terms of
stability, solubility, and encapsulating efficiency (Malik et al., 2019). Various encap-
sulating processes, such as nanoemulsion, coacervation, the extrusion technique,
fluidized bed coatings, spray chilling, and spray drying, have been utilized to create
nano or micro-particle systems (Bajpai et al., 2018).

Most of the bioactive molecules such as lipids, proteins, polysaccharides, and
minerals are susceptible to the high acidity and enzyme activity of the mucosal lin-
ing of the GI tract. Encapsulation of these bioactive components promotes their
absorption in food items, which is difficult to do in their un-encapsulated state due
to their low water solubility (Singh et al., 2017).

Based on wall material chemical structures that are used for nano-encapsulation
of food components, nanostructures are divided into three types: (1) lipid-base
nanosystems, such as archeosomes, solid lipid NPs, colloidosomes, nanocochleates,
and nanoliposomes; (2) polymeric-type nanosystems, such as, carbohydrate-based
NPs, pectin, chitosan nanofibers, cellulose, dextran, guar gum, alginate, and starch;
and (3) protein-base nanosystems, such as zein ultrafine fibers, milk protein nano-
tubes and corn protein (Ghosh et al., 2019). Liposome is an indication of a nano-
transporter that is utilized for nano-encapsulation of various components.
Nano-transporters are applied for carrying nutraceuticals, minerals, proteins, vita-
mins, antimicrobial compounds, and additives. Due to the superior solubility and
specificity of the encapsulated elements, lipid-based encapsulation techniques are
more effective than other alternative encapsulation systems (Dera & Teseme, 2020).
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Carbohydrate NPs used for oil encapsulation are digestible or indigestible polysac-
charides such as sodium, alginate, pectin, and cellulose. Physicochemical stability
and solubility of algal oil NPs demonstrate a system efficiency of 98.57 (Wang
et al., 2020).

Mohammadi et al. investigated the influence of a CSNPs coating containing
Zataria multiflora EO on the storage life and antioxidant activity of cucumber. In
this study CSNPs-Z. multiflora composites with a weight ratio of 1:0.25 were pre-
pared and had an acceptable encapsulation efficiency and load capacity. After
21 days of storage at 10 = 1 °C, cucumbers with CSNPs -Z. multiflora composites
exhibited superior quality compared to those with simply CSNPs coating or dis-
tilled water treatment (Control) (Mohammadi et al., 2016). Lipids, P-carotene,
nisin, coenzyme Q10, oregano essential oil (EO), and particular probiotics are nano-
encapsulated nowadays. Release time of encapsulated EO delayed and extended by
utilizing CS/cashew gum. Encapsulated samples exhibited potential bactericidal
effect against Stegomyia aegypti larvae (Abreu et al., 2012; Esmaeili et al., 2021,
2022). Imran et al. created soy and marine lecithin-based liposomal nano-delivery
technologies for encapsulating the food preservative nisin (Imran et al., 2015). In
another study, 1-octenyl succinic anhydride refined starch (OSA-ST) was used for
coenzyme Q10 encapsulation. Coenzyme Q10 dissolved in rice bran oil and added
into OSA-ST solution. Results indicated that the dietary supplement coenzyme Q10
had been effectively nano-encapsulated with this combination and particle size of
this mixture was about 200-300 nm (Cheuk et al., 2015). Zhang et al. revealed that
compared to non-capsulated thymol EO, thymol encapsulated inside a zein NPs
successfully inhibited the development of G+ pathogens (Zhang et al., 2014).

Nanoemulsion

Nanoemulsions are applied in the manufacturing of salad dressings, sweeteners,
flavored oils, customized drinks, and other processed products. Using a variety of
inputs such as heat, pH, ultrasound waves, etc., nanoemulsions assist in the release
of various flavors. They effectively preserve the sensorial attributes and protect
them from oxidation and enzyme processes. Compared to traditional emulsions,
nanoemulsions serve as exceptional carriers for many bioactive substances by pro-
viding premier features such as high optical clarity, physical properties such as tex-
ture and aggregation, and increased bioavailability (McClements & Rao, 2011).

Nano-emulsions are oil-in-water emulsions and range in size from 50 to 200. The
nano-droplet size provides nanoemulsions with remarkable transparency. When
added to food, nanoemulsions display rheological and textural properties that are
highly stable through extended time periods (Malik et al., 2019). Various food-
borne pathogens, such as Gram-negative (G-) bacteria, are strongly inhibited by
nanoemulsions (Nile et al., 2020).

