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Nanotechnology is an emerging technology in the field of food and agriculture; every individual molecule and atom can be
modified or controlled by this technology. Everything that exists on the earth is made up of atoms and molecules. Problems in
all the fields can easily be overcome by modifying or altering their nanosize. Similarly, nanotechnology could address many
issues in the agriculture and food industries. Nanomaterials play a keen role in the place of pesticides, fertilizers, and
biosensors. Nutrition enhancement, safe delivery of bioactive components and micronutrients, and food preservations were
facilitated by the applications of nanotechnologies. Efforts have to be taken to create awareness among the public in this
nanotechnology field. Future research directions were identified in this review to improve the nanoembedded agriculture
system. This article reviews the recent development in the agriculture and food industries through nanotechnology, application

of nanotechnology in the food and agricultural sectors, and research backlogs in such sectors.

1. Introduction

The population of the world is increasing rapidly. It is
expected to reach nearly six billion by the end of 2050 [1].
The productivity of the crops is getting decreased because
of specific biotic and abiotic stresses, climatic changes, and
water unavailability [2]. They are a roadblock to the devel-
opment of the agricultural field [3]. For overcoming all such
barriers, there is a need for an innovative technology called
nanotechnology [4]. Nano is a Greek word that means bil-
lionth of something. One billionth of a meter is termed as
one nanometer. Nanotechnology is a science that deals with
the alteration and generation of materials in the size of one
to a hundred nanometers [5]. Nanotechnology can revolu-
tionize the food system and the field of agriculture. The

properties of the nanoparticles show better results than the
bulk particles like increment in the surface area and physical
strength [6]. For instance, zinc nanoparticles are transpar-
ent, but their bulk particles are white and opaque [7]. The
surface area difference between the nanoparticle and stan-
dard particle is shown in Figure 1.

Nanomaterials can be prepared in two methods: the top-
down and bottom-up approaches [8]. Various physical and
chemical treatments like sonication, milling, and high-
pressure homogenization were involved in the top-down
approach to nanoparticles [9]. In the bottom-up approach,
the building blocks of the nanoparticles are formed first
and assembled for producing the final particles [10-13].
Nanomaterials are classified into two, namely, organic nano-
materials and inorganic nanomaterials. Examples of organic
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FiGure 1: Difference in the surface area of bulk and nanoparticles.

and inorganic nanomaterials are carbon nanotubes (CNT)
and titanium oxide (TiO,), respectively [14-16]. Nanotech-
nology is applied in the agricultural field using nanofertili-
zers, nanopesticides, and nanobiosensors.  Using
nanotechnology in agriculture increases the yield and pro-
duction rate, resources will be efficiently utilized, and waste
products will be reduced [17-20]. Nanomaterials can be
applied to the agricultural field in three ways, which are pic-
torially represented in Figure 2.

Nanotechnologies applied in the food sector are increas-
ing with an astonishing number of patents and publications
in packaging, quality control, nutraceutical delivery, and the
new developments in nanotechnology [21]. Nanotechnology
is considered a critical enabling technology for Europe,
among other technologies [22]. Investments were increased
over the past years in nanotechnology [23]. It is predicted
that the nanotechnology incorporated products will contrib-
ute nearly one trillion dollars to the global economy [24].
Most importantly, two million people may be employed in
such nanotech industries [25]. Nanotechnologies could be
applied in the whole process involved in product develop-
ment. It includes the usage of nanofertilizers, nanosensors
for assuring safety and quality, and even nanopackaging
[26]. The method, size, and physical properties of various
nanomaterials are tabulated in Table 1.

This research mainly focuses on applying nanotechnol-
ogy and nanomaterials in the agriculture and food indus-
tries. This review was conceived to provide the
applications, futuristic analysis, challenges, and require-
ments in the nanotechnology field to uplift agriculture and
the food industry. This review offers the current applications
of nanomaterials in the food packaging sectors and agricul-
tural sectors. And this review will be a unique reference for
the researchers working in different domains in the food
and agriculture field.

2. Agricultural Applications of Nanomaterials

Nowadays, nanomaterials have been applied in many fields.
The application of nanomaterials in agriculture also helps
the farmer by improving the health of the soil, enhancing
the production of crops, reducing the needed amount of
water, etc. The primary concerns for the production of crops

are pesticides and fertilizers [35]. Hence, the developments
of nanopesticides and nanofertilizers are illustrated in this
review [36]. The possible applications of nanotechnologies
in agriculture are pictorially represented in Figure 3.

