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Preface

Agricultural and Environmental Nanotechnology: Novel Technologies and their
Ecological Impact is an edited book comprising 24 chapters that highlights the
best practices regarding nanoscience and nanotechnology for agriculture and envi-
ronmental sectors to shape sustainable development thought to improve the quality
and quantity of the agriculture products and to decrease the collateral effect of
nanotechnology in the ecosystems. Besides, leading nanotechnologies are shown
and discussed to guarantee their proper management in lands and ecosystems.
Therefore, nanotechnologies such as agro-nanobiotechnology, nanofertilization,
pest control, magnetofection for plant breeding, plant molecular farming, OMICs
technologies, phytonanotechnology, nanoremediation, etc. are described in 5 differ-
ent parts and 24 chapters. Undoubtedly it is an ideal and updated book for under-
graduate or postgraduate students, and scientists or researchers involved in
nanoscience, nanotechnology, crop production, and remediation technologies as
well as for those researchers solving technical problems regarding crop management
and human and environmental health without hampering the pursuit of sustainable
development goals.

We are grateful to the authors of this book, who helped to bring this volume to
light. We wish to thank Dr. Emmy Lee, Associate Editor, Springer Nature Korea
Limited, for her generous assistance and persistence in finalizing the edited volume.
Special thanks are due to our esteemed colleagues and university authorities for their
kind support and constant encouragement throughout the task. Finally, specific
thanks go to our families and friends for their support and cooperation in putting
everything together.

Ramos Arizpe, Mexico Fabian Fernandez-Luquefio
Gyeonggi-do, Republic of Korea Jayanta Kumar Patra



About the Book

Agricultural and Environmental Nanotechnology: Novel Technologies and Their
Ecological Impact is an edited book consisting of 24 chapters written by eminent
experts from around the world on recent advances in the field of agricultural and
environmental nanobiotechnology. This book highlights the best practices regarding
nanoscience and nanotechnology for agriculture and environmental sectors to shape
sustainable development thought to improve the quality and quantity of the agricul-
ture products and to decrease the collateral effect of nanotechnology in the ecosys-
tems. The book will be helpful for professionals, researchers, and scholars working
in the field of agricultural and environmental biotechnology in particular.
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Part 1

An Introduction to Nanoagriculture,
Agronanobiotechnology

and Nanoremediation



Nanoagriculture: Advantages M)
and Drawbacks s

Sarita Yadav, Neha Sawarni, Twinkle Dahiya, J S Rana, Minakshi Sharma,
and Bhawna Batra

1 Introduction

Nanotechnology is derived from “Nanotech,” a study of manipulating matter on
atomic and molecular scale (Arivalagan et al. 2011). In present days, nanotechniques
have achieved great attentions because of its various roles in many fields such as
energy storage devices, clinical drugs, catalytic process, and materials (Fig. 1).
Several reports also revealed that nanotechnology would have a major and
prolonged effect on the agriculture sector. Agriculture is an ecologically costly
technique (Ghidan and Antary 2020). An increasing number of peoples and unfa-
vorable climatic situations increase the requirement of using pesticides and chemical
fertilizers. However, they tend to have high adverse effects as they release toxic
molecules in high quantity in the environment. The main solution of this issue is
formation of nanomaterials-based fertilizers and pesticides. These can also help in
decreasing the wastes. By using nanotechniques, agriculture is developing fast
(Editorial Board 2020). Nanotechnology emerges as a boon to agriculture with
new tools and techniques to increase crop production sustainably and protect crops
from pests (Marchiol 2018). There are several roles of nanotechnology in the area of
agriculture like rise in production rate by using nanofertilizers and nanopesticides,
enhancement of the plant growth by employing nanomaterials (like carbon
nanotubes, titanium dioxide, and silicon dioxide), increase in quality of the soil by
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Fig. 1 Applications of nanomaterials in various fields

using hydrogels and nanofertilizers, and give better survey by employing wireless
nanosensor tools.

Moreover, these techniques help to control the discharge of toxic substances from
agrochemicals (like fertilizers and pesticides) and deliver many needed macromol-
ecules on desired sites to improve the disease resistance of plants (Fraceto et al.
2016). Origin of nanosystems like nanobiosensors, nanopesticides, and
nanofertilizers, surrounded by different plants to enhance solubility, amplify bio-
availability, advance targeted delivery and control release over generation, will
extremely advance the agricultural value chain. Hence, nanotechnology in the field
of agriculture will upgrade the systematic measure of fertilizers, enhance manage-
ment of pests and vectors, lessen chemical pollution and eventually reduce exposure
with agriculture operators (Phenny 2018). Over the last few years, nanomaterials are
considered as a substitution for plant pests’ control which consists of weeds, insects
and fungi. In addition to all these perks, a large number of nanoparticles like TiO2,
Cu, Al,O3, Ag, Si, CeO2, Al, Fe, ZnO, Zn, and nanotubes of carbon are announced
to have few negative impacts on yield of crop plants, soil microbes, enzymatic
activity of soil and on nutrient cycle aside of all antimicrobial properties (Ghidan and
Antary 2020).
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2 Advantages of Nanotechnology in Agriculture

A few main advantages of nanotechnology in the area of agricultural research are as
following: Nanogenetically, rise in crop production rate, agriculture monitoring,
delivery of drugs, nanofertilizers and their slow release, nanoherbicides-
nanopesticides, Nanomaterials as priming agent (Nanopriming), in recycling agri-
cultural waste, in agriculture machinery, and Nanobionics in photosynthesis (Fig. 2).

2.1 Nanogentically Rise in Crop Production Rate

A new set of tools are provided by nanobiotechnology to handle the genes by
nanoparticles, nanofibers, and nanocapsules (Agrawal and Rathore 2014). Scientists
said that nanotechnology is moving toward uplifting the agricultural genetic engi-
neering to one step ahead to atomic engineering. Seed’s DNA can also be
re-sequenced in a way to get various properties of plants like color, season of growth,
and production (Singh and Prasad 2017). In the process of delivering drug, crop
engineering and environmental regulating nanofiber array with prospects implemen-
tation can give genetic material to cells fast and effectively. Combination of
nanofibers of carbon that are changed via DNA of plasmid gave a regulated
biochemical change in cells (Singh and Prasad 2017). Purity of genes can be checked

/ Nanotechnology

Agriculture 4 in Agriculture
Monitoring » Machinery
ADVANTAGES OF

NANOTECHNOLOGY
IN AGRICULTURE

Nanofertilizers
and their Slow

Nanomaterials
Release

as priming

Agent
(Nanopriming)

Fig. 2 Advantages of nanotechnology in agricultural area
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by watching load of pollen grains that surely cause pollution. Bio-nanosensors are
used to give a check on pollution and also help to reduce contamination. It is specific
to pollen pollutants. To reduce mixing of pollen into a pollutant, crop field from
genetically modified crop bio-nanosensors are used. Nanobarcodes which are dura-
ble, encodable, and machine-readable and submicron-sized taggants are used to
detect original genes which are combined with seed and vend in retail. Seeds are
the main source to spread various illnesses in plants, and most of the time pathogens
are responsible to damage stored seeds. Mn, Pt, Ag, Zn, Pa, Au elements are used in
nanocoating of seeds that help to decrease the demand for elements and also save
seeds. Su et al. developed a technique called quantum dots (QDs) that is used to
differentiate unviable and diseased seeds. It acts as a fluorescent marker (Agrawal
and Rathore 2014). Smart seeds are those seeds which are consumed with nano-
encapsulated strain of bacteria which are used to decrease rate of seeds, enhance crop
yield, and give an accurate field stand. For reforestation and germination during
good moisture availability, smart seeds could move over high range of mountains.
Seeds covered with nano-membranes permit to check the present amount of water to
seeds to chunk right time for germination. To decrease the level of damage, seeds
implanted with the particles of magnetic properties are used to find the moisture
content at the time of seed storage. Nowadays to estimate age of the seed, bio
analytical nanosensors are used as they are upcoming driven areas of research
(Rawat et al. 2018). Functional nanomaterials act as transporter and can carry
huge no of genes and other substances that are used to stimulate expression of
gene and also give a check on liberation of genetic material every time in plant body.
To distribute non-stop DNA into complete plant cell, these days gene gun or particle
bombardment is used. Bombardment particles are made up of gold as it is
nonpoisonous to cell and quickly adsorb DNA. The vital benefit is to distribute all
the effecter molecules and DNA to their targeted places at same time and also show
expression of chemicals and genes (Nair et al. 2010).

Chitosan nanoparticles are adaptable; however, their transfection productivity
could be changed, and they could be PEGylated in sequence to manage liberation of
genetic materials as the time passes. The implementation of starch nanoparticles,
which are fluorescently labeled, behave as transgenic carriers in plants. These
designed nanoparticles, which are basically biomaterials, are in a way that they
can attach and carry forward genes to the cell wall of plant cell. By the help of
ultrasound, it stimulates pore channel in nuclear membrane, cell wall, and cell
membrane. Silver nanoparticles (SNPs are covered with plasmid) which are covered
by DNA treatments found to stimulate petunia’s isolated protoplasm and transfer
DNA in plasmatic form to the nucleus of the cell via ethylene glycol with incubation
process (Ammar 2018). In the era of nanotechnology, nanoparticles have an exclu-
sive characteristic that plays a significant role in photosynthesis and in improving
crop yield. In nanoagriculture, an insight to the basic interrelationship between
nanoparticles and plants is necessary for long-term advancement. As there is a belief
that nanoparticles play a vital role in providing more sustainable agriculture. Previ-
ously, some studies were carried out by using protoplast of mesophyll cells which
retains same biological response and cellular activity as integral plant. Therefore,
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these were further adopted as a prototype to check the effect of nanoparticles on
photosynthesis. The protoplasts of mesophyll cells were separated from spinach and
cultured with various metal ions like Fe, Mn3Qy,, Si0,, Ag and MoS,, dosing with an
amount of 50 mg/L for 2 h under light. Crop yield and ATP generation of protoplasts
were efficiently enhanced to 23% by using Mn30,4 and Fe nanoparticles and were
reduced to 43% by using Ag and MoS, nanoparticles. Furthermore, the enhanced
effect of Mn30,4 and Fe nanoparticles was monitored by photo-electrochemical
studies in terms of current and rate of electron transfer. GC-MS-based technique
results were suggested that Fe and MoS, nanoparticles changed the metabolic pro-
files of mesophilic cells at the time of 2 h of light period. Partially, exposing the
impact of nanoparticles on photosynthesis and biomass has been implemented over
whole plant. The findings suggest that a stable reciprocity with protoplasts database
showed enhanced biomass on exposure with might be a rapid Mn;04 (57%) and was
reduced by 24% on specific treatment with silver nanoparticles. Hence these findings
reveal that protoplasts might be a rapid and valid tool for screening nanoparticles to
increase the rate of photosynthesis for efficient use of nitrogen-fertilizer system
(Wang et al. 2020).

2.2 Nanosensing Techniques and Agriculture Monitoring

Nanosensors nowadays can be used as regulator and system of control foe CEA
(controlled environment agriculture) to give rapid management to take a decision on
crop lifetime, issues related to food security (microbial and chemical pollution) and
best time for harvesting (Shukla et al. 2019). Nanobiosensors consist of small-sized
substances which behave as bioreceptor on a transducer that gave signal to identify
element to check single/multiplex analyte (Arduini et al. 2016). The implementation
comprises observations of analytes; for example, proteins, urea, hormones, pesti-
cides, and enzymes are used to detect metabolites of many pathogens and microor-
ganisms (Agrawal and Rathore 2014).
Following are the types of nanosensors:

1. Physical: The characteristics of nanotubes or nanoribbons get deformed due to
some changes, for example, variation in voltage occurs due to change in pipe.

2. Chemicals: Principle of its operation depends on the characteristics base on
electronics of nanotubes and nanoribbons get deformed because of absorption
of various molecules. Threshold voltage can be deformed due to the availability
of various molecules.

3. Mechanical: Scale of mechanical measurement is level, distance, movement, and
position.

4. Biological: Bioreceptors are present here. This biological system consists of any
form of DNA, protein, antibody, enzyme and also a transducer like that optical or
magnetic checker (Alvarado et al. 2017).
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3 Characteristics for Ideal Nanobiosensors

Nanobiosensors are very much particular for analyte it means that the sensor is
capable to differentiate in between different matter and analyte.

» Physical measurements like temperature, stirring, and pH are independent to the
communication of analyte.

» Duration of reaction must be less for proper working.

* The response produced by analyte must be away from electrical noise, exact,
linear specific and reproducible.

» Properties of nanobiosensors must consist of following characters like their size
must be small; they must be non-antigenic, biocompatible and must be non-toxin
in nature.

* For everyone benefits they should be less in cost, movable and are also able to
operate by semi-skilled operator (Rai et al. 2012).

Nanobiosensors gives the merit to exist as tiny, movable, sensitive, along with
real time recording, accurate, significant, good, exact, consistent, vigorous and
steady that can conquer the deficiency of present sensors. Nanobiosensors machinery
can boost in prior apprehension and quick conclusion to amplify crop production by
satisfactory regulation of pesticides, land, fertilizers and water (Scognamiglio 2013).
Controlled Environmental Agriculture (CEA) might be refined by usage of
nanosensors are increasing the ability to regulate the schedule of crop harvest, reveal
crop health and regulate chemical and microbial impurities of crop. Precocious
nanosensors had been reinforce that may be connected to GPS technique and build
real time observation of crop husbandry encouraging by settling autonomous bio-
sensors (Agrawal and Rathore 2014). Prior finding of soil toxins can assist to keep
away their adverse effects. Due to collection of definitely poisonous metal ions in
production soils and plants more than doorway levels is a general issue with concern
to major health threat (Gruber et al. 2017). Intense farming show environmental
contamination and unsustainable agriculture practices which ultimately leads to
destruction of useful resources like water and land. These situations are now days
enhanced due to high population of world and due to a huge climate change is also
responsible for all of this. Nanostructured biosensors are act as a leading technology
that can control these problems. As we all know this, biosensors based on nano-
technology are basically useful to give exact, cost efficient, quick response in
analysis to field like plant pathogens, soil humidity, water and soil pesticides.
They are exploiting the characteristics of functional material which give amazing
properties at nanoscaling (Antonacci et al. 2018).

Many biosensors for example optical biosensor, ssDNA-CNTs probes are used to
find types of DNA oligonucleotides, a modified GCE which is a film composite of
MWNT/ZnO/CHIT is used to immobilized ssDNA probes for efficient differentia-
tion of various DNA series. To detect deep DNA damage, in chiton nanobiosensor
along with bionanocomposite layer of MWNT get added to SPCE. GNPs containing
nanobiosensors get worked with alkanethiol capped DNA/LNA via tail to tail mode
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of hybridization basically for ssDNA. Label free EIS is used to detect PAT gene
series via nano-SiO,/P-aminothiophenol (PATP) sheet. Maki et al. stated that which
depends on nanowire field efficient transistor get very sensitive and also help in find
in g the ultra-sensitive electronic DNA methylation. By using this PCR amplified
and difficult bisulfate treatment can be inhibited (Marchiol 2018; Usman et al. 2020).
Finding of unique protein molecules is completely depend upon biosensors which
are depend upon biosensors that are dependent on protein-nanoparticles by using
interaction ability of ligand-protein. Problems related to decreased mineral level in
plant body, plant pathogens, differentiation of one plant species to other one and
biomarkers can easily find by DNA-protein biosensors (Rai et al. 2012).

Moisture and temperature of soil is vitally important in field of agriculture.
Watering regulation should come by with exact refurbish about soil moisture at
the root level of plants. Wireless nanotechnology-based sensors with water sensitive
nanopolymer coating are comprised of micro machined MEMS (micro electro
mechanical system) for moisture detection and also find temperature variation on
chip piezo resistive temperature sensor. With the help of microelectronic circuits the
sensors have the ability to regulate and record temperature and moisture (Usman
et al. 2020). To regulate soil moisture updates few fresh matters with upgraded
characteristics of quick response, stability, accessibility; sensitivity particles with
nano size structure are used. Ag/Pd combined electrodes and oxide films of graph-
eme are few example of ceramic substrate coated nanobiosensors with wide range
response and sensitivity. With the help of ion transport and graphene oxide films
dispersion concentrations these sensors utilize the properties of ceramic substance
and NMs (Usman et al. 2020). Nanonetworks for regulating conditions of plant may
change spontaneously indicating more systematic usage of crop inputs (e.g., pesti-
cides, fertilizers, and water). The real time and observation of crop growth guides to
exact and in time decisions, less cost and waste and it enhanced quality production
(Marchiol 2018). For crop production urea is the most commonly used fertilizers and
source of urease, nitrate and nitrite which are universal pollutant in water leading
eutrophication causing surrounding implication. Impurities based on calorimetric
assay and microfluidic impedimetric in water and soil is detected by nanobiosensors
(Mura et al. 2015; Delgadillo-Vargas et al. 2016). In electronic noses (e-noses)
considered as biosensors of next generation and artificial intelligent system, nano-
technology is used. To evaluate plant diseases insect infestation and soil/water
impurities and to regulate production processes, nanotechnology has been frequently
used in agriculture (Hu et al. 2019).

3.1 Nanotechnology in Delivery of Drugs

A wide range of chemical checking and settlement potential regarding self-
regulation can be served by nanoscale which acts as carrier. Exact amount of
nutrients, medicines and other chemicals required for agriculture can be distributed
by these quick techniques. To regulate or decrease the utility of antibiotics and
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pesticides, these sharp techniques are used (Sharon et al. 2010). Few nanoparticles
which are the small forms of various elements like silica, carbon, aluminum-
silicates, and silver are used to control illness of plants. To enhance illness and stress
resistance, silicon acts as the best absorbent for plants which enhance the develop-
ment of physiological activity of plant. Downy mildew and powdery mildew occur
due to microorganisms which are pathogenic in nature can be easily prevented by
solution of aqueous silicates. Increased activity of antimicrobes can be attained by
silver in its ionic form. Due to its more reactivity and the power to reduce and oxidize
readily into metal, silver is highly unstable; because of this property it could not
attain antimicrobial activity regularly. By another side, silica has no straight outcome
on microorganisms which are pathogenic in nature and no reaction on illness. So to
control many plant illnesses new small sized silver-silica composition has been
developed (Sharon et al. 2010). Antifungal working of both nanoparticles on
Bipolaris sorokiniana and Magnaporthe grisea assessed by in vitro and in vivo
methods exhibited reduced disease development by phytopathogenic fungi. By
controlling cellular functions of Botrytis cinerea, nanoparticles of zinc oxide hin-
dered their fungal growth that leads to distortion in mycelium mats. Growth of
conidia of penicillium expansum and conidiophores is hindered by zinc oxide
nanoparticles that at last cause death of fungal mats as stated by Abd-elsalam
(Abd-elsalam 2013). To boost up nature fibers example coconuts (Cocos nucifera)
sisal (Agave sisalana), carbon nanofibers are used (Misra et al. 2013).

3.2 Nanotechnology in Delivery of Drugs

In various research fields, nanotechnology has a great advancement in transportation
and delivering of drugs or any other agents. Meanwhile, in the field of agriculture,
factors related to productivity of crops have raised concerns about their ability to
upgrade; higher affinity and viability depicted a major challenge. In (Mura et al.
2015) author developed nano-vectors produced through lipids from olive pomace, a
substance exists in form of waste in oil processing with the purpose of enhancing the
efficacy of latest synthesized transporters/carriers. Researchers were proposed lipid-
based nano-formulations to administered the phytohormones to various strains of
Olea europaea, which enabled cost-efficiency and ecologically sustainable pro-
cesses. However, it has been also studied that for implementation, adjuvants, also
known as natural lipids formed a stable and well-organized nano-objects were used.
In vitro and in vivo studies revealed that rooting has been increased in respect of
traditional treatments, because of that it has been represented that the fabrication of
novel nano-formulations had remarkable effectiveness for comprehensive adminis-
tration of chemicals in terms of endurable economy in agriculture field (Mura et al.
2015). Nowadays, durable and eco-friendly agriculture farming has growing interest
towards nano-vectors as they have an effective impact on plants growth. These nano-
vectors have biomedical and industrial application too. Hence, novel and advanced
processes have been used for plant growth with the help of appropriate
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nanomaterials. The main objective was focused on newly synthesized polymeric
nano-capsules which further utilized as bio-compatibility nano-vectors for transpor-
tation of bio-active mixtures to plants. Moreover, nanoparticles have been synthe-
sized as from a waste material; lignin, which is the derived product of wood
processing. Precisely, they were loaded lignin nanocapsules with gibberellic acid
(GA) and evaluated in reproducible manner that nanoparticles might be achieved in a
range of 0.5-1.5 mg/mL GA content, that is, significant for transportation targets.
Bare and GA nanocapsules were specifically characterized by DLS and SEM
techniques. In vivo and in vitro cyto-toxicological assays and release of cargo
were performed in two standard plants Eruca vesicaria and Solanum lycopersicum
to study the proportion of germination, stem and primary roots along with basic
physiological conditions of treated and un-treated plants. Additionally, nanocapsules
were applied with lipid staining solution to follow their access and aggregation in
seeds and sprouts (Clemente et al. 2018). Prolonged release and smart drug delivery
of agro-chemicals are essential for implementation of dynamic crop protection with
least damage to the ecosystem. Previously work has been done for effective crop
protection, which reveals a novel and less expensive approach to construct ligno-
cellulose- based bio-degradable porous matrices as they were able to constant release
of loaded molecules. The matrix reveals adjustable physiological and chemical
properties on conjugation with wrap-and-plant concept, which initially helps in
utilizing as a defense mechanism against soil pests at the time of prolonged release
of crop protection fractions. The prepared matrix was produced by mechanical
treatment of the ligno-cellulose fibers derived from banana plants and their impact
of various extents on the crop protection was also monitored. Alteration in structure,
composition of fibers and mechanical treatment had a great influence on morphol-
ogy, efficiency and porous nature of matrices. To authenticate this hypothesis, the
impact of morphological and lignin content ratio modified the release of rhodamine
B and abamectin as model cargos was analyzed. Therefore, banana-fibrous sources
revealed a remarkable release profile of the matrices and will be selected for crop
protection contrary to non-banana fibrous sources (Hu et al. 2019).