Nano-emulsions are produced by distributing liquid phase in water phase in a
continuous process. The components utilized to create nano-emulsion are
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lipophilic, with the lipophilic component being extensively incorporated into the oil
phase. Numerous factors, including the molecular and physicochemical features of
the component, dictate the position of the lipophilic component inside the nano-
emulsion. Nanoemulsions have the physical attributes of hydrophobicity, surface
activities, oil-water diffusion index, dispersion, and melting temperature. By creat-
ing nanoemulsions, several lipophilic substances are encapsulated. Nano-emulsions
are preferred over conventional emulsions due to their smaller droplets, larger sur-
face area, and faster digestion and absorption by digestive enzymes (Pradhan
et al., 2015).

Due to their activity, and non-toxicity, nano-emulsions in edible coatings have
recently attracted significant attention. However, the nano-system is not well com-
mercialized. Nano-emulsions in edible coatings include flavor, coloring, antioxidant
agents, and antimicrobials for meats, dairy, and fruits application (Aswathanarayan
& Vittal, 2019). As antimicrobial agents, nano-emulsion based oregano EO was
added to low-fat sliced cheese in order to improve its storage period (Artiga-Artigas
et al., 2017).

Antimicrobial Properties of Nanoparticles

Pathogens and antimicrobial-resistant organisms that cause spoilage in food prod-
ucts are a significant public health concern; thus, several studies have been con-
ducted with the purpose of enhancing recent antimicrobial methods. Metal NPs
such as Ag, Zn, Cu, gold (Au), and titanium (Ti) exhibit diverse antibacterial activ-
ity features, with potencies and activity spectra that have been recognized and used
for decades (Malarkodi et al., 2014). The antibacterial properties and efficiency of
NPs are significantly impacted by the composition and their droplet size (Khezerlou
et al., 2018) (Table 4.1).

Recently, Muhammad Bilal Khan Niazi et al. produced biodegradable nanocom-
posites for antibacterial application in food packaging. Both G+ and G- organisms
were susceptible to the antibacterial capabilities of the coatings, and a powerful
antibacterial effect was found against G- bacteria (Escherichia coli (DH5-alpha))
(Sarwar et al., 2018).

CSNPs were created using ion gelation for the fabrication of starch-based nano-
composites. The antibacterial properties of starch/CSNPs films were investigated by
a disc diffusion study in vitro and microbial count in film-wrapped cherry tomatoes
in vivo experiments. For all bacteria studied, including Bacillus cereus,
Staphylococcus aureus, E. coli, and Salmonella typhimurium, the inhibitory zone of
starch/CSNPs films (15% and 20% w/w) was identified (Shapi’i et al., 2020).

Ag was the most common inorganic antimicrobial NP (Zinjarde, 2012). Various
plastic and biodegradable coatings benefit greatly from the antibacterial impact of
Ag. In addition, Ag NPs have several biological uses (Khezerlou et al., 2018)
(Fig. 4.2).
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Table 4.1 Bio-nanocomposite coatings as packaging to increase the microbiological stability of

food products

Bio-nanocomposite

Food product

Results

References

Semolina/ ZnO- NPs &

Low-

The bio-nanocomposite coatings

Jafarzadeh

nanokaolin moisture maintained the physical and sensory | et al. (2019)
Mozzarella | qualities of cheese and inhibited
microbiological activity for 72 days.
Gelatin/cellulose Fruits and Appeared significantly effective Liet al.
nanofibrils/ag NPs vegetables against E. coli and S. aureus. (2019a, b)
Pectin/nanohybrid- Apricots Enhanced pectin elongation at Gorrasi and
layered double- breakpoint; enhanced water vapor Bugatti (2016)

hydroxide salicylate

barrier characteristics; extended the
storage period.

PLA/PBAT/nanocrystal
cellulose-silver
nanohybrids

Antimicrobial properties were
exhibited against E. coli and S.
aureus.

Ma et al.
(2016)

Chitosan and mandarin

Green beans

Decrease in the L. monocytogenes

Donsi et al.

EO Nano-emulsion population (2015)
Chitosan—silver - Antimicrobial properties against L. Rhim et al.
nanocomposite monocytogenes, E. coli, S. aureus, (2013)
and S. typhimurium.
Pullulan films/NP Turkey deli | The antibacterial impact of pullulan | Khalaf et al.
(silver or ZnO NPs)/ meat nanocomposites was retained at low | (2013)
oregano or rosemary temperatures (< 25 °C) but was
EOs drastically diminished at temperatures
over >25 °C.
PLA and AgNO3 Fresh-cut Exhibited strong antifungal and Martinez-Abad
vegetables antibacterial activities with increasing | et al. (2013)
Ag concentration.
Cellulose absorber/Cu | Melon and Strong antifungal action, decreasing | Llorens et al.
pineapple yeasts and molds related to (2012)
juices deterioration.
Sodium alginic acid Fiordilatte Promoted microbiological stability by | Gammariello
silver-montmorillonite | cheese inhibiting Pseudomonas spp. growth. | etal. (2011)
nanoparticles
Silver NPs immobilized | Sausage Antibacterial efficacy against E. coli | Fedotova et al.