The impact and possible interactions of nanomaterials
and variation of physicochemical properties of soil are tabu-
lated in Table 2.

2.1. Nanofertilizers. In recent decades, the increment in the
production of crops has been tremendous. They are pin-
pointing that the growth of cereals showcased a significant
part in the nutritional need of the world. The increased use
of chemical fertilizers majorly boosts the yields of the crops.
The usage of chemical fertilizers is increased by the varieties
of fertilizer responsive crops [47-49]. However, due to the
poor efliciency of the chemical fertilizer, its usage is reduced.
The cost of crop production increases due to the leaching
and volatilization of chemical fertilizers that are contami-
nated [50]. DeRosa et al. depict that 50 to 70% of the nitro-
gen is being lost to the surrounding by the chemical
fertilizers [51]. Therefore, the research community is con-
centrating on the development of different generalship.
Nanotechnologies have to be implemented in such cases to
develop the slow-release fertilizers, reduce the loss of the
mobile nutrients, and improve the accessibility of the poorly
available nutrients. The surface area of the nanoparticles
plays a crucial role in attaining all such advantages
[52-54]. Nanofertilizers are of two types: nutrients them-
selves and the other is added with other nutrients. Nanofer-
tilizer’s application on the plants is shown in Figure 4.
Nanofertilizer contributes a crucial part to agricultural
sustainability by improving the productivity of the crops
and improving the quality with great nutrients, and most
importantly, nanofertilizers reduce the production cost of
the crops [56]. Singh reviewed the emerging ways which
increases the efficiency of the crop production. It is con-
cluded that the production of the crops was improved while
applying different nanofertilizers in it. Such nanofertilizers
will reduce the production cost and it also minimizes the
hazards in the population. It is mentioned that the growth
of the crops will be improved in terms of optimum usage
of nanofertilizers. If the concentration and the doses of the
nanofertilizers exceeds the optimum usage, the crop
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FIGURE 2: Methods for applying nanomaterials in the agricultural field.
TaBLE 1: Types, size, and characteristics of specific nanomaterials.
SL no. Type Method Size Characteristics Ref
. . Hexagonal and pentagonal
1 Carbon-based nanocarriers Laser gb‘latlon, chem1§a1 vapor 0.5-3nm geometric cage-like structures of [27, 28]
deposition, and arc discharge .
carbon faces are found in fullerenes
Solvent evaporation, dialysis,
) Polyme}‘lc 1nterf'ac'1al polylmerlzatlon, 20-1,000 nm PTOV1de corpplete drug protection, [28, 29, 30]
nanoparticles mini emulsion, and biocompatible, and biodegradable
surfactant-free emulsion
g::tlrnols ig:gi:ggﬁ’ Electrical, antimicrobial, and
3 Silver nanoparticles . L7 1-100 nm optical properties depend [31, 32]
microwave processing, and upon shape and size
synthetic biological methods P P
Reversed-phase evaporation,
. high-pressure homogenization, Liquid state at
4 Liposomes depletion of mixed detergent lipid 50-100nm room temperature (28, 33]
micelles, heat treatment
. Hydrothermal, thermal Extremely reactive with oxidizing
Iron oxide e . . agents, higher surface area,
5 . decomposition, protein-mediated, 5-50 nm . [31, 34]
nanoparticles surface-to-volume ratio, and

laser-induced pyrolysis

easy separation methodology

production will be reduced [57]. Kah et al. proved that the
gain in the median eflicacy is increased by 18-29% while
using nanofertilizers over conventional fertilizers [58]. Liu
and Lal showed that the growth rate was increased by 32%
when the phosphatic nanofertilizers were used over the tra-
ditional fertilizers. Nanofertilizers help intake nutrients
through nanocuticle pores and improve the metabolism of
plants [59]. Nitrogenous fertilizer, conventionally used, has
only 30-60% efficiency in fertilizer use. Due to the chemical
bonding in the soil, 8-90% of the phosphatic fertilizers are
lost [60]. When the fertilizers are used as a nanocomposite
of hydroxyapatite and urea, it is observed that the nitrogen
release is controlled, volatilization of ammonia is limited,

