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Agronanobiotechnology: Present
and Prospect

Abhaya Kumar Sahu, Swikruti Sonali Kar, and Punam Kumari

1 Introduction

Nanoscience, nanoengineering and nanotechnology offer plenty of a multitude of
possibilities altogether. They demonstrate a practical recourse in the agriculture and
agri-foodstuff areas, by offering a novel and progress scoring. In this light, we would
like to share some recent advances in nanotechnologies and NM structures that could
aid in food supply chain management and precision agriculture. Nanotechnology’s
applications and advantages in agriculture have gotten a lot of attention, especially in
the development of novel nanopesticides and nanofertilisers.

Because of insufficient natural gas and oil reserves, production cost intrusions
such as chemical fertilisers and pesticides are predicted to rise at an unprecedented
rate. Several state-of-the-art methods for enhancing precision farming techniques are
now available due to advances in nanotechnology, allowing accurate control at the
nanometre scale. Nanotechnology has many applications in agricultural equipment,
including increasing the resistance of machines and agricultural tools to wear,
corrosion and ultraviolet rays through the use of nanocoating; the supply by
nanocoating of durable mechanical elements and by biosensors for mechanical
applications and chemical weed management in intelligent machines. Manufacturing
of nano-covers for axes is to prevent friction. Nanotechnology is being used in the
manufacture of alternative fuels to minimise carbon emissions. Nanotechnology has
also demonstrated its ability to change the genetic constitution of crop plants to help
improve crops significantly (DeRosa et al. 2010). Pesticides and chemical fertilisers
were widely used during the green revolution, resulting in a loss of soil biodiversity,
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groundwater pollution and resistance to pathogens and pests. The provision of
pesticides for safety purposes is becoming increasingly important in nanotechnology
(Duhan et al. 2017). Nanotechnology in agriculture aims to minimise plant defence
constituent dosages, reduce loss of nutrients, locate pathogens of plants, monitor
residue of pesticide and raise output. A nanopesticide is a recipe used to maximise
the effect of plant protection products using NMs as an active component (Saratale
et al. 2018).

Agrarian nanotechnology is one of the main targets that needs immediate con-
sideration in developing new nanocomposites capable of carrying active ingredients
such as nutrients, fertilisers and pesticides. Farming programmes that focus on
climate, recovering soil infertility and creating a new drought-resistant crop are
among the other accomplishments that remain to be achieved to spread sustainable
agriculture practices around the world. Furthermore, environmental sustainability
and green chemistry principles must be built into nanotechnologies from the begin-
ning. Consequently, investments in the growth and effective implementation of
advanced agricultural technologies are crucial to enhancing agriculture and the
food processing sector. In addition, to minimise food losses and increase food
security, it can improve agricultural production, storage and transport (Shafiee-
Jood and Cai 2016). Through systematic interdisciplinary research and efficient
knowledge transfer, advanced analytical techniques are thus made possible using
various kinds of NMs, interfaces and devices and their properties (Anderson et al.
2016). Electrical, optical sensors or electromagnetic sensors and electrochemicals
are among the nanotechnology capabilities currently available in the market.
Advanced wastewater treatment systems are proposed for effective wastewater
treatment to overcome the lack of water supplies and low rainfall. The excessive
use of mineral fertilisers and pesticides causes huge pollution and severe health
problems (Yu et al. 2017). This improves the release mechanism and targeted
mineral and nanopesticidal supply which shows better activity with an excellent
protection efficiency compared to conventional pesticides.

Nanotechnology applications are unpredictable in farming due to its reliance on
various natural components such as weather, season, water, soil, and agriculture.
Therefore, the detection, registration, manipulation and storage of reliable and
accurate data for both biotic and abiotic components are essential to addressing
quality and food demand issues while ensuring environmental sustainability (Chhipa
2017; Servin et al. 2015). NMs can be used in agriculture on a broad spectrum, as
well as increasing crop production and improving soil quality.

1.1 What Is Nanotechnology?

Nanotechnology is an exciting interdisciplinary research area. The term ‘Nanotech-
nology’ was popularised by Bulovic et al. (2007) and Taniguchi et al. (1974).
Nanotechnology is a field of study that aims to create ‘stuff’ on the scale of atoms
and molecules, such as materials and computers. The diameter of a hydrogen atom is
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ten times that of a nanometre, which is one-billionth of a metre. A human hair is
80,000 nm in diameter on average. Ordinary physical and chemical laws may not
apply at such scales. Between the nanoscale and the macroscale, materials’ colour,
weight, conductivity and reactivity, for example, can differ dramatically. However,
just 6 times the mass of steel, carbon ‘nanotubes’ are 100 times more powerful. The
scientist who coined the word nanotechnology, Eric Drexler, has issued a warning
about the development of ‘highly powerful, extremely dangerous technologies’.
Nanotechnology has been lauded for its potential to increase energy efficiency, assist
in environmental sanitisation and address significant health issues. It is believed that
it can increase production efficiency substantially while lowering costs.
Nanotechnology-based goods, according to an engineers, it would be smaller,
cheaper, lighter and more durable, and would require less energy and raw materials
to manufacture. Nanotechnology has had a major effect on a wide variety of
businesses and everyday lives (Gruère et al. 2011; Scott and Chen 2013). NPs are
described as particles with a diameter of 1–100 nm, according to the Environmental
Protection Agency (EPA). This material is ideal for use in a variety of creative and
novel applications that solve social needs and problems due to its small size and
properties (Nakache et al. 2000). The future agriculture applications of nanotech-
nology and NMs, nutrition, disease resistance, delivery of genetic materials and
formation of soil structure are discussed in the following sections. NPs have unique
properties that enable them to be used in a variety of fields, including electronics,
medicine, pharmaceuticals, engineering and agriculture. NPs are materials with a
scale of fewer than 100 nm (Thomas et al. 2012).

1.2 What Are NPs?

NPs are a unique type of material having eccentric properties and a broad range of
assortments. NPs are thought to serve as a linkage between atomic structures and
material extent. Furthermore, because of their high surface-to-mass ratio and their
tiny capacity, inorganic NPs have special properties. Gold (Au) and silver (Ag) NMs,
among other metallic NPs types, have been developed, which have attracted a lot of
attention due to their outstanding success in a number of scientific fields, as well as
optics, biosensing and catalysis. Plant extracts are currently being used as inhibitors
and blocking agents in the development of NPs, which may be preferable to bacterial
synthesis because it eliminates the need for the complex method of culturing and
maintaining the cell. Because of their superior catalytic, optical and electrical
properties, NPs, especially Ag NPs, have found widespread use in opto-electronics,
detection, diagnostics, antimicrobials, catalysis and therapeutics (Sivakumar et al.
2012). Exceptional free-radical hunting, obstruction of carbohydrate digestive
enzymes (-Glucosidase and-Amylase), and a development in glucose absorption
rate were used to demonstrate the anti-diabetic potential of AgNPs derived from
Tephrosia tinctoria (Rajaram et al. 2015). Au and Ag NPs have recently been
synthesised successfully by utilising the leaf and root extract of Panax ginseng, a
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medicinal herbal plant (Singh et al. 2016). Netala et al. (2016) demonstrated that NM
toxicity risks are reduced when NMs are synthesised using biological processes,
allowing for biological applications (e.g. agriculture, drug delivery and bio-sensing).
Using nanotechnology in agriculture has numerous advantages when it comes to
plant disease management and overall development. Micro/macronutrients and
nanoformulations containing fertilisers, for example, have increased crop yield
while also serving as a biological controlling agent against numerous plant infectious
agents when combined and applied to crop development (Keswani et al. 2016).
Some NPs, such as magnesium (Mg), titanium oxide (TiO), zinc oxide (ZnO),
silicon (Si), and Ag NPs, play a role in indirectly suppressing plant infection by
antioxidant/antimicrobial/heavy metal absorption (Rastogi et al. 2019). NPs were
divided into biological NPs (as well as fullerenes) and inert NPs (Karthika et al.
2015). Inorganic NPs, such as noble metallic NPs, have recently received a lot of
attention because they have a lot of applications in medicine. A general overview of
NPs classification is as described below. The properties of Ag metal change drasti-
cally when it is decreased to a particle size of 1–100 nm and Ag-NPs are formed.
When AuCl4 or another Aurum salt (such as AuCl3) is reduced in the attendance of
catalysts or other reducing agents, Au-NPs are formed, resulting in a shift in the
noble metal’s basic properties on a scale of 1–100 nm. In solution, Au-NPs look
burgundy to purplish. They come in a variety of shapes, including spherical rings,
nanorods, decahedral, tetrahedral, sub-octahedral triangles, hexagonal, octahedral
and icosahedral, among others (Alaqad and Saleh 2016). Ag and Au-NPs are the
most widely studied. NPs is also made from metals such as Pb and Cu, non-metals
such as Se and heavy metal oxides such as ZnO and SnO2. Rajan et al. (2016)
investigated the antibiotic efficacy of ZnO NPs and discovered that they are effective
against pathogenic bacteria. The representative applications for different types of
NMs are listed in Table 1.