in cellulose and
collagen

and S.aureus

(2010)

Recent investigations have shown that Ag NPs are safe for application for pack-
aging and films in the food industry with no measurable or negligible quantities of
migration from saturated containers into food samples and food simulants.
Nanocomposites provide high stability, which is crucial for preserving antibacterial
action and decreasing the chance of metal ion migration into preserved foods (Aziz

etal., 2019).

Several researchers have reported the green production of Ag NPs from silver
salts utilizing parsley (Petroselinum crispum) leaf extract, celery leaf extract, etc.
Apple and cucumber extraction are effective for the production of Ag NPs (10 nm)
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among fruit extracts. The effect of PLA nanocomposites containing bergamot EO,
TiO, and Ag NPs on the storage time of mango samples at ambient temperature for
15 days was evaluated by Chi et al. Conclusions proved that PLA/NPs films could
preserve the freshness of mango, extend its storage life up to 15 days and delay the
weight loss of samples (Chi et al., 2019).

Ag NPs were also tested against S. typhimurium, Listeria monocytogenes, Vibrio
parahaemolyticus, and E. coli. According to the results, Ag NPs exhibited signifi-
cant antimicrobial impacts. Thus, Ag NPs are a viable option for disinfecting sur-
faces and equipment that come into contact with food products (Khezerlou
et al., 2018).

Shahrokh and Emtiazi discovered that Ag NPs at small concentrations (0.2 ppm)
stimulated bacterial activity. As a result, the researchers proposed using an optimal
concentration of Ag NPs for different nanomaterials in order to minimize biofilm
development (Shahrokh & Emtiazi, 2009).

ZnO is a safe supplement for food applications and coatings that have direct
contact with food and the human skin and body (Ravindranadh & Mary, 2013). In
fact, ZnO NPs have antibacterial effect against both G+ and G- bacteria and are high
pressure and high temperature resistant (Khezerlou et al., 2018). Compared to
micro-particles, ZnO NPs have excellent antibacterial activity due to their surface
area (Seil & Webster, 2012). According to Emamifar and Bavaisi, inserting nano-
ZnO in edible sodium alginate coatings boosted its antioxidant activity anddecreased
the quantity of oxygen needed for the oxidative stress of anthocyanin and phenolic
compounds (Emamifar & Bavaisi, 2020).

The antibacterial impacts of ZnO NPs against pathogens and spoilage microor-
ganisms in food products was investigated by Espitia et al. ZnO NPs exhibited no
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significant antibacterial effect against Pseudomonas aeruginosa, Lactobacillus
plantarum, or L. monocytogenes but showed substantial antibacterial action against
Saccharomyces cerevisiae, Salmonella choleraesuis, S. aureus, E. coli, and
Aspergillus niger (Espitia et al., 2013).

Due to their nontoxicity, polyvalent impacts, high capacity to be functionalized,
detection efficiency and photothermal activities, gold (Au NPs) are regarded as use-
ful in the creation of antibacterial agents (Lima et al., 2013; Lokina & Narayanan,
2013). Researchers have developed an EO droplet emulsified with gold NPs and
have also used NPs to encapsulate peppermint and cinnamaldehyde EOs (Schmitt
et al., 2016).

Based on the findings, Au NPs reduced Salmonella typhi and E. coli colonies by
90-95%. According to the researchers, the distribution and hardness of Au NPs on
the medium were the primary parameters influencing the bactericidal characteristics
(Lima et al., 2013).

Clay NPs are composed of mineral silicate layers. Based on their chemical com-
position and form, these NPs are categorized into montmorillonite(MMT), hecto-
rite, kaolinite, bentonite, and hydroxyapatite (Mierzwa et al., 2013). In nanomaterials
applications, MMT is the nanoclay that is utilized most often. Depending on the
surface modification of the clay layers, MMT may be dispersed in a polymeric com-
bination in order to produce a nanocomposite, (Shameli et al., 2011).

Paulraj Kanmani et al. determined the antimicrobial properties of gelatin, Ag
NPs, and nanoclay bioactive nanocomposites against E. coli and L. monocytogenes.
Ag NPs revealed significant antimicrobial properties against both pathogens, but
clay NPs were only effective against G+ (L. monocytogenes) pathogens (Kanmani
& Rhim, 2014). In another study, the antibacterial impact of Cu NPs/ MMT clay
was examined. The composition exhibited excellent antimicrobial effects against
E. coli, S. aureus, Pseudomonas aeruginosa, and Enterococcus faecalis. (Bagchi
et al., 2013).