At present time, food security is the leading universal concern due to plenty of
problems like biotic—abiotic stress factors and global warming which commonly
leads to reduction in agricultural land. Therefore, a unique solution has to be
prepared to overcome this major challenge without excessive use of pesticides and
fertilizers. In recent years, the advancing and improvement in gene-editing technique
were found very crucial. With the use of gene-editing technology, scientists may
targeted the particular genes and transform plant genomes to increase crop produc-
tion at various levels. Nanotechnology with gene editing developed an integrated
approach which is beneficial for plant bioengineering. Moreover, this chapter
focuses on smart nanosensing platform which includes functionalized
2D-nanomaterial, MWCNTSs, AuNPs, and quantum dots for specific gene delivery
to the host plant cells and their functionality with the help CRISPR gene system. Still
the process of absorption of nanoparticles in plants were not exactly recognized,
hence the feasible endocytosis mechanisms were remains in controversy.
Nanosensing provides a platform for inorganic smart nanoparticles which will
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produce advanced concoctions at the level of molecular breeding in plants and
encountered as a latest carrier for the direct insertion of CRISPR gene as gene
editing systems in different plant cells (Mostafa et al. 2021). Nanovectors based
on lipid content were also providing a platform for transportation in several fields.
Although these nanovectors have excellent biocompatibility but recently it raised
concerns about their process of sustainable development in researchers mind. Espe-
cially, in case of agro-nanoscience where an extensively massive production has
been required, becomes a challenging issue. For this reason, author in (Clemente
et al. 2019) suggested green synthesis of novel nano-formulations for specific
delivery of phytohormones (indole-3-butyricacid and 1-naphthaleneacetic acid) to
Olea europaea L., achieved through waste extracted from the plant by their own,
gained favorable outcomes on engineering pure form of phospholipids in little
aliquots. They were utilized cryo-TEM, X-ray and neutron scattering technique for
evaluation of data. All outcomes were found compatible and very consistent;
demonstrating the efficacy of the applied auxiliary phospholipids imposing the
fundamental configuration (Clemente et al. 2019).

3.3 Nanofertilizers and Their Slow Release

Huge enhancement in crop production more likely in cereals gave a remarkable role
to meet nutritional requirements of whole world by last five decades. To enhance
crop production more usage of chemical fertilizers plays a major role in this aspect.
Utility of chemical fertilizers has been multiplied due to fertilizer-responsive crop
diversities. Due to poor use, effect of fertilizers is somehow limited, fertilizers
(by volatilization and leaching) that pollute the surrounding and enhance the cost
of productivity that leads to poor use of chemical fertilizers (FAO 2017). Take an
example, in standard fertilizers, 50-70% of nitrogen is applied that is lost to the
surrounding (DeRosa et al. 2010). In these circumstances, to improve availability of
less available nutrients, to decline the loss of mobile nutrients, and to promote slow
release fertilizers, nanotechnology is used. Nanomaterials which are called
nanofertilizers are either behaves as transporter/additive (by mineral compositing)
or nutrients (micronutrient or macronutrient) themselves (FAO 2017). By summing
up all the nutrients within the nanomaterials can easily form nanofertilizers (DeRosa
et al. 2010). Soluble fertilizers get an eminent opportunity of choosing slow-release
fertilizers as during the crop expansion nutrients are liberated at slow rate.
Nanomembrane binding coating on fertilizers particles ease slow and steady deliv-
erance of nutrients example apparent nanocomposites having K, N, P micronutrients,
mannose and amino acid which boost up intake and usage of nutrients by grain crop
as stated (DeRosa et al. 2010). Linkage to enhanced yield rate (by 32%) and growth
rate (by 20%) of soyabean (Glycine max L.) is due to enforcement of nanofertilizers.
This enhanced yielding comparison is done with those which are treated with those
which are treated with conventional fertilizers (Kah et al. 2018).Due to lack of
proper knowledge of using zinc nanoparticles to strengthen the inadequate soil
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with zinc validate various analysis studies with a possibility of better efficacy of zinc
based nanoparticles for better crop yield and overall growth of the plant. The effect
of efficacy of zinc based nanoparticles were examined on seed generation in
soyabean (Glycine max cv. Kowsar) at a lifespan of 120 days, centering on morpho-
logical conditions and depends on the level of concentration of biomarkers for
antioxidant defense system. This objective were performed through an analytical
devise strategy that has become possible for researchers to develop three different
zinc based nanoparticles of different shapes and sizes such as spherical, floral and
rod-shaped having 38nm, 59nm, >500nm size respectively. Each nanoparticles were
exists with higher sterility, crystal lattice, and negatively charged surface area; and
also cross-checked with zinc ions to check the toxicity. Particular pot had two seeds,
grafted with soil and N,-fixative bacterium (Rhizobium japonicum), and matured in
nature for a time period of 120 days. The outcomes were revealed a great impact of
zinc-based nanoparticles on crop yield, oxidative degradation of lipids, and several
bio-marker based supplement in soybean. Spherical zinc-oxide nanoparticles were
better protected contrary to the floral-shaped nanoparticles, rod-shaped nanoparticle
and zinc ions, specifically fewer than 160 mg zinc per kilogram. Despite that, in
soyabean spherical zinc-oxide nanoparticles were triggered the highest aerobic stress
response contrary to other two structurally distinct zinc-oxide nanoparticles when
tested on the higher amount of 400 mg zinc per kilogram. Evaluation of all endpoints
determined that the concentration-response curves for the 3 types of zinc-oxide
nanoparticles and zinc ions were existed in non-linear manner. Overall evidences
indicated a differential eco-toxicity of zinc-oxide nanoparticles in contrast to toxic
nature of zinc ions in soybean. Highest level of no- to notice-harmful-consequences-
level of 160 mg zinc per kilogram has been demonstrated that the efficiency for using
zinc-oxide nanoparticles as a modern and powerful nanofertilizer for crops devel-
oped in a region of scarcity of zinc in soil to upgrade crop yield, quality of food,
health and nutrition, all over the world (Yusefi-Tanha et al. 2020). Intake of nutrients
and plant metabolism is improved via pores of nanometric regulated by nanostruc-
ture cuticle pores or molecular transporters are improved by metabolism of plants
(Rico et al. 2011).

According to source, use of titanium oxide (TiO,) on food crops leads to enhance
growth of plant by 30% decreases intensity of diseases, enhanced photosynthetic
rate. Use of TiO, leads to give eminent productivity in Oliver cereal like maize by
decreasing the outcome of Curvularia leaf spot and occurrence of serious leaf blight
diseases. Some reports stated that usage of TiO, remarkably decrease the produc-
tivity of rice blast and tomato spray mold along with nearby 20% enhancement in
weight of grain because of yield regulated outcome of TiO, nanoparticles (Agrawal
and Rathore 2014). Titanium dioxide, aluminum and silica combination was stated
to be most influencing in power to control downy and powdery mildew of grapes via
acting directly on interposing with identification of plant surface and boost up
physiological defense of plant (Cacique et al. 2013). Allotropes of carbon with
cylindrical structure include carbon nanotubes (CNT) are used as a carrier to
transport required molecules that might be nutrients or biocides present in seed
during the process of germination. By hydrolysis either in acidic or neutral medium,



14 S. Yadav et al.

triazophos can significantly protected by taking it in a nanoemulsion form (Gutiérrez
et al. 2011).

As founded by Ghormade et al., an essential oil from Artemisia arborescens
comes under some difficulties regarding the stability at the time of action that is
hostile to Aphis gossipy young and adult Bemisia tabaci and Lymantria dispar (cork
plant pest). Addition to A. arborescens essential oil in solid lipid form nanoparticles
that decrease the fast evaporation of essential oil when compared to referred emul-
sions. In the same way, essential oils extracted from garlic when get onto a polymer.
NPs (240 nm) designed by polyethylene glycol (PEG) for the calculation of their
insecticidal action against adult Tribolium castaneum that give somehow higher than
80% efficiency after 5 months, in case to regulate steady liberation of active
components when compare to free essential oil if garlic (11%) (Agrawal and Rathore
2014).With the rise of population, nurture nutrition security of individuals had been
a tremendous challenge. Researchers have addressed several approaches to sustain
food for the majority of the world population. For this, production of efficacious
food products and pest control agent in collaboration increases the effectiveness of
crop diversity. By virtue of Nitrogen Using Element (NUE) in plants, a traditional
nanofertilizer system doesn’t compile the essential plant nutrients in practice. Sev-
eral approaches were used to make a cost-effective nitrogen-fertilizer system as a
source of nutrient for plant. Rather than nitrogen, urea acts as an effective source and
will be site-specific which helps in proper nourishment of the plants. This study aims
to develop inexpensive, expandable and a powerful nitrogen-fertilizer system which
decelerates solubility of nitrogen by a least of five times contrast to pure form of
urea. Even a bio-synthetic material, calcium carbonate (CaCOs) provides benefits of
nontoxic environment with physiological-compatibility. In-situ synthesis of Urea-
CaCOj; nanocomposite via fast carbonization method produces cubic-plate-shaped
nanoparticles which were builds together to organize pine cone-shaped structures.
The FTIR spectroscopic results were revealed the integration of urea with CaCO;
which provides an effective platform for limited discharge of urea. X-ray diffraction
technique was used to studied crystallographic information of Urea-CaCOj;
nanocomposite. Furthermore, it has been concluded that due to nitrogen releasing
nature of urea-modified-CaCO5-nanocomposite used as a novel, -efficient
nanocomposite which had the ability to substitute the traditional fertilizer system
into prolonged food security (Rathnaweera et al. 2019).

3.4 Control of Plant Pests

Plant diseases caused by several phytopathogens can be successfully restricted by
adequate concentration of nanoparticles. Fusarium wilt is a destructive disease of
tomato and lettuce in several countries due to its severe production loss, prolonged
survival of fungus in soil and generation of resistant races. Use of resistant chemicals
and cultivators can help in its reduction to some extent. New pathogenic races are a
chronic issue with expenses of chemicals adding to the problems:
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Synthesized magnesium oxide with different concentrations were tested on green
peach aphid (GPA) under greenhouse conditions. The blend of nanomaterials of
[CuO + ZnO + MgO] was tested using Punica granatum peels, Olea europaea,
Chamaemelum nobile flowers. Tests founded the fact that the above nanoparticles
are efficient to increase the mortality of green peach aphid. Blend of metal oxide
nanoparticles were tested in fruits and leaves of green sweet pepper. No metal
accumulation was found in any of plant fruits. Mostly used nanoparticle is nano
silver, as it has high prohibition rate and affects bactericides. It consists of wide
range of activities for antimicrobes. High antimicrobial activities of nano silver as
compared to bulk silver can be attributed to large surface area and more power of
fraction to surface atoms (Ghidan and Antary 2020). Rose powdery mildew is
occurred due to sphaerotheca pannosa var. rosal, is a far-flung standard illness of
greenhouse and roses which are grown outside. Less flowering, leaf distortion, initial
defoliation and curling of leaf are its main consequences. Reactions which are
caused chemically by silver ion with reducing effect and stabilizers provide double
capsulated nano-silver. Its stability is more and it is fully dispersed in liquid solution.
This destroys useless microorganisms which are found in soil that is used in planting
process and hydroponics system. Basically it acts as a foliar spray to inhibit fungi
and moulds. Silver is magnificent plant growth stimulator. Nanotubes of alumino-
silicates when sprayed on plant surfaces are easily traced in insect hairs. Insects
readily take nanotubes which are filled with pesticides. These are highly active and
highly ecological in nature. Silica nanoparticles which are mesoporous in nature are
a powerful tool for transportation of DNA and chemicals into plant cells (Singh et al.
2015).

Titanium oxide (TiO2) used to manufacture paints, ink, cosmetics; leather is a
non-poisonous pigment of white color. It is powerful disinfectant with more effi-
ciency than chlorine and ozone. Its nontoxicity results in its utility in food stuffs up
to 1% of final weight of item. Titanium oxide (TiO2) photo catalytic technique
possesses high pathogen disinfection efficiency protects plants and avoid to forming
poisonous and harmful compounds (Satti et al. 2021). 20/40/60/80 mg/L of TiO2
NPs were sprayed on wheat plants which were consumed by fungus Bipolaris
sorokiniana (cause blotch disease). This disease incidence and % disease index
were measured and 40 mg/L. was found to be the most accurate amount of titanium
oxide nanoparticles that leads to decreased harmful effects of illness. Biologically
formed titanium oxide was tested for morphology of agriculture like (fresh dry
weight of plant, leaf, surface area, production measures and root), metabolites
having non-enzymatic action like (soluble phenol, soluble sugar, flavonoid content
and proteins), effects on physiology like (chlorophyll content, relative water content
and index of membrane stability) during biotic stress in wheat plants. Titanium oxide
nanoparticles can surely increase the quality and yield of wheat (Satti et al. 2021).
For better luminescence, small emission spectra, excellent photo stability and tena-
bility, Quantum dots are way ahead than organic fluorescent dyes. These broad
absorption spectra allow quantum dots excitation to all colors. To detect pathogens
quantum dots come to our help. Witches Broom Disease of Lime (WBDL) occurs
due to phytoplasma aurantifolia founded by sensors which are based on energy
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transfer by QD resonance. Sensor with specificity of 100% and detection limit of
5 aurantifolia per pL. was developed. Beet necrotic yellow vein virus causes
Rhizomania in sugar beet. QDs sensor detected the Polymyxa betae [Keskin]
which is a vector of Belt Narcotic yellow vein virus (Khiyami et al. 2014).

3.5 Nanoherbicides and Nanopesticides

In almost all developing countries, agriculture always is a backbone as more than
60% of total population completely depends on it for their living. Nanotechnology is
somehow enhancing terms of biology for various crops and so actively increasing
growth or nutritional values. Side by side nanotechnology help in development of
various high technology systems for regulating environment conditions nutrition
level or giving pesticides in exact amount. With that, nanotechnology gives areas to
add value of crops or surrounding remediation. A good example of particle farming
that gives nanoparticles for utility of industry via sowing different plant in definite
soil. With the help of research we get to know that alfalfa plants which grow in soil
that is rich in gold absorb gold nanoparticles with their roots and invest them in their
tissues. From plant tissue the gold nanoparticles can easily discrete by mechanical
method that is followed harvest (Ameta et al. 2020). As biopesticides come into
view, they can decrease dangerous outcomes of synthetic pesticides. But there is
limit in utilization of biopesticides because of their steady and surrounding depen-
dent potential against best. Feasible efficiency of nanoparticles is to overcome these
hindrances. For a long period of time nanomaterials played a significant role in pest
control due to their steady degradation and have a check on discharge of active
ingredient. So due to this, nanoparticles play vital role for sustainable and efficient to
reduce the utility of synthetic chemical and the threats related to surrounding
(Chhipa 2017). According to researchers nanoformulation in permethrin consump-
tion is more than the commercial form besides Aedes aegypti. Nanopesticides
decrease the harmful impact on plants and soil bacteria (Suresh Kumar et al.
2012). By putting nanoformulation of carbofuran and acephate based on polyethyl-
ene glycol gave the similar results. Some findings are found when commercial
product of acephate gets compared with nano acephate to nano-target organisms,
which they have less toxicity (Usman et al. 2020). Some suggestions acknowledged
that effectiveness was not enhanced due to more uptakes of nanoformulated active
ingredients but it is increased to slower liberation of active ingredients. Chlorfenapyr
which are attached with micro-particles get combined with silica nanoparticles
(lavicoli et al. 2017). New studies signify that nanosilica has great efficiency to
regulate insect pest of grain products that are found in ion storage condition (Gamal
2018).

Hashem et al. (Hashem et al. 2018) explained that higher effectiveness and
strength of anise (Pimpinella anisum) essential oil in opposition to red flour beetle
(Tribolium castaneum) and this gave a result that nanoemulsion could decrease the
utility of severe synthetic insecticides in opposition to insect pests. Nanoformulated
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commercial fungicide (Trifloxystrobin 25% + Tebuconazole 50%) growth checked
at numerous concentrations (5, 10, 15, and 25 ppm) in opposition to fungal patho-
gens (Macrophomina phaseolina) borne in soil gave higher quality of working in
spite of commercial compound (Kumar et al. 2016). Like, avermectin is a type of
pesticide that can inhibit neurotransmission in insects by the process of blocking
chloride channel that have less life span because it can easily deactivated by UV on
the area of activity of only 6 hours. Silica nanoparticles which have pores in their
structure has 15 nm thick shed and pore with diameter of 45 nm has a capacity to
encapsulated 625 g kg 1 for avermectin and give protection from UV rays for
degradation. About 30 days earlier it was stated that encapsulated avermectin give
slow liberation by NPs transporters (Ghormade et al. 2011). Energy and water can be
conserved by nanopesticides as they are used in less quantity and also occasionally
than conventional pesticides. They also increase productivity of crop and increase
effectiveness of pesticide by more growth and less input costs via decreasing labor
and waste price (Lade 2019).

Nowadays weeds are appearing as a new warning in field of agriculture.
Nanoherbicides can upgrade potential of herbicides that depends fully on polymeric
body which is biodegradable. Like poly (epsilon caprolactone) is utilized to record
atrazine payable with high quality of increased biocompatibility and bioavailability
and its physicochemical possessions (Abigail and Chidambaram 2017). Polymeric
nanoparticles recorded along with atrazine, had shown efficient role on targeted plant
along increased action of herbicide, decreased fluidity in soil and stabilized activity
of herbicide (for 3 month) as contrast to atrazine free form (Pereira et al. 2014). Same
type of work was showed in other works with recording based polymer of various
herbicides (simazine, atrazine, paraquat, and ametryn) (Usman et al. 2020). A plus in
herbicide bioavailability show somehow same or little enhance effect of
glycophosphate nanoemulsion as compared to commercial formulation (Usman
et al. 2020). Areas which are prone to rainfall herbicides application along less
soil moisture cause loss in form of vapors. As application of herbicides is not
possible in progressed awaiting rainfall as predication of rainfall can be possible
significantly. Regulated liberation of recorded herbicides is supposed to give an eye
on progressive weeds with crops (Roy et al. 2014). In opposition to slender amaranth
(Amaranthus viridis L.) and hairy beggar ticks (Bidens pilosa L.) nanocapsules
containing atrazine give most efficient work as compared to commercial atrazine
items (Sousa et al. 2018). So nanoformulations are emerging as the most efficient
nanoherbicides to regulate weeds in a proper way.

By a significant association of anionic lingo-sulfonate with epoxy coating
containing nanocarriers, integrated with abamectin were produced a modern lignin-
modified-electronegative pesticide nanocarrier. The outcomes showed that nega-
tively charged nanoparticles have an adequate size of 150 nm with 93.4% efficacy
of abamectin for encapsulation of nanocarriers. However, polymer based
nanocarriers may inhibit early release of abamectin and preserve active components
from microbial deterioration. The intensity of soil adsorption to abamectin was
loaded in nanocarriers for impressive flexibility of soil. In the meantime,
nanoparticles might be able to pass through the roots and nematodes. The software
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testing established that controlled impact of this novel pesticide was 26-40% greater
than that of other chemicals used in agriculture. Regardless of its excellent biological
activity and employment ratio, transportation system of this novel pesticide has
advanced potency to regulate plant-parasitic nematodes and also refines the efficacy
of pesticides usage (Zhang et al. 2020a).

Toxic chemicals and other compounds which are harmful to living can be easily
found out with the help of nanotechnology. Many useful functions are performed by
nanoparticles which are combined with antibody can give light to find out some
substances, it is also used in agrochemical for quantification and labeling like
pesticide. Decontamination of water is caused due to residues of pesticide; coupled
nanomaterials with any material can be used in photo catalysis; the process by which
reactive of light along with some material can remove them (Alvarado et al. 2017).
Working of photo catalysis is studied by combining it to nanotechnology, nanotech-
nology itself give good outcomes and also give a new way to delete compounds like
analgesics (acetaminophen and antipyrine), bisphenol, o-phenylphenol, testosterone,
caffeine and herbicides, fungicides and bactericide are used for analytic effects.
Oxidation process which depends on photo-Fenton oxidation and solar radiation is
used to remove mentioned compounds for catalyses with iron or ozonation and TiO,
(Hernan 2015). Metal nanoparticles or oxides of metals can only be used for photo
catalysis example: Au, TiO, (widely used), Fe,O5, ZnO. For photocatalytic prop-
erty, nanoparticles give physiochemical and optoelectronic effects (Alvarado et al.
2017).

3.6 Soil Fertility Management

To maintain crop quality, fertility of soil and high yield of food, fertilizers are used.
Basically fertilizers are come in more use after more production, hybridization and
cultivators which gave quick response to fertilizers. Methods that are used for
fertilizers (like spraying) lead to loss due to water runoff, hydrolysis, which causes
drainage of soil moisture, leaching, evaporation, drifting, and degradation of
phytolytes and microbes. Due to this loss, very low amount of fertilizers moves to
their target point. More amounts of pesticides and fertilizers are need for usage due
to its loss in environment in form of 50-90% potassium, 40—-70% nitrogen and
80-90% phosphorous (Pramanik et al. 2020). Many side effects in environment are
seen due to high and enormous amount of fertilizers and pesticides which are as
following; contamination, pest become resistance to pesticide reduces soil fertility,
degradation of natural resources and also leads to decrease micro flora of soil,
decrease nitrogen fixation and enhance bioaccumulation of pesticide. So use of
intermediate amount of chemical and synthetic fertilizers is accordance with their
nutritional demand of crop, and it leads to decrease pollutants in environment.
Nanofertilizers are act as fertilizer with smart feature that can give one or more
nutrients to plant growth and production of crop (Liu and Lal 2015). At nano-meter
level, nanofertilizers behave as a product of it which provide nutrition to targeted cell
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and also increase the efficiency/effect of nutrients and reduce degradation of envi-
ronmental (Pramanik et al. 2020). To increase the capacity of soil to hold water,
nanozeolites, hydrogels and nanoclays are used, as they are the source which liberate
water slowly, decrease the time of hydric shortage at the time of cropping. These
systems are beneficial in terms of the areas which are utilized for reforestation and
for agriculture usage. To decrease time and amount of treatment, to absorb pollutants
release from surrounding and to enhance remediation of soil, various inorganic like
nanoparticles of metal oxide and metals, organic compounds like nanotubes of
carbon and polymers are used (Duhan et al. 2017).