1.3 Application of Nanotechnology in Agriculture

Natural or manufactured NMs are used in agriculture. Engineered nanomaterials
(ENMs) are divided into three categories: combined, inorganic, and organic
containing modified surface mud. There are also applications for salts, heavy
metal oxides, nanotubes, heavy metals, fullerenes and black carbon. Micelles and
liposomes in lipid-based NMs have a high degree of stability. Self-assembling
molecules are often used to make protein-based NMs (Puri et al. 2009). The use of
engineered natural microorganisms (ENMs) has been shown to improve plant
germination and productivity (Servin and White 2016). Many trees are excellent
for NM absorption and storage. The cell of plants’ interactions with ENMs can guide
changes in the expression of plant genes and related biological pathways that can
impact plant production and growth. ENMs vary according to the stage of growth,
phase and exposure time for various plant species (Panpatte et al. 2016). Applica-
tions in agriculture to improve efficiency are illustrated by many nanotechnology
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Table 1 Different types of nanomaterials and their applications

Nanomaterials
(NMs)

Nanofertilisers Nano Fe/SiO2 Enhanced maize and barley
seedlings shoot length by
approximately 20.8% and
8.25%, respectively

Zhao et al. (2017)

ZnO, TiO2, MWCNTs,
FeO, ZnFeC4-oxide and
Hydroxyfullerness

Growth and production of
crops with enhanced effi-
ciency of many crop species
including spinach, peanut,
mungbean, soy, onion,
wheat, tomato, wheat, mus-
tard and potato

Shinde et al.
(2020), Derbalah
et al. (2018)

Zinc/Boron, generated on
the chitosan emulsion
NPs by mounting ZnSO4

and H3BO3

Enhanced consumption of
zinc, chlorophyll elements
and coffee’s photosynthesis

Wang and
Nguyen (2018)

Nano-zinc and boron Increase fruit yields and con-
sistency, rises in pH on
pomegranate (Punica
granatum) juice without
impacting the properties of
any fruit attribute

Shehzad et al.
(2018)

TiO2 Compared with plant control
Glycine max L, a beneficial
impact on the oil yield, seed
and other elements

Rezaei et al.
(2015)

Nano Fe3O4 Increase the disponibility of
iron and protein in plants,
often used for chlorosis
treatment

Siva and Benita
(2016), Rui et al.
(2016)

TiO2 and SiO2 Minimised Cd toxicity and
increased development by
promoting the ability of anti-
oxidants and preventing
translocation of Cd in the
Oryza sativa plant

Rizwan et al.
(2019)

Nanopesticides ZnO, CuO and Ag-NPs Symptoms of soil-borne dis-
ease and B. cinerea in Prunus
domestica fruits with the grey
mold have been eliminated

Malandrakis
et al. (2019)

Ag-NPs The development of
Xanthomonas axonopodis pv.
malvacearum and
Xanthomonas campestris
pv. campestris in vitro in
Vigna unguiculata could be
inhibited and there were no
phytotoxicity

Vanti et al.
(2019)
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Table 1 (continued)

Nanomaterials
(NMs)

ZnO Interruption in
Callosobruchus maculate
larval and pupal growth and
development

Malaikozhundan
et al. (2017)

Nanofungicides Al2O3 NPs Treated effectively rot root
Fusarium in Solanum
lycopersicum tomato

Shenashen et al.
(2017)

Metallic NPs Antibacterial and antifungal
activity in plants

Slavin et al.
(2017)

AuNPs Antifungal activity in
Candida albicans

Aljabali et al.
(2018)

ZnO Applied to plants in case of
fungal phytopathogens,
named Penicillium
expansum, Aspergillus niger,
Fusarium oxysporum, Botry-
tis cinerea, Alternaria alter-
nate, etc.

Jamdagni et al.
(2018)

Chitosan/silver combina-
tion (Ag@CS NPs)

Efficacious to rice blast trig-
gered by Pyricularia oryzae

Pham et al.
(2018)

Nanoherbicides Atrazine nanocapsulation Reduced root and shoot
growth in B. pilosa and
reduced the operation of
photo system II

Sousa et al.
(2018)

2,4-
dichlorophenoxyacetic
acid (2,4-D)

Rice husk waste was surface
adsorbed with 2,4-D to serve
as an herbicide nanocarrier.
And they demonstrated
reversible and improved
sorption of 2,4-D which
shows their uniqueness to be
a strong carrier for herbicide
encapsulation

Abigail et al.
(2016)

Seed
germination

ZnO Enhanced rice germination
and raises length of radical
and plumule

Upadhyaya et al.
(2017)

Six metal oxide NPs
binary mixtures (TiO2,
Fe2O3, CuO, NiO, Co3O4

and ZnO)

Improved Brassica seed
germination

Ko et al. (2017)

SiO2 Boost the germination of the
seed

Alsaeedi et al.
(2018)

approaches. This included nanoformulation for crop protection, detecting
nanobiosensor toxicity, genetic alteration of plants by nanodevices, effective diag-
nosis of disease and the advancement of agrochemicals. The gain of nanoarrays from
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genetic content and protein supplies in crop designing, drug supply, pathogen
detection and environmental control that need to be monitored (McLoughlin 2011;
Pandey et al. 2010; Mir et al. 2017). For resisting plant pathogens and for immersive
agrochemicals nanofilms, nanofibrous pads and quantum dots (QDs) open up a new
opportunity for agriculture and in other sectors. Crop germination and seedling
growth were found to be unaffected by QDs at low concentrations. QDs may also
be used to check identified physiological processes in plant root systems using live
imaging (Das et al. 2015a, b). For their nanofertiliser properties, FeO, TiO2, urea
hydroxyapatite, ZnO, nSiO2 NPs and carbon-based NPs have all been examined
(Kottegoda et al. 2017; Subbaiah et al. 2016). Nano ZnO, SiO2, FeO and TiO2 are all
examples of nanofertilisers. In the last ten years, there has been a comprehensive
study of many NPs for metal oxides such as TiO2, Al2O3, CeO2, ZnO and FeO for
agricultural processing. Both micronutrients and fertilisers were found to increase
the condition of the soil at the nanoscale (Jose and Radhakrishnan 2018). The use of
TiO2 NPs in soya has shown that the content of nitrate reductase and the absorption
of water and the antioxidant process are substantially increased (Kataria et al. 2019).
Nano-encapsulated formulations of pesticides require low dosages of pesticides, and
therefore human exposure, with limitable side effects, to make them safe to protect
crops (Nuruzzaman et al. 2016). The mesoporous silica NPs (MSNPs) were
suggested for chemicals and DNA transmission into the isolated plant cells
(Yi et al. 2015). Prunella vulgaris callus proliferation was also boosted by
Au-NPs and Ag-NPs, either singularly or in combination (Faizal et al. 2016).
Colonisation and film growth can all be examined with nanofabricated vessels
which simulate capillary activity as well as following the xylon-inhabiting bacteria’s
movement and recolonisation (Jose and Radhakrishnan 2018). The schematic rep-
resentation of applications of nanotechnology is depicted in Fig. 1.