Application of NPs in Food Products

Nanotechnology in Fruits and Vegetables Preservation

Fruits and vegetables are at the top of most shoppers’ lists, particularly with regard
to vitamin, mineral, antioxidant, and fiber content. However, due to their high water
content (about 75-95%), fruits and vegetables face a limited storage life with con-
sequent rapid degradation and an unattractive appearance during storage (Otoni
et al., 2017). Nevertheless, it is possible to extend the storage time for fruits and
vegetables by using proper packaging techniques. Nanocomposite antimicrobial
packaging technologies are ideal options to address storage time considerations
through enhanced mechanical, barrier, heat, and antibacterial qualities (Jafarzadeh
et al., 2019) (Table 4.2).
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Table 4.2 Application of nanoparticles for fruits and vegetables preservation

Fruits or Nano-

vegetables components Advantages References

Cut papaya Chitosan/ZnO The coating dramatically reduced microbial | Lavinia et al.

growth in fresh-cut papaya during storage. (2019)

Banana Isolate soy Nanocomposite film may delay banana Lietal.
protein (ISP)/ ripening and loss of weight, titratable acidity, | (2019a)
ZnO NP prevent changes in sensory attributes, total

soluble sugar, fungal growth and firmness
during storage.

Black grape | Phthalate/ The storage life of black grapes by use of Indumathi
cellulose acetate// | ZnO NPs increased up to 9 days. et al. (2019)
chitosan ZnO
NPs

Vegetables Chitosan/ZnO/ Improved antimicrobial properties of chitosan | Sani et al.

and fruits Melissa coating. (2019)

EO

Orange fruit | Carnauba wax/ Significantly improved the sensory Motamedi
Clay NPs acceptance of oranges, nutrition value, loss of | et al. (2018)

weight, and respiration rate.

Carrot ZnO NPs ZnO NPs may lower the overall number of Xu et al.

colony-forming units (CFU) during storage, |(2017)
thus extending the storage period up to
40 days.
Pomegranate | ZnO NPs Nano coating reduced yeast and mold and Saba and
weight loss. Amini
(2017)
Strawberries | ZnO NPs ZnO NPs prevented microbial growth, Sogvar et al.
delayed weight loss, and preserved strawberry | (2016)
nutrients.

Cantaloupes | Chitosan/Ag/TiO, | Prevents microorganism development and has | Lin et al.

strong antibacterial action against target (2015)
microorganisms.

Fruits can be categorized as climacteric or non- climacteric where fruits that can
ripen after harvesting are climacteric and those that cannot ripen after harvesting are
non- climacteric (Farcuh et al., 2018). As fruits and vegetables are still living tissues
after harvesting, they have a limited storage period and can degrade rapidly during
storage and transit due to chemical reactions, physiological aging, and microbio-
logical infections. Consequently, there is often a decrease in the edibility of these
products, resulting in a considerable annual loss of fresh fruits.

Due to the absence of effective shelf-life extension techniques, about 20-40% of
fruits and vegetables spoil and deteriorate annually. Furthemore, by appropriate
preservation method, ripening of fruits and vegetables delayed and the shelf life
extend, microbiological contamination limited and transpiration of products as a
freshness-maintenance strategy facilitated. Researchers have suggested several
methods such as MAP packaging, waxing, and biodegradable composites for pre-
serving vegetables and fruits. Among these methods, bio-nanocomposites or edible
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coatings are well recognized for their ability to preserve the postharvest quality of
fresh fruits and vegetables (Jafarzadeh et al., 2021).

The impacts of isolate soybean protein (ISP) film and ISP/CIN/ZnO NPs com-
posite coating on the postharvest quality of bananas during their storage time were
investigated. The bio-nanocomposite covering was shown to maintain positive
banana attributes by delaying ripening and reducing oxygen transport in samples
(Lietal., 2019a).

Lavinia et al. demonstrate the application of CS and ZnO NPs as a novel coating
on fresh papaya. Results have shown that the incorporation of nanocomposite coat-
ing in samples may significantly limit microbial activity during storage compared to
uncoated samples and nanocomposite treatment may provide an alternate technique
for the preservation of freshly sliced papaya after harvest and process (Lavinia
et al., 2019). Chi et al. demonstrated that the polylactide (PLA) nanocomposite
containing Ag NPs and TiO, NPs may effectively prevent the loss of mango firm-
ness during storage. In addition, as compared to PLA films, nanocomposite films
have the potential to limit vitamin C degradation, color and total acidity changes,
and inhibition of microbial load in mangos (Chi et al., 2019).