and the phosphorus is sustainably available even after the
four weeks of incubation. Most fertilizers are lost to the envi-
ronment by leaching and volatilization in conventional fer-
tilizer [61]. But, in nanofertilizers, their quantity is reduced
by using slow-release products. It can release the nutrients
to the plants when and where the nutrient is required [62].
This feature limits the unwanted volatilization of fertilizers
to the environment. Such intelligent fertilizers are possible
by explaining the signal transmission of soil microbes and
plant roots [63]. Syu et al. reported that the internal root
signals are modified by applying nanoparticles. It will affect
the production of ethylene by Arabidopsis roots [64]. Con-
trolled release of nanofertilizers would be a significant
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FIGURE 3: Applications of nanotechnologies in agriculture.
TaBLE 2: Physicochemical properties of nanomaterials and their impact.
SL no. Soil parameters Nanomaterial Findings Ref
pH
1 Alkaline TiO, Soil microbial community is reduced significantly [37, 38]
Toxicity is enhanced toward Eisenia fetida adverse
2 Acidic AgNPs, ZnO effect on respiration, dehydrogenase, and ammonification [39, 40]
activity of soil microbes
Organic matter
3 Low CuO, Fe304 Enhancement in the toxicity of the microbial community [41]
High AgNPs Toxicity is reduced toward biofilm-forming communities (42, 43]
Soil types
Silty clay TiO, Carbon mineralization was lowered significantly [37]
Sandy loam CuO, ZnO The toxic effect on Triticum aestivum [44]
Cation exchange capacity
Low AgNPs Enhancement in the toxicity of soil microbes [45]
High ZnO Nontoxic effect on Lepidium sativum [46]

breakthrough by the internal stimuli from roots for nutrient
release in response to P and N deficiency. It is reported that
the nanofertilizers are not having any issues for traditional
agencies in an article reviewed by Adisa et al. [65] and Kah
et al. [58].

Nanofertilizers are developed by nanostructured mate-
rials like chitosan, zeolite, polyacrylic acid, clay minerals,
and hydroxyapatite. They may be applied to soil as fertilizer
or sprayed on the plants by foliar application [66]. When
comparing the conventional fertilizers, nanofertilizer with
the composite of modified urea nanoparticles of hydroxyap-
atite can release nitrogen for sixty days to the plant. This is
possible because of the largest available surface area of the
hydroxyapatite, and the strong bonding between them leads
to the slow liberation of nitrogen from urea [67-69]. A

report declares that the potassium is liberated slowly when
the polyacrylamide polymer is coated on the potassic fer-
tilizer. Sandy soils need the slow release of potassium to
decrease leaching [70]. Compost production and enhance-
ment in the decomposition of organic wastes could be a
significant aspect of nanotechnology in the agricultural
field. Still, no mentionable results have come to date,
but they will certainly rule the world in the future [71].
These are all clearly visible from the information that
the nanofertilizers possess high efficiency and reduce the
amount of fertilizer needed, and the main thing is nutri-
ent losses in the environments are reduced. At the same
time, for attaining profitable and sustainable agriculture,
studying the economic feasibility of nanofertilizers is very
important [72].
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2.2. Nanopesticide. In agriculture, using a pesticide is a part
of their regular practice for getting greater yield. Strange
and efficient pesticides are being developed continuously
for specific targets. Hence, year-by-year different pesticides
are concealed numerously [73]. But relatively significantly
less amount (0.1%) of pesticide is reaching the targeted
pests. The other remaining 99.99% of the applied pesticides
are contaminated. Human health and the food chain are
severe consequences of contaminated pesticides in the envi-
ronment. The ubiquitous presence of pesticides all over the
domain results in the pesticide-resistance development in
pathogens, weeds, and insects [74]. All these harmful effects
can be overcome by using biopesticides over synthetic pesti-
cides. But their progress is slow, and the biopesticides’ effi-
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FIGURE 5: Application of nanotechnology in delivering the pesticides [76].

ciency over the pest was primarily environment-dependent.
The problems can easily be overcome by replacing nanopes-
ticides with synthetic pesticides. The nanopesticides can
offer effective pest control for a long duration by releasing
the active components slowly and closely controlled [75].
Thus, to minimize the usage of synthetic pesticides and their
environmental risks, nanopesticides are essential for sustain-
ably and efficiently managing different pests. Figure 5 shows
the pesticide delivery via nanotechnology.