1.3.1 NMs in Nutrient Addition

The use of nanotechnology to provide nano-sized nutrients for crop production is
known as nanonutrition (Mura et al. 2017). The researchers used both biotic and
abiotic NPs. Inorganic sources such as salts are used to make the abiotic form of
nutrients or NPs, but this is harmful since many of these are not biodegradable. We
will make micronutrients and macronutrients more accessible to plants by using
nanonutrition. Insect and pest defence using nanotechnology has been used on
plants. Nanofertilisers can improve nutrient uptake and aid in the development of
more intensive, sustainable agriculture. Weanlings have been given casein micelles
as a source of nutrition. Since these particles are cleared in the stomach proteolyt-
ically, the animals of farming are not at risk (Day et al. 2015). Akbari and Wu (2016)
suggest encapsulating and shedding hydrophobic and hydrophilic bioparticles of the
harsh stomach world using canola proteins cruciferin as NPs. In addition, the volume
of iron increased in sunflowers by the Fe3O4 coated EDTA NPs (Shahrekizad et al.
2015). The growth of peanuts is boosted by an increased supply of iron and iron



50 A. K. Sahu et al.

Growth Promotion

Formation of
Soil structure

Recycling of water in
Agriculture

Bio-
nanosensors

Gene Delivery

Improved Food
quality

Nutrient
Acquisition

Plant Disease
Management and

Detection

Nanosensor

Nanofiber

NANO-TECHNOLOGY

Nanoscale

Nanobarcode

Nanoparticles

Nanocapsule

A
pp

lic
at

io
ns

Plant Tissue Culture

Fig. 1 Various types of nanotechnology applications are using in agriculture

oxide NPs (Rui et al. 2016). The implementation of Zinc-boron nanofertiliser
prepared with ZnSO4 loading chitosan NPs emulsion in coffee leaves enhanced
Zn, N and P uptake, and improved chlorophyll content (Wang and Nguyen 2018).
When exposed to different amounts of Cu-NP, the number of Cu+2 ions produced by
Cu-NPs did not affect Phaseolus radiatus and Triticum aestivum. Saharan et al.
(2015) demonstrated that CuO-NPs can be used in hydroponic environments, shifted
and biotransformed by rice plants, but even Cu-NP is bioavailable. The casparian
NPs will pass into the exodermis, epidermis and cortex of the root before reaching
the endodermis. Tomatoes’ early blight and Fusarium wilt may be treated as
antifungal agents with Cu-chitosan NPs.
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1.3.2 NPs Promote Plant Growth

Researchers worldwide have also researched this growing promotional behaviour of
unique metal NPs (Salem et al. 2015). In Brassica juncea plants treated with iron
sulphide (FeS) NPs, activate RuBisCo small subunit (rubisco S), RuBisCo big
subunit (rubisco L), glutamine synthase (GS) and glutamate synthase (GltS). The
mechanism by which FeS NPs have caused growth and yield increase is thought to
be the carbon and nitrogen assimilation pathways that are activated at various growth
stages. Rawat et al. (2017) announced that Brassica juncea 7-day seedlings exposed
to Ag metal NPs have growth and antioxidant status (at 0, 25, 50, 100, 200 and
400 ppm). Ag NPs treatment improves the fresh weight, root and shoot length and
vigour index of seedlings. The treated seedlings had a 32.6% increase in root length
and a 13.3% increase in vigour index. ArgovitTM is an Allium cepa AgNP formu-
lation. The concentration level for polyvinylpyrrolidone (PvP)–AgNP formulations
tested is 10–17 times higher than those formerly announced and has not caused
genotoxic or cytotoxic damage to A. cepa. (10–1666 g/mL completed formulations).
Favour development without damaging roots or bulbs, in other words, low concen-
tration (5 and 10 g/mL) (Francisco et al. 2020). The benefits of nanofertilisers are
lower degradation of water bodies, less ground contamination, delayed and constant
release of nutrients, an improvement in output yields, better photosynthesis
(Mehrazar et al. 2015). Fe2O3-NPs rise the content of plant protein and iron to
reduce chlorosis disease (Siva and Benita 2016). Hafeez et al. (2015) demonstrated
that Copper (Cu-NP) improved wheat cultivar in the Millat-2011 crop and yield by
growing chlorophyll content, leaf area and root dried weight and shoot dried weight.
Yassen et al. (2017) reported that the SiO2 nanofertiliser application rises cucumber
growth and production by increasing the phosphorus and nitrogen content of the
plant. Chitosan is a randomly dispersed polymer, connected to biodegradable and
biocompatible N-acetyl-glucosamine units and β-(1,4)-D-glucosamine. Several
examples show that chitosan NP application results in impressive plant growth.
Nano chitosan-NPK 239 fertiliser enhances the growth and productivity of wheat
plants grown in sandy soil (Abdel-Aziz et al. 2016). Chitosan–polymethacrylic acid
(PMAA) NP in pea plants increases the build-up of starch at root ends. In addition,
protein production such as legumin and vicilin was increased (Khalifa and Hasaneen
2018).

1.3.3 Management and Detection of NMs in a Plant Disease

Appreciating the mechanism of contamination and propagation, and then looking at
modes by which this can be alleviated, is the most critical aspect of plant disease
management. However, this was a problem until recently when we were able to
investigate the intercommunicating use of nanofabrication between plant and disease
agents to know better how microbes migrate. By nanomanufacturing the xylem
system, we could better appreciate the mechanism of the microbes in the xylem
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system. Earlier, all such experiments would need tissue damage to produce a good
picture of the process. Ag NPs in an investigation performed by Medda et al. (2015)
showed an inhibitory influence on fungal germination and budding. In addition to
the structural disruption, there have been changes in the sugar, lipid and protein
content. Ralstonia solanacearum is one of the species affected by Ag (Aravinthan
et al. 2015). Antibiotic use must be restricted and monitored, and procedures must be
developed under which NPs can effectively prevent the spread of diseases
(Huijskens et al. 2016). Studies indicate that heavy metal NPs can lysis negatively
loaded membranes of bacteria because of their load (Gahlawat et al. 2016). Such a
case was the splitting of the ß-lactam ring with certain microorganism. A ß-Lactam
antibiotic containing NPs blocks the tendency of microbes to cleave (Kalita et al.
2016). The biocidal function of the membrane cell wall of bacteria has been
established by hydrogels made from NPs such as qPDMAEMA (Xu et al. 2015).
Cu-chitosan NP inhibited the growth of Alternaria solani and Fusarium oxysporum
in tomatoes by 70.50 and 73.5%, respectively (Saharan et al. 2015). In the case of
Macrophomina phaseolina, 25% of ball mouldings are more antifungal in the
combination of nanotrifloxystrobin and 50% of tebuconazole (75 WG) fungicide
than conventional fungicides (Kumar et al. 2015). Chitosan (CS) and Ag NPs (also
called Ag@CS NPs) were antifungal activity in opposition to the rice explosion
which was created by Pyricularia Oryzae (Pham et al. 2018). The antifungal and
antiprotozoal activity of ZnO-NP with ciprofloxacin and ceftazidime were detected
in Aspergillus niger, Alternaria alternativeata, Penicillium expansum,
F. oxysporum, and Bancroftian filaria. The maximal antifungal efficacy was reached
when 0.25 mg mL–1 ZnO-NPs were paired with 8 mg mL–1 ciprofloxacin and 32 mg
mL–1 ceftazidime (Jamdagni et al. 2018). Anti-fungal experiments have been
conducted utilising zinc oxide NPs (ZnO-NPs) with results indicating that
ZnO-NPs have a significant ability to inhibit the growth of fungal infectious agents
(Khan et al. 2019). Arciniegas-Grijalba et al. (2017) have been studied the antifungal
impact of ZnO-NP on Erythricium salmonicolor pink coffee disease. Two categories
of ZnO synthesised at several concentrations have been utilised to quantify inacti-
vation of fungal mycelial formation. High Resolution Optical and Microscopic
(HROM) and Transmission Electron Microscopy (TEM) were found to prevent
growth and morphologic transformation such as dilution of hyphae fibres and fungal
clumbing patterns at 9 mmol L–1 zinc acetate (ZnC4H6O4). The CuNP-based
settlement of F. culmorum, F. équiseti and F. oxysporum has decreased substan-
tially, according to Bramhanwade et al. (2016); Staphylococcus aureus, Escherichia
coli and Proteus vulgaris colonisation was studied by Mishra and Sharma (2017)
who found that most of them were inhibited by P. vulgaris colonisation while
S. aureus colonisation was least inhibited. Both of these have a minor inhalation
effect on colonisation by Ag NPs Staphylococcus aureus, Bacillus cereus, Listeria
monocytogenes, Salmonella typhimurium and E. coli (Patra and Baek 2017). The
combined antimicrobial chemicals and Ag-NPs have had a greater inhibitory effect
and are known for their antifungal property (Khan et al. 2019).
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1.3.4 NPs in Management of Pests