Ethylene generation and respiration rates among fruits and vegetables can vary.
During the ripening stage, fruits release ethylene and increase their respiration rate.
Non-climacteric fruits generate a small quantity of ethylene and do not react to
treatment with ethylene (Tripathi et al., 2016). Cherries, grapes, lemons, oranges,
blueberries, raspberries, cucumbers, pomegranates, and watermelons, which are
non-climacteric, must remain on the tree until they reach complete physiological
ripening. Once harvested, these fruits will no longer continue to ripen, produce
sugar, or acquire taste. Researchers have suggested the use of edible coatings and
nanocomposite films to increase the shelf life of these fruits, which are very impor-
tant due to their nutritional value, unique sensory attributes, and bioactive compo-
nents (Chen et al, 2018). According to Fadeyibi et al.,, cassava starch
bio-nanocomposites modified with ZnO NPs enhanced the storage period of cucum-
bers (Fadeyibi et al., 2020).

Strawberry was coated with a nano-biodegradable coating composed of sodium
alginate and ZnO NPs generated by Emamifar et al. ZnO NPs significantly improved
the water resistance of the coatings and, as a consequence, decreased strawberry
weight loss. At the conclusion of storage (20 days), the uncoated fruits show higher
weight loss in comparison with coated fruits with nano-biodegradable coating
(Emamifar & Bavaisi, 2020).

Salama et al. used aloe vera gel, alginate, and TiO, NPs for bio-nanocomposite
coatings preparation for extending the shelf life of tomatoes and an edible film
based on carboxymethyl cellulose (CMC) for green bell pepper smart packaging.
The results demonstrated that edible films significantly postponed spoilage and
weight loss in tomatoes (Salama & Aziz, 2020). Sarojini and Rajarajeswari pro-
duced a biodegradable cellulose acetate phthalate/CS coating that was applied to
black grapes and had varying percentages of ZnO NPs. The coatings containing
ZnO NPs (5%) increased the storage period of black grapes up to 9 days (Indumathi
et al., 2019).
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Kumar et al. created bio-nanocomposite coatings using agar and ZnO NPs for
green grapes. The findings showed that green grapes remained fresh up to 21 days
vs. films containing 4% ZnO NPs (Kumar et al., 2019). Kaewklin et al. demon-
strated the use of active packaging including CS/TiO, NPs for the preservation of
tomatoes at 20 °C. The packed tomatoes exhibited less deterioration than the control
film samples. Additionally, coatings containing NPs delayed the maturation process
of tomatoes (Kaewklin et al., 2018).

Nanotechnology in Cheese Preservation

Cheeses are particularly sensitive to surface contamination by microorganisms due
to their favorable acidity and high water content (Proulx et al., 2017). The majority
of studies on cheese storage and shelf life have focused on concerns related to con-
tamination caused by microorganisms. In addition, the increased moisture loss in
certain cheeses due to the lack of a packing barrier may increase product hardness
and lead to undesirable organoleptic qualities (Mei et al., 2020). Nano-systems are
potential antimicrobial agents in the food industry, and different studies have exam-
ined the effect of bio-nanocomposites on a variety of cheese products, focusing on
NPs (Resa et al., 2016).

El-Sayed et al. examined the effect of CS/guar gum/Roselle calyx extract (RE)-
ZnO bio-nanocomposites for coating of Ras cheese. In addition, the physiochemi-
cal, microbial, and sensory aspects of Ras cheese among ripening in comparison to
uncoated cheese were examined. Coated samples with a bio-nanocomposite layer
comprising 3% RE-ZnO NPs exhibited significant effects against yeasts, molds, and
other microorganism growth for approximately 3 months (El-Sayed et al., 2020).

Amjadi et al. determined the effectiveness of the gelatin-based nanocomposite
comprising CS nanofiber (CSNF) and ZnO NPs for packing chicken fillets and
cheese. The nanocomposite coating of samples considerably inhibited the develop-
ment of inoculated bacteria (p < 0.05). Moreover, the sensory qualities of packed
samples with CSNF and ZnO NPs were acceptably maintained during the storage
time (Amjadi et al., 2019).

In another study, ecofriendly, cost-effective, and sustainable materials containing
chitosan, PVA, glycerol, and TiO,-NPs were created. Karish was manufactured,
coated with a bio-nanocomposite comprising 1, 2, and 3% TiO2-NPs, and then
refrigerated. The quality of covered Karish cheese was acceptably maintained until
the end of the storage period; however, uncoated samples showed surface fungal
growth and after 15 days, the quality of control sample was unacceptable. Karish
cheese covered with a bio-nanocomposite containing 3% TiO,-NPs was rated high-
est in terms of acceptance at the end of the storage period (Youssef et al., 2018).