The behavior of nanopesticides is quite different from
conventional pesticides [77]. Since the particles are nano-
sized, they are transported in colloidal and dissolve states.
Because of its tiny size, the solubility of the active compo-
nents will be increased. Hence, the hazardous impact is
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significantly reduced on the environment by using nano-
pesticides than conventional pesticides. On the whole, as
the nanopesticides are applied in a lesser amount, water
and energy are highly conserved by them [78]. Usage of
nanopesticides also helps achieve great productivity of
crops in less input cost; mainly, it reduces the labour cost
and the water usage. As per the declaration of the envi-
ronmental production agency, nanopesticides may cause
specific health issues. All such health issues are listed in
Figure 6.

Kumar et al. experienced that the disadvantageous effects
of bacteria in soil and plants were reduced while using nano-
pesticides [79]. Pradhan et al. [80] and Pankaj et al. [81] also
experienced similar results while using polyethylene glycol-
based nanoformulations of carbofuran and acephate; nanoa-
cephate’s toxicity was lowered in the organisms which are
not targeted. The increase in efficiency is only because of
the slow release of the active components and is not in the
rise in the uptake of nanoformulated active components.
Song et al. concluded that the insecticidal activity, as
opposed to the cotton bollworm, was increased by two
times while using nanoparticles of silica-associated chlorfe-
napyr over the microparticles of silica-associated chlorfe-
napyr [82]. From all such results, it is clear that the
liberation of active components against different crop pests
will be an effective tool in the future for managing the
pests present in the field. Pathogens of viruses, bacteria,
and fungus are well-recognized by the antimicrobial
behavior of nanoparticles. Silver (Ag), copper (Cu), and
aluminum (al) are specific inorganic nanomaterials which
are having pesticidal properties in them [83, 84]. It is
observed that the disappearance of pathogens in the
infected leaves while spraying silver-silica nanoparticles in
them and process just requires three days for its disap-
pearance. Significant antibacterial and antifungal activities
are observed in the nanoparticles of copper (Cu) [85].

The primary threat emerging in modern agriculture is
the growth of weeds. The efficiency of nanoherbicides
mainly relies on biodegradable polymers. For instance, atra-
zine is encapsulated by a biopolymer to enhance its biocom-

patibility, bioavailability, and better physiochemical
properties [86]. It has been proven that the stability and her-
bicidal activities have improved, and the mobility in the soil is
reduced while using polymer encapsulated atrazine over that
of free atrazine [87]. Usually, atrazine contaminates the
fields and groundwater sources. Using atrazine in the nano-
formulations against the targeted weeds was more effective
than conventional atrazine. Foliar interaction of nanofor-
mulation of atrazine with mustard (India) shows that the
herbal activity occurs directly through the vascular tissues
of leaves [88]. This proves that the nanoformulation of
components has the potential to maintain a low concentra-
tion of herbal activity. Hairy beggarticks and slender ama-
ranth are effectively handled over by the nanocapsules
loaded with atrazine. Thus, nanoherbicides are an efficient
way of managing the weed as well [89]. Knowledge about
the impact of ecotoxicology by nanopesticides is very little.
The ecotoxicological impact reduces earthworms in the
agricultural field [90]. Inorganic nanoparticles like Ni, Cu,
SiO,, Ag, ZrO,, and TiO, are responsible for the toxicity
of earthworms. It is observed that the reproduction failure
in the earthworms when the soil is treated with nanoparti-
cles of silver (Ag) [91]. Even though earthworms can sense
and avoid silver nanoparticles, they are affected [92]. Signif-
icant reductions in the reproduction of earthworms are
observed when they are exposed to Ag nanoparticles or sil-
ver nitrate (AgNO3). From the investigations made by
Unrine et al,, it is clear that the copper nanoparticles have
a disadvantageous impact on the earthworms [93].

3. Nanobiosensors for Soil-Plant Systems

Biosensors are used to sense the medium’s physical and chem-
ical properties, denoting the transducer-receptor hybrid system.
The next era of biosensors is most probably nanobiosensors
[94]. They will be linked with the sensitized elements for observ-
ing the particular fragment through a physiochemical trans-
ducer at ultralow concentration. These sensors are beneficial
in early sensing, and thus, rapid decisions were made to
enhance the yield of the crops [95]. High sensitivity, rapid
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FIGURE 7: Mechanistic functions of nanoscaled biosensors.

TABLE 3: Matrix of biosensors and its application.