Biopesticides have long been praised as a cleaner alternative to chemical pest
control, offering a lower risk to humans and the environment. Natural materials
are used in their production, such as animals, trees, bacteria and nematodes. Because
of their efficacy, target precision, biodegradability, environmental protection and
appropriateness of integrated pesticide control (IPM) programmes, biopesticides are
gaining popularity. Biopesticides still account for just 2% of all plant protectants
used worldwide, despite an upward trend in growth for the last two decades.
Agriculture’s use of biopesticides is perfectly matched with industry trends that
encourage safe eating while still preserving the environment. Residue-free food is
becoming increasingly popular among consumers. The most common insect pest
control biopesticides are secondary metabolites, including tannins, polyphenols,
glycosides, flavonoids and alkaloids. Examples are Tagetes, Acorus, Gnidia,
Argemone, Vitex, Ocimum, Chrysanthemum, Annona, Calotropis, Neem and
Toddalia (Singh et al. 2014). Siva and Kumar (2015) grew Ag NPs taken from
Aristolochia indica leaf extract. Laboratory biosecurity against Helicoverpa
armigera III instar larvae demonstrated a rise in the larvae efficacy of antifeedant
with lower values of (Lethal Concentration) LC50 of 84.56 and 309.98 mg mL–1

compared with LC50 values of 127.49 and 766.54 mg mL–1 or crude aqueous extract.
In environmentally safe way, silver and plum NPs are synthesised. Sitophilus oryzae
pesticide operation with a 100% success rate (Sankar and Abideen 2015). Cotton
leafworm larvae are completely eradicated when the CuO-NPs are used, such as
Spodoptera littorals (Shaker et al. 2016). Callosobruchus maculatus larva and pupal
development are delayed with Bacillus thuringiensis coated ZnO NPs. The Bt-ZnO
NPs are effective nanopesticides against C. maculatus, according to the study
(Malaikozhundan et al. 2017). The different types of nanoagrochemicals, along
with their applications, are schematised in Fig. 2.

1.3.5 Nanomaterials Utilised in Plant Tissue Culture

Some of the techniques used to remove microbial infections from explants include
somatic embryogenesis, callus induction, somaclonal variation, organogenesis, sec-
ondary metabolite and genetic transformation enhancement. These are just a few of
the applications for NPs in plant tissue culture. It has been demonstrated that adding
ZnO-NPs to the MS medium results in cultures being free of infection (Helaly et al.
2014). In a temporary immersion bioreactor method, Ag-NPs (Agrovit) seemed to
have potential hermetic effects on the regeneration of Vanilla planifolia (Spinoso-
Castillo et al. 2017). Prunella vulgaris callus proliferation was also improved by
Au-NPs and Ag-NPs, either singly or in mix (Faizal et al. 2016). It has been
demonstrated that incorporating Ag-NPs into tobacco can help to reduce the harm
caused during protoplast isolation by cellulolytic enzymes (Bansod et al. 2015). It
has been demonstrated that increasing the quantity of ZnO-NPs in the MS medium
causes Lilium ledebourii to accumulate more special bioactive compounds (Chamani
et al. 2015).
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Fig. 2 Types of nanoagrochemicals application

1.3.6 Agricultural Nanotechnologies and Water Recycling

Water is one of the most important and critical elements in agriculture. In agriculture,
it is a valuable and expensive commodity. However, the water used for irrigation in
most agricultural communities comes from a polluted origin. This contagion could
come from any type of waste disposed in the household or in the industry. These
infections are detrimental to both the yield and the soil fertility (Fatta-Kassinos et al.
2011). Nanoporous materials, certain membranes and other NMs have recently been
used in wastewater treatment as a result of recent nanotechnology implementation
(Prasad and Thirugnanasanbandham 2019). The following are some of the
approaches that can be used to improve the consistency and protection of water:
(1) Biological hazard purification, (2) Pollutant removal and tracking, (3) Wireless
nanosensors.

1.3.7 Agricultural Waste Recycling Applications for Nanotechnology

A broad community of researchers is investigating how green technologies can be
used to solve current and potential problems. These items must be marketable,
ideally and biodegradable. Agricultural waste (AW) can be used to produce green
technology-based products (Sangeetha et al. 2017). Over time, the volume of farm
waste has increased as a result of the increasing productivity of the agricultural
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sector. The majority of farm waste is made up of leaves, stems, empty fruit bunches
and different plant materials. They contain a lot of lignocellulosic content (Abdul
Khalil et al. 2012). Uses have been developed for nanocellulose of cellulosic
material derived from industrial waste. In addition to nanocellulose, efforts were
made to withdraw noble metals from plant waste for utilisation in medicine supply
organisations (Mahal et al. 2013). Au-grape waste NPs are associated with breast
cancer cells in humans and are soluble in vitro in cancer inspect (Krishnaswamy
et al. 2014).

1.3.8 Nanobiosensor Act as a Biodetector in Soil and Plants

Nanobiosensors are made up of small, transducer-based materials which transmit
signals to reconnaissance elements so that a single or multiplex analysed analyte can
be detected. These include NMs, QDs, magnetic, carbonaceous and noble metals,
signal transduction (electro-chemical, optical and magnetic) and recognition ele-
ments (antibodies, aptamers, proteins, and enzymes). Moreover, the recognition
elements are further categorised into single analytes metalloids (nutrients, pesticides,
soil humidity) and multiplex analytes metalloids (Pb, Hg, Ni, Cr, Cd, Cu, As). These
are employed for use for deployment for nanosensor design (microfluidic,
optofluidic and substrate/scaffold devices) which is shown in Fig. 3. Fictionalisation,
immobilisation and miniaturisation are the intriguing features of nanobiosensors
which integrate transduction system biological components into complex architec-
ture to increase NMs’ analytical performance (Arduin et al. 2016). The
nanobiosensors have an on/off feature, detect analytes in parts per trillion (ppt)
and limit the matrix analysed centred on nanoformulation (Antonacci et al. 2018).

The complementary content explains the most commonly used nanobiosensors,
their sensing techniques and their use in soil and water systems analysis. Early
application of the soil can help prevent adverse effects. Are there considerable health
threats due to the concentration of highly toxic metal ions in arable soil and plants
beyond thresholds? They are studied using chemical optical sensors that employ
electromagnetic radiation as a means of identifying the binding of them with organic
immobilised colour in the sample (Gruber et al. 2017). Two popular optical sensors
for heavy metal ions in fluvial water or fluorescent soil and superficial dispersal of
Raman are improved (SERS) which are designed with biological macromolecules/
reduced metal oxides. The use of lightweight nanosensor designs for consumption or
commercial use of metal ion detection may be better combined with micro-fluid or
paper chip strategy (Ullah et al. 2018).

Urea (most widely used fertiliser for the yield of crops), nitrate, nitrite and urease
cause eutrophication and have environmental effects and contaminants in water
(Delgadillo-Vargas et al. 2016; Mura et al. 2015). Based on microfluid impedimetric
and colorimetric assessments, the detection of these infections in soil and water is
done using nanobiosensors. After all, precise and efficient nitrogen compound
detection using nanobiosensors offers a spatial and temporal variance in the field
of nutrients, allowing for the tracking of their concentration, fertiliser analysis, and
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Fig. 3 Types and applications of nanobiosensors