3.7 Nanomaterials as Priming Agent (Nanopriming)

Nanopriming is a technique where nanotechnology is used to increase seedling
vigor, seed germination and growth performance in all plants (Mahakham et al.
2016). Mahakham et al. galangal rhizome abstract is used to prepare gold
nanoparticles; these abstract are worked as a medium of nanoprimer to countersign
the yield and germination of maize seedling. He detected the usage of gold
nanoparticles which are formed by using abstract of Kaffir lime leaf to enhance
the germination process of aged seeds of rice. Nanocomposite which are
photosynthesized was utilized as activator that (a) increase uptake of water,
(b) give species which are more oxygen reactive, (c) enhanced the activity of
alpha amylase, (d) activate hydrolysis of starch to attain growth of embryo,
(e) give growth to seedlings (Mahakham et al. 2017). Different techniques used
for characterization outcomes shows a great AgNPs formation that are capsulated via
photochemical which are basically plant extract. Rice aged seeds are encapsulated
with silver nanoparticles which are phytosynthesized at 5 and 10 ppm which
markedly enhance the process of germination and vigorous seedling in comparison
to unprimed control, AgNO; priming and traditional hydropriming. o-amylase
working can be increased by nanopriming that gives rise to more content which is
sugar soluble to give a support to growth of seeds. In seed germination process,
genes which are aquaporin in nature are activated by nanopriming. Along with that
time, it was observed that nanopriming treatment of germination of seed give high
product of ROS in comparison to different priming tools and unprimed regulation.
This point gives the information that aquaporins and ROS both give major role to
increase germination of seed. Many methods including induction of seed germina-
tion by nanopriming were suggested, which consist of nanocatalysts which are used
to speed up hydrolysis of starch, nanopores used to increase uptake of water,
hydroxyl radicals formation to loosen cell wall, restarting ROS system in seeds
(Mahakham et al. 2017). Guha et al. founded zerovalent (nZVI) iron nanoscale act as
a nanoprimate that helps in advancement and growth of Oryza sativa. In aromatic
cultivator of rice named as Oryza sativa cv. Less amount of nZVI-based
nanoparticles was found to increase their growth potential which acts as an agent
of seed priming. By using various amounts (Nair et al. 2010; Rai et al. 2012; Usman
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et al. 2020; Khiyami et al. 2014; Mausavi and Rezaei 2011) of nZVI nanoparticles,
priming of seed occur and permitted to grow about 14 days. Along with various
points of times, by checking structural, physiological and biochemical parameters,
production of seedling and seed germination were evaluated. Highest working of
enzymes which are antioxidant and hydrolytic, and the enzyme help in dehydroge-
nation of root were found in 200 mg/L "' nZVI primed seeds. Vigoursity of seeds is
enhanced by priming seeds with less amount of nZVI, vigoursity is shown by more
length of stem, high biomass, more root length and more amount of photosynthetic
pigment (Guha et al. 2018). Sayedena et al. found the effect of nanopriming,
utilization of multiwall carbon nanotubes (MWCNT) on development of mountain
ash. This work showed that treatment of nanopriming enhanced the moisture content
of seed and infiltration of seed dormancy and causes seed germination. Species that
are endemic somehow do not consist of mountain ash (Sorbus luristanica [Bornm])
dormancy. In mountain ash best germination of seed and seed dormancy breakage
can be done with the help of more effective multiwall nanotubes of carbon. Priming
of seeds is done by various amounts of nano-materials which consist of
(250, 75, 150, 500, and 350 mg L*I) for nearby 24 h. After this above step two
types of stratification process occurred, that is, warm (for two weeks) and cold (for
3—4 months). Above observations concluded that stratification under cold condition
need three months at least for seeds. Then after the process of stratification in cold,
Petri dishes are used to transfer seeds in germinator. For 22 days, germination of
seeds was observed on regular basis. During this time period various measures were
seen and evaluated during germination of seed like mean time for germination, %
age of seed germination and speed of germination process (Sayedena et al. 2018).

Very less findings told about the impact of carbon dots on production of seed and
germination of seed. Work performed on Zea may analyze that more amount of CDs
(i.e., 1000 and 2000 mg/L™") provide low stem and root biomass because of the
deposition of H,O, and lipid in intensified form per oxidation. Some enzymes we get
active due to CDs which are antioxidant in nature (e.g., SOX, APX, CAT, GPX) are
found in cells of root cap, mesophyll cells of leaf, in root’s vascular tissues and cells
of cortex, showing the great efficiency of translocation and absorption in maize plant
of CDs. With the finding, some results were found regarding the removal of CDs
from leaf blade (Chen et al. 2016). Mung bean (Vigna radiata) sprouts were given
more CDs with a range of (0.02-0.12 mg/L™"), and this had an impact on
concentration-dependent results because the sprouts produced more carbohydrate,
a high biomass production, and larger roots and stems due to less CDs. With respect
to that CDs increased the amount of chlorophyll and also increase the working of
RuBisco to give effective photosynthesis in sprouts (Wang et al. 2018). Raja et al.
funded that in vitro conditions for seed priming of blackgram (Vigna mungo) ZnO
and Cu nanoparticles are added to it. The working which was done in vitro circum-
stances where treatment of seeds is done by various amount of nanoparticles of Cu
and ZnO, in which zinc oxide nanoparticles and nanoparticles of copper were kept in
liquid solution in amount 600 mg/L, 400 mg/L for about 3 h and they get dried with
nanoparticles of ZnO and Cu for about 1100 mg/kg and 900 mg/kg to enhance
quality of seed in blackgram (Raja et al. 2019).
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Risk of climate change, depletion of resources and biodiversity is threatening our
agriculture. Nanotechnology can be a feasible solution to this threatening situation.
The effective process of seed nano-priming can alter the metabolic and signalling
pathways of seeds, which has an impact on all stages of plant life, including
germination and seedling establishment. Studies have demonstrated a number of
advantages of seed nano-priming, including enhanced plant growth and develop-
ment, increased productivity, and better food quality in terms of nutrients. The use of
less pesticides and fertilisers is made possible by the modulation of biochemical
pathways, the equilibrium between reactive oxygen species and plant growth hor-
mones, and the promotion of stress and disease resistance. Toward sustainable
agricultural practices, the present review gives the pros and consequences of the
use of nanotechnology in nano-priming (de Espirito Santo Pereira et al. 2021).

Agriculture which is dome for market level should have regular and high speed of
seed germination for great establishment in field of market (Mahakham et al. 2017).
The process of taking water by mature seed is the initial step of germination, process
of germination get stop with axis elongation of embryo, via seed coverage that leads
in swelling of stem and root. Plant yield, its growth and development all are the basic
characters of plants which get base from the process of seed germination. Natural
process of germination includes more time and high crop production is also less.
Seeds which are treated have high speed of germination. This process leads nano-
technology to act as a useful method that increases germination and production also.
To boost the process of germination many researchers were found to regulate the
efficiency of nanoparticles. According to a research, by using nanoparticles of silver,
carbon and gold we can regulate the process of germination step by step of Trichilia
dregeana (Recalcitrant) and Vigna radiata (Orthodox seed). By above studies we
get to know that nanoparticles of silver and gold are the inhibitors of speed of
germination while nanoparticles of carbon leads to more growth in stem and root in
both the above plants remarkably (Mohanlall et al. 2013). According to research
single walled nanohorns carbon enhance the process of seed germination in six plant
species that are; maize, tobacco, switch grass, rice, tomato, soyabean, barley
(Milewska-Hendel et al. 2016). Late and slow seed germination can be seen in
spinach by giving it a treatment of CeO2 and nano iron pyrite (FeS2) (Das et al.
2016). This information can be utilized to slow and late seed germination, also used
to change population of weed, give high energy effective plants, storage of seed
during harsh conditions maintain life cycle timing of plants mainly in the region
which get limited sun’s energy. Seed primers have nano-CuO help to detect remark-
able decease in seed germination in rice plant. At the point of 2000 ppm Cu show
inactivation of seed germination in soyabean and chickpea having copper oxide
nanoparticles. Effect of copper sulfate solution on soyabean and chickpea seed
germination is used to see the results of following experiment at any concentration,
that is, low as 200 pm because of more stress by salinity (Shukla et al. 2019).

Less amount of graphene leads to give a great impact on growth of seed and
germination of seed in tomato plant. The seeds which are treated by graphene
germinate speedily as compared to control seeds. By analysis, scientists found that
seed husks are stimulated by graphene. Stimulus by graphene results in breakdown
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of seed husk that increases the uptake of water which leads to increase rate of
germination and speed up process of germination. During the time of growth of
seed, graphene leads to stimulate cells of root tip. By analysis, scientist find that
other than different nanoparticles, graphene give a significant role in growth of seed,
as graphene treated seeds during the time of germination of seeds give lengthy root
and stem and have less accumulation of biomass in its body as compared to control
seeds. By joining the entire above conclusion we found that initial phase for growth
of stem and germination of seeds is highly effected by graphene. Amount of
graphene caused high impact on initial growth of plant. High amount of graphene
somehow leads to genotoxicity and oxidative stress, while as it can help in trans-
portation of water it enhances germination process of seed. (Zhang et al. 2015).

3.8 Nanobionics and Photosynthesis

More than an enhancement in amount of factors related to agriculture, it is a fact that
indicates that quality effect of photosynthetic process leads to good quality in crop
production. More recently a key idea to add nanomaterials with living plants to
enhance their native function and providing them non-native function has more
precisely targeted. This theory give the main of “plant nanobionics™ (Giraldo et al.
2014) and actively permit to give rapid plant growth and become the main aspect to
enhance and develop system of artificial photosynthesis that is the main way to
swipe away energy (Noji et al. 2011; Singha and Bell 2016). With this it also cause
many more ideas which can’t think at this period of time. Research categories from
Massachusetts Institute of Technology (MIT) gave first post giving an action on
nanobionics of plants. Single-walled carbon nanotubes (SWCNTSs) in suspension
were perfused into isolated Spinacia oleracea chloroplasts and Arabidopsis thaliana
leaves. Electron transport rate is enhanced by 2 h with the help of this procedure in
comparison to regulate isolated chloroplast shelf life. Having an eye on these
researches, researchers find out that SWCNT-chloroplast congregated advanced
nearby three times action of high photosynthesis than increased and regulate rate
of electron transport (Giraldo et al. 2014). Photosynthesis process show positive
outcome of nanomaterial, as recorded by many research papers. Anatase crystal
nTiO, having catalytic action due to which it play it play vital role in the productivity
of light absorbance via leaves of plants that remark an enhancement in the process of
photosynthesis. It was recorded that TiO, prevent aging of chloroplast because of
stress caused photochemical and by this (Zhang et al. 2020b). Rubisco carboxylation
activity cause high rate of photosynthesis (Siddiqui et al. 2015; Mohammadi et al.
2016) and  biophysics characters of  photosynthesis, action  of
chl-photophosphorylation and electron transport chain also get effected (Qi et al.
2013). Along with photosynthesis nTiO, also helped in water conduction and
increased rate of transpiration of leaf (Chaudhary and Singh 2020).
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3.9 Nanotechnology in Food Packaging

Food needs to be stored for longer run. Food packaging is the vital part for food
supply chain. Proper food packaging protects food from contamination, dirt and
preserves its food quality. Safe, inert, lightweight, easy disposition/reuse, stress
proof comes under the net of an ideal food packaging material. To decrease
environmental stress and increase shelf life, impermeable packaging nanomaterials
is used so that food is protected from UV radiation (Shukla et al. 2019). To detect
chemicals, pathogens and gases, nanosensors came our way. All this come under one
net term of Smart Packaging (Ghidan and Antary 2020). To increase the surface area
of fibers, size of nanofillers is reduced. High surface area leads to large boundary
area between matrix and nanofillers. This modifies the molecular mobility, relaxa-
tion behavior along with mechanical and thermal properties of bio-nanocomposites.
Bio-nanocomposites are capable to persist the mechanical and thermal stress caused
in food supply chain. The performance and biopolymer is increased by many types
of nanosized fillers (less than 100 nm). To study the properties of
Bio-Nanocomposite, researchers gave some experiment with different type of fillers
and biopolymer. Study of physiochemical properties of antimicrobial composite film
[nanoparticles of gelatin, silver; hermos chemical and morphological properties of
bionanocomposite film (Wheat gluten matrix, cellulose), physical properties of
bionanocomposite film (fish gelatin, ZnO nanorods) is done extensively. Fillers
that are nonosized could be oxide of metal (like titanium oxide), inorganic, organic
(clay, montmorillonite MMT), metal (copper), natural antimicrobial agents like
(Nisin), natural biopolymers (e.g., Chitosan) (Othman 2014).

3.10 Nanotechnology in Agriculture Machinery

In the agricultural machinery area, nanotechnology has various relevancy that is it
works in structure of machine and agriculture equipment to enhance their opposition
power toward corrosion, tear, and UV rays give powerful mechanical composition
by using nano-coating and biosensors in high-tech machines for chemical and
mechanical control of weed, give nanocover to bear decrease in friction. To decrease
environmental contamination difference fuels are produced by the utilization of
nanotechnology (Mausavi and Rezaei 2011). The hard-working conditions for
agricultural machinery and equipment, especially tractors, combines and other
machines used in fields or gardens, further specify the need for utilizing more
durable parts. Using nanoparticles of clayey soil and carbon nanotubes to produce
nanocomposites with improved mechanical properties compared to conventional
composites can be a new approach to lightening and even replacing metal parts in
agricultural machinery. Nanocomposites are a new category of materials that include
old polymers reinforced with nanometric particles, and in fact nanocomposites are a
group of plastics full of minerals that contain a small amount (less than 10%) of



24 S. Yadav et al.

nanometric particles (often clay). Theoretically, these materials can be easily
extruded or molded in the final shape, while they have the same strength of the
metal and are lighter. This not only affects increasing the life of this equipment, but
also lightening them, reducing fuel consumption and, consequently, reducing envi-
ronmental pollution (Dehkordi and Keivani 2017). Tire is one of the most expensive
parts of a tractor or combine that can be used to increase the tire's tilt resistance and
reduce the wear of tire up to 50% by adding nanoparticles to the tires of tractors and
agricultural machinery. The presence of nanoparticles in the structure of tire
increases wear resistance, strength (improving the mechanical properties of the
fracture) and the apparent beauty of the tire. Moreover, it also brings the smoothness
and elegance of the appearance of tire. All of these factors produce a high quality
product that can last longer in a variety of conditions for tractors and combines. By
adding these nanoparticles to the tire, the amount of butyl rubber required for the tire
is reduced, and the tire becomes lighter and cheaper and remains cooler while
moving. Today, nanotechnology has created a profound transformation in the
industry (Razzaqi 2010). The properties of these types of tires include:

* Increased the resistance of tires to wear

* Increased mechanical strength of tires

* increased the thermal resistance of tires

* Reducing the flammability of tires

» Improving tire heat distortion (Razzaqi 2010).

Nanocrystalline materials produced by Aero-Gel method can be used as materials
for intelligent glass. This glass becomes dark and opaque when exposed to intense
sunlight, and when sunlight shines less, it becomes brighter. This feature causes
sunlight not to annoy the tractor driver’s eyes. In addition, since agricultural
machinery is used in dust-free environment, this type of glass has its own self-
cleaning properties, which is an important feature of the glass used in the manufac-
ture of agricultural machinery and equipment. Nano-lubricants have billions of
spherical nanoparticles that significantly improve friction and wear, as well as the
compressive properties of the lubricant. The advantages of using these materials,
depending on their function, can be to increase the speed and reduce the energy
required, increase the life of the materials and reduce their environmental damage. In
order to reduce engine erosion, copper nanoparticles are added to the engine oil, and
ferromagnetic nanoparticles are used both in the structure lubricant and in the
stopping leak structure. Fullerenes are also used to increase lubrication and reduce
viscosity of lubricants (Ndukwu et al. 2020). Most products require adequate coating
to prepare for acceptable market entry. Nanotechnology can be used to increase
resistance to various environmental factors, for instance resistance to corrosion, the
creation of new ability at the surface, such as hardening. Presently, considering the
growth of nanotechnology and its use in various fields, coating can be considered as
one of the most important sectors in the use of this technology. Nanometric coating
for various purposes like increased strength, improved bending and shear properties,
protective coatings resistant to corrosion, scratches, wear, and environmental factors,
uniform distribution and reduced the use of chemical solvents in coating of the parts,
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and increased chemical and thermal stability are among the achievements of the
application of nanotechnology in the production and manufacture of parts related to
agricultural machinery and equipment. Moreover, the use of this technology in
agricultural machinery in addition to improving equipment resistance to wear,
corrosion and dust increases their useful life (Razzaqi 2010).

3.11 Nanoparticles in Recycling Agricultural Waste

Waste materials generated directly by agricultural practises or by industries
connected to agriculture are referred to as “agrowaste”. Every year huge amount
of agrowaste is released. Industries works in field of biotechnology used as a big part
of agriculture waste as raw material. Waste water or polluted water which get
discharged from field of agriculture and food industry. Different forms of
nanoparticles can be formed by agrowaste. All around the world, loose of huge
amount of agricultural products and food in form of agrowaste every year. After
calculations of human’s food consumption, about 1/3 food formed become a waste
every single year (most of 1.6 G tons accordance with the estimation of one). Apart
from that previous report, new estimation comes under this which says that whole
sum 6 G tons food and non-food agricultural material is lost per annum. We can
estimate that, as if we decrease loss of agriculture products till this extent, surely we
can release a constant pressure on our resources. Due to this, demand of food
accessibility getting enhanced day by day for high population rate that leads to
decrease the utility of chemical pesticides and fertilizers (Javad et al. 2020). Issues
regarding wastage of crop nearby 80% of biomass of agriculture become a very
highlighted and sensitive issue during the time of crop harvesting. Burning of
agrowaste by farmers causes the release of many gases to the surrounding in huge
amount. Burning of these gases causes high amount of smog (fog + smoke) and that
give a great danger to normal human being body. Agrowaste can easily reuse,
recover, and recycle in a strategic process within an hour to manage the agrowaste
(Krishnaswamy et al. 2014). Proper and managed use of agrowaste must be a
remarkable step in statics of economy and progress. Agrowaste is used in so different
ways such as in formation of items that are derived from biotechnology,
nanoparticles formation, and in formation of manure and biofuel, etc. The remains
of agricultural items like feed, food and fruit and agriculture consist of agriculture
lignocelluloses (Chandra et al. 2012). For many items of biotechnology like high
protein, aromatic compounds, organic acids, microbial pigments, nanofillers, sec-
ondary bioactive metabolic products and enzymes, these waste could act as a raw
product (Tepe and Dursun 2014).

As maize is used to yield ethanol, its demand in worldwide market was increased
from last two years. Nowadays stock of cellulosic feed play a vital role in yielding of
biofuel and nanotechnology. It also increases the working of enzymes that major
play role to change cellulose into ethanol. Researchers start doing work on enzymes
that are nano-engineered which leads easily and low cost change of cellulose which
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we get from parts of plants which are now of no use to change in ethanol. By product
of rice milling and rice husk act as a new origin to inexhaustible energy. A best
quality of nanosilica in high doses is formed while burning of rice husk and get
changed it into biofuel and thermal energy, it could be used for various purposes, that
is, formation of different items like concrete and glass. Regular origin of rice husk
leads to high formation of nanosilica with the help of nanotechnology that leads to
boost up the disposal issue of production of rice husk (Fraceto et al. 2016). Mainly in
the cotton industry, nanotechnology is used to avoid pollutants. During the time of
formation of fabric or cloth from cotton, many extracts of cotton-like cellulose and
fibers of cotton act as a pollutant or utilized in making low-priced items like cotton
bolting, balls of cotton and yarns. With the help of electro spinning method and
newly formed solvent, experts provides fibers which acts as a fertilizer with a
diameter of 100 nm. Absorbents with high activity permits achieved application
on right time and place (Ghidan and Antary 2020). Rice husk can act as a good
source of renewable energy; it is produced as a byproduct of rice-milling. Best
qualities of nanosilica that can be used in formation of different types of items like
concrete glass is formed by burning of rice husk and convert it into biofuel. Concern
regarding getting rid of increasing amount of rice husk can be resolved as burning of
rice to more amount of nanosilica with the help of nanotechnology (Phenny 2018). A
well-organized biological method referred as aerobic digestion is the most efficient
method which is used to convert pollutants of agriculture into methane gas (Nasr
2019). To save other energy resources biogas is a best renewable agent of energy
which is used to produce heat, electricity and also help in cooking. Activity of
enzymes and pathways related to metabolism of methanogenic bacteria is stimulate
by the process of anaerobic digestion for which many essential elements are
required, that is, Cu, Ni, Co, Zn, and Fe (Ganzoury and Allam 2015). For a chance,
Abdelsalam et al. (Abdelsalam et al. 2016) interrogate use of metals as nanoparticles
to promote the process of manure of anaerobic digestion.

3.12 Commercial Applications of Nanotechnology
in the Agricultural Sector

When we are watching from business way, the agrochemical companies which are
already present in market getting the ability of nanotechnology and in some way if
artificially formed nano-sized active material could enhance the effect or give a
stimulus to the components which are beneficial in plants. Till now nano-sized
particles are unable to hold main useful changes in product physiology, mainly if
we are planning for a high scale production with high cost. In market, some small
companies which are mainly technology based gave some nano-products which are
useful in field of agriculture, like they launch a product which enhances soil
productivity, distribution of water, save water and also help in storage. Ass per
now, market-based companies that give nanoproducts are only ranging in small scale
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area, because of its high cost during production. Normally this high price can be
figured out by having more returns in field of medical and medicinal areas, but we
don’t get any kind of benefit from agriculture area. To find out future benefits in the
business-oriented agrochemical sector, research is regularly going on (Nanowerk
Spotlight 2014).

4 Drawbacks of Nanotechnology

Despite of all above mentioned advantages there are some drawbacks of nanotech-
nology in agriculture field. Many issues have been increased about the efficient
adverse effect of nanoparticles on the environment as well as on biological system-
like generation of toxic free-radicals lead to lipid per oxidation and damage of DNA
(Fig. 3). By employing these more potential techniques, lead to increase the number
of nonemployment in the area of farming due to less requirement of human worker
with these better operative techniques. Still researchers are in doubt due to lack of
insight on processes that how far this nano-based technology plays a significant role
in agriculture field, specifically they are concerned with the level of toxicity which
becomes harmful whether products were consumed or while this will entering into
living cells (Rienzie and Adassooriya 2018).

Complexity of Nano

Ecotoxicological
Impact of Nano
Pesticides and
Herbicides

! Drawbacks of :
‘Toxicity of ] Nanotechnology Adverse Effect of
Nanomaterials on IN AGRICULTURE nanomaterials on

Soil Micro- Soll Enzyme
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and Environmental Nutrient Cycling
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Fig. 3 Negative impact of nanotechnology in agricultural area
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4.1 Demerits of Nanosensors

However, nanotechnology-based farming has created a novel and smart change to
minimize accompanying risks. In agriculture field, due to improper guidance of
using sensors and food products be a cause of worries on population health and
ecosystem worldwide. Limited analysis of their behavior in soils is mainly due to
their nano-sized complex interactions. For this reason, an integrated path has been
recommended for interpretation of these fundamental interactions in ecosystem.
Government authorized a legal framework of instructions followed with the use of
nanomaterials to analyze toxic effects in the environment to a greater extent (Usman
et al. 2020).

4.2 Demerits of Nanopesticides and Nanoherbicides

It is a well known of likely toxicity impact of nanopesticides. Earthworms are good
indicators of soil health; their first ecotoxicological life was determined by
Heckmann et al. Various types of inorganic nanoparticles were used to analyze the
toxicity on earthworms. The complete reproductive failures of earthworms were
observed with silver treatments (Heckmann et al. 2010). The reproduction of
earthworms was remarkably minimized when they were treated with silver
nanoparticles. However, it was reported that accumulation of Ag was higher in
tissues treated with AgNOj as contrary to similar concentrations of Ag nanoparticles
(Shoults-Wilson et al. 2011). Josko et al. (2020) observed that high concentrations of
oxidized Cu nanoparticles had harmful impact on earthworms. Atrazine used as an
herbicide and to check the toxicity level in earthworms has been specifically reported
on the basis of different lethal dose concentration at a specific time intervals.
Comparably, tissue pathological studies showed breakage to the epithelial tissues
and chloragogenous layer, prominent vacuolations and pyknotic cells (Nayak et al.
2018).