SL

Integration

o, Analyte Sensor matrix Application method Ref
1 0, PS-PVP nanoparticles Meso-tetra(4-fluorop }}enyl)tetrabenzop orphyrin, Microorganism Inflow [102]
platinum (II)

Polystyrene (PS) Platinum porphyrin (platinum (II)-5, 10, 15,
2 0, nanoparticles 20-meso-tetraphenyltetrabenzoporphyrin) Cell culture Inflow [103]
3 pH PS-PVP nanoparticles Aza-BODIPY dye Enzyrpanc Inflow [104]
reactions
4 CO, Dowex® chloride form Fluorescein Fluorescein Plss.olved [105]
indicator

electron-transfer kinetics, long-life stability, and high surface-
to-volume ratio are the irreplaceable features in nanobiosensors
over the previous generation biosensors [96].

Nanosized particles present in the nanobiosensors act as
bioreceptor on a transducer. Recognition elements are pro-
vided with the signal to detect a single (or) multiple fragments.
Immobilization, miniaturization, and fictionalization are the
interesting characteristics that integrate a transduction sys-
tem’s biocomponents into complex architecture to improve
nanomaterials’ systematic performance [97, 98]. The design
and the mechanical function of nanobiosensors are shown in
Figure 7.

Table 3 depicts the applications and sensing strategies of
nanobiosensors. Nanobiosensors are very helpful in detect-
ing the analytes present in the water bodies and soil. The
detrimental effects can easily be prevented. A universal prob-
lem with consequential health threats is a stockpile of toxic
metal jons in plants and soil above the threshold level. Opti-
cal sensors were used for detecting such stockpiles [99].
Optical sensor uses electromagnetic radiation for detection
and is chemical in nature [100]. SERS (surface-enhanced
Raman scattering) and fluorescent are two optical sensors
that are commonly used. These sensors use reduced metal
oxides or macromolecules for recognizing the metal ions
present in the soil and river [101]. It will be very promising
when the paper chip strategy is integrated with nanosystems
for obtaining portable nanosensors for industries and com-
mercial applications.

Neonicotinoids, pesticides, atrazine, carbamates, and
organophosphates are dominant classes. Because of its
homogeneity, their residues persist long in the soil, even at
low concentrations too. Interaction of antigen-antibody with
a piezoelectric transducer is employed by the nanobiosen-
sors for detecting such pesticides [106]. Based on the limit
of detection and its cost in developing antibodies, the effi-
ciency of nanobiosensors will be varied. This hinders the
commercial application of nanobiosensors [107]. Hence, its
efficiency has to be improved by multisampling and pre-
treatment processes.

4. Nanomaterial’s Fate in Soil

Natural and organic minerals present in the soil may interact
with nanomaterials and result in partitioning the aqueous
and solid phases of the soil system. Fate and the behavior
of nanomaterials in the water system are mainly deduced
in research [108], whereas limited data are available in find-
ing the fate and behavior of nanomaterials in soil systems.
The stability, reactivity, toxicity, and mobility of the nano-
materials can be controlled by certain processes. Such pro-
cesses are described in Figure 8.

Nanomaterials will transform chemically, physically, and
biologically, depending on the interaction with soil and its
nature [109]. When the nanomaterials are introduced into
the environmental fields, aggregation of particles will occur
spontaneously. Reactivity of the nanomaterials is getting
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FIGURE 9: Application of nanotechnologies in the food sector.

affected by the reduction of surface area due to aggregation
[110]. Aggregation may happen in two ways; they are
homo-aggregation and  hetero-aggregation. =~ Homo-
aggregation occurs between the nanomaterials, and hetero-
aggregation occurs between the nanomaterial and another
particle in the environment [111].

5. Nanotechnologies and Its Application in
Food Industries

Nanotechnology is the science of tiny materials having a
great impact in the food industry field [112]. Nanotechnol-
ogy has significant potential in verifying the modifications
of nutritional values, flavour, and colour, monitoring the
integrity of foods through barcodes, and increasing the shelf
life of food [113]. Nanotechnology is an emerging technol-
ogy with a great potential for generating absolute new

products and certain processes in the food sector. Nanotech-
nology can be applied in the food industry through food
additives (inside nanomaterials) and food packaging (out-
side nanomaterial) [114]. Applications of nanotechnology
in the food sector are shown in Figure 9.