application in smart farming. To calculate the soil’s humidity level, nanostructured
particles with improved functions such as rapid reaction, sensitivity, stability and the
potential to be used repeatedly. Two examples of ceramic-based nanobiosensors
with a wide range of sensitivity and reaction include limitable electrodes and
graphene oxide (rGO) films for AgPd. By transporting ions and graphene oxide
concentration, these sensors take advantage of the attributes of NM and ceramic
materials. In inclusion, the NM-based soil quantification biosensor is used for soil
analysis in infant stages, and the water solutions for complete organic matter, sodium
chloride, organic carbon, residual nitrates and phosphates are restricted only to
in vitro conditions (Antonacci et al. 2018). Nanotechnology, known as artificial
intelligence technologies and next-generation sensors, has been utilised in robotic
nose cones (e-noses). They are widely used in yield field to follow producing
methods and plant diseases evaluation, infestation by insects or toxins in soil and
water. Although the use of nanotechnologies leads to a new age of intelligent
agriculture and minimises associated danger, the widespread use of agricultural
and food goods based on NMs and nanosensors that have become less likely to
remain in motion has posed concerns about the environment and the health of human
beings.
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A recent two-year study has shown a useful impact on a microbial and enzymatic
community when low levels of nCuO and nZnO (10 mg kg–1) were used (Joko et al.
2017). Denitrification (11-fold increase of NO3 concentration) was significantly
inhibited by another study, and lower levels of nCuO (10 and 100 mg kg–1) would
not have a repressive outcome (Zhao et al. 2017). Microbial biomass countervailing
results and comfortability of NPs are mostly dictated by the number of NPs applied
in the soil. The Ag NPs were found to only harm the activity of microbials by adding
a higher dose of Ag to the crop field (Rahmatpour et al. 2017; He et al. 2018). An
analytical sensing unit is a biosensor designed exclusively for the evaluation and
readability of biological interactions using electromechanical elucidation and trans-
duction. Nanobiosensors containing biofertilisers, including B. subtilis, Pseudomo-
nas fluorescens, Rhizobium sp., Paenibacillus elgii, Azospirillum sp., and
Azotobacter sp. encourage crop plant growth under in vitro conditions (Shukla
et al. 2015). Enzyme-based electrochemical biosensors were created by mixing
enzymatic response and electrochemical methodologies (Vimala et al. 2016). Ace-
tylcholinesterase (AChE) amperometry biosensors are used to detect pesticides and
prevent AChE. Xiong et al. (2018) conducted a short report on the advances and
issues of organophosphorus pesticide detection in enzyme-functional nanostructure
biosensor. A dependable, sensitive, time-saving approach for electrochemical bio-
sensors reduces pre-treatment steps and can be paired with other analytical tech-
niques (Bakirhan et al. 2018). Coal nanotubes (CNTs), which have a particular
combination of chemical, electrical, physical and operative properties, can act as
scaffolds for the immobilisation of biomolecules on their surfaces, making them
suitable for transmitting signals relevant to the study of analytes, biomarkers of
disease, or metabolites (Tîlmaciu and Morris 2015). The responsive device of silicon
nanofilms (SiNWs) formed by self-assembling (vapour–liquid–solid mechanism)
and consistent with the silicon reduction and integration technology of Complemen-
tary metal–oxide–semiconductor (CMOS) systems is designed to provide easy and
low-cost bacterial sensor supporting hanging bacteria and improving bacterial sen-
sitivities (Borgne et al. 2017). Several fertilisers, herbicides and pesticides may be
traced and used in real-time, as well as insecticides, heavy metals, organic contam-
inants and pathogens (Kumar et al. 2015). Increased pesticide use for various
agricultural activities has helped to create breaking sensors to investigate the dis-
tinctive chemical and the physical characteristics for pesticide residue detection of
NMs. Thus, ‘nanosensors’ are developed for traceability and detection of physico-
chemical characteristics in otherwise difficult locations and can have higher accu-
racy, lower limit recognition, selectivity, speed and portability over traditional
techniques of identification (Fraceto et al. 2016).

1.3.9 Nanofertilisers Role in Agriculture

Nanofertiliser is a fertiliser made of nanosized molecules coated in a biosensor-
coated polymer that releases the particle once the soil is needed. Montreal is the first
company to manufacture nanofertilisers successfully. The fertiliser was created by
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inventing a process for using bacterial enzymes to disassemble the corresponding
salts into nanometres. In India, for the first time in the world, a biosynthesis process
for producing nanofertiliser was developed for the maintenance of soil-nutrient
equilibrium. A nanoparticulate with polymer layer (working as a biosensor) can be
used. Types of nanofertiliser are as followed. (a) Nanoporous zeolite, (b) Zinc
nanofertilisers, (c) Nanoherbicides, (d) Nanopesticides, (e) Carbon nanotubes,
(f) Nanoaptamers and (g) Boron nanofertiliser.

In contrast to chemical fertilisation, nanofertilisers seem to be more convenient.
Nanocoating and technologies can assist in several ways to minimise costs and
improve efficiency in the form. Soil accumulation, moisture absorption and carbon
accumulation are also improved. The word nanotechnology often raises some health
and environmental threats and issues. When it comes to danger and protection, only
certain places would be pertinent. Initial NM experiments have caused significant
risks to health and adverse consequences, even though tissue disruption in the human
body affects all essential species.

1.4 Nanopesticides Role in Agriculture

The use of biopesticides is restricted due to their low and environmentally reliant
efficacy in the fight against harmful effects of traditional pesticides. Nanopesticides
should overcome these disadvantages. Sluggish degradation and controlled release
of active substances from suitable NMs will ensure effective pest management for a
long period (Chhipa 2017). As a result, nanopesticides are critical for the efficient
and healthy management of a variety of pests, and they can help to minimise the use
of traditional chemicals and the related environmental risks. To increase their
effectiveness, nanopesticides are significantly more effective than traditional pesti-
cides (Kah et al. 2019). Because AI solubility is improved by NPs, the environmental
effects are considered to be smaller than conventional insecticides (Kah and Hof-
mann 2014).

Nanopesticides are not used so much as frequently as regular pesticides. They
save money. Their output and lower costs of input by reducing waste and labour
often increase pesticide productivity and seed quality. After all, for many reasons,
nanopesticides (Ragaei and Sabry 2014) can cause health problems, including those
reported by the EPA, the USA as follows:

1. Owing to their incredibly small size, dermal absorption of nanopesticides can
pass through cell membranes.

2. By inhaling, they fully go into the lungs and pass to the brain via the blood–brain
barrier.

3. The longevity and reactive capacity of certain NMs pose environmental
issues and
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4. The lack of awareness to quantify the exposure of the atmosphere in
engineered NMs.

The findings are reassuring in terms of the staggered extraction of bioactive
compounds from numerous crop pests and are valuable instruments for future
activities to monitor agricultural pesticides. In recent years, nanosilica has been
shown to be effective against insect pests in grain-based outcomes (Gamal 2018).
Hashem et al. (2018) have illustrated the red beetle oil (Tribolium castaneum) as
being of increased strength and stability and concluded that nanoemulsions would
mitigate the use of possibly hazardous artificial pesticides to combat insect pests.
Weeds are increasingly threatened by urban cultural agriculture. Most
nanoherbicides have biodegradable polymers and herbicides’ efficacy can be
strengthened. Atrazine is depicted by Poly (ε-caprolactone), for instance, because
of its good physicochemical properties, improved bioavailability and biocompati-
bility (Abigail and Chidambaram 2017). An analysis of atrazine Foliar’s involve-
ment in nanoformulation (Brassica juncea L. Czern.) plant showed an herbicide-
specific interaction through to the leaves’ vascular tissues (Bombo et al. 2019). This
resulted in a good ability to maintain low herbicide activity concentrations and
greatly increase herbicide performance. Similarly, the sleek amaranth (Amaranthus
viridis L.) was more popular than the hairy beggarticks (Bidens pilosa L.) (Sousa
et al. 2018). Nanoformulations are thus generated as effective nanoherbicides
for treating weeds as depicted in Fig. 4. Herbicides encapsulated in poly
(ε-caprolactone) are less toxic to Pseudokirchneriella subcapitata and Prochilodus
lineatus than herbicides alone, but they are more toxic to Daphnia species
(De Andrade et al. 2019). Stringent approaches to risk analysis of nanoparts can
be used to characterise the positive forms of molecular and cellular nanopesticides
focused on these threats and other studies of NPs (Pandey et al. 2018; Diez-Ortiz
et al. 2015; Tiwari et al. 2020).