Compound belongs to triazine herbicides includes ametryn, atrazine, and sima-
zine were commonly used for controlled effect of broad-weeds on crops like maize,
sorghum, and sugar cane. Although their approval in agriculture field, herbicides can
be harmful for environment depending on their toxic nature, level of contamination
and exposure time period. A prolonged-delivery system has been progressively used
to check dilemma of toxic behavior, reduce influence of environment and develop
herbicidal productivity. In (Andrade et al. 2019), the author developed a polymer
poly(e-caprolactone) nanocapsule with a combination of herbicides via interfacial
deposition method which were further used to analyze their toxicity to marine
species. Eco-toxicity tests were done with the algal (Pseudokirchneriella
subcapitata) and micro-crustacean (Daphnia similis) species. Moreover, cytological
analysis of lymphocytic cells at varied concentrations represents alteration of mitotic
index and also implied that encapsulated herbicides showed less eco-toxicity than
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the herbicides apart. Herbicides were capsulated into the form of nanocapsules
which showed less toxicity toward algal species and more toxicity towards
microcrustacean in contrary to herbicide apart. The results were suggested the
efficiency of nanocapsule assembly tends to minimize the amount of herbicides
used. Moreover, nanocapsules play a significant role in reducing the influence on
human health and surrounding ecosystem. The findings were determined that poly
(epsiloncaprolactone) encapsulated herbicides has showed lesser effect on
Pseudokirchneriella subcapitata while Prochilodus lineatus has found much more
toxic to the Daphnia similis contrary to non-capsulated herbicides (Andrade et al.
2019). Based on aforementioned risks and other toxicological studies of
nanoparticles (Usman et al. 2020), suggested that general risk evaluation appeals
for nanoparticles as nano-pesticides at biomolecular level. According to environ-
mental protection agency (EPA, USA), nanopesticides may affects human health as
follows: (a) skin epithelial cells absorb nano-pesticides with the help of their tiny
size, they can easily pass through cell membranes, (b) via respiration by
intercrossing a bridge between blood and brain, (c) environmental concerns raised
due to reactive potential and durability of some nanomaterials and (d) lack of
proficiency to measure environmental exposure with NMs (Lade 2019).

4.3 Adverse Effects of Nanomaterials on Soil Microbes

Presence of microbes into the soil indicates superior soil. Soil quality has direct
influence on organic component of soil and nutrient cycle. So this, soil organic
matter (SOM) directly influences all physio-biochemical characteristics affects high
crop yield and decrease levels of global warming (Hegde et al. 2016). Various
reports of carbon nanomaterials were investigated which resist changes in structure
and composition of microbial community. In most of the microorganisms, carbon
nanoparticles affect functional genes of archaebacteria and eubacteria which are
involved in Carbon and Nitrogen-cycles. Authors studied the effect of carbon
nanomaterials and fullerene (Cgp) on structure and composition of soil microbial
community. Microcosm experiments in combination of GeoChip microarray were
performed to analyze the impact of fullerene and multi-walled carbon nanotubes
(M50) which further transformed the functionality of soil microorganisms. The
results were showing that M50 has major influence than (C¢() on working microbial
genes. M50 had a vast and intense effect on microbe’s nutrient cycles. Carbon
nanomaterials largely influence biochemical pathways, suppressed nitrogen fixation
process, proteins, lipids and metabolites. From various studies it has been
established that carbon nanoparticles affects functional genes and soil microbial
community which include only carbon and nitrogen cycle as sulphur and phospho-
rous was found less susceptible (Wu et al. 2020).

Previous studies determined that microbes present in soil were easily influenced
owing to toxic nature of NMs (Remya et al. 2015). Especially, gram-negative
bacteria were exposed to small-sized oxides of metal such alike titanium oxide and
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zinc oxide which instantly show decrease in microbial biomass carbon (MBC) level.
Effects of nanoparticles on soil were caused reduction in overall biomass production
and enzymatic activity, which directly influence microbial-biological diversity.
Nanoparticles could pose a risk to human health (Simonin and Richaume 2015;
Rajput et al. 2019).

4.4 Adverse Effect on Nutrient Cycling

N-cycle is naturally occurring aspect which can increases the production for long
term use. N-cycle is correlated with productivity by influencing the microbes’
accompanying with n-cycle will also influence the crop-efficiency. Pseudomonas
putida, aerobically denitrifying bacteria were observed to be affected by carbon
nanotubes because of variation in the temperature range and higher level of fatty
acids (Rodrigues et al. 2013). Similarly, Bandyopadhyay et al. reported that
P. putida were observed to be affected by ZnO NPs. The author (Bandyopadhyay
et al. 2015) showed bactericidal effects toward Sinorhizobium meliloti, nitrogen-
fixing bacteria by using ZnO NPs. TiO2 and ZnO NPs had adversely affected the
order Rhizobiales by decreasing the bacterial community or lessening their diversity
(Simonin et al. 2016). Because of negative influence on bacteria and fungi species
ZnO nanoparticles were expressed as a nitrogen-mineralization material from
organic matter in previous studies (Rashid et al. 2017).

Kumar et al. showed that Ag NPs had affected species of Bradyrhizobium
accompanied with arctic soil to a greater extent. The possible harmful effects of
0.066% copper, nanoparticles of silica and silver in terms of high latitude (>78°N),
we can give a check on soil by utilizing community level physiological profiles
(CLPP), analysis of DNA and fatty acid methyl ester (FAME) assay, that consist of a
technique called as denaturing gradient gel electrophoresis (DGGE) and sequencing.
The conclusion of various findings were merged so that we can form a group in toxic
indicator, that showed that among all these nanoparticles, nanoparticles of silver are
the most poisonous to Arctic consortia. Regular researchers that depend on culture
verified that the bacteria which are incorporated with community—identified plant,
that is, Bradyrhizobium canariense which show high sensitivity toward the
nanoparticles of silver. So we can say that arctic soil get polluted by silver
nanoparticles is a major issue, and to solve and rectify this pollution is a prime
concern for findings (McGee et al. 2017). The major effect of using SWCNTs is to
minimizing biomass production of soil fungi which acts as primary decomposers
which are significant in recycling of nutrients (Rodrigues et al. 2013; Jin et al. 2013).
Moreover, soil fungi were reported to be adversely affected when treated with ZnO
NPs (Rashid et al. 2017). It has been observed that soil microbial biomass carbon
(SMBC) showed a remarkable decrease when exposed to various nanoparticles such
as Ag/Ni/Co/CuQO NPs (Antisari et al. 2015; Xu et al. 2015) and SWCNT (Jin et al.
2013).Copper oxide nanoparticles leads to decrease three main microbial working,
that is, (soil respiration, denitrification and nitrification) at 100 mg/kg dry soil, while
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reduced measures (0.1 and 1 mg/Kg) have only few impacts. For many verities of
soil denitrification was always be a prone microbial activity for nanoparticles of
copper oxide but nitrification and soil respiration always affected in coarse soil that
have less amount of organic matter. In addition to that, high reduction of microbial
working in heterotrophs had been seen in wheat planted soil at 1 mg/kg for
respiration of soil that is stimulated via substrate, this situation showed that presence
of plant is not supposed to alleviate harmful effects of copper oxide nanoparticles to
all living microorganisms. Above two tests explained that nanoparticles of copper
oxide gave harmful impact on working of microbes in soil along with different
physiochemical effects and earlier suspected to different agricultural means. Studies
that are done in short period of time (hours and days) do not showed harmful impact
of copper oxide nanoparticles that enhanced day by day (Simonin et al. 2018).

For the sustainability of ecosystem, nitrogen that is a main nutrient of ecosystem
should regularly reformed via recycling process, lack of it leads to compromised
functioning of ecosystem. Few stages that occur during the microbial changes of
nitrogen compounds were functioning via few microorganisms which lead to be a
functional species of ecosystem. Silver nanoparticles are widely used in industrial
area which possibly causes harmful effect on species which follow microbial
nitrogen cycle. Silver nanoparticles have great antimicrobial activity suspected to
get a range via various means of exposure in natural environment. Via many ways to
expose in natural environment, silver nanoparticles consist of high properties of
antimicrobes. Silver nanoparticles in toxic behavior somehow cause great impact on
few microbes which are functional in nitrogen cycle. In vitro conditions, silver NPs
have harmful impact on denitrifying, nitrogen fixing and nitrifying bacteria (McGee
2020). nTiO, exposure leads to inhibit working of nitrogen fixation (ECsy-96 h of
0.4 mg TiO,/L) and growth rate (EC50-0.62 mg TiO,/L) too. To show the amount
and growth inhibition which depends on time, here Hom’s law act as a model for
inactivation. Amount of TiO, in toxic level is less influenced as compared to
exposed time; this is determined by kinetic measures. The outcomes show that
cyanophycin grana proteins give vital function in mechanism related to stress on
exposure of TiO,. This finding shows that activity of nitrogen fixation can be
damaged by exposure of nTiO, in aquatic surroundings. So it possibly causes effects
on biogeochemical cycles that basically include nitrogen and carbon cycle (Kumar
et al. 2015).

4.5 Adverse Effect of Nanomaterials on Soil Enzyme
Activities

Soil enzyme activities are used to predict level of proper soil functioning and damage
occurs due to contamination. Chai et al. reported loss of function in activities of soil
enzyme due to ZnO Nanoparticles. Ecotoxicity of ZnO, SiO,, TiO, and CeO,
nanoparticles on agricultural soil were checked at 1 mg per gram. The ecotoxicity
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was further analyzed on the basis of thermal metabolism, abundant working of
enzymes and bacteria which is functional in nature. However, zinc oxide
nanoparticles and nanoparticles of CeO, directly decreases the number of soil
bacteria especially Azotobacter, blocks thermo genesis process and enzymatic
activities. Whereas, TiO, nanoparticles had a larger impact on enzymatic efficiency
and reduce the amount of bacteria present in soil. In addition, SiO, nanoparticles
moderately raised the activity of microbial soil. Pearson’s coefficient correlation
analysis signified that parameters of thermodynamics had a strong interrelationship
with abundant functional bacteria and enzymatic activity. Many studies had con-
cluded that functional bacteria, process of thermogenesis, and enzymatic efficiency
are viable for analyzing the toxicity of nanoparticles on agricultural soil (Chai et al.
2015). ZnO and TiO, nanoparticles extensively decreased enzymatic activity for
various soils like: catalase, protease and peroxidase. The impact of TiO, and ZnO
nanoparticles has been examined on growth of wheat and soil enzymatic efficiency
under favorable circumstances. Together these nanoparticles decreased the biomass
production of wheat. Moreover, TiO2 nanoparticles were kept in the soil for long-
terms and pre-dominantly attached to wheat cell wall. Whereas, the ZnO
nanoparticles were mixed up with the soil particles enables increase uptake of zinc
by wheat plant. These nanoparticles elicit significant changes in enzymatic activity
of soil. Proteolytic and catalytic activity of soil has been suppressed in the presence
of the nanoparticles alike urease activity was remain unaffected. Therefore, it has
been suggested that nanoparticles and there dissolved form were toxic for the soil
environment (Zhang et al. 2019). Effects of MWCNTs were observed with a great
impact on enzymes present in soils like soil phosphatase, 1,4-B-N-
acetylglucosaminidase, 1,4-B-glucosidase, cellobiohydrolase and xylosidase. Two
corresponding soil type studies were carried out on the basis of impact of MWCNTSs
on action and biomass production of microbes for a short period. A concentration of
5000 pg MWCNT per gram soil was used to analyze the activities and biomass of
1, 4-p-glucosidase, cello-biohydrolase, xylosidase, 1,4-p-N-acetylglucosaminidase,
and phosphatase enzymes. Eventually, this study showed that both soil types were
susceptible to be inhibited at 500 pg of MWCNT per gram and also all enzyme-
mediated activities along with biomass production were substantially reduced up to
5000 pg MWCNT per gram soil. Hence, this clearly indicates that higher the
concentrations of MWCNTs, lesser are the working of microbes along with biomass
(Chung et al. 2011).

4.6 Toxic Effect of Nanomaterials on Crop Plants

Wheat crop were found to be beneficial to analyze toxic effects by using
nanomaterials specifically metal based nanoparticles (e.g., Cu, CuO, TiO,, Zn,
ZnO, Ag and Fe,03,. CuO NPs showing their effect by limiting the overall growth,
but eventually these NPs influenced the biomass production. Furthermore, they had
adverse effects on several steps of photosynthesis of treated plants, by decreasing the
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chlorophyll content and elevate the peroxidase and catalase activities in roots
(Amooaghaie et al. 2017). TiO, NPs has been found with greater impact on wheat
plants as these NPs directly reducing the overall growth and yield (Zhang et al. 2019;
Rafique et al. 2018). Out of these aforementioned metal-based nanoparticles, Fe,O;
were reported for its impact on germination of seed, which showed that at high
concentrations it minimized the ability for seed germination (Rizwan et al. 2017).
Hydroponically grown rice showed decreasing biomass ratio and disruption to the
antioxidant system at the time of exposure with TiO, NPs. Additionally, TiO, NPs
leads to change in specific metabolite concentrations inside the cells, reduction in
carbohydrate synthesis process and increase respiration rate (Wu et al. 2017).
Maximum concentration of CeO, NPs, elevated the H,O, synthesis, while increas-
ing the lipid-per oxidation and electrolyte discharge in rice plants (Rizwan et al.
2017). There are such many studies reported which demonstrated the toxic effect of
many other nanomaterials (like Al,O;, MWCNTs, Si, SiO,, and graphene) on
different crop plants such as Maize (Zea mays), legumes, tobacco (Nicotiana
tabacum), tomato (Lycopersicon esculentum), onion (Allium cepa), cucumber
(Cucumis sativus), Pumpkin (Cucurbita maxima), Brassica spp., Red Spinach
(Amaranthus tricolor), Cotton (Gossypium spp.), Radish (Raphanus sativus) and
Lettuce (Lactuca sativa) (Rienzie and Adassooriya 2018).

4.7 Disadvantage of Nanotechnology in Food Packaging

High nutritive value food is making the food industries compete in a healthy way.
Surveys and studies show that masses do not encourage the high impermeable
packaging nanoparticles, material due to risky factors. To reduce the risk, industries
needs to amplify the safety measurement net (Ghidan and Antary 2020).
Nanomaterials have smart and unique properties so that they are integrated in
packing-industries at a very high rate. Advantages of employing nanomaterials
decrease whole packaging, build an active, smart and synergistic material having
antimicrobial characteristics. They also delivered the material which increases the
shelf-life of the packaged food and also plays a significant role in repairing of
package when deteriorated. Smart nanotechnology has a great potential in food
packaging, but it still has not been standardized. Many factors have been responsible
for this included expensive manufacturing and distrust customer loyalty and also
raise concerns due to environmental and administrative branch. Consumer product
safety would become a leading concern with respect to utilizing nanomaterials.
Various findings were suggested that the probability of translocation of
nanomaterials from packaged food with the rate of translocation effectively coupled
with the overall percentage of nanomaterials found in packaged material. Further-
more, severe major concern arises when a nanomaterial has been utilized as food
nutritional content, it will constitute a severe-threatening condition to public health.
Generation of ROS species induces cellular damage and death followed up by
mechanism of toxicity. Excessive production of ROS species may cause
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auto-phagocytosis, destroy neuronal cells; diminished the DNA and ultimately leads
to mutations, cancer, and aging problems in humans. Food supplements had adverse
effects upon exposure with nanomaterials as they are having severe allergic reactions
and damage metal. Moreover, the aggregation of nanomaterials in nutritive parts of
plants and human anatomy can create obstacles at a maximum concentration and
long-lasting interrelationships (Khan et al. 2011).

4.8 Adverse Effect of Nanotechniques on Farmers
and Environmental Health

Different type of nanoparticles with wide applications in agriculture like organic,
inorganic and carbon-based was discussed previously. For long-term use,
nanomaterials may enhance ecotoxicological effects on an organism on exposure,
intake which directly depends on its nanoness. In earlier, it has been discussed
(Phenny 2018), most ENPs exist with exclusive properties only when they have an
average size of 30 nm or less, which generally cause concern for human and
environmental health. Toxicology tests have been carried out in vivo and in vitro
to ensure safety level to the human health and environment system. To limit such
difference in toxicological analysis, researchers are still trying to know the working
of finest instrument that possibly will define the toxicity of the nanoparticles in
agriculture field. Similarly, researchers were examined that nanoparticles enhanced
its toxic environment via its charge-mass ratio, surface area and sample concentra-
tion. Knowledge of dose metrics responsible for toxic effects as stated by some
researchers can have a number of advantages that includes ease of adaptation of the
risk assessment data into the regulatory framework that ensure the safe use of such
nanoparticles, particularly in agriculture (Iavicoli et al. 2017). Food and agriculture-
nanotechnology has a great impact on growing population over the last decade. The
action and fate of nanomaterials in nature environment is highly dependent and has
physio-chemical characteristics which will raise a concern about human health and
environment as some nanomaterials are introduced as food supplements and other
inserted by virtue of emigration in various dietary and farming products. Further,
interface of nanomaterials was used as nanopesticides, nanofertilizers,
nanoherbicides and less often nanosensor which become cause of concern for
environment. Moreover, the complex nature of environment restricts the predictive
capacity of the action and fate of nanomaterials (He et al. 2019).

5 Future Outlook

In agriculture, nanotechnology plays a significant role in productivity, preservation
and energy efficiency of the environment. However, the outlook has to be explored
for long-term and pollutant-free application of nanomaterials:
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* Favors public awareness and insight toward the beneficial impact of
nanotechnology.

» Assure the association among nano-based science and technology, biochemical
engineering, natural environment, and social advances.

» Develop a relationship among funding organizations and research organizations
for a long period to endorse the effect of nanoparticles on human health and
ecosystem.

* Elaborate research on function of nanoparticles which ought to be actively
delivered water and nutrients to the plants for their proper development.

* Longitudinal study must be carried out to elucidate the association among
nanofertilizers and structural soil and ecology. Moreover, in plants, it is necessary
to manifest role of nanopesticides which were tissue specific and damage cell wall
of soil microorganisms.

6 Conclusion

In this new era of nanotechnology, novel bio and nano techniques are found to be
efficient in the field of agriculture. Nanotech-based applications play a significant
role in manufacturing process and transportation of agricultural by-products. Nano-
technology will transform agronomy by innovating latest approaches which include
accurate farming technology, increasing potential to metabolize nutrients, maximiz-
ing productivity, control of diseases with a specific detection, and endure environ-
mental stress. To build smart nano-agriculture farming in future, nanoscale devices
with smart processor will enhance efficacy of herbicides and pesticide for better
yield. At present time the major emerging issue of using nanoparticles on ecosystem
of agriculture has raised concern of adverse outcome and action of nanoparticles on
crops and likely toxic association with plants and microorganisms that are present in
soil surface area. Moreover, in nano-ecotoxicological state, DNA damage or lipid
peroxidation process causes the adverse impact of nanoparticles on soil microbes,
plant mass production and affects enzymatic activity of soil. Therefore before
application of nanoparticles in agricultural field, their impacts should be observed
and risk assessment studies should also be considered.
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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 (Gruere 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 AuCly or another Aurum salt (such as AuCls) 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 SnO,. 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
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Nanomaterials
(NMs) Constituent NPs Applications References
Nanofertilisers | Nano Fe/SiO, Enhanced maize and barley Zhao etal. (2017)

seedlings shoot length by
approximately 20.8% and
8.25%, respectively

7Zn0, TiO,, MWCNTs, Growth and production of
FeO, ZnFeC,-oxide and crops with enhanced effi-

Shinde et al.
(2020), Derbalah

sistency, rises in pH on
pomegranate (Punica
granatum) juice without
impacting the properties of
any fruit attribute

Hydroxyfullerness ciency of many crop species | et al. (2018)
including spinach, peanut,
mungbean, soy, onion,
wheat, tomato, wheat, mus-
tard and potato
Zinc/Boron, generated on | Enhanced consumption of Wang and
the chitosan emulsion zinc, chlorophyll elements Nguyen (2018)
NPs by mounting ZnSO, | and coffee’s photosynthesis
and H;BO;
Nano-zinc and boron Increase fruit yields and con- | Shehzad et al.

(2018)

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

Rezaei et al.
(2015)

Nano Fe;04 Increase the disponibility of
iron and protein in plants,
often used for chlorosis
treatment

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

TiO, and SiO, 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)

(continued)
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Table 1 (continued)
Nanomaterials
(NMs) Constituent NPs Applications References
ZnO Interruption in Malaikozhundan
Callosobruchus maculate et al. (2017)
larval and pupal growth and
development
Nanofungicides | Al,O5 NPs Treated effectively rot root Shenashen et al.
Fusarium in Solanum (2017)
lycopersicum tomato
Metallic NPs Antibacterial and antifungal | Slavin et al.
activity in plants (2017)
AuNPs Antifungal activity in Aljabali et al.
Candida albicans (2018)
ZnO Applied to plants in case of | Jamdagni et al.
fungal phytopathogens, (2018)
named Penicillium
expansum, Aspergillus niger,
Fusarium oxysporum, Botry-
tis cinerea, Alternaria alter-
nate, etc.
Chitosan/silver combina- | Efficacious to rice blast trig- | Pham et al.
tion (Ag@CS NPs) gered by Pyricularia oryzae | (2018)
Nanoherbicides | Atrazine nanocapsulation | Reduced root and shoot Sousa et al.
growth in B. pilosa and (2018)
reduced the operation of
photo system II
2,4- Rice husk waste was surface | Abigail et al.
dichlorophenoxyacetic adsorbed with 2,4-D to serve | (2016)
acid (2,4-D) 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
Seed ZnO Enhanced rice germination Upadhyaya et al.
germination and raises length of radical (2017)
and plumule
Six metal oxide NPs Improved Brassica seed Ko et al. (2017)
binary mixtures (TiO,, germination
F6203, CUO, NIO, C0304
and ZnO)
SiO, Boost the germination of the | Alsaeedi et al.
seed (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, TiO,, urea
hydroxyapatite, ZnO, nSiO, NPs and carbon-based NPs have all been examined
(Kottegoda et al. 2017; Subbaiah et al. 2016). Nano ZnO, SiO,, FeO and TiO, are all
examples of nanofertilisers. In the last ten years, there has been a comprehensive
study of many NPs for metal oxides such as TiO,, Al,Os, CeO,, 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
TiO, 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 Fe;0,4 coated EDTA NPs (Shahrekizad et al.
2015). The growth of peanuts is boosted by an increased supply of iron and iron
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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 ZnSO, 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*? 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 (GItS). 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). Fe,O3-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 SiO, 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 p-(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 B-lactam ring with certain microorganism. A B-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 gPDMAEMA (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~' ZnO-NPs were paired with 8 mg mL ™" ciprofloxacin and 32 mg
mL ™" 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 zinc acetate (ZnC4HgO,4). 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 11 instar larvae demonstrated a rise in the larvae efficacy of antifeedant
with lower values of (Lethal Concentration) LCsy of 84.56 and 309.98 mg mL™!
compared with LCs values of 127.49 and 766.54 mg mL ' 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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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 ') were used (Joko et al.
2017). Denitrification (11-fold increase of NO5 concentration) was significantly
inhibited by another study, and lower levels of nCuO (10 and 100 mg kg ") 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 (T1lmaciu 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



58 A. K. Sahu et al.

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 Al 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 wurban cultural agriculture. Most
nanoherbicides have biodegradable polymers and herbicides’ efficacy can be
strengthened. Atrazine is depicted by Poly (e-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
(e-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).