Significant advances were brought up in the field of food
processing by nanotechnologies. As the food products are
required the high-quality standard, and the demands for
emerging products like low-calorie and low-fat foods are
increasing for dietary requirements, the separation method
has to be improved by nanomaterials in food industries
[115]. Nanofiltration is one of the most relevant methods
based on nanotechnology, which has substantial potential
in processing foods. Nanoporous membranes are used for
softening, for instance, and water purification. Hence, the
divalent ions can be removed by the nanofillers [116, 117].
Several applications are available for this nanotechnology
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Ficurek 10: Classifications of nanofood packaging [129].

in the dairy industry. Nanotechnologies are applied in the
dairy industries to standardize milk, fractionate the proteins
available in the milk, and enhance the microbial quality
[118, 119]. This method has various advantages over the
normal filtration process. Some of such advantages are lesser
processing steps, lower energy consumption, improved qual-
ity of the final product, and greater separation efficiency.

This nanotechnology led significant advances in the food
safety field. The food contamination processes have highly
required a technique with fast, robust, and sensitive detec-
tion [120]. In such cases, the most efficient approach for
the specific recognition of food contaminants will be the bio-
sensing techniques, which rely on the transducing system
coupled with a specific bioreceptor. The bioreceptor,
coupled with the transducing system, has to be strong and
selective binding biomolecules for certain target compounds,
which produce biological or chemical signals [121, 122]. The
transducer further measures the produced signal by convert-
ing it into a measurable form. Aptamers are peptide mole-
cules or single-standard nucleic acids with a high affinity
for their target ligands. Detection of nanobioluminescence
in the spray from Agromicron company is a commercial
example of biosensing in food contaminant detection. The
process is simply based on a luminescent protein that reacts
with the pathogenic microorganisms present on the surface,
such as Escherichia coli or Salmonella, and emits a visible
glow [123].

In the food processing industries, the quality of the food
and the safety are the two important aspects being focussed
on. Instrumentation and analytical procedures are equipped
sufficiently for determining the quality of the food and its
hazards with great at very low concentration in the complex
food materials [124]. Since the service and these instruments
are very expensive, skilled/trained human resources are
required, and it consumes little long for obtaining such high
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accuracy results. Therefore, developing an affordable, field
applicable, and simple sensor with sufficient analytical per-
formance has to be focussed on the food nanomaterial’s
evaluation for the food-based application [125].

6. Food Packaging Nanotechnologies

Among food nanoscience research, nanocomposites are
one of the most active areas within the food packaging
sector. Figure 10 shows the classification in the nano-
packaging of food. For minimizing the impacts of
petroleum-based plastics on the environment, biodegradable
plastic and its resources are noticed as a powerful strategy
[126]. However, no biobased materials can perform as best
as petroleum-based materials. The physical properties of bio-
based packing materials like thermal stability, barrier, and
mechanical properties have to be improved [127]. It has been
proved that the nanoreinforcement of bioplastics through the
incorporation of nano- and microfibre of cellulose, nanoclays,
and carbon nanotubes is an effective and efficient way to
enhance such properties [128].

Several advantages are available while using nanofiller
over the microfillers. Improvement in the relevant physical
structure with less loading percentage (<10%) is obtained
without compromising the toughness and transparency
[130]. Improvement in the adhesion behavior of nanomate-
rials with the matrix is observed when nanofillers are used;
an increment in the surface area of the filler is the reason
behind this observation [131]. Active food packaging sys-
tems with the applied antimicrobial nanoparticles are tabu-
lated in Table 4.

Society demands in the food packaging industries are
responded to by the new emerging technologies [139].
Therefore, bioactive packaging has a significant role in
enhancing the impact of food on the consumer’s health via
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TaBLE 4: Nanomaterials along with their embedding polymer.

Sl no. Nanomaterials Sample Embedding polymers Ref

1 Titanium oxide nanoparticles (TiO,) Pork Polylactic acid (PLA) [132]
2 Sulfur nanoparticles (SNP) Glycerol and acetic acid Chitosan [133]
3 Zinc oxide (ZnO) Nutrient agar Chitosan [134]
4 Silver nanoparticles — Wild mushroom [135]
5 Nisin Deionized water and NaOH Pectin [136]
6 TiO, (titanium oxide) nanoparticles Fresh lettuce Oriented polypropylene (OPP) [137]
7 AgNPs (silver nanoparticles) Carrots and pears Sodium alginate film [138]

healthier packaged foods [140, 141]. In the production of
functional foods, this would be considered an innovative
strategy. These packages can effectively be packed using
nanotechnologies, and many nanoparticles have been
developed to increase their stability, bioavailability, and
functionality [142]. The incorporation of nanoparticles in
the structure of the package with bioactive substances
would permit a controlled release of such additives [143].