Divsalar et al. used chitosan-cellulose, nisin, and ZnO NPs for packing ultra-
filter white cheese and to increase its shelf life. Findings revealed that the nisin-
containing bio-nanocomposite layer enhanced the storage time of ultra-filter white
cheese and inhibited the development of microorganisms on the cheese surface
layer for 14 days at 4 °C (Divsalar et al., 2018).
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Nanotechnology in Seafood Preservation

Due to their low-calorie content, omega 3 fatty acid, vitamins, minerals, and protein
content, aqua food products (AFPs) are often favored by customers. However,
microorganisms, enzymes, and chemical processes quickly deteriorate AFPs. In
response to changing consumer preferences with regard to safer food products,
researchers have concentrated on using nanotechnology in AFPs preservation
(Cicek & Ozogul, 2022). The foundation of nanotechnology for the preservation of
AFPs are NPs. The majority of applications for NPs have been employed to main-
tain AFPs. TiO, NPs contain strong antibacterial properties and can suppress aquatic
pathogens in vitro (Noman et al., 2019).

Mehdizadeh et al. examined the efficiency of Cs-zein coating containing free and
nano-encapsulated Pulicaria gnaphalodes (Vent.) boiss extract on quality attributes
of rainbow trout stored at 4 °C for 14 days. By utilizing this coating, peroxide value
and thiobarbituric acid decreased during storage (Mehdizadeh et al., 2021). The
edible coating developed by Ag NPs, Satureja rechingeri extract, and PVA effec-
tively inhibited growth of S. aureus, E. coli, psychrophilic bacteria and mesophiles
on rainbow trout fillets (Kavakebi et al., 2021). Kargar et al. investigated the antimi-
crobial effects of Ag/Cu/ZnO NPs generated by chemical reduction technique in
order to increase the shelf life of caviar during the storage period (14 days). Results
indicated that the total amounts of volatile nitrogen and thiobarbituric acid decreased
significantly (Ahari et al., 2021).

Maghami et al. studied the impact of CSNPs loaded with fennel EOs and the
modified atmosphere packaging (MAP) technology on the biochemical, microbial,
and sensory attributes of Huso huso fish fillets during storage. The findings demon-
strated that coating fish fillets with CSNPs and fennel EO considerably decreased
the peroxide value and thiobarbituric acid value in compared to the control samples,
thereby extending the product storage life (Maghami et al., 2019).

Durmus et al. studied the effect of nano-emulsions based on trading oils (hazel-
nut oil, corn oil, canola oil, soybean oil, olive oil, and sunflower oil) on vacuum-
packed sea bass fillets. The shelf life of samples treated with nano-emulsion kept at
2 +2 °C was extended by approximately 2—4 days. Fish fillets treated with hazelnut
and corn oil groups exhibited lowest bacterial growth and lactic acid bacteria.
Results proved that the storage time of fish samples was extended up to 4 days with
nano-emulsions of canola, corn, soybean, and hazelnut oils vs. only 2 days by emul-
sions of olive and sunflower oils (Durmus et al., 2019).

To preserve the silver carp fish ball, Wei et al. developed a composite CS film
contain ZnO/ TiO, and SiOx (ZTS-CS). The textural change and freshness indica-
tors of fish ball were extended as prepared films have significant antibacterial activi-
ties and the gas permeability of the films was appropriate. Moreover, the quality of
fish ball coated with ZTS-CS was maintained for 24 days vs. about 5 days for the
control samples (Wei et al., 2018).

Mizielinska et al. examined the firmness and microbial load of cod (Gadus
morhua) fillets packaged with a methyl hydroxypropyl cellulose coating modified
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with ZnO NPs. The coating reduced gumminess in the samples which significantly
improved the texture quality. Mesophilic and psychotropic bacteria counts decreased
in coated Baltic cod (Gadus morhua) at 5 °C for 144 h (Mizielinska et al., 2018).
Ramezani, et al. reported that due to the size effect, bulk CS coating is less effec-
tive than CSNPs at inhibiting microbial loads on fillets of silver carp
(Hypophthalmicthys molitrix) stored at 4 °C for 12 days. The total psychrotrophic
and mesophile bacteria counts remarkably decreased in samples coated with CSNPs
(Ramezani et al., 2015). Budhijanto, Nugraheni, and Budhijanto discovered that
CSNPs are more efficient than chitosan in antibacterial compounds when applied to
fresh tilapia (Oreochromis sp.) at cold temperatures. Compared to samples pre-
served at ambient temperature (25 °C) and untreated with CSNPs, samples kept at
low temperatures (10-15 °C) and covered with CSNPs had a substantial positive
impact on preventing the development of microorganisms (Budhijanto et al., 2015).