Unaffected weed plant Dead Weed Plant

Pathway of encapsulated nanoherbicide to target plant

£

Wy 0
#* * Target Plant
Nano Herbicide

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). Kdman-
Téth 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 (Fe,O3), Magnetite (Fe;0,), 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 (Pb**) and
Cd**, can be irradiated using (Al,03/TiO,) 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, () 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 TiO, NPs, too (Nuzzo
et al. 2016). Because of their HS-complexity, Simonin et al. (2015) showed that
TiO, 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
Fe,03; NPs reduced CO, 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 CO, 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 TiO, 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 Fe,0;
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, TiO,, Al,05, CuO, etc.) have a detrimental effect on
soil bacterial diversity, as per findings, while Si, Fe, Au, Pb and Ag,S 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. (¢) Transportation in cellular level
through plasma membrane

lateral roots, root hairs, thizodermis 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, NNtPIPI 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, CeO, 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 (Martinez-Fernandez et al.
2016), alteration of gene transcription pattern (Garcia-Sanchez 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 TiO, 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 SLRI 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 TiO, NPs can trigger photocytotoxicity owing to ROS
development (Yin et al. 2012). H,O, to H,O 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 nFe;0,4, nCeO,, nMnO,
and nAu causes GPX, while nCeO,, and nPt complement SOD. SOD stimulates
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antioxidant enzymes (Tripathi et al. 2017). In spinach, the application of nTiO,
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
mLfl), TiO,, of NPs improved the peroxidase (POD), CAT, SOD, chlorophyll, and
malondialdehyde (MDA) of the superoxide by eliminating the ROS and TiO,
NPs-caused cell membrane disturbance at high concentrations (500 mg mL ™).

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, SiO,) 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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Approaches, Challenges, and Prospects )
of Nanotechnology for Sustainable e
Agriculture

Garima Pandey, Smriti Tripathi, Sangeeta Bajpai, and Monika Kamboj

1 Introduction

The growth of agriculture is a necessary aspect of the economic development in
nearly all the developing nations. The current status of escalating worldwide popu-
lation graph is resulting into a decline in the demand—supply ratio of agri-products
(Ali et al. 2014; Contado 2015). The amalgamation of nanotechnology and biotech-
nology in agricultural sector would play an imperative part in increasing the pro-
ductivity rate with better packaging and processing of agri-products.
Nanotechnology is expansively influencing the globe with enormous applications
in almost every field, and in last few years, work in the area of agri-sector has
skyrocketed (Corradini et al. 2010; Cui et al. 2010; Dhawan et al. 2011). It pervades
nearly every region of agri-sector, ranging from soil health, irrigation and filtration
management, sensing and monitoring of biological host-molecules, food processing
and packaging, and pest, vectors, and rodent management (http://www.nanotec.org.
uk/; Fraceto et al. 2016). Nanotechnology constructs nanoscale materials by making
changes at the atomic level. The purpose of utilizing nanotechnology in agriculture is
to boost the agricultural yield, to curtail the usage of hazardous chemicals, to deal
with the loss of nutrients, and pest and vector management. This also involves
enhancing the creation and the promotion of nano-based agri-products, their effi-
ciency improvement, and quality and safety assessment of the agricultural goods.
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However, all the nano-based agri-products also bring in risk issues like contamina-
tion of air, soil, and water, or threats to plant, human, and animal health, along with
them (Gehrke et al. 2015; Gour and Jain 2019). Owing to the poor information,
assessment, and management of the risks associated, it is still not apparent how the
environmental sustainability of agriculture will be achieved through nanotechnology
in future. Over 1300 commercial nanomaterials (NMs), with prospective applica-
tions in various fields, are presently available in the market. The synthesis of
nanomaterials with precise dimensions, composition, and property has extended
their efficient applications in agriculture (Handy et al. 2008; Hegde et al. 2016).
Nanomaterials being used in agriculture could be from natural sources or engineered
ones synthesized in the laboratories. Nanomaterials are synthesized by the top-down
and the bottom-up approaches of synthesis and are generally grouped into organic,
inorganic, and composite nanomaterials (such as surface-modified clays). The appli-
cations of biologically synthesized nanomaterials pave the way for sustainability in
agriculture sector. The biosynthesis of nanomaterials from green reducing agents
without consuming high amount of energy and lethal chemicals has engrossed the
attention from the researchers globally (Hochella Jr et al. 2019; Joseph and Morrison
2006; Mukhopadhyay 2014).

2 Green Synthesis of Nanomaterial

In recent years, research has been concentrated on evolving innovative environmen-
tal means as an alternate to the conventional mode in order to cut the reaction times,
refining the degree of pureness of the products, and increasing the reaction yields.
These innovative technologies are incrementally taking modern society toward safer
and more sustainable practices and are environmentally friendly. It serves the
purpose of protecting human health and environment from hazardous waste. Nano-
technology is an emergent branch of science that involves synthesis of nano-sized
particles (less than 100 nm) by physical and chemical processes or from natural
resources (green approach) as green agents. Nanomaterials possess fabulous phys-
ical and chemical properties with ample of applications. The green nanoparticles
(NPs) have numerous applications. They play a significant role in the development
of novel and effective drugs, catalysts, sensors, pesticides, optics, photo-thermal
therapy, and medicine (Narayanan and El-Sayed 2005; Eychmuller 2000; Salata
2004). So, researchers have focused in developing nanomaterials by green methods.

The synthesis of nanomaterials is usually achieved via chemical and physical
methods. These traditional methods require the use of extremely toxic, expensive
chemicals and are havoc for the ecosystem. As a need of the hour, to reduce the risk
of toxicity in the environment from the different chemicals used in the physical and
chemical methods, researchers have moved toward more environment-ally friendly
process called “green synthesis.” Nowadays, green methodology is adopted to
integrate the particles at nanoscale in which compounds derived from natural
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resources such as microbes, animals, and plants are used. Such green tools to
produce NMs are cost effective with low waste generation.

Significant rules to be considered for green synthesis at nanoscale (Darroudi et al.
2011) include:

1. Use of the green solvents in the synthesis.
2. Use of an eco-friendly benign reducing agent.
3. Use of a nontoxic stable material.

The natural biodegradable resources such as enzymes, vitamins, bacteria, actino-
mycetes, yeasts, fungi, algae, plant extracts, and phytochemicals are the common
green systems/vehicles utilized to synthesize highly stable, well characterized, and
safer nanomaterials instead of the chemical methods (Machado et al. 2013; Huang
et al. 2014; Luo et al. 2016). Among these methods, synthesis via plant extracts is
beneficial since it lessens the peril of further adulteration by lessening the reaction
time and upholding the cell structure (Ajitha et al. 2015). Some of the systems used
by researchers to synthesize nanomaterials by green route are described as follows.

2.1 Bacteria-Mediated Green Synthesis

The defense machinery of bacteria plays a crucial route in the biosynthesis of
nanoparticles. When the concentration of ions is high, bacterial cells do not survive
and are under stress. To overcome this stress, their cell mechanism, that is, enzymes
in cell walls, converts toxic and reactive ions into stable nontoxic nanoparticles. The
only drawback in this case is that high concentration of nanoparticles can damage the
cell structure of bacteria as they require ambient conditions of pH, temperature, and
pressure to survive. Also, rate of synthesis is slow. Researchers reported
bioreduction of silver ion to bactericidal Ag NPs by using cell-free culture superna-
tants of psychrophilic bacteria and silver nitrate as precursor (Shivaji et al. 2011).
Different bacteria were utilized by researchers (Du et al. 2017; Singh et al. 20164, b;
Wang et al. 2016) to synthesize intracellular or extracellular Ag NPs of different size
using silver nitrate as substrate.

2.1.1 Algae-Mediated Green Synthesis

Algae are most primitive, aquatic photoautotrophic, eukaryotic microorganisms. In
recent years, they have been explored for synthesis of nanoparticles. Algae belong-
ing to the Class Cyanophyceae (blue green), Chlorophyceae (green algae),
Phaeophyceae (brown algae), and Rhodophyceae (red algae) have been used as
bio-tools for synthesis of nanoparticles (Khanna et al. 2020). Algae-mediated bio-
synthesis of nanoparticles is shown in Fig. 1 (Chaudhary et al. 2020). They have the
ability to produce nanoparticles by accumulating heavy metals (Castro et al. 2013).
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Fig. 1 Algae-mediated biosynthesis of nanoparticles

Cell walls of algae are rich source of bioactive components that make them
attractive bio-machinery for the production of diverse nanomaterials by capping
and stabilizing the precursors. Brown algae from marine are the rich source of
fucoidans, a polysaccharide secreted from their cell walls, utilized for the production
of gold nanoparticles (Lirdprapamongkol et al. 2014). Brown algae have the capa-
bility to uptake the heavy metals through complex cell walls, laden with mucilagi-
nous polysaccharides and carboxyl groups (Venkatesan et al. 2014). Chlorella spp.
and Sargassum spp. have been expansively reconnoitered for the production of
nanoparticles. Singaravelu et al. (2007) synthesized gold nanoparticles from the
marine algae Sargassum wightii in a short span.

2.1.2 Fungus-Mediated Green Synthesis

Fungus is another widespread bio-machinery to produce nanoparticles as it is easy to
handle, affordable, and secretes enzymes that are responsible for synthesis of
nanomaterials for mass production. A variety of fungi are being exploited for
nanomaterial production due to their ability to tolerate and bio-accumulate the
metal. They can withstand laboratory conditions (Fayaz et al. 2011), so have been
the first choice of nano scientists for the synthesis of nanoparticles. The active
bio-compounds released by the fungus are the bio-tools for production of
nanoparticles, which can be controlled to alter the composition, shape, and size of
nanomaterial (Menon et al. 2017). Suganya et al. synthesized stable gold
nanoparticles by using blue green alga Spirulina platensis protein and studied the
Au NP potency against the bacterial cell. These gold NPs damage the bacterial cell
by penetrating their peptidoglycan layer (Suganya et al. 2015). Extracellular syn-
thesis of metallic nanoparticles is rapid than the intracellular synthesis (Mukherjee
et al. 2001; Bhainsa and D’Souza 2006). The major shortcoming of this approach is
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occurrence of the genetic manipulation of enzymes in fungus recognized for syn-
thesis of metallic NPs (Thakkar et al. 2010). Also, fungus-mediated synthesis
process is slow.

2.1.3 Plant-Mediated Green Synthesis

Scientists’ community is continually trying to adopt the synthetic route that is
eco-friendly and less hazardous to mankind. Based on this strategy, variety of plants
and their extracts are being frequently explored recently to synthesize nanoparticles.
Plant-mediated green synthesis resulted in stable and less contaminated pure
nanoparticles with uniform shape and size. The reaction time was much more
reduced (as compared to using bacteria or fungus) without the consumption of
toxic reagents. The biosynthesis of NP from plant extract of different plants has
been reported (Mohan Kumar et al. 2013; Kuang et al. 2013; Thakur and Karak
2014; Njagi et al. 2010; Wang et al. 2014; Senthil et al. 2012). Mechanism of
nanoparticle synthesis involves three stages: activation, growth, and termination
(Kalpana-Sastry et al. 2009). Metal ions are reduced to atoms that nucleate to form
new entities in the first phase. These new forms will grow to stable NPs in the second
phase. Termination stage ends with the formation of NPs of desired shape and size.

2.1.4 Advantages of Green Synthesis Routes of Nanomaterial

Green synthesis routes of nanomaterial have many advantages, including:

» Ease of synthesis and characterization

* Economic viability

* Bioavailability of resources

* Eco-friendliness (Awwad et al. 2020)

» Cost effectiveness

* Environmental sustainability

 Fabrication of nano-objects with controlled size and shape
» Less chances of failure (Garg et al. 2020)

3 Advantages and Usefulness of Nanotechnology
in Agriculture

Agriculture is a backbone of economic development for any developing country.
The basic challenges that the agriculture industry is facing are: unpredictable
weather conditions, industrial development, and biological accumulation, with an
increasing food demand due to population explosion (Amin 2018). Global agricul-
ture is facing lots of problems in recent times like lack of nutrients, degradation in
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soil quality, climate change, reduction in agricultural land area, biomagnifications,
limited production of crops, low moisture content in soil, lack of manual labors, and
genetically modified crops (the deoxyribonucleic acid [DNA] of which is immune to
certain diseases and pests). The escalation in the consumption of chemical fertilizers
(from 0.5 to 23 million tons) shows that, till today, we are not overcome from the
repercussions of green revolution (Baker et al. 2017; Corsi et al. 2018; Cushen et al.
2012). There is no doubt that the production of our crops has increased manifolds,
but it is also true that the amount of required organic nutrients in them has decreased,
which has limited the production of some crops. The continuous reliance on uncer-
tain natural factors like climate, soil, and rain in agriculture makes it very
unpredictable (Dahabieh et al. 2018; Dayarathne et al. 2019). Consequently, to
overcome the obstacle of sustainability, and to fulfill the demands of quality food,
it is essential to maintain the database of living and nonliving constituents of the
environment (Dudo et al. 2011). To accomplish this, agriculture has to be technically
developed and nanotechnology has an important role in it. The promotion of
nanotechnology principles in agricultural practices has helped in achieving advanced
results. Nanotechnology has immense possibilities and profits in agriculture. When
correct amounts of nanoparticles suffuse in plants, it shows so many physical and
biological changes in them and indicates quality results in their growth and growth
of plants and the rate of seed germination and production (Feregrino-Perez et al.
2018; Hans and Jana 2018). Nanoformulation of insecticides, enhanced crop pro-
duction via nanocapsules for controlled release of nutrients, pest control through
nano-arbitrated genetic transformations, and developing nanobiosensors for site-
specific crop management are the few advantages of nanotechnology. The drugs
containing nanoparticles deliver its continuous release of nutritional materials, and
genes of concern give their continued release through plant cell to improve their
absorption, and proliferation of herbicides (Kouhkan et al. 2019).

3.1 Precision Farming

Precision farming is basically an approach to manage the agriculture process with the
help of information technology. It makes agricultural practices additionally effective
and manageable with regard to crop production and livestock rearing. The main
components of precision farming include all artificial intelligence (AI) devices like
robotic system, drones, and global positioning system (GPS)-based soil sampling. It
also includes sensors, automated means of transport, latest software, and hardware
tools. The prime objective of precision farming is to enhance the yield of crops by
minimum inputs (Kumar et al. 2015, 2019). Initial technological survey of agricul-
tural land is actually very helpful in precision farming; this survey includes soil
quality, and location identification with the aid of technology like sensors, satellite,
and computers. Mediation of technology measures all geomorphology accurately
for example, soil quality or required nutrients and moisture in soil and climate—
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which can be managed further to enhance and improve quality and quantity of the
crop (Kundu et al. 2019).

Precision farming is empowering with modern equipment and technology, like
minuscule sensors, that actually helps in supervising soil quality, growth of specific
crop, and management of agricultural trash. As reported by the Forbes, nanosensors
are being used by various countries—for example, R&D Company using
nanosensors to monitor sell by date and use by date in stores in Minnesota. Use of
nanosensors can optimize the need of chemicals to inhibit the growth of unwanted
plants; insecticides and nutritional constituents can be estimated, which can result in
maximum farming output in terms of crop production and quality by putting
minimum inputs (Liu and Lal 2015). Technological advancement in delivery system
and use of nanosensors help in reducing unethical exploitation of agricultural
resources like soil, moisture, and soil nutrients. Precision farming with nanotech-
nology plays a vital role in agriculture by predicting environmental problems like
drought and soil moisture as well as detection of seeds and pests, which is very
helpful in making agriculture actually sustainable. As soon as the nanosensors
understand the edaphic factors, they automatically adjust the irrigation or pesticides.
The dispersed nanosensors in the field also understand the existence of microorgan-
isms spread in the fields and then work accordingly. Precision farming plays an
important role in managing the farming waste materials and hence is very significant
to reduce the environmental pollution at its minimum level (Mabe et al. 2017).

3.2 Delivery of Fertilizers

The continuous use of chemical fertilizers for the purpose of enhancement of
production has led to many adverse effects like depleted nutrient level in the soil
and degrading of soil quality. Runoff and pollution are also responsible for the great
loss of fertilizers. Nanotechnology can help significantly to get rid of these issues
with the help of nanoencapsulated fertilizers, as they have been effectively absorbed
by the plants, and prevent wastage. The technique of nanoencapsulation has strong
control on releasing of nutrients and surface protection (Mani and Mondal 2016). To
fulfill the need of potassium, phosphorus, and nitrogen in soil, inorganic supple-
ments like urea and diammonium phosphates are used, which causes squander in
economy and environment (Martinho 2018; Milewska-Hendel et al. 2016). The
perspective of using nanoencapsulated chemical nutrients is to give the sustainable
release and efficient absorption of nutrients by the roots of plants. This is actually
effective in reducing the environmental pollution and wastage. These
nanoencapsulated supplements seem to be a better substitute for conventional
fertilizers.

Various scientific approaches are being applied and studies undertaken to fulfill
the requirements of all 22 crucial elements by using nanocomposite materials and
nanoclays (Monreal et al. 2016). The fertilizers that are coated with sulphur
nanoparticles are used to compensate the amount of sulphur in soil. In this
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perspective some nanoparticles like kaolin and chitosan have already performed well
and give very good results in controlled release of N, P, and K fertilizers. The
improved absorption of essential elements from the soil with the help of
nanoencapsulation really helped. Protection of plants from various contamination
and environmental hazards with upgradation in growth of seeds and roots can be
done by using nanosilica or silicon oxide film. To enhance the production of the
crop, nonvenomous TiO, nanoparticles are being used. Other problems like dis-
charge of water or high rate of dissolving water, denitrification of fertilizers, and
sustainable release of fertilizers are being wisely handled by applications of
nanomaterials like nanoclays, montmorillonites, zeolites, and bentonites (Morales-
Diaz et al. 2017; Mufamadi and Sekhejane 2017; Nasrollahzadeh et al. 2019).

3.3 Nanobiosensors

When nanosensors are arranged with bioreceptors, they collectively form biosen-
sors. These nanobiosensors are very efficient and effective in diagnosis and analysis
of atomic-level data of the crop, like detection of pathogens/infections in crop,
presence of various chemicals, or moisture content of the soil. Nanobiosensors,
made up of antibodies that are encapsulated on fiber optic, can be a good example
to sense pathogenic bacteria Escherichia coli (Nima et al. 2014). Nanobiosensors are
mainly made up of silicon nanoparticles that are fluorescent in nature, and antibodies
that are helpful in the detection of various Gram bacteria, for example, Xanthomonas
axonopodis, which causes severe harm to Solanaceae plants. The specific optical
characteristics of Au nanoparticles make them very efficient biosensor for detecting
infection, for example the karnal-bunt infection in wheat. Although this is a primary
phase of detecting diseases through biosensors, there are many gold biosensors made
up of carbon nanotubes (CNTs), nanowires, and silicon nanoparticles that are
reported for the diagnosis of plant diseases and pathogens (Nuruzzaman et al. 2016).

3.4 Nanopesticides and Nanoherbicides

Crop production and growth of the plant can be enhanced by developing specific
immunity in the plants and by destroying undesirable seeds, grasses, insects, or
microorganisms (Ozdemir and Kemerli 2016). However, the excessive use of
pesticides could also decrease the process of nitrogen fixation in leguminous plants,
and bioaccumulation of pest control chemicals can also deteriorate quality of soil.
The application of nanopesticides is really effective and has shown remarkable
advantages to overcome these major issues. But the demerit of this process is the
frequent runoff and leaching of the soil, which causes major wastage (Pandey
2018a). To resolve this issue, it is essential to encapsulate these pesticides and
their sustainable release with increased solubility. Several novel nanoparticles are
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Table 1 Outcomes of nanopesticides

S. no. | Nanopesticides Impacts
1 Ag nanoparticles Guards oak trees against powdery
mildew
2 Hydrophobic nano silica Controls the spread of Spodoptera
littoralis
3 Glycol-coated essential-oil-filled polyethylene Protection of harvest from
nanoparticles Tribolium castaneum
4 Hydrophobic aluminum silicate nanoparticles as Protects silk worm from grasserie
phenolic suspension disease

reported, which are made from silver and titanium oxide, and indicated excellent
outcomes to control infection and pest specifically in rice and silkworms (Pandey
2018b). CNTs coated with pesticides, Mancozeb, Zineb, and citric acid have shown
remarkable results in controlling the fungal infection. The nanoformulation tech-
nique is an efficient method to upgrade the forte and amount of natural constituents.
This is obtained because of the anti-pathogenic feature of the nanoparticles and
internal immunity of plants (Parisi et al. 2015; Patra and Baek 2017) (Table 1).

Another severe problem that arises in agricultural practice is the growth of weeds
along with the crop. Use of herbicides is badly affecting the standing crop and
causing deterioration in crop quality and production amount, which is considerably a
big loss. Agri-nanotechnology for sustainable agriculture and controlled delivery of
herbicides through nanoparticles basically help in proper mixing of herbicides and
soil particles, which is very effective in removing the unwanted vegetation without
harming the standing crop. Coated nanoparticles are actually very helpful in con-
trolled release and delivery of herbicides in plants. As an example, CNTs containing
silver and zinc oxide nanoparticles releasing herbicides containing triazine and
ametryn have shown excellent results in controlled release of these herbicides
(Prasad et al. 2016, 2017).

3.5 Nanofiltration in Agriculture

Water scarcity is the major problem of agricultural practice at global level. To
manage this, development of pocket-friendly equipment and innovative means of
irrigation is required, and to cure the water wastage, changing conventional irriga-
tion techniques is needed, although these changes cannot be made in those areas
where continual water scarcity is found. Nanotechnology can be helpful in giving
rise to solution of this problem; nanosensors give the details about the availability of
water in the soil. The use nanofilters is also an effective way to conserve waste water
of irrigation with the help of water treatment process (Quist-Jensen et al. 2015). The
nanofilters are very useful for removal of hardness and waste water treatment, having
dimensions of 0.5—1 nm. It is also suggested that the water used for irrigation should
not contain larger particles (>50 pm), heavy metals, or poisonous substances, and
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must have stumpy salt concentration (Rai et al. 2018). So, it is essential to remove all
unwanted substances from the water that is to be used for the purpose of irrigation.
The lower quality of water used for irrigation may cause decrease in quality and
quantity of the crop. In some countries, where the climate is hot and dry, solar-
powered nanofilters have given amazing results. They are found very effective to
manage removal of salts from water that is used for irrigation. Application of
nanofilters has also shown remarkable enhancement in crop production with the
reduction in the demand of fertilizers and irrigation (about 25%) (Raliya and
Tarafdar 2014).