Fig. 4 Effects of nanoherbicides on weed plants
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2 NPs-Mediated Gene Delivery

The plant cell wall, which renders genetic manipulation even more elusive in plants
than in animal cells, is another major impediment to replacing plants with new and
improved traits. Gene of interest transfer in plants can manifest in many ways, along
with agrobacterium-mediated transformation, electroporation and biolistic particle
transfer (Rivera et al. 2012). While efficient in a variety of plants, these methods
possess disadvantages such as reduced plant species productivity, irreversible dam-
age to target tissues and other issues. Tissue culture requires regeneration, which is
labour-intensive, as well as the unwelcomed alien genome (Joldersma and Liu
2018). It has a wider range of agricultural research applications, including the use
of nanocides to treat plant diseases, enzymatic nanobioprocessing to generate energy
from AW, and as a possible gene carrier. NPs, nanofibres and nanocapsules are
among the instruments available for gene manipulation (Wang et al. 2016). Methods
of gene transmission mediated by NPs have many advantages for transgenic plant
development, including passive biomolecule delivery to plants, which is beneficial
because it is a minimally invasive, species-independent process, and it allows for
plants that have been genetically altered in vivo (Cunningham et al. 2018). Kámán-
Tóth et al. (2018) recently developed Agrobacterium tumefaciens electroporation
which was performed on a direct overnight-grown culture plate and also found to be
easy and efficient, minimising the probability of cell injury during the processing of
A. tumefaciens cells, reducing the number of washing measures and removing the
need for a shaking incubator. The observational study of centrophenoxine on
T. aestivum L. is remarkable, a drug-derived compound that selectively stimulates
auxin synthesis and removes the highly corrosive product 2,4-D (Ismagul et al.
2018). By combining the cotton worm’s chitinase gene with cells bombarded on
maize cells, Osman et al. (2015) were able to establish an insecticide-resistant maize
plant that was resistant to Sesamia cretica, the corn borer. The potential for trans-
formation using biolistic approaches is limitless. A reporter gene, egfp was found in
a seasonal liana, Tripterygium wilfordii delivered by particle delivery system (PDS)/
1000 and had been modified often with hygromycin. The size of the particles, the
amount of plasmid DNA used, the helium strain used, and the distance from the cell
at which the particles are bombarded are all factors in obtaining high-efficiency
(19.17%) transformants (Zhou et al. 2018). They have a higher surface-area-to-
volume ratio due to their small size. NP-mediated carrier systems are one of the
most significant uses, and due to their unique optical properties, they are still the
most popular route for delivering biomolecules, particularly genes, into the host
(Karimi et al. 2016). In alfalfa plants, Amani et al. (2018) used positively charged
polyamidoamine (hPAMAM dendrimer) NMs in combination with transgenic using
ultrasound and identified them as genetically transformed plant cells using the GUS
reporter gene.
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3 NPs Identified Environmental Pollutants and Remedy
Nanotechnology

On our developed planet, responsive identification and successful elimination of a
growing array of chronic and evolving environmental contaminants face significant
challenges (Liu et al. 2011). Onsite installations can include sensors, diagnostic and
remediation instruments that allow close monitoring of environmental factors. As a
result, plant growth and safety, as well as agricultural production, are improved and
agrochemicals are decreased in precision agricultural terms. NMs are versatile
products in general environmental contamination, identification and remediation
techniques. Environmental contamination is one of the world’s biggest issues (Das
et al. 2015a, b). It is possible that chemical compounds of either natural or anthro-
pogenic origin have polluted the soil and groundwater in sufficient quantities to pose
a significant health or climate risk (Thomé et al. 2015). In nanotechnology, these
environmental issues relating to soil and water conservation are seen as potentially
sustainable solutions. New cost-efficient ways of eliminating soil contaminants like
heavy metal/metalloids, dyes and organic pollutants can be contributed by a tech-
nique based on nanotechnology, as well as for the treatment of sewage and waste-
water. Heavy metal ions and organic molecules have also been removed using metal
oxide NPs. Due to its redox cycle, ion exchange, high contaminant affinity and
magnetism, iron oxides have already been frequently used as potential adsorbents in
the atmospheric. One of the iron oxides (Fe2O3), Magnetite (Fe3O4), is used for the
adsorption of pollutants (Adeleye et al. 2016). Magnetic oxides can be removed via
aqueous phase easily after extracting the pollutants, which renders the cleaning
process more economical. Bimetallic nanostructures, that is, Pd/Fe, Ag-Fe and
Ni-Fe, have finally been formed to solve NP agglomerations with carboxymethyl
cellulose, polymers and surfactants stabilised. And hence, these structures have been
studied for their right to eliminate and dissolve heavy metals, dyes and halogenated
compounds effectively (Li et al. 2016). Heavy metals, especially plumes (Pb2+) and
Cd2+, can be irradiated using (Al2O3/TiO2) nanocomposite with brittle Ti silicate
(Das et al. 2015a, b).

4 NPs-Mediated Improved Food Quality and Safety

4.1 Nanoemulsions

Nanoemulsions are composed primarily of three main ingredients: a surfactant/
emulsifying agent, as well as water and oil. The emulsifier is crucial because it
helps not only to bind the ingredients together but also to prevent them from sticking
together and reduces the amount of surface energy (interface tension) between the oil
and water phases per unit area and also helps the oil and water phases mix better.
However, repulsive electrostatic interactions and steric obstacles help to stabilise the
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nanoemulsion. Nanoemulsions have grown in popularity in recent years as a result
of their wide range of applications in various industries. Because of their wide
surface area, nanosized emulsions have a major advantage in terms of bioavailabil-
ity. They can also serve as protective barriers for bioactive materials encapsulated in
aqueous media and help lipophilic compounds dissolve better. Nanoemulsions can
be divided into three categories: (1) Oil-in-water emulsions (O/W) are a form of an
emulsion that combines oil and water, (2) W/O emulsions (water-in-oil) and
(3) Nanoemulsions that are bi-continuous. An oregano oil-based nanoemulsion
will adequately protect lettuce from E. coli, Salmonella typhimurium and Listeria
monocytogenes, according to research (Bhargava et al. 2015). Landry et al. (2015)
used carvacrol nanoemulsion to demonstrate the protection of broccoli and radish
seed. Mung bean and alfalfa seeds were also protected from the food pathogenic
microbes. E. coli and S. typhimurium are belong to coliform type of bacteria (Landry
et al. 2014). In another study on plums, a lemongrass oil-based nanoemulsion was
found to protect against E. coli and S. typhimurium (Kim et al. 2013). A lemongrass
nanoemulsion-enhanced sodium alginate film was found to inhibit E. coli in one
study while also expanding the apple’s self-life (Prakash et al. 2018). Biofilm
formation is inhibited by a variety of simple oil-based nanoemulsions. Quatrin
et al. (2017) demonstrated that Eucalyptus globulus essential oil nanoemulsion has
been shown to have antifungal properties. It was discovered that essential oil
extracted from Citrus medica L. var. sarcodactylis supplemented with
nanoemulsions were effective against Staphylococcus aureus biofilm. Cumin oil
nanoemulsion had a similar inhibitory effect on E. coli biofilm production and
S. aureus (Amrutha et al. 2017). When compared to their free form, the anti-
biofilm behaviour of essential oils was found to be improved in nanoemulsions
(Lou et al. 2017). Two of the primary goals of using nanoemulsions in the food
industry are encirclement and distribution of a biologically active substance. In the
food industry, nanoemulsions can be used to replace foods with low water solubility,
such as-carotene (Gupta et al. 2016). Many experiments have shown that
nanoemulsions facilitate the absorption of many encapsulated food supplements. A
nanoemulsion of curcumin, in comparison to curcumin in its free form, was simple
and fast to absorb (Gupta et al. 2016).

4.2 Nanosensors-Mediated Food Safety

A sensor is a compound device that can react qualitatively or quantitatively to a
target. Tiny inorganic molecules, gases, or biomolecules may all be considered
physical parameters such as protein; DNA or even full cells may be the target. A
biosensor is two different structures comprising a biological substance called a
receptor as well as another transducer array. The certain biochemical product
inherent resemblance to a generic individual can be a receptor inside a biosensor.
The biosensors can be divided, focusing upon the number of atoms utilised, into
(a) biosensors based on enzymes, (b) biosensors based on an antibody
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(immunosensors), (c) aptameric biosensors (aptasensors), (d) peptide-dependent
biosensors, (e) natural biosensor premised on receptors and (f) gene-related bio-
sensors (genosensors). In anticipation of health issues, especially in third-world
countries, detecting water or food is becoming essential for controlling contami-
nants. Regrettably, effluent outflow into the atmosphere is currently unregulated.
Nanosensors, which range from small molecules to large molecules, open up a
modern perspective of pathogen observation and recognition such as poisons,
therapeutics and vaccines, heavy metals, biologically active viruses, fungi and
bacteria, and organic and volatile compounds. The studies and feedback from
scientists all over the world have been extremely beneficial in the diagnosis, nutri-
tional screening and toxin-free ecosystem. Several biosensing techniques to examine
the specific physical and chemical properties of NMs have been established, and
their ability has improved in both the laboratory and field with the addition of
excellent stable receptors of high affinity. The following section recaptures the
various forms of pollutants found using different nanotechnologies.