Nanotechnology in Beverage Preservation

Nanotechnology is not novel to the food and beverage industry, as several novel
nano-based approaches have already been used in functional and nutraceutical food
applications, production, and processing. Utilizing colloid technology, food produc-
tion may be enhanced over an extended preservation time. This is due to the utiliza-
tion of nanoscale-sized ingredients in the majority of beverages and foods such as
dairy products. Therefore, the decrease in size of these substances at the nanoscale
range should be considered (Chaturvedi & Dave, 2020).

In many sauces, beverages, oils, and juices, NPs have shown a variety of electro-
chemical and visual characteristics. The incorporation of nano-emulsified bioac-
tives and flavors to beverages has no impact on the appearance of the product (Rhim
et al., 2013). A recent study demonstrated that CS nano-composite may also be
employed for the clarifying, stabilization, and encapsulating of alcoholic, non-
alcoholic, and dairy-based drinks, juices, teas, and coffees (Morin-Crini et al., 2019).

Toxicological, Safety, and Migration Issues of Metal NPs
in Food Products

Toxicological Aspects of NPs

Nanotechnology science continues to expand, and along with this growth has come
an increase in public health concerns regarding the toxicity and environmental
effects of nanomaterials. In addition to functionalization, agglomeration, and net
particle response, dynamic, kinematic, and enzymatic features- along with enzy-
matic activity- increase the toxicity of NPs (Zou et al., 2016). Toxicokinetic
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problems generated by NPs are primarily attributable to their persisting insolubility
and nondegradable features (Lopez-Serrano et al., 2014). As the size of metal NPs
decreases, their toxicity increases. NPs are highly reactive chemicals that easily
penetrate membranes and capillaries, generating toxico-kinetic and toxico-dynamic
effects (Hajipour et al., 2012).

NPs can enter the body by ingestion, skin contact or inhalation (Maisanaba et al.,
2015). Once they enter the biological environment, NPs will inevitably interact with
biomolecules in the bloodstream, such as proteins, carbohydrates, and lipids
(Farhoodi, 2016). Some NPs link to enzymes and proteins which stimulates the
generation of reactive oxygen species (ROS) and oxidative stress. ROS production
induces mitochondrial degradation and cell death (Hajipour et al., 2012).

ZnO NPs exhibited genotoxicity in the human epidermis even though ZnO in
bulk size is non-toxic, indicating the importance of particle size (Sharma et al., 2009).

Vishwakarma et al. evaluated effects of AgNPs and Ag nitrate on the growth of
hydroponic mustard (Brassica spp.). Both chemicals affected the length of root,
fresh weight, ascorbate peroxidase, total chlorophyll and carotenoid composition,
protein content, catalase activity, oxidation, DNA degradation, compound aggrega-
tion, and plant cell growth (Vishwakarma et al., 2017). Echegoyen and Nern detected
Ag migration in all three samples of industrial AgNPs plastic containers, with total
Ag migration varying from 1.66 to 31.46 ng/cm? (Echegoyen & Nerin, 2013). To
eliminate the challenges related with nanotechnology in the food sector, the bio-
availability, behavior, and toxicity of NPs in the environment should be thoroughly
investigated (Lugani et al., 2021).

Safety of Food Products

Food safety is a worldwide health concern, and food safety measures help to ensure
that preparation and consumption will not harm the health of consumers (Pal, 2017).
Recent developments in nanotechnology have changed the food industry with
regard to food processing, security, and safety, in addition to advancements in
improving nutraceutical content, prolonging storage time, and minimizing packag-
ing waste (Wesley et al., 2014). Pathogens, pesticides, and other pollutants in food
represent significant health risks to humans. Nanotechnology advancements have
accelerated solutions to food safety challenges with microbiological contamination
and enhanced toxin identification, and storage time (Inbaraj & Chen, 2016).
Another prospective application of nanotechnology is for detection of levels of
toxic elements pathogens, and microbial load in food systems. The interesting new
concept of combining biology and nanotechnology into sensors is promising, since
the reaction time to detect a possible danger would be dramatically lowered. This
will result in increased food processing system safety. A research program in Iowa
State University by Launois revealed that Ag NPs might boost the safety of the
worldwide food supply (Launois, 2008). Currently, Ag NPs cannot be directly
added to food products due to a lack of research on their detrimental effects on
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human health and ecological systems. In order to develop food-related applications
such as microbe-resistant materials and non-biofouling surfaces, the research pro-
gram examines how Ag NPs may operate as antimicrobial agents in meals (Alfadul
& Elneshwy, 2010).