3.6 Micronutrient Supply

Although the micronutrients are required in a very small quantity, that is, 100 ppm,
they play very significant role in plant physiology. These micronutrients act as
activators with so many enzymes. The measured release of important growth
hormones of plants has also been observed in chitosan nanoparticles, for example,
release of 1-naphthylacetic acid (Rienzie et al. 2019). Nanoparticles of iron oxide
when directly applied have shown progressive impact on plant growth. These plants
are rich in calcium and their pH value is also high. Nanoparticles containing iron
enhanced crop production, protein level, and their weight (Rossi et al. 2014). The
dearth of iron in soyabean can also be compensated by an application of
nanoemulsion of iron. The presence of micronutrients like Mn, Fe, Cu, B, Zn, and
Mo is an essential component of plant growth (Saharan et al. 2013). During the
Green Revolution, the drastic increase in the production of crops resulted in a big
variation in the concentration of micronutrients in the soil. To compensate the
concentration of these micronutrients, nanoformulations of these micronutrients
are provided, either through infusion or through spraying on the plants. Nanotech-
nology actually helps in developing smart seeds by the action of nanoemulsion;
these smart seeds are programmed seeds that will germinate only in favorable
conditions (Schmid and Stoeger 2016; Sekhon 2014). Smart seeds have very unique
properties, like they are capable enough to detect water availability and favorable
conditions for their germination and growth. The use of nanosilicon dioxide when
applied with SiO, in tomato plants has also shown excellent results in germination
(Sertova 2015).

3.7 Nanogenetic Changes in Agricultural Crops

Nanotechnology proposes groundbreaking ideas of genetic changes in plants with
the help of nanofibers/nanocapsules or nanoparticles. These nano-tools act as a
supplier and grasp plant gene and materials regulating the movement of genes.
The application of nanofibers in crop modulation, drug supply, and environment
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Table 2 Merits of nanoformulation over traditional formulation

Preferable characteristics Specimens of nanofertilizers

Formulations with the characteris- | Nanoformulations are able to manage smartly the disper-

tics of sustained release sion rate of nutrients as per need of the crop

Regulation on distribution and sol- | Micronutrients on nanoformulations increase their solu-

ubility of micronutrients bility and help in disseminating insoluble micronutrients in
the soil

Novel methodology for sustained Encapsulation of fertilizers through polymer coating spe-

release cifically monitors the release of nutrients and time intervals

Effective release of nutrients Nanoformulation potentially increases the time period and

efficiency of fertilizers

Percolation of nutrients Nanoformulation effectively controls and minimizes the
loss of nutrients from the soil

impact analysis is widely appreciated. Silicon nanoparticles (mesoporous) have been
known for an effective method to transport distant DNA into plant cell (Shweta et al.
2016; Corsi et al. 2018). It has also been reported that nanoparticles that are made up
of starch are very efficient in holding and transferring of genetic stuff through cell
wall of the plant cell. Nanobiosensors are also playing an important role by noticing
the dispersion of pollen grain impurities that arise from modified crops. The merger
of nanotechnology and biotechnology has given an amazing way of developing
three-dimensional (3D) molecular structure of synthetic DNA sequence as a crystal.
The above method can be used to upgrade the crop production by linking and
categorizing desired necessary organic compounds like carbohydrates, lipids, and
protein fragments to these DNA crystals (Corsi et al. 2018). The agrochemicals
encapsulated in nanoparticles are helpful in target-specific sustained delivery of
these compounds. They are actually working as a gene gun and giving effective
results (Siddiqui et al. 2015; Singh et al. 2018a, b). For example, mesoporous
nanosilica and gold-capped NPs have shown excellent result in introducing partic-
ular DNA-strands to tobacco and corn plants (Table 2).

3.8 Nanotechnology in Seed Treatment

Seed treatment through nanotechnology gives upgradation in the number and weight
of seeds along with weather resistance. This treatment gives about 75% enhance-
ment in dry mass, greater than 15% enhancement in shelf-life, and around 85%
enhancement in drought resistance. It has also been observed that there is a threefold
increase in vitamin level when they are treated with nanosolutions. This amazingly
improves productivity and hence increases revenue (Sozer and Kokini 2009;
Subramanyam and Siva 2016; Sun-Waterhouse and Waterhouse 2016).
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3.9 Diagnosis of Disease and Pest

Introduction of pest, contaminants, microorganisms, and diseases has led to great
harm to agricultural business. The biosensors are extremely useful in the exact and
specific detection of such hazards. These biosensors are an efficient tool to make
agricultural practice healthier, by averting the occurrence of pests, contagions, and
diseases, along with better surveillance of soil health, which automatically results in
enhanced productivity and nutrients of food grains (Wakeil et al. 2017; Wang et al.
2017).

3.10 Reinforced Supply of Nutrients and Phytosanitary
Products

The novel delivery system in accordance with nanotechnology helps in attaining
nutrients and sustained protection of goods, resulting into the upgradation in the
quality, magnitude, and the resilience of agricultural products (Wang et al. 2019;
Yan et al. 2019) (Fig. 2).

Fig. 2 Nanotechnology in
crop protection

CONVERGENCE OF
NANOTECHNOLOGY

IN PLANT
PROTECTION
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3.11 Ecological Aspects of Nanotechnology
and Agro-Industry

3.11.1 Viable Use of Water

One of the biggest merits of nanotechnology is seen in desiccated and dry areas, as
lesser water availability leads to great damage to the crop production and economy in
these areas. The application of nanohydrogels might check the water consumption
and enhance the sustainability of crops by controlled absorption of essential nutrients
and water (Sozer and Kokini 2009). It has been reported that soil loaded with
nanosilver-coated hydrogels is capable to hold 7.5% more water as compared to
the normal soil, and hydrogels have shown capacity to store 150 times more water
than their weight.

3.11.2 Reduced Pollution and Runoff

Applications of nanotechnology in agricultural practices are extremely helpful in
decreasing pollution caused due to chemical fertilizers and treatment practices, and
play a significant role in remediation of heavy metals that pollute the soil. This
makes possible the use of soil again. Nanosolutions compensate the amount of
agrochemicals that have been lost by leaching and runoff and thus effectively
conserve the economic loss as well (Yang et al. 2017; Zhang et al. 2016).

4 Agriculture Scenario in India

Indian agriculture is facing an extensive challenge in terms of climatic change,
nutrient deficiency, dwindling of cultivable land, stagnancy in crop yield, declining
water availability and organic matter in soil, and paucity of manual labor (Pandey
2020).

* The Indian agriculture is still under distress of the fatigue caused by the practices
of the Green Revolution. The fertilizer consumption has observed an exponential
rise of around four times in the last 50 years of Indian agriculture.

» The existing proportion of 10:2.7:1 for nitrogen, phosphorus, and potassium in
India is far off the ideal quotient of 4:2:1. This excessive and unwarranted
fertilization is worsening the soil vigor and is an issue of serious concern (Pandey
and Jain 2020).

* The extent of nutrient loss is constantly increasing the percentage crop deficit of
about 25-30% with every year. In order to sustain the vigor and health of the soil,
it is vital to maintain a balanced use of inorganic and organic nutrients; however,
the decline in the accessibility of organic nutrients and the subsidy given to the
inorganic ones are making it hard to accomplish. Drastic disparities in
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meteorological conditions—for instance, the unexpected surge in temperature
leading to intermittent droughts, unpredictable rainfalls, thinning of polar icecaps
due to global warming, etc.—are additional causes to introduce and adapt alter-
native approaches in the agri-sector (Pandey 2018c; Prasanna 2007).

5 Challenges

The challenges connected to the sustainable use of nanoparticles for agri-practices
are mainly because of the associated health and environmental risks, their
co-contamination, and toxicity issues (Yashveer et al. 2014; Singh et al. 2018a, b).
The general characteristics and the hazards linked with the usage of nanoparticles are
evaluated from the data available in various published articles. The human beings,
animals, plants, and the environmental components get the exposure to
nanomaterials at some stage during their production, handling, disposal, and man-
aging of the products containing nanoparticles (Sahoo et al. 2021; https://www.
azonano.com/article.aspx?ArticleID=5647). The remarkable characteristics of
nanoparticles are generally related to their synthesis routes. The chemical composi-
tion, tiny dimensions, and shape-effects of nanoparticles are the key reasons to their
toxicity that lead to the aggregation and translocation of nanoparticles inside the
body causing organ dysfunctions, organ damage, asthmatic attacks, carcinogenic
effects, organ enlargements, irreversible oxidative stress, etc. (Singh et al. 2021;
Sivarethinamohan and Sujatha 2021; Aamir Igbal 2020).

6 Future Perspectives

Sustainable agriculture is a coordinated balance between the biotic and abiotic
components of agricultural ecosystem for attaining energy balance with the stability
of food chains. Nanotechnology has an optimistic prospect for implementing posi-
tive changes in the agri-sector to achieve this balance. The applications of nanotech-
nology certainly can offer inventive and economical solutions and alternatives for
enhancing the soil fertility, crop production, pest management, irrigation, and
processing and packaging of agricultural products (Seleiman et al. 2021; Chhipa
2016). New skills, specializations, and procedural transformations based on the
principles of nanotechnology and increased use of nanochemicals, along with the
support, guidance, and regulations from the government, will lead to sustainable
growth of agricultural sector. The trailblazing advances in the field of nanotechnol-
ogy are creating new developments for the reformation of the agricultural sector.
Nanosensors have the capability of sensing the pathogens at very low percentage
levels (Usman et al. 2020). Nanotechnology provides solutions for converting
hazardous and tenacious chemical substances into their harmless or negligibly
harmful forms and at times into some advantageous components to be useful to
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agriculture. Further exploration is needed to reconnoiter in what ways the nanotech-
nology could aid the nutritional value and the production rate of the crop along with
augmenting the nutrient-absorption capacity of soil by using nanofertilizers (He et al.
2019). Further research is necessary in the areas of energy requirement and energy
production, crop production, disease diagnosis, detection and control of pollutants
from water and soil, protection and packing of food, nutrient supply, and environ-
ment management to achieve high and quality yield by effectively using the avail-
able resources without altering the environmental sustainability.

7 Conclusion

Agriculture sector being the lone provider of food for all the living beings should
necessarily make use of nanotechnology to meet the surging demand of growing
population. Nanotechnology has been established as an adept technique to sustain-
ably manage agricultural resources, for the precise delivery of nutrients and drugs to
the plants, and for sustaining the fertility of soil. Despite a lot of information in the
published articles and patents, still the accurate toxicity information of numerous
nanoparticles is unknown and imperceptible. This lacuna in the knowledge, statis-
tics, risk assessment, and management is restraining their wide acceptance and
applications. Therefore, it is very much necessary to develop an all-inclusive data-
base, legislations, regulatory policies, and alarm system, along with global cooper-
ation, for successful exploitation of this technology to achieve sustainability in
agriculture sector. Nanotechnology in the field of agriculture may still take years
to advance from the laboratory to the land, and to achieve this, funds, plans, and
support should be provided for this buoyant field to flourish.
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1 Nanotechnology in Agriculture

The advancing control in the size of materials that we can study and manipulate has
allowed the evolution of science and technology to the so-called nanoscience and
nanotechnology and with it the use of the prefix “nano” to referring to all those
materials, structures, and molecules at nanoscale (1079 units). The standard ISO/TS
80004-1 for nanotechnology vocabulary determines that the length range in the
definition of nanoscale is approximately from 1 nm to 100 nm. In the case of
fullerene molecules (dimensions below 1 nm) and single-layer planar structures
(e.g., graphene), these are nanomaterials because they are important building blocks
for nanotechnology (ISO/TS 80004-1:2015). Given the ratio of surface area to
volume in nanomaterials, their interaction with the environment or with other
materials or organisms is more effective. Consequently, the amount of nanomaterial
required for a given purpose will be less than its bulk counterpart. However, this
same interaction confers on it potentially toxic effects and, therefore, a risk to human
health and other living organisms. The study of the nanomaterials major part of the
time involves multidisciplinary areas of science like physics, chemistry, biology, or
health medical sciences, and their application through nanotechnology. This has
allowed application in diverse areas as well such as biomedicine, electronics, energy,
environment, textiles, or food and agriculture (Liu et al. 2013).

Agriculture has become a fruitful niche for materials at the nanoscale, namely, in
the form of fertilizers, pesticides, and nano biosensors for rapid detection of phyto-
pathogen and other biotic and abiotic stresses, as well as for the detection of traces of
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fertilizers. Also, these nanomaterials can be used for genetic modification. This
chapter is devoted to covering aspects related to nanotechnology potentially applied
to agriculture like applications, types of nanomaterials under investigation, regula-
tions, and the like.

2 Nanotechnology and Agriculture

Nanotechnology has entered the scenario of agriculture because it can aid greatly in
various manners (Shukla et al. 2019), as shown in Fig. 1. As it can be observed, there
are several possibilities for nanotechnology to be applied, although this chapter will
focus only on those related to pest management.

In relation to regulatory aspects, the following needs to be taken into consider-
ation (Acharya and Pal 2020):

» Impact of nanotechnology on human health and animal protection

» Environmental effects

* General regulation on the use of nanotechnology worldwide and by country

* Genetic nanotechnology: combination of genetics with nanotechnology to manip-
ulate crops (gene delivery)

In the end, the development of nanomaterials that could be applied to agriculture
is still under study in laboratories due mainly to the fact that toxicity in any of its
forms (genotoxicity, cytotoxicity, and so on) and its mechanisms have not been well
elucidated yet.

Fig. 1 Schematics of the
application of
nanotechnology in
agriculture
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3 Pesticides Nanoformulations

The definition of pesticides given by the Food and Agriculture Organization (FAO)
of the United Nations refers to all insecticide products, fungicides, herbicides,
disinfectants, and any substance or mixture of substances that are used to prevent,
destroy, or control any pest type that causes damage or interferes in the production,
process, storage, and transport or marketing of food or product of agriculture. The
role that pesticides play is highly relevant to guaranteeing the supply of the growing
demand for agricultural products and thus meeting the food needs of the growing
world population.

The use of traditional pesticides worldwide has increased from around 2 million
in 1990 to 4 million tons in 2018 (Lakzian et al. 2019). It is very likely that the
increase will not stop due to global demand for food to support the projected
population of about 9.7 billion by 2050 (Lakzian et al. 2019). Despite its increasing
use with the aim of increasing production, it is estimated that the losses in food
production due to diseases, insects, and weeds are about 220 billion (units). The
reality is that the activity of pesticides on unwanted organisms has an adverse effect
on both the environment and humans, since their use does not rationalize between
the different biological organisms on which it has an effect, thus affecting other types
of microorganisms that are beneficial for plant growth, reducing counterproductively
the production and its quality (Carvalho 2017). An experiment conducted by Ani
et al. (Al-Ani et al. 2019) showed that the addition of herbicides (Glyset I.P.A.,
Glyphosate 48%) and insecticides Miraj (Alphacypermethrin 10%) and Malathion
(50% WP) added separately to the soil at different concentrations decreased the
microbial activities and counts of soil bacteria, fungi, and actinomycetes. By other
side, the pesticide residues negatively affect the soil, water, and the atmosphere.
There is a well-known fact that a mere 0.1% of the applied pesticide is effective on
its target, and therefore the remaining chemicals remain in the soil where they
accumulate as pesticide residues.

Engineered nanomaterials (ENMs) emerge as possible solution to make improve-
ments in seeds and increase their growth rate as well as resistance to stress, and even
program them to be resistant to various types of pests. Regarding ENMs as
nanopesticides, their application has shown an increase in crop productivity coupled
with a reduction in the amount of the active ingredient. These benefits are because,
with the use of nanopesticides, the active ingredients can be directed toward the
target through various mechanisms at different stages of production. One of the
biggest problems encountered during the development of nanopesticides is the lack
of solubility in water, to which nanoformulations has a significant contribution in
achieving water solubility for insoluble drugs (Mustafa and Hussein 2020).

Some examples of nanoformulations are nanoemulsions, nanocapsules with poly-
mers, and inorganic engineered nanoparticles (NPs: metals, metal oxides, and
nanoclays). A novel delivery system was designed for post-loading a biopesticide
onto mesoporous silica nanoparticles (MeSiNPs) functionalized with
polyethylenimine (bPEI), which is rich in nitrogen. A burst-release behavior was



108 M. del Pilar Rodriguez-Torres

first observed by the nanocarrier MeSiNPs@bPEI after loading it with citriodiol
biopesticide (Plohl et al. 2021).

Considering the great variety of existing insects and insect parasitic nematodes, it
is favorable to understand the interaction of the various types of nanoformulations
and their mode of action in the body of insects. For example, there is evidence
suggesting that nanoparticles stimulate the immune system by disrupting bodily
functions by producing reactive oxygen species, and that the nature of their physi-
cochemical properties influences their mode of action. The understanding of their
mechanisms at an organismal level is crucial in determining their safety for use on
nontarget organisms—especially concerning their genotoxicity (Shahzad et al.
2018). From the point of view of economic impact, it is necessary to visualize the
framework through which the development and improvement of nanoformulations
must be addressed.

Nematodes are multicellular insects with smooth, unsegmented bodies and are
very abundant. The species that feed on plants are so small that a microscope is
needed to see them (van den Hoogen et al. 2020). During the growth stage of plants,
these represent one of the greatest threats to agriculture. Global crop losses from
these species are estimated to be in the trillions of dollars. The most recurrent figure
presented in the literature is 125 billion dollars (Mesa-Valle et al. 2020) referring to
publications from 2003 (Chitwood 2003). Another report in 2021 showed annual
losses for 157 billion (Feyisa 2021) (currency not specified). Considering not only
nematodes but also other insect species, the potential cost for losses is about
540 billion US dollars per year according to Royal Botanic Gardens, Kewn 2017
report. In 2016, Panini et al. reported a comprehensive study dedicated to calculating
the total potential cost of the impact of the 1300 known species of invasive pests and
pathogens in around 124 countries in the world (Paini et al. 2016). This study
revealed that the existence of invasive pests must be helped by international coop-
eration to halt their spread. Knowing the economic impact by region, hence, it is
required a simultaneous action in the development and improvement of new tech-
nologies of nanoformulations for a strategic combat of pests.

Nanoparticles offer to reduce the amount of pesticide used and optimize its
effectiveness with a controlled release of its active ingredients and thus reduce the
negative environmental impact. However, due to the complex structure of its
constituents, they do not degrade immediately and can still represent an environ-
mental and health risk, especially considering that due to the size of the particle they
could even be more toxic compared to their traditional equivalent. In this sense, it is
imperative to determine the toxicity of the nanoparticles and have in-depth under-
standing of their effect on human health, for example through the food chain (Rajput
et al. 2020). Alternatively, other routes for the elimination of toxic compounds must
be addressed. A bioremediation process has been proposed in which bacteria such as
Bacillus, Pseudomonas, Flavobacterium, Sphingomonas, Brevibacterium, and
Burkholderia use certain chemical groups as their only carbon and nitrogen source,
thereby converting the remaining toxic compounds from nanopesticides to nontoxic
end-products (Ramadass and Thiagarajan 2017). Other approaches such as the use of
nanoparticles based on a stable protein showed an efficient degradation by a
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proteolytic enzyme that is found generally in the midguts of insects. This opens new
possibilities for a more sustainable release of repellents and insecticides (Camara
etal. 2019). By other side, the use of nanoencapsulation has offered an alternative to
mitigate the toxic effects of traditional pesticides as bifenthrin, which is well known
for its detrimental effect on aquatic biota (Blewett et al. 2019). Other approaches
have been comprehensively reviewed by Nehra et al., exploring the state-of-the-art
development of nanobiotechnology-assisted pesticide formulations that provide a
high efficacy with a low risk of side effects (Nehra 2021).

Regulatory

Although pesticide nanoformulations offer enormous advantages over traditional
formulations, being a technology still in development, there is an opportunity to have
a simultaneous advance in terms of regulations for their use and waste management,
based on possible toxic effects on the environment and human health. However,
there is still little understanding of the risks associated with the use of formulations in
their nano presentation and consequently still poor regulations over its use. The Food
and Agriculture Organization (FAO) of the United Nations agrees that science
behind the nanotechnology-derived products is still emergent and in continuous
evolution. With this growth new issues have emerged, and it is crucial that organi-
zations like FAO and OMS keep aware with the new developments to be in
condition to act according to their implications. The FAO and the World Health
organization (WHO) experts worldwide have met and published several technical
papers covering topics as applications of nanotechnologies, risk evaluation and
management of nanotechnologies, and applications of nanotechnologies and their
potential food safety implications (Lakzian et al. 2019). The most recent document/
report from FAO/WHO meetings regarding these topics is from 2013 (Meeting
WHO and Residues 2007) in which it revised the national and international activities
on the risk analysis of nanomaterials (including nanopesticides) in the food and
agriculture sectors carried out since the meeting four years before.

The European Commission on the other hand, with the aim to keep European
agriculture competitive in the global market, in 2013 brought together scientific
experts and key stakeholders for a workshop to review the state-of-the-art research
and development into nanotechnology for the agricultural sector. The workshop also
focused on possible markets and possible commercial products. A consensus was
reached regarding the developments in assessment of nanotechnology and regula-
tions under the European framework. Test methods prior to that date were not
accurate enough for nano-sizing given the nano definition. A report from that
workshop was published in 2014 (Rauscher et al. 2014) and no workshops nor
reports from the last five years were found from the European Commission. The
adoption of nanotechnology in agriculture is being regulated in different ways
around the word resulting in different approaches to regulate nano-based products.
It is possible that risk assessment and authorization of new pesticides with
nanoforms or nanoencapsulated active substances will necessitate a separate classi-
fication and examination of the products on an individual case basis, to assess the
safety of ENMs as active substances. A high level of protection for humans and the
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environment is only possible by working together with the global community,
enabling the development of new helpful products, and promoting their global
market (Amenta et al. 2015).

Table 1 displays a few more scientific works devoted to fertilizer
nanoformulations; as it can be observed, some were synthesized to be tested on
certain pests and others on crops or plants or cells. Also, they are made of different
components such as polymers and although they are not listed, the synthesis methods
are varied. In any case, all of them have in common that even though good results
have been obtained, the toxicity issue is an important parameter to be investigated
further for these nanopesticides to be potentially used in the near future.

There are studies in which the bulk formulation of a nanopesticide is assessed
along with its nano-sized counterpart and it has been reported that the toxicity level
is similar (Vignardi et al. 2020). However, the potential assets of nanopesticides are
related to their stability, dispersion in aqueous media, and promoting a controlled
release of the active compound, which, in turn, increases effectiveness (Bratovcic
et al. 2021).

Being at a relatively early stage in the development of nanopesticides, it is
essential that the toxicological evaluation of nanoformulations is foreseen and that
it is verified that they comply with regulatory frameworks to guarantee a safe
application for both the environment and human health.

While population growth and demand for food do not stop, the development of
pesticidal nanoformulations and the integration of toxicity studies for their safe
application make it necessary to have mechanisms for their practical
implementation.

4 Nanomaterial Applications for Pesticide Detection
and Removal

In agriculture, pesticides play the role of chemical agents whose task is the destruc-
tion and/or control of pests. They are of different kinds, according to the problem
they attack, namely: insecticides and rodenticides (insect and animal infestation),
herbicides (weeds), fungicides (fungal or mold disease), and so on (Kim et al. 2017).
Despite their benefits, they are harmful at some levels to humans and the environ-
ment, particularly due to bioaccumulation and other factors. These hazardous issues
come from both the use and misuse of pesticides (Caldas 2019). Still, they cannot
disappear because of assets such as crop quality improvement and yield (Hassaan
and El Nemr 2020).

On the other hand, nanomaterials of different types have a wide range of potential
uses, ranging from electronics, to biomedicine, energy, food engineering, and
construction, among others, and of course, agriculture cannot be left behind (Mandal
and Ganguly, 2011; Khan et al. 2019), mostly because of their interesting and useful
properties (Gatoo et al. 2014). Specifically, when it comes to pesticides,
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nanomaterials can be used to produce new formulations (Zhao et al. 2018b) as
already covered in the previous section but also to aid in their excess removal,
mainly focused on two aspects: sensing and destroying—the first one refers to the
amount detection of a certain pesticide, and the second, to the elimination of its
traces (Chand Mali et al. 2020; Aragay et al. 2012).

4.1 Pesticide Detection and Removal by Means
of Nanomaterials

Pesticides are one of the main causes for food contamination that, hence, also end up
causing health problems. Some of the traditional techniques for their detection
include high-performance liquid chromatography (HPLC), mass spectroscopy
(MS), HPLC-MS/MS, and gas chromatography to mass spectrometry (GC-MS/
MS), as well as electrophoresis, but it is costly because of factors such as instru-
mentation and the fact that a high amount of sample is required to carry out the
analyses (Pérez-Fernandez et al. 2020a).

Since some time ago, nanomaterials have been investigated due to the fact that
they allow for contaminant detection with high sensitivity, lower cost investment, as
well as the easiness for small sample preparation and use (Rawtani et al. 2018).

It has to be mentioned that nanomaterials in their different forms can be used for
the detection, degradation, and removal of pesticides, thus giving a wide range of
options and possibilities to remediate hazards that pesticides usually have (Worrall
et al. 2018). In fact, research on nanotechnology applied to agriculture has been for
20 years around, according to the ScienceDirect and PubMed search engines; such
information is depicted in Fig. 2. It can be observed that the number of published
works has increased greatly from 1999.

4.2 Pesticide Detection
4.2.1 Biosensors

Biosensors are analytical devices whose purpose is the detection of a chemical
substance, by combining a biological component with a physicochemical detector.
In the case of pesticide detection, they are the most investigated and they are of
different types (Huang et al. 2021).

Figure 3 shows the general scheme of a biosensor’s functioning. First is a
biological recognition element usually known as a bioreceptor, which is a molecular
species that is immobilized and whose task is to permit the binding of an analyte.
Then, there is the transducer element that is in charge of directly extracting the
binding information resulting from the encounter with the analyte. The transducer
function relies on either measuring changes in current, resistance, or charge right
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Fig. 2 Graphics show the growing tendency for scientific works published on the nanotechnology
applied to agriculture topic

after a chemical reaction or the change of an optical characteristic such as fluores-
cence or absorbance, which is usually proportional to the analyte’s concentration.
Finally, the transduced signal (output) can be processed with the aid of electronics
and displayed for its visualization (Bhalla et al. 2016).

Enzyme-based (enzymatic) biosensors: Their functioning is based on an enzyme
acting as the recognition element in a selective manner with its substrate (analyte).
They can quantify the catalysis or the inhibition of enzymes by the target analyte by
two paths (Economou et al. 2017):
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Bioreceptor Transducer

Signal detection
Antibodies

Analyte Enzymes Optics
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Fig. 3 Scheme of a biosensor’s general functioning

(a) The enzyme able to metabolize the analyte and its concentration is found by
means of the measurement of the catalytic transformation of the analyte.

(b) The enzyme can be restricted by the analyte, hence its concentration is associated
with a decrease in formation of the enzymatic product.

One type or more of enzymes can be used for their development, for example:
cholinesterases (ChEs) among which we can find acetylcholinesterase (AChE),
organophosphorus hydrolase (OPH), and organophosphorus acid anhydrolase
(OPAA). All of them are focused on the detection of different pesticides. Acetyl-
cholinesterase biosensors are widely investigated for the detection of organophos-
phorus and carbamate pesticides. Organophosphorus hydrolase and
organophosphorus acid anhydrolase biosensors are aimed at organophosphorus
pesticide (OP) detection (Newman and Setford 2006).

Nanoarchitecture has been used in the development and design of these bio-
sensors, for example by using nanocomposites based on metal organic frameworks,
quantum dots, biodegradable polymers, magnetic nanoparticles, and so on. In fact,
biosensors are the most studied structures concerning pesticides and there are
different types. The subdivisions and categories may vary among different authors;
hence, a general outline is given for reference:

Whole-cell biosensors: They are intended to measure functional information and
the effects of an analyte on the physiological function of living cells (Bousse 1996).

Immunosensors: They are considered solid-state devices where the immuno-
chemical reaction is coupled to a transducer. According to the type of transducer,
immunosensors are subdivided into electrochemical, optical, microgravimetric, and
thermometric types; some authors consider these categories apart. Their functioning
is alike to the one of immunoassays: the specific recognition of antigens by anti-
bodies to form a stable complex (Cristea et al. 2015).

DNA biosensors: These kinds of biosensors work on the principle of molecular
recognition based on the alterations induced by electrochemical responses before
and after a hybridization event. They are further categorized into electrochemical,
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optical, acoustic, and piezoelectric types (Kuralay et al. 2012; Kuralay and
Erdem 2014).

Table 2 displays research works in which different examples of the aforemen-
tioned types of biosensors are listed. As it can be observed, they all detect different
kinds of pesticides, work under a variety of mechanisms, and their structures are
mainly based on composite materials. An important feature that is relevant is the
limit of detection (LOD) that is reported to be much below the micro concentrations.

4.2.2 Other Nanostructures for Pesticide Detection and Removal

The majority of nanotechnology-based platforms aimed at pesticide detection are
focused on biosensors, and they sometimes make use of nanostructures as part of
them as discussed in the previous section. However, there are examples of other
nanomaterials that are used, too, but they are much less covered in their research
given the fact that biosensors have much more advantages due to their complex,
well-organized structure and reproducibility, but a drawback they present is that they
are restricted to detection only. The materials that will be covered in this section can
be considered as composites due to the fact that several nanostructures act in a
synergistic manner to detect, quantify, and even remove a certain pesticide; this is
accomplishing a double task. When recovery rates are mentioned, it will be assumed
that the mentioned composite can be reused for either detection or removal.

Colorimetric approaches have been investigated using graphene oxide
nanocomposites—for instance, size-tunable graphene oxide to detect organophos-
phorus pesticides (OPs) at nanomolar levels by means of a cascade reaction. The
mechanism basically relies on the basis of the intrinsic peroxidase-like activity of
graphene oxide that leads to a color-generating reaction by means of multistep
enzyme catalysis in the presence of AChE and CHO. The inhibition of AChE by
OPs is observed as a decrease in color intensity, which is proportional to the
concentration of OPs (Chu et al. 2020). Fe30,4-TiO,/reduced graphene oxide
(Fe304-TiO,/rtGO) was synthesized hydrothermally, showing an efficient
peroxidase-like catalytic activity for the sensing of atrazine using TMB as a perox-
idase substrate molecule with 2.98 pg/L as a limit of detection (LOD). Additionally,
photocatalytic degradation of atrazine molecule at 100% under natural sunlight
irradiation was attained. Interestingly, FeO4-TiO2/rGO nanocomposite was success-
fully recycled for ten times without a significant loss of its photocatalytic efficiency
(Boruah and Das 2020).

Graphene oxide nanomaterials have been studied and even very simple but useful
platforms have been synthesized: graphene nanofragments modified with chitosan
(CS) and AChE were successively drip-coated onto the surface of a glassy carbon
electrode using a layer-by-layer assembly approach. The target pesticide was
dichlorvos and the limit of detection was 54 pM (Zhang et al. 2021).

As for noble metal nanoparticle-related methodologies, most of the research is
concentrated on silver (AgNPs) and gold nanoparticles (AuNPs). There is a study in
which gold nanoparticles, AuNPs, are coupled with hydrogen peroxide, which leads
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to the oxidization of o-phenylenediamine (OPD) substrate to produce
2,3-diaminophenazine, with characteristic absorption peak at 450 nm and a yellow
shade. When such system interacts with dimethoate, a pesticide, the catalytic activity
of AuNPs is inhibited greatly, leading to the appearance of a light yellow hint or even
colorless solutions (Hu et al. 2019). Cysteamine-modified gold nanoparticles were
utilized for detecting glyphosate. Their agglomeration due to the interaction with the
pesticide results in a color change from red to blue or even purple, which can be
observed with the naked eye on the surface of plant tissues, but the quantification
was carried out by using the generated complex (AuNPs-glyphosate) as a SERS
substrate (Tu et al. 2019). In another study, dimethoate was adsorbed onto gold
nanospheres and nanorods in aqueous solution using the batch technique. The best
adsorption and removal results were obtained with nanospheres as monitored on a
24-hour basis (Rahmanifar and Moradi Dehaghi 2014).

Carbon-dots stabilized silver nanoparticles interacting with phoxim, aggregate,
hence promoting a red shift from 400 nm to 525 nm in a linear trend, with a limit of
detection of 0.04 pM and with a recovery of 87-110.0% (Zheng et al. 2018).
Another similar study to detect triazophos was reported by Ma et al. (2018).
Polyurethane foams were used as a substrate for silver nanoparticles coated onto
polyurethane foam and glass beads in a fixed bed column, to remove chlorpyrifos in
aqueous solution, by varying the flow rate (20-40 mL/h) with a fixed bed height and
pesticide concentration at percentages higher than 90% (Varghese et al. 2020).
Cysteine-capped Ag nanoparticles’ ability to remove chlorpyrifos and malathion
was assessed in a study that demonstrated that chlorpyrifos has better affinity to Ag
nanoparticles compared with malathion due to the aromatic amine group present in it
(Singhal and Lind 2018).

Metal oxide nanoparticles such as silver oxide (SO) ones have been loaded into
chitosan to form beads for permethrin removal from water; this system works as a
great adsorber with 99% of permethrin removal in 45 min shaking time, pH 7, room
temperature of 25 mL solution of pesticide (0.1 mg L™"). Such results were obtained
by varying the mentioned parameters (Ma et al. 2018). An anatase TiO,-carbon paste
electrode was developed for the detection of cypermethrin (0.1 ppm LOD) by the
accelerated electron transfer on the surface of electrode due to the compact nature of
the structure and its high conductivity, which contribute to the sensing sensitivity
increase with the increasing of anatase TiO, concentration (Nurdin et al. 2019).

Concerning carbon nanostructures, there are studies in which, for example, a
carbon nanotube (CNT)/B-cyclodextrin (B-CD) nanocomposite reinforced hollow
fiber (HF) was applied to direct-immersion mode of solid-phase microextraction for
the determination of carbaryl and 1-naphthol in tomatoes, along with high-
performance liquid chromatography. With such setup, limits of detection of 0.05
and 0.15 ng/g for 1-naphthol and carbaryl, respectively, along with the high recovery
in the range of 84.2-108.9% were obtained (Ding et al. 2019). Magnetic carbon
nanotubes are obtained by chemical vapor deposition (CVD); their structure is made
up by hydrophobic and hydrophilic fractions that allow for the adsorption of
alachlor, buprofezin, cadusafos, kresoxim methyl, disulfoton, terbufos, and triflura-
lin. The magnetic properties and amphiphilic character of the nanocomposite
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permitted the phase separation, and improved the extraction of the pesticides
(Barbosa et al. 2017). It has to be pointed out that these carbon nanostructures are
mainly used in the development of biosensors.

On the subject of bimetallic nanoparticles, Fe/Ni nanoparticles have been evalu-
ated for the removal of profenofos due to their high adsorbance efficiency suggesting
a spontaneous and endothermic process (Mansouriieh et al. 2016). An Au-Pd
co-modified TiO, nanotube film was synthesized by a photo-deposition method
and was later assessed for the degradation of malathion, revealing that the coupling
of Au—Pd resulted in a more efficient degradation process than when they were not
attached to the TiO, structure (Yu et al. 2010). SERS based on core-shell bimetallic
Au@Ag NPs has been achieved for the detection of triazophos and parathion-methyl
residues with detection limits of 0.001 mg/kg and recovery of 93.36-123.6%,
respectively (Yaseen et al. 2019).

Additional nanostructured materials that can be mentioned are scheelites: these
microwave-synthesized calcium tungstate (CaWO,) nanoparticles were found to be
good adsorbers of cyanophos, yielding dimethyl phosphorothioic acid (DMPA) as
the degradation product (Yekta et al. 2016).

5 Effects of Nanotechnology-Based Pesticides on Pollinators
and Nature

Even though nanotechnology is a research field with a relevant presence and with an
increasing interest in its growth for potential application in several areas, the
concerns related to agriculture have to do with environmental impacts, especially
because although materials at the nanoscale have provided satisfactory outcomes,
there is still a long way to go especially when addressing toxicity and its conse-
quences. In the case of pesticide nanoformulations, this has to do with the effects on
pollinators. There are few works related to this topic since much of the research is
focused on the development of nanopesticides and, of course, evaluation of their
immediate biological effects on plants, soil, and water, but an assessment of the
effects on pollinators are barely carried out. The studies that can be found in
literature related to nanopesticides’ effects on pollinators are aimed at bees.
El-Helay et al. studied the use of Citronella in conjunction with nicotine pesticide
formulations (Nanochlorpyrifos and nanoimidacloprid) to repel bees and thus keep
them safe (El-Helaly et al. 2021). Oliveira et al. studied solid lipid nanoparticles as
pyrethrum carriers showing that this formulation had no significant effect on diges-
tive cells, for honeybees (Oliveira et al. 2019). Other research on this topic is only
related to regulations and possible paths to control side effects of nanopesticides
(Hooven et al. 2019).
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6 Conclusions and Future Perspectives

Pest management is one of the important topics when it comes to the
nanotechnology—agriculture relation. The most important aspect to work upon is
basically toxicity, which is an issue concerning the environment, human beings, as
well as pollinators. Additionally, it is also worth considering that other types of
nanomaterials have been approved for their use in commercial products whereas
nanopesticides have not.

Tackling such obstacle is being worked upon by many researchers worldwide by
means of the study and development of a wide variety of nanoformulations. Then,
there is also the part related to the remediation of their adverse effects by using
nanobiosensors. This implies that there is an opportunity to use them synergistically
to enhance crop production in the long run.
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Treatment crece
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1 Introduction

About 75% of the earth contains water in different forms. Human civilization is
nothing without water. With human civilization’s growth, water consumption has
been increased in many different ways, like industrialization and urbanization.
Clearly, there is contamination of earth’s drinking water with heavy metal ions,
fluoride, organic dyes, biomolecules, etc., which has built into a global environmen-
tal issue. The displacement of heavy metal ions like Cr**/®*, Mn**, Fe**, Co>*, Ni**,
Cu®*, Zn**, Pd**, Ag'*, Cd**, Hg?*, and Pb** to water bodies has led to their
accumulation in the food chain, leading to a threat to human’s health (Godwill
et al. 2019; Arif et al. 2015; Jessica et al. 2020; Eline et al. 2019). Though nature
has remedies for this problem through the aquatic animals, the cycle again comes to
human health in the food chain due to consumption of aquatic animals. Here it is
necessary to discuss the adverse effects of water pollutants, which can be termed as
carcinogens or toxic materials (Afroze and Sen 2018; Cocarta et al. 2016). According
to the findings of researchers, Cr(VI) ions are the most carcinogenic of the Cr(III)
group of water contaminants (Marina et al. 2020). The impaired cognitive develop-
ments like increased hyperactive behavior and low IQ level are significant results of
Mn’s excess level in drinking water (Khan et al. 2012; Leonhard et al. 2019;
Bouchard et al. 2011). Chronic iron toxicity and neurological and cardiovascular
disorders are directly related to overload of Fe and Co ions (Siri-Angkul et al. 2018;
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Unice et al. 2014). Excess Ni can induce toxicity in various metabolic active tissues
(Kusal et al. 2019). Even essential elements, like copper and zinc, cause serious
health effects like low blood pressure, vomiting, and nausea, when taken in excess in
oral drinking water. Except for the first row of the transition metal ions, elements like
Cd>*, Hg*™, and Pb*? come under the most toxic elements causing long-term liver
and kidney damage, renal dysfunction, serious blood disease, and neurotoxicity
(Keshavarz et al. 2013; Chen et al. 2011; Rafati et al. 2017; Krishna and Sunil
2018). Hence, modern techniques are being used to separate heavy metal ions from
water. Membrane filtration, adsorption, chemical precipitation, ion exchange, elec-
trochemical treatment (Lopez et al. 2019; James et al. 2019; Davarnejad and Panahi
2016; Khulbe and Matsuura 2018; Tran et al. 2017), etc. have been developed over
the traditional technique to purify contaminated water within a short time period.
Also, combining different techniques for better wastewater treatment is under
consideration (Huang et al. 2016; Raffaele et al. 2020).

Besides the heavy metal ions, pharmaceuticals and textiles effluents (dyes)
constitute 1-20% of the wastewater component worldwide, which influences eco-
system and eutrophication and thus human health (Saravanan et al. 2013; Chen et al.
2017; Ezechi et al. 2015). Effluents are classified based on color, functional group
present, and ionic charge (cationic—basic and anionic—acidic, reactive, direct) for-
mation upon dissolution in water present (Clarke and Anliker 1980). At the same
time, vats and dispersed dyes are nonionic charges (Tan et al. 2015). Lastly, halogen
group fluoride is the most reactive element that attacks oxygen and changes the
metabolism, leading to hydrogen peroxide production. Simultaneously, excess fluo-
rine takes part in free radical formation (Yang and Liang 2011). According to the
World Health Organization, the recommended amount of fluorine is 1.5 mg/L_l. But
drinking water or groundwater has exceeded the amount of fluorine from geogenic
and anthropogenic sources. It is expensive and difficult to remove excess fluoride
from water. Hence, physiochemical technique based on adsorption method is widely
used for removal of fluorine.

With human society’s development, groundwater and water sources have become
polluted with various pollutants and cannot be used for drinking. In recent decades,
lots of nanomaterial technologies have been applied to wastewater treatment for
supply of clean water, using removing, adsorbing, and filtration methods.

2 Nanotechnology for Wastewater Treatment

The twenty-first century is running through nanotechnology. This technology has
spread over all the industries, from problem-solving to making new things. The
development of various tools and techniques enabled by nanotechnology opens up a
new potential alternative to treat wastewater more efficiently and cost-effectively
(Baruah et al. 2012; Sunandan et al. 2016). Nanomaterials are the main ingredients
of nanotechnology in the detection and removal of various water pollutants. This is
because nanomaterials are of small dimensions, have well-organized structure at
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atomic and molecular levels, are highly reactive, more accurate, and, most impor-
tantly, they can be produced by environment-friendly techniques that are potentially
cost-effective (Fernanda et al. 2018; Hornyak et al. 2009). Some of the promising
water treatment techniques introduced by nanotechnology are discussed below.

2.1 Nanophotocatalysis

Typically, inorganic metallic/metal oxides and semiconducting materials within the
range of 1-100 nm are used in photocatalysis. They are readily available, inexpen-
sive, and less hazardous, in addition to being chemically stable and having good
photoactive characteristics (Ciambelli et al. 2019). These metallic/metal oxide
nanoparticles (NPs) show photocatalytic activities only when they interact with
light energy and mineralize/degrade organic substances (including pharmaceutical
compounds) and microorganisms (bacteria) via the reaction with hydroxyl radicals
(Chen et al. 2018; Sarkar et al. 2015; Tahir et al. 2019) through “heterogeneous
photocatalysis” process. Among all the common metal oxide nanophotocatalysts
such as TiO,, ZnO, Si0,, and Al,O3, TiO, is an excellent natural photocatalyst
material (Sherman 2003; Ali et al. 2019; Bhanvase et al. 2017; Min et al. 2015)
(Fig. 1).

2.2 Nanofiltration

An alternative promising thin polymeric membrane having <0.001 pm pore sizes is
used as a nanofiltration (NF) over conventional filtration method with rejection
ability between reverse osmosis (RO) and ultrafiltration (Cheng et al. 2015; Wu
et al. 2014; Li et al. 2014; Galanakis et al. 2012; Donnan 1995; Bowen and Welfoot
2002; Oatley et al. 2012; Hilal et al. 2005). Nanofiltration membrane easily captures

Fig. 1 TiO, photocatalytic
mechanism on dye
degradation under solar light
irradiation process

nanoparticle

O+ Dye

CO,+ B0
Degradation
HZO products



130 S. Soren et al.

Nanopores in single layer GO Nanochannels in multilayer GO
Seawater
Seawater T Rl P

5 s

b iy o g
C X L] 5 LT
666 o & 5 5 € Pure water —— 995

Fig. 2 Nanochannels in graphene oxide (GO) membrane pore for water flow. (Reproduced from
(Ananda et al. 2018), with permission from Elsevier)

multivalent ions that are difficult to pass through membrane while monovalent ions
and solvent molecules can easily move through nanofiltration membrane. The salt
rejections of nanofiltration depend on the membrane surface and pore size, interac-
tion of ions/hydration at the nanopores, and size of the ions. The modification in the
membrane charges also results in the exchange of weak ions through nanofiltration
(Mikulasek and Cuhorka 2016). NF has more positive rejection capabilities toward
divalent ions than monovalent ions. Besides these, NF can act in low operating
pressures and high water fluxes (Du et al. 2016; Park et al. 2016). Typically, 50-90%
of monovalent ions such as sodium or chlorides can be removed by nanofiltration
membranes. Scientists are working on NF membranes for better efficiency in the
removal of monovalent anions and salts (Perez-Gonzalez et al. 2015). Ananda et al.
studied carbon-based nanoporous membranes with desired spacing between layers to
reveal the promising materials for future nanofiltration technology capable of
rejecting monovalent ions (Ananda et al. 2018). Moreover, some heavy metals like
Mn?*, Cu?*, As™*, As®*, Cd**, and Pb** can be filtered from water solution using
absorption and nanofiltration membrane (Al-Rashdi et al. 2011) (Fig. 2).