7. Status of Toxicological Assessment and
Characterization of Nanomaterials in Food

To understand the challenges in risk assessment of nano-
technologies and its proper characterization, it is important
to highlight that the nanoparticles can either be in the food
naturally or may be added or even formed in the food pro-
cessing [144]. It may be added in two ways: intentionally
and nonintentionally (through environmental contamina-
tion or via migration). Milk is a clear example of natural
food containing nanoparticles, where whey proteins with
the size of 30nm coexisted with 100nm casein micelles
[145, 146]. Various food proteins exist in the nanoscale by
nature, and simple triglyceride lipids are just 2nm long.
Nanoparticles can also be identified in traditionally proc-
essed foods like mayonnaise [147]. Most notably, the foods
are broken down in nanoscales during digestion before
assimilation. It is still confused whether the nanoscale pro-
cessing of food results in a different structure from those
natural foods or not [148]. A fair and clear has to be carried
out for distinguishing the engineered or inorganic nanopar-
ticles (nanofibers, CNT, and nanometals) and nanoparticles
produced from food [149].

Some of the intrinsic factors that depend on the type
of NMs, such as composition, size, charge, shape and bio-
degradability, aggregation, and biodistributions, are
included when the nanoparticles are coated [150, 151].
These intrinsic properties are the important factors to be
taken into account. Several international agencies, espe-
cially the International Standard Organization (ISO) or
the French N, have elaborated guidelines or protocols for
the risk evaluation in nanotechnology [152-154]. Charac-
terization and identification of nanomaterials in food
applications were included in the guidelines for the risk
analysis of food products by the European Food Safety
Authority. Research about the toxicological assays of nano-
particles has been observed to be increased over the recent

years. Experts in this field found that much of the research
is carried out by nonexperienced researchers, kept incom-
plete, or leads to wrong conclusions.

8. Technical Constraints and Challenges

Many hurdles are there in the field of nanotechnology. Even
though it has a significant potential to create innovative
products and food processing [155], making an edible deliv-
ery system with effective formulation for safety and human
consumption in an economic process is a major challenge
here. To ensure the wholesomeness of foods, the leaching
and migration of nanoparticles into the food products from
the packaging material has to be greatly concerned [156].
For instance, the disadvantages of solid lipid nanoparticles
are shown in Figure 11. Sometimes, the nanoparticles may
be added directly or indirectly from other sources or even
isolated because of their migration. The behavior of material
will be entirely different from the bulk materials [157].
Therefore, understanding the toxicity and functionalities of
nanoparticles is very important.

Su and Li reported that the nanoparticles enter the
cells and organs by crossing the biological barrier [158].
Different chemical methods are used for synthesizing the
nanoparticles, which creates hazardous by-products and
causes severe environmental pollution [159]. Therefore,
besides the public demand and popularity, an exclusive
regulatory policy, general concerns, biosafety, and a com-
prehensive risk assessment program must be considered
while packaging and processing nanooriented food prod-
ucts [160]. Studies concentrating on the interaction of
nanoparticles with living beings have to be approached
to improve their commercial application and generate eco-
friendly antibacterial nanoparticles [161].

9. Safety Issues, Regulatory Aspects, and
Health Risks

Nanopackaged foods may possess a health risk and an expo-
sure route due to the transfer of nanoparticles into the food
from the substandard packages. This effect depends on the
nature of the packaging matrix, toxicity, ingestion rate of
the particular food, and degree of migration of the nanoma-
terial used [162]. Nanoparticle-related health risk evidence is
increasing every day. Safety hazards and health-associated
risks are detrimentally affected by the enhanced activity,
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overconsumption, and bioaccumulation of nanobased prod-
ucts [163]. Echegoyen and Nerin found that the nanoparti-
cles of silver present in the packaging material may
migrate into the food and be taken in by humans. However,
the knowledge about the toxicity of such nanomaterials is
limited. But such migrated nanoparticles may accumulate
in various organs like the stomach, liver, kidney, and small
intestine [164]. A single oral dose of zinc oxide (ZnO) nano-
particles may result in hepatic injury, kidney damage, and lung
damage. Human health and the environment will be affected
by the application of titanium oxide and its end disposal.
Nanotechnologies’ application gathered significant attention
from international agencies, conscious customers, policymak-
ers, and other stakeholders [165, 166]. The nano-eco-bio
interactions are complicated by understanding monitoring
and the traceability of nanoscale materials’ chemical, physical,
and functional properties. Sequential case studies and scien-
tific research have to be carried out to pass legislation or draft
any regulation [167]. Understanding the behavior of nanoma-
terials is not at all an easy task. Because every nanomaterial
will behave uniquely in every individual product under differ-
ent specific conditions [168, 169], the academicians, con-
sumers, researchers, and food processors demand a global
knowledge platform for discussing and addressing all the
aspects of consumption, application, long-term effects, and
disposal. This will significantly enhance the application and
research in such an emerging field.