The U.S. Food and Drug Administration (FDA) is charged with securing human
health by regulating the safety of substances that are directly in contact with food.
For example, the FDA plays a significant role in testing the safety of NPs contained
in food products and nanoscale food ingredients (Paradise, 2019). The FDA has
published a number of nanotechnology-related reports and suggestions for research,
analysis, and regulatory policy in order to assist the sector. Based on comments by
the FDA Commissioner (Paradise, 2010), nanotechnology has been acknowledged
for dealing with nanotechnology-based food products. Moreover, according to the
standards of European nations, nanomaterials (100 nm or less) may only be used if
they are allowed and mentioned in rules of Annex I, and their migration levels in
food products must be below detectable limits.

Migration of Metal NPs into Food Products

Determining the optimum migration of NPs into food is one of the food industry ‘s
primary issues. Migration is defined as the mass transfer of particles with a low
molecular weight (Zamindar et al., 2020).

The migration of heavy metals from nanomaterials is a cause for major concern
(He et al., 2015). In the case of long-term agglomeration, the distribution of heavy
metals into food items has negative consequences. For example, metal and metal
oxide NPs, including Ag (McShan et al., 2014), and CuO (Karlsson et al., 2013),
ZnO increase intracellular ROS levels, causing lipid oxidation and DNA damage
(Fukui et al., 2012). Allergies and the release of heavy metals as the migration phe-
nomenon are the two main safety concerns of NPs. AuNPs depict a good safety
profile. Considering AuNPs, as well as other metal NPs have the potential of toxic-
ity. AuNPs are capable of migration from packaging to food matrix and finally, they
will be released in the human body after food consumption which is a toxin for
different cells and tissues (Bindhu & Umadevi, 2014). In recent years, Simpson
et al. made, analyzed, and validated carbon NPs (66 nm) with glycerol for detecting
heavy metal ions with a 0.30 ppm detection limit (Simpson et al., 2018). Lingamdinne
et al. demonstrated that NPs of iron oxide that are produced and reused without
affecting stability may reduce heavy metals in products (Lingamdinne et al., 2017).

Amal M. Metak et al. studied AgNP migration from nanosilver sheets and juice
packing. Nanosilver-coated films generate substantial migration levels (0.03 mg L),
and this is cause for concern regardless of whether the metal is in the form of NPs
or ions. However, no chemical or biological alterations were detected in the food
items analyzed (Metak et al., 2015).

In another investigation, a migration experiment was conducted in order to see
how time and temperature affected the migration of CuNP/AgNP from polyethylene
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nanocomposites to chicken breasts. According to the findings, neither time nor tem-
perature had a major impact on migration. Migration of copper and silver varied
between 0.024 and 0.049 mg/dm? and 0.003 and 0.005 mg/dm?, respectively
(Cushen et al., 2014).

Cushen et al. studied AgNP migration from nanocomposite PVC on chicken
breasts, and findings revealed migration levels ranging from 0.03 to 8.4 mgkg™!
(Cushen et al., 2013).

Conclusion

Nanotechnology has revolutionized the food processing and preserving industry. It
is an innovative technology that offers a promising route for developing novel pack-
aging components. By mixing polymeric materials with organic, inorganic, or
organic-inorganic hybrid NPs, functional packaging films with mechanical, thermal
and antimicrobial properties are possible. Nanocomposites can be used to create
flexible, fire-resistant, antimicrobial, and transparent barrier coatings. NPs in food
packaging may also detect microbial infection. For widespread use of nanocompos-
ites as packaging materials, further research is needed in order to extend shelf life,
protect food quality, and promote commercialization.

However, due to their ultramicroscopic size, NPs are readily absorbed by cells in
the human body which could have harmful consequences. Moreover, because of the
increased bioavailability of NPs, toxicity is increased and could damage the immune
system. As the mobility of NPs within biological systems is still unclear, silver NPs,
for instance, may effectively make cells resistant to any other antibiotics. Due to
their high toxicity, various other NPs, such as TiO, and ZnO, contribute to environ-
mental contamination. It is thus necessary to create antibacterial NPs that are anti-
bacterial and that do not negatively affect the environment. In conclusion, the major
problem with employing nanotechnology in the food industry is that NPs are still
being explored and have not yet been well described; as a result, the extent of risk
that they potentially pose to biological functions is unknown and the public should
be informed about the health, safety, and environmental impacts of nanotechnology
as it is introduced and developed within the food system.
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