4.2.1 Chemical Contaminant Nanosensors

Synthetic contaminants and substance contamination in the wild is one of the major
food and environmental problems in the world. Pesticides, herbicides and insecti-
cides are sources of heavy metal contaminants through industrial anabolic practices,
because of unsustainable cultivation and medical overuse of antibiotics and medi-
cines (FAO 2016). Aldehydes, for example, are used as nanosensors (Duan et al.
2019) Biphenyls, hydrazine (Teymoori et al. 2018), hydroquinone (Ren et al. 2018),
phenols and derivatives of organic toxic compounds (Ren et al. 2018; Wang et al.
2018; Jigyasa and Rajput 2018), chloropropane (Fang et al. 2019) and 2,4,6-
trinitrotoluene (Malik et al. 2019).

4.2.2 Biological Contaminant Nanosensors

Infections of living organisms include disease-causing species like bacteria, viruses
and fungi found in raw fruits, vegetables and meat. These pathogens may enter
nutrition with drinkable water by faecal pollution, soil contamination, or pests. Bad
handling practices can allow these to reach even canned or packaged foods. Numer-
ous factors have been described for combating pathogenic bacteria via its entero-
toxins, and they are now being used to detect bacteria as small as single cells.
Salmonella sp. (Zou et al. 2019), Escherichia sp. (Kaur et al. 2017) and Pseudomo-
nas sp. (Kaur et al. 2017) are the most common pathogens (Hu et al. 2019).
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5 NMs Impact on Soil/Plant System

5.1 Impact of Soil Organic NMs

In modern agriculture, the use of nanotechnology may also have important implica-
tions for soil organic matter (SOM) dynamics. However, these impacts can vary
according to the quality of the SOM because they can either be hydrophilic or
hydrophobic and, because of their biochemical variations, their decomposition in
the soil is distinct (Grillo et al. 2015). According to latest research, the mechanics of
SOMs are impacted differently depending upon soil properties, test conditions and
ENM dosage utilised for the investigations (Rahmatpour et al. 2017; Schlich and
Hund-Rinke 2015; Shi et al. 2018). The use of low dose Ag NPs has no major
influence on the nature of SOM (Rahmatpour et al. 2017).

Instead, the stabilisation of SOM by the combination of humic molecules using
covalent bonds helped other kinds of metal oxides, including TiO2 NPs, too (Nuzzo
et al. 2016). Because of their HS-complexity, Simonin et al. (2015) showed that
TiO2 NPs have no effect on microbial SOM dynamics in most cases; however, they
can reduce SOMs by improving their stability. The use of ZnO NPs has reduced the
efficiency of littered biodegradation of organic carbon by upto 13% as microbial
activities have decreased (Rashid et al. 2017b). Another study found that using
Fe2O3 NPs reduced CO2 emissions by upto 30%, demonstrating that the use of
nanomaterials in the soil causes fewer SOM to break down (Rashid et al. 2017a). The
NMs will protect the environment by releasing CO2 into the atmosphere through
organic emissions, which will help to reduce global warming. Higher CuO concen-
trations have been linked to lower SOM content in paddy soils, according to Shi
et al. (2018).

5.2 Impact of Nanomaterials on Soil Microbes

In comparison to organic NPs, inorganic NPs (silver and metal oxides) have high
toxicity, fullerenes and carbon nanotubes since the microbial activity and NP
exposure and function vary greatly depending on their type (Rajput et al. 2018;
Simonin and Richaume 2015). Gram–ve bacteria, since their cell wall composition is
distinct, are also less susceptible to ENM than Gram+ve bacteria (McKee and Filser
2016). The NPs on carbon-based substances were severely affected in C and N
cycles by the efficient genes and pathway microbial soil community (Archaea,
Bacteria and Eukarya), but S and P cycles are less vulnerable (Wu et al. 2020).

Another analysis found that the soils in microsome were exposed for over
60-days to various doses of the TiO2 and ZnO NPs, suggesting the reduction of
MBC and a negative effect on induced substrate respiration, demonstrating lower
microbial activity. In the meantime, the bacterial soil population changed and
diversity decreased as a result of these enzymatic NMs (Ge et al. 2011). Similarly,
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the number of MBC, heterotrophic bacteria and fungi units forming ZnO and Fe2O3

NPs has decreased significantly (Rashid et al. 2017a, b). Tong et al. (2016) record
marginal effect on MBC and their enzyme activity of C60 NMs of various particle
sizes.

Now many NPs (ZnO, Ag, TiO2, Al2O3, CuO, etc.) have a detrimental effect on
soil bacterial diversity, as per findings, while Si, Fe, Au, Pb and Ag2S have either no
effect or maybe just mild impact on NP studies (Suresh 2013; Simonin and
Richaume 2015; Rajput et al. 2020). Since these consequences are not inherently
harmful and may be nonspecific, it is important to take into account the dosage,
scale, form and characteristics of NPs and the soil when examining these particles’
reactions with regard to the soil ecosystem.

Microbes in the soil can be negatively affected by nanomaterials. The hazard of
NPs affects their structure, dosage, concentration and nature, as well as humidity in
the soil (Peng et al. 2020; Chen et al. 2019). When NMs reach a certain concentra-
tion, they can prevent the growth of certain soil microbes. This has a significant
effect on the microbial biomass and population (Kang et al. 2019; Peng et al. 2020).
Biogenic NMs have currently been found to be less harmful to soil microbials than
their chemically synthesised counterparts and, as a result, they’ve been promoted as
a way to combat intoxication of NPs in soils (Ottoni et al. 2020; Mishra et al. 2020).
Given the paucity of data pertaining to biogenic NMs in soils, more research is
needed to fully understand their potential.

5.3 Plants Containing NMs

5.3.1 Mechanism for Uptake and Translocation

The pre-optimised application of NPs enhances the germination, stand establish-
ment, growing and development of seeds in several plant species. In addition, NPs
convey tolerance to environmental stresses in trees because of the utterance of genes
that are resistant to stress (Van Aken 2015) and proteins (Giraldo et al. 2014). The
below lines addressed the absorption as well as translocation. NMs in the plant
system also define their effect on plant morphology and physiology.

Via a complex chain of events, NPs entering the xylem (vessel), stele and
eventually reaching the leaves infiltrate the root epidermis into its cell membrane
and cell wall (Tripathi et al. 2017). NPs are integrated into the root zone of plants
through apoplastic and/or symplastic pathways and mediated by endocytosis, pore
formation, carrier proteins, and plasmodesmata are depicted in Fig. 5. Designed NPs
are carried out by numerous lateral root hairs from soil to plant vascular system. The
NPs along with water and food particles are transferred to the capillary vascular
system of the roots. The NPs are also uptaken by leaves through its different foliar
entry by cuticle, stomata, hydathodes, lenticels, wounds and root entry by root tips,
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Fig. 5 NPs’ uptake and translocation in vascular plants. (a) Translocation in whole plant via root to
leaves. (b) Translocation in tissue by apoplastic and symplastic. (c) Transportation in cellular level
through plasma membrane

lateral roots, root hairs, rhizodermis and ruptures (Fig. 5a). The NPs penetrate the
plant cell; they can be transferred from one cell to another via apoplastic or symplast
via plasmodesmata (Fig. 5b). By confining to the carrying proteins, new pores from
NMs enter the plant cell via ion channels, aquaporin and endocytosis (Fig. 5c)
(Kurepa et al. 2010). NPs entering a cell wall rely on the cell wall’s pore size, and
smaller NPs quickly move via the cellular wall (Fleischer et al. 1999). Larger NPs,
on the other hand, penetrate the stomata and hydathodes (Hossain et al. 2016). NPs
are transported utilising pores of the stomata when the particles are 40 nm or larger.
Rather than a vascular bundle, these NPs are constructed in storms and are trans-
ferred through the phloem to various sections (Tripathi et al. 2017). The NPs join
seed coating via parenchymatic intercellular spaces. After all, the fullerene NPs
stormed energy pathways and electron transportation (Hossain et al. 2016). The
utilisation of NPs has improved the regulation of several genes, such as genes related
to stresses and waterways (Tripathi et al. 2017). The NtLRX1, NNtPIP1 and CycB
genes, which are answerable for transfer of water, cell and cell division task,
respectively, were upgraded with the use of MWCNTs (Khodakovskaya et al.
2012). However, at elevated concentrations, technologies can be disruptive. For
example, CeO2 NPs (2000 and 4000 mg) aquaporins regulate the entrance of NPs
into the seed coat.
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5.3.2 NM Influence on Plants

When NMs have interacted with plants, a variety of morphological modifications
occur in plants, based on their concentration and existence (Siddiqui et al. 2015).
Consequently, NMs have a beneficial or phytotoxic effect on plants (Siddiqui et al.
2015; Aslani et al. 2014).