2.3 Nano Adsorbents

Adsorption methods are considered very appropriate methods among all the above
techniques. In these techniques, cheap adsorbents with high-efficiency materials are
being used, which are versatile and easy to control without any pre-treatment step
(Wang et al. 2005; Yadanaparthi et al. 2009). The nature of adsorption can be
physical, chemical, or exchange adsorption (Wong et al. 1997). Nanomaterials are
considered effective and potential adsorbents due to low-temperature modification
and different surface chemistry compared to bulk materials (Khin et al. 2012). The
properties of high affinity to adsorb waste or unwanted elements by nanomaterials
are based on its diverse morphologies. There is a balance between the energy
developed from elastic deformation, polar charges, and nanomaterials’ surface
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areas. These nano adsorbents’ physicochemical characteristics led to its increasing
application as a sorbent for wastewater treatment (El-Sayed 2019).

3 Metal/Metal Oxide Nanoparticles for Purifying the Water
from Organic and Inorganic Waste

Wastewater treatment by conventional methods is of poor treatment efficiency and
can be limited. Therefore, nanotechnology approaches are a proper method to
wastewater treatment with nanomaterials by using various properties like adsorption,
degradation, and filtration of impurities present in water bodies.

3.1 TiO; Nanoparticles as Photocatalyst and Adsorbent

Titanium dioxide can easily be reduced to tiny structures, shapes, and sizes
(Banerjee 2011). Photoexcitation of semiconductors depends on the bandgap
energy. The TiO, semiconductors have existed in rutile of 3.0 eV bandgap and
anatase phase having 3.2 eV. Photoexcitation of anatase lies in the ultraviolet
(UV) range at 388 nm wavelength whereas rutile absorbs visible light at 410 nm
wavelength. Various factors affect the efficiency of photocatalyst like the intensity of
light source (Karunakaran and Senthilvelan 2005), nature of photocatalyst (Kogo
et al. 1980; Ding et al. 2005; Gao and Liu 2005), pH of solutions (Haque and Muneer
2007), temperature, and the quantity of photocatalyst (Krysa et al. 2004; Chun et al.
2000). In terms of thermodynamic and kinetical stability, most research papers show
the contradiction point on the rutile and anatase phase of TiO, (Suresh et al. 1998;
Zhu et al. 2005; Zhang and Banfield 2000; Gouma 2003). In contrast, the metastable
brookite phase is reported as difficult to synthesize (Beltran et al. 2006). Fox and
their co-researchers studied the photocatalytic behavior of all kinds of titanium
dioxide phases. They have claimed that commercial TiO,, Degussa P25 (25% rutile
and 75% anatase), has higher photocatalytic activity than 100% anatase (Fox and
Dulay 1993). The improvement in the degradation process was observed by com-
mercial TiO, when it was annealed in vacuum and air at various temperatures. The
results show photocatalytic activity toward fenarimol degradation was significantly
increased by annealing in a vacuum. The photocatalyst degradation’s better effi-
ciency after annealing can be explained by generates of Ti’* sites or oxygen
vacancies that prevent the electron-hole recombination (Bessergenev et al. 2015).
The most reactive azo dye, reactive orange 4 (RO4), was decolorized and degraded
by Muruganandham et al. using TiO, (anatase) and TiO,-P25 (Degussa) using
advanced oxidation processes (AOPs). The order of reactivity of photocatalysts is
TiO,-P25 > TiO, (anatase) (Muruganandham and Swaminathan 2004).
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Fig.3 SEM images of (a) pure TiO, anatase nanoparticles and (b) after adsorption of mercury(Il).
(Reproduced from (Ghasemi et al. 2012), with permission from Elsevier)

On the other hand, heavy metal ions are separated through the bulk and
nanoparticles of TiO,. The anatase phase’s different surface planes can regulate
the catalytic reactivity, chemical behavior, and surface acidity (Martra 2000). Spe-
cific surface areas play a crucial role in anatase TiO, nanoparticles. Engates et al.
reported that metal (Zn, Cd, Pb, Ni, Cu) adsorption capacity of nano-sized TiO, (8.3
nm) is more than bulk because of maximum specific surface area, 185.5 m*/g,
compared to bulk (329.8 nm), 9.5 m*/g. Their test was carried out with Antonio
tap water and a solution of pH 8. Results have shown that nano-TiO, had faster
adsorption than the bulk-TiO,, followed by a modified first-order model that sup-
ports Langmuir isotherm on metal adsorption by TiO, anatase (Engates and Shipley
2011). Besides the above metal ions, a very high toxic and hazardous element like
mercury(Il) ion has been successfully adsorbed from aqueous solution by mix phase
(i.e., 13.2% anatase and 86.8% rutile) of TiO, nanoparticles with surface area of
98.743 m?/g. Its scanning electron microscopy (SEM) results are shown in Fig. 3.
The smooth surface in Fig. 3b reveals Hg(Il) ions are adsorbed on TiO,
nanoparticles after the adsorption process (Ghasemi et al. 2012). Hence, commercial
as well as laboratory-synthesized TiO, nanoparticles are considered better adsorbent.

3.2 CeO; Nanoparticles as Photocatalyst and Adsorbent

Among rare earth oxides, cerium oxide is taken as a useful, common metal oxide for
industrial applications (Yabe and Sato 2003; Wang et al. 2007; Brosha et al. 2002)
by tuning its oxidation state between +3 and +4 and vice-versa. Its adsorptive
properties significantly change with surface area, size, shape, and morphologies.
CeO, nanoparticles were synthesized under alkaline (Zhang et al. 2004; Mishra et al.
2018) and neutral conditions (Soren et al. 2015). In alkaline medium, CeO,
nanocrystals were stabilized by hexamethylenetetramine (HMT) to prevent agglom-
eration leading to the formation of 12 nm nanocrystals, while 8 nm CeO,
nanocrystals were synthesized under neutral conditions using the 1,4-butanediol,
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which acts as reducing agent. The spherical agglomerated ceria nanoparticles of
specific surface area (47.73 m*/g) were used for overall decolorization of both the
dyes alizarin red S (ARS) and eriochrome black T (EBT) under visible light
irradiation (Mishra et al. 2018). Besides this, the hollow interior space of 14-nm-
sized CeO, nanospheres showed 70 times higher adsorption for Cr(VI) and Pb
(II) heavy metal ions (Chang-Yan et al. 2010) than commercial bulk ceria material.
Along with spherical shapes, other morphological structures are also reported for
wastewater treatment (Liu et al. 2009; Yu et al. 2005; Si et al. 2005; Zhong et al.
2007; Strandwitz and Stucky 2009).

4 Carbon Nanomaterials

Carbon materials like charcoal, carbon nanotubes (CNT), graphene oxide (GO), and
fullerenes are available for chemical reactions and adsorption. Generally, these
carbonaceous nanomaterials are of hydrophobic nature, H-bonding, and n—=
stacking, which helps remove dyes through electrostatic and covalent interactions.
Among the various allotropic forms of carbon, the one-dimensional (1-D) CNT is an
attractive nanomaterial. Next, at a higher dimension, graphene oxide (GO) is a
two-dimensional (2-D) macromolecule having functional group environment
(epoxy, hydroxyl, and carboxyl groups) (Dreyer et al. 2010). The positively charged
molecules are strongly attracted toward oxygen atoms because of strong electrostatic
interactions (Xu et al. 2009; Machida et al. 2006; Cho et al. 2010; Seredych and
Bandosz 2008; Matsuo et al. 1999; Liu et al. 2002). Both skeletons are under
graphene structure. However, there are significant differences in the oxygen content.
The oxygen content of GO is higher than CNTs (commonly lower than 5 wt.%) (Sun
et al. 2002).

In this chapter, we have shown the capacity to remove waste or unwanted
gradients from water using 1-D carbon.

4.1 One-Dimensional Carbon Nanotube (I-DCNT)

In the last two decades, carbon nanotubes (single-walled and multiwalled) have been
the most appropriate materials to solve the problem of environmental pollution.
Highly porous and hollow structure CNT bundles have four possible sites (Ren et al.
2011), (1) internal sites, (2) interstitial channels (ICs), (3) grooves, and (4) outside
surface, which contribute to the removal of organic chemicals (Goering et al. 2008;
Hyung and Kim 2008) and heavy metal ions (Li et al. 2002, 2003a; Chen and Wang
2006) from aqueous solutions (Fig. 4).

The removal of highly toxic Cr(VI) was studied using CNTs as adsorbent under
extreme conditions (Guogiang et al. 2018). Generally, pristine CNTs are of lesser
choice than functionalized CNT because of impurities. Also, the vital properties of
CNT can be altered due to presence of surface impurities. Due to these reasons,
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Fig. 4 (a) Single-walled carbon nanotube. (b) Multiwalled carbon nanotube (Reproduced from
(Norizan et al. 2020), with permission from RSC)

CNTs are treated with acidic solution and/or in some cases in alkaline solution to
remove impurities. In other cases, the functionalization process on the CNTSs’
surfaces can alter the surface properties and increase the solvents (Georgakilas
et al. 2002) by strong electrostatic forces and replace the weak van der Waals forces
(Hu et al. 2009). The comparative research on heavy metal ions’ removal with
pristine and functionalized CNTs reveals that functionalized CNTs exhibit the best
removal adsorbent. About 0.2 g of functionalized CNTs adsorb 94.5% of Cu** ion in
pH 5 at 90 °C within 94.5 min, while keeping the same condition pristine CNT
removes only 61% (Mubarak et al. 2012). The adsorption of metal ions like Ni**,
Cu*, Zn**, Cd**, and Pb>* has been studied by Rao group with raw CNT and
modified CNT surfaces by oxidation process (Rao et al. 2007). Their result also
showed the best adsorptive properties with surface-functionalized CNTs by HNO3,
NaOCl, and KMnO,. It may be concluded that the functional groups (carbonyl,
hydroxyl, and carboxyl) present on the surface of CNTs are the leading groups for
better ionic interaction with those metal ions after the CNTs’ surface
functionalization process. Except for heavy metal ions’ removal, fluorides were
successfully removed from water by Li et al. using aligned carbon nanotubes
(ACNTs). Their results reveal its higher adsorption efficiency than soil, y-Al,Os,
and activated carbon in a broad range of pH (3, 5,7, 9, and 11) at 25 °C. The active
sites present on the surface and inner cavities, and the inter-nanotube connection
make the ACNT superior sorbents for fluoride (Li et al. 2003b) (Fig. 5).

Simultaneously, multi-walled carbon nanotube (MWCNT) easily separates
organic cationic dyes (methylene blue (MB) and acid red 183) from wastewater
through electronic and n—x interactions. The surface adsorption of small MB mol-
ecule on MWCNT is due to hydrophobic and n—r interactions (Fig. 6a), while larger
molecule AR183 is itself vertically oriented against the CNT wall (Fig. 6b), when
they are taken in single adsorption studies. On the other hand, MB molecule is
generally adsorbed on the surface of CNT because of the 7—x bond at the time of dye
adsorption in a binary system (Fig. 6¢). There is a competition between two dyes;
when they are taken as fixed amount, one of them, with higher concentration, is
being adsorbed on adsorbent CNT in a binary system (Wang et al. 2012).
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Fig. 5 SEM images with (a) low magnification and (b) high magnification of aligned carbon
nanotube (ACNT). (Reproduced from (Li et al. 2003b), with permission from Elsevier)
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Fig. 6 Dye adsorption on MWCNT in single- and binary-dye solutions. (Reproduced from (Wang

et al. 2012), with permission from Elsevier)

5 Chitosan

The second most abundant natural polymer, chitosan, with macromolecular struc-
ture, nontoxicity, cationic nature, biocompatibility, biodegradability, antibacterial
activity, more active sites, and high adsorption capability, is the first choice of
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Fig. 7 (a) Chitosan polymer and (b) scanning electron microscopy of 100-nm-sized chitosan.
(Reproduced from (Sivakami et al. 2013), with permission from Elsevier)

polymer for adsorbing different pollutants from aqueous solution (Nie et al. 2014).
The partially deacetylated cellulosic derivative biopolymer obtained by the alkaline
deacetylation of chitin is renewable and more economically attractive than other
synthetic polymers. This linear polymer structure has glucosamine and acetyl glu-
cosamine (poly-p-(1—4)-2-amino-2-deoxy-d-glucose) units with NH, and OH
groups (Fig. 7a) responsible for adsorbing heavy metals from wastewater (Renault
et al. 2009). Though chitosan is a promising adsorbent, it has limitations in its
solubility, which is possible only in acidic pH (below pH 5) (Szyguta et al. 2009;
Rinaudo 2006; Andres et al. 2007). To overcome these limitations, Sivakami et al.
modified chitosan macromolecules to nano sizes (Sivakami et al. 2013), as shown in
Fig. 7b.

Except for macrostructure, nano chitosan shows good performance in heavy
metal ion adsorption (Qi and Xu 2004). Chitosan has high selective chelation
power toward transition metals and group III ions at low concentrations (Rorrer
et al. 1993), and at the same time, there is a lack of interaction toward group I and I
metal ions (Muzzarelli 1973, 1977). Masri et al. reported that chitosan amino groups
have higher chelation power in comparison to any other biopolymer (Masri et al.
1974). In contrast with chitosan, different scales found from porgy, flounder, and cod
type fish were tested for removal of metals ion (Cu?*, Zn**, Cr’*, Cd**, and Pb**), as
experimented by Yang and Zall (Yang and Zall 1984). They figure out that chitosan
is better and relatively faster than the other adsorbents in adsorption of metal ions
through internal chitosan particles. Other studies have been done with chemically
synthesized highly porous chitosan with surface area 156 and 94 m*/g for removal of
cadmium ions from aqueous solution. The adsorption behavior of porous structure
had a significant effect on adsorption capacity (Rorrer et al. 1993). Various interac-
tions (intermolecular, electrostatic) are established between organic dye molecules
and excellent chitosan polymer. Several workers show the potential removal of azo
dyes like Congo-Red, Alizarin-Yellow, and Orange-I with chitosan by
intermolecular interactions (Yamamoto 1984). Also, electrostatic interactions
between chrome violet and chitosan were studied by Shimizu et al. (Shimizu et al.
1995). On the other hand, functionalized chitosan modified with salicylaldehyde,
B-cyclodextrin, and a crosslinked -cyclodextrin polymer were studied as adsorbents
of phenol, p-chlorophenol, and p-nitrophenol from aqueous solutions (Li et al.
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2009). The higher phenolic adsorptions were shown by p-cyclodextrin and
crosslinked p-cyclodextrin due to hydrophobic and hydrogen bond interactions
with phenol groups of organic species, whereas m—n interaction occurs between
phenol and aromatic rings of salicylaldehyde. In the case of p-nitrophenol, adsorp-
tion by all modified salicylaldehyde has higher capacity maybe due to the nitrogen in
-NO, group, while the aldehyde p-chlorophenol sorption by p-cyclodextrin and
phenol by crosslinked fB-cyclodextrin occur from pH 9.0 onward. Finally, we can
conclude that the biopolymer chitosan, in all kinds and forms (macro, nano, porous,
and functionalized), can be used for wastewater treatment.

6 Future Perspective of Nanotechnology in Wastewater
Treatment

Nanotechnologies with nanomaterials have advantages over conventional tech-
niques for wastewater treatment. Still, there is a need for novel advanced water
technology. The need for advanced technology is due to following point of views:

1. NPs can get accumulated over a longer period of time when they are released to
the environment for wastewater treatment.

2. In the synthesis of NPs, somehow hazardous chemicals and materials are being
used to produce toxic reagents, and harmful solvents are merged with water
sources as a by-product. Hence, NPs’ preparation should be cost-effective with
green synthesized approaches.

3. The most crucial factors, such as the concentration of hydrogen ions in water
(pH), affect the technique’s efficiency from laboratory to field experiment. It
might have significant effects on natural water’s physicochemical characteristics
and might necessitate an additional treatment step.

Thus, using these points, nanotechnology in the laboratory investigations can
have desired outcomes in improving wastewater treatment and producing quality
water, which will benefit human health and well-being.

7 Conclusion

Nowadays, nanotechnology offers a very good route to wastewater treatment free
from environmental pollution. Metal/metal-based oxide, a vast variety of carbon-
based nanomaterials, and chitosan-modified nanomaterials seem to be the most
promising candidates to remove heavy metal adsorption and dye degradation in
laboratory research. But we cannot neglect their risks and impacts when we develop
them. Although nanocatalysts and nanomaterials are synthesized via green methods,
significantly encouraging the removal of aqueous pollutants, further research is
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needed for the beneficial use of such NPs and their potential toxicity toward the
environment and human health.

This chapter provides an overview of the influence of water pollutants on human
health and nanotechnology on wastewater treatment, which will help understand the
separation/purification mechanism for future development in nanotechnology.
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Asha Humbal and Bhawana Pathak

1 Introduction

Presently, all around the globe agriculture system is facing many challenges includ-
ing climate change, urbanization, sustainable use of resources, and environmental
issues such as runoff, or excess use of chemical fertilizer and pesticides. These
situations are further worsened by an alarming increase in food demand as the graph
of the population is continuously increasing (Chen and Yada 2011). Specifically,
developing countries suffer from greater challenges because the main part of their
national economy depends on the agricultural sectors. Furthermore, developing
countries also face some critical issues such as poverty, malnutrition, reduction of
agricultural land, and lack of new arable soil (Prasad et al. 2017). Approximately
one-third of world’s crop yield is expected to be lost annually. The loss is attributed
to different pressures, such as an infestation of rodents, natural calamities, soil
infertility, microbial diseases, and weeds (Baker et al. 2017). In addition, as per
the FAO (2017), by 2050, the global population will reach 10 billion, while food
demand will increase by 50%, specifically in developing countries. Furthermore,
there are around 815 million people who are undernourished at present and an
additional 2 billion individuals are expected to be in this category by 2050. This
scenario requires profound changes in the system of global food production (Usman
et al. 2020). In this technological era, nanotechnology is a forthcoming technology
that can help in the reform of the modern agriculture system and add tremendous
value to current food security. Specific applications such as nanofertilizers and
nanopesticides for trial products and nutrient levels are important interests in the
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use of nanotechnology in agriculture in order to improve yield without
decontaminating soil and water and also to protect against a variety of pests (Prasad
et al. 2017). Nanotechnology can be able to replace the huge quantity of agrochem-
icals by employing various nanoparticles (NPs) for the production of crops and
control of pests (Singh et al. 2020). In addition, nanoscale devices are capable to
diagnose and treat an infection long before the symptoms at the macro-scale become
apparent (Srilatha 2011). Nanotechnology in agriculture will help to develop agri-
culture as well as food industry through revolutionary new technologies like precise
farming, increased nutrient absorption capacity of plants, more effective and targeted
delivery system, disease identification, and disease control. Use of nanotechnology
in agriculture system is expected to become powerful economic strength in the
coming years (Shang et al. 2019). There are numerous applications of nanotechnol-
ogy, which can be applied for sustainable agriculture as shown in Fig. 1.

2 Synthesis of Nanoparticles

Synthesis of nanomaterial or nanostructures is considered as the key component for
nanoscience and nanotechnology. Nanostructured materials of appropriate size,
form, shape, chemical composition, and crystalline structure only are applicable
for use. Two different basic approaches of synthesis are used to produce
nanomaterial of appropriate sizes, shapes, and functionalities as shown in Fig. 2.
One is the top-down approach and another is the bottom-up approach. A top-down
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Fig. 2 Approaches for the synthesis of nanoparticles

approach is mainly based on the breaking down of bulk material into the small-sized
nanostructure material. Breaking down of material in the top-down approach is
mainly done through physically breaking down the bulk material to make a smaller
molecule. Milling, sputtering, laser ablation, spark ablation, and grinding are a few
of the lithographic methods that can be applied to produce fine particles (Rai et al.
2016). Top-down approaches are found to be more, easy, fast, and mainly dependent
on the bulk material removal or separation, or bulk fabrication process miniaturiza-
tion, to achieve the desired suitable properties. The bottom-up approach is simply
defined as the building of the material from its bottom. The bottom-up approach
includes the manufacturing of nanoparticles through the self-assembly of atoms
(Thakkar et al. 2010). The bottom-up approach mainly uses chemical and biological
methods. The bottom-up approach has the potential to generate less waste, therefore
it is considered as more economical.

Based on the method used for the synthesis of nanoparticles, it can be divided
mainly into three classes: (1) physical method, (2) chemical method, and
(3) biosynthesis.

2.1 Physical Method

Synthesis of nanoparticles by physical method involves mechanical milling (MM),
laser ablation, lithography, thermal decomposition, and sputtering. A suitable power
charge (typically an elemental blend) is placed in high-energy mill, along with a
suitable milling medium, into mechanical milling (MM). The aim of milling is to
reduce the particle size and transform particles into new phases. For the synthesis of
nanomaterial, various types of ball milling can be used, in which balls impact the
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power charge (Yadav et al. 2012). For making the colloidal nanoparticles in a
different solvent, laser ablation techniques are commonly used. The pulse laser
ablation technique takes place in a vacuum-sealed chamber that contains inert
gases. The laser ablation method does not use any chemicals for the development
of colloidal NPs, which is a major advantage of this method over the other methods
used to make colloidal particles (Iravani et al. 2014). Thermal decomposition
method is mainly used for the synthesis of the monodispersed nanoparticle product
(Odularu 2018).

2.2 Chemical Method

Synthesis of nanoparticles via chemical method includes chemical vapor decompo-
sition, sol-gel method, sonochemical method, coprecipitation, and pyrolysis and
spinning technique. The chemical vapor deposition method is mainly used to make
two-dimensional (2D) nanomaterials and thin film on a solid surface. In this method,
chemical reactions occur between the precursors and substrate at high temperature
and vacuum in the chamber (Behera et al. 2020). The sol-gel method is generally
used to prepare materials such as silica, ceramic, and glass, due to its potential to
make pure and homogenous materials in mild conditions. The mechanism of the
process comprises hydrolysis and condensation of metal alkoxides or inorganic salts
in the presence of a mineral acid (Rahman and Padavettan 2012). Coprecipitation
method is used for the synthesis of magnetic nanoparticles such as Fe oxide
nanoparticles. In this process, precipitation of Fe** and Fe®* salt (e.g., nitrate,
chloride, and sulfate) solution occurs by the addition of base. Comparatively,
physical and chemical methods are considered as rapid, as they require less time,
and easier methods than the biological method for the nanoparticle synthesis.
However, these methods involve the excess use of toxic and harmful chemicals,
require high energy and high cost, and it also affects the environment when these
harsh chemicals dispose into the environment.

2.3 Biosynthesis of Nanoparticles

Biosynthesis involves the biological entities for the synthesis of nanoparticles such
as using microorganisms (bacteria, algae, fungi, yeast, etc.) or plant parts (leaves,
stem, root, bud, flower, etc.). Biosynthesis of nanoparticles is considered an
eco-friendly method for nanoparticle synthesis as this method does not involve
any toxic or harsh chemicals. Moreover, it is cost-effective, more biocompatible,
having more stability, and this method uses universal solvent water (Li et al. 2007).
In case of nanoparticle synthesis from different plant parts or plant extract, it is found
that plant metabolites such as