10. Futuristic Scopes of
Agriculture in Nanotechnology

Optimistic applications would not be available in all areas of
nanotechnologies. The negative perceptions about the inter-
ventions of nanotechnologies in the agricultural sector must
have to be taken seriously for its betterment. So, extensive
efforts have to be made based on the knowledge gaps to
improve and forward the futuristic research. Futuristic
research must be improved in finding ways to avoid the risk

factors associated with the usage of nanoparticles. Based on
the realistic approaches, the scientific community also has
to work together with the research community to improve
nanotechnologies in agriculture. Exploring and clarifying
the dose of nanoparticles within the safety limits needs to
be validated. To achieve this, a concentration-dependent
study in the natural soil system has to be attempted better
to understand nontoxic and accurate active doses of nano-
particles. The physicochemical characteristics in agriculture
have to be overviewed, which will help reduce the risk of soil
and plant biota. The soil environment has to be altered to
modify the nanoparticles’ transport, bioavailability, and fate
for reducing their subsequent toxicity. This will obtain ben-
eficial and safe applications for nanotechnology in agricul-
ture. For instance, soil conditions can be improved by
advanced soil management practice in bioavailability, reduc-
ing transport and further toxicity of nanoparticles with a sig-
nificant impact on the agricultural ecosystem.

11. Futuristic Scopes of the Food
Industry in Nanotechnology

Remarkable advances were brought up in applying food science
and research through nanotechnology. The maintenance of the
food quality could be assured by nanotechnology by detecting
the pathogens, pesticides, and toxins and monitoring them.
But these nanotechnologies require high-end equipment and
skilled labour. Some nanoparticles are developed as potent
nanocomponents, or still, those are at their infancy stage.
Researches in the following areas have to be carried out more
extensively for broader application of nanotechnology.

Most importantly, the challenges and safety aspects have
to be considered simultaneously. Innovative packaging devel-
oping an amalgamation of nanoparticles and antigen-specific
biomarkers for preparing nanocomposite polymeric films is
anovel idea that is slowly being realized. To expand the indus-
trial applications of such novel ideas, extensive research has to
be carried out in the future. In future years, the production and
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formulation of functional foods are likely to be extended by
nanotechnology-derived foods. Nanotechnology would rule
the whole food processing domain in the future if the rules
and regulations to this technology were led down to overcome
particular safety challenges. It is predicted that nanotechnol-
ogy will be an advanced technology with a tremendous growth
rate by 2050 to untangle most societal and industrial problems
due to its ability to find better solutions at both macro- and
microlevels.

12. Conclusion

Nanotechnologies have found many applications in agricul-
ture and food industries, such as nanopesticides, nanobiosen-
sors, nanofertilizers, and nanoembedded food packing. The
production of the crops will be increased during the optimum
usage of nanofertilizers. At the same time, the productivity of
the crops will be decreased in terms of improper nanofertilizer
usage. Therefore, the fate of nanomaterials and their impact
on the environment has to be understood clearly.

(i) Addressing the environmental issues, potential risk,
toxicity, and consequences of nanoparticles is very
much essential

(ii) Collaborative studies had to be carried out among
various institutions for developing multifunctional,
efficient, cost-effective, environment-friendly, and
stable nanomaterials

(iii) Bioremediation of nanoparticles should be explored
for developing an integrated remediation strategy.
Specific difficulties while incorporating nanotech-
nologies in food have to be concerned more with
the betterment of farmers and society

(iv) This article overviewed the recent trends and appli-
cation of nanomaterials in the agriculture and food
industries. Effective research must be carried out
collaboratively in different disciplines to overcome
specifically mentioned difficulties
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