Germination, biomass, sheet volume and root elongation are the primary effects
of NP toxicity on plant physiological characteristics. NPs can reduce germs,
lengthen plants and stimulate the demise of plants (Yang et al. 2017). NPs can
reduce germs, photosynthetic rate (Barhoumi et al. 2015), plant growth hormone
(Rui et al. 2016) and also cause slow development, changes of sub-cellular metab-
olism, oxidation to cell membranes (Noori et al. 2020), chromosomal anomalies
(Raskar and Laware 2014), water translocation disruption (Martínez-Fernández et al.
2016), alteration of gene transcription pattern (García-Sánchez et al. 2015), and
finally, stimulate the demise of plants (Yang et al. 2017). Plant cells and NPs
communicate to augment plant gene interpretation and relevant biological routes
which then affect plant proliferation and efficiency (Moreno-Olivas et al. 2014). The
contacts between plants and NPs can lead to improved plant growth and develop-
ment expression as well as biological pathways (Moreno-Olivas et al. 2014). They
had documented compromising the use of NPs of TiO2 genomic DNA.
Transcriptomic research has shown that the toxicity of NPs disturbed the link
between gene regulation upwards and downwards in higher seedlings (Landa et al.
2015). Exposure of the individual wall-mounted carbon nanotubes to SLR1 and
RTCS genes in maize was controlled.

5.3.3 NPs Act as Defensing Molecules

The plants species are confronted to metal NPs induce oxidative disruption that leads
to the development and activation of the reactive oxygen species (ROS) and anti-
oxidant defence system (Rico et al. 2015). Ascorbate peroxidase (APX), superox-
ide dismutase (SOD), catalase (CAT), glutathione reductase (GR), guaiacol
peroxidase (GPX), and other enzymes and non-enzymatic antioxidants such as
glutathione (GSH), ascorbates (ASC), thiols(-SH-) and phenolics furnish antioxidant
defensive strategy (Rico et al. 2015; Singh and Lee 2016). The catalysis of super-
oxide dismutase is used to disperse anion superoxide into hydrogen peroxide (Rico
et al. 2015). ROS and hydrogen peroxides have the potential to be used in oxide
dismutation. Consequently, these generated ROS radicles can serve as a signalling
molecule in activating the plant antioxidant system to decontaminate the free radicles
since the application of TiO2 NPs can trigger photocytotoxicity owing to ROS
development (Yin et al. 2012). H2O2 to H2O is reduced by the APX produced by
NM ROS (Rico et al. 2015). Plants produced a potential oxidative stress antioxidant
attributable to NPs (Wei and Wang 2013). CAT induced in nFe3O4, nCeO2, nMnO2

and nAu causes GPX, while nCeO2, and nPt complement SOD. SOD stimulates
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antioxidant enzymes (Tripathi et al. 2017). In spinach, the application of nTiO2

raised SOD, CAT, APX and GPX. Song et al. (2012) have also documented
improved GPX, SOD, and CAT activities. The use of low concentrations (200 mg
mL-1), TiO2, of NPs improved the peroxidase (POD), CAT, SOD, chlorophyll, and
malondialdehyde (MDA) of the superoxide by eliminating the ROS and TiO2

NPs-caused cell membrane disturbance at high concentrations (500 mg mL-1).

5.4 Formation of Soil Structure

The Earth’s ecological balance is also most important, and the chemical and biolog-
ical melting of rocks generates soil, which is a valuable nonrenewable component.
The nucleus of a diverse microflora is soil (bacteria, fungi and actinomycetes). It
comprises both advantageous and adverse microbes and accounts for approximately
up to 75–90% of the biomass in soil. NPs penetrate the natural world by many
processes, including the use of NPs, the disposal of nano-related products and urban
water smudges that produce NPs (Tolaymat et al. 2017). NPs are both locally
produced and engineered in the soil world. In situ, NPs are soil colloids; small and
granular fragments which aren’t in the nanoscale range play an important role in soil
transformation due to cation changes and particle alignment. In addition, weathering
allows the creation of NPs, as well as of amorphous rocks, such as Fe and mineral
oxides, as a result of soil erosion. The most important man-made sources of NPs are
metal oxides (ZnO, CuO, SiO2) and metal (Zn, Fe, Al, Ag, Ni, Si) (fullerene). Metal
NPs, for instance, have been frequently employed and investigated by numerous
investigators in connection to microbial diversity and its activities in soil (You et al.
2017).

6 Future Prospects of Nanotechnology

In this part, we have seen the different fields of application of nanotechnology.
Nanotechnology may be used in precision agriculture; waste reduction and contam-
ination; improving the use of services such as water, fertilisers and pesticides; and
many more. With the advancement of years and new knowledge is incorporated into
the world of nanotechnology, the fields where NMs can be used in agriculture can be
extended further. The scope of use of the current materials will be improved over the
years. The above limitations should then be addressed. As these issues remain
unanswered, this technology is being impaired in the agribusiness.

The fields for the use of nanotechnology in the agro-industry are the following:

1. Terms of planning supply systems to be used in fertilisers, pesticides and herbi-
cides application.
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2. Nanosensors, which can be used in smart farming through efficient use of water,
fertilisers, nutrients, herbicides, etc.

3. Biopolymers in the nanoscale that may be used for disinfecting and neutralising
heavy metals and pollutants.

4. To meet the need for a stable and improved efficiency, researchers must examine
the synthesis of improved NMs in the areas of configuration, interface chemistry
scale and posology, human and environmental aspects.

5. Foodstuffs should be packaged and stored in a smarter way to strengthen their
shelf life and product consistency.

In many areas, nanotechnology is in its prime stage; seeing all this modern
advancement, it makes clear that it has a wide spectrum, and there will be objections
and disapproval towards any new technology in this area, overcoming all of its
myths and ethics in its own right. This invention would aid generations of foodstuffs
and not just one. Instead of knowing the advantages and efficiency of technology, we
are mindful that few activities are at risk. Nanotechnologies in agriculture provide
traditional agricultural methods with new resources such as nanofertilisers,
nanopesticides and nanosensors.

7 Constraints

Although nanotechnology may be the solution to many of these problems in
agriculture to date, more study is also required to solve public and policymakers’
questions about the human, ecology and environmental impact of such materials.

Some of the major issues affecting the use of nanotechnology in the farming
manufacturing industry are as follows:

• Interactions between non-targets: these NPs can also interfere with non-target
cells or surfaces. For example, if NPs are used to treat non-target organisms or
even other compounds as an antimicrobial agent, particles may be used in certain
cases, with unintentional results (Chaudhary 2017).

• Effects on the air and humans: While there is continuing analysis into the
manufacture of new NPs in different sectors, there is insufficient study of the
effects of NPs on humans and the climate. However, Mukhopadhyay (2014) said
nanotechnology is the way forward because of its enormous ability to be used by
the farming sector.

• Cost effect: While this technology is innovative, it is not a cost-effective approach
that all farming nations can adopt. Government and Industry sectors have inad-
equate funding that could restrict the use of this technology. There is also limited
funding needed for research in this area.

• Rising awareness: There is a lack of awareness of the application among the
general public and policymakers, as well as information on the protection and
positive effects of using this programme.
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• Regulations concerning ethics: As this is a modern agri-industry medium, legis-
lation must be developed to ensure the observance of all safety protocols and the
proper labelling of NM products. Any of the above constraints will prohibit or
hinder the use of this technology in the agro-industry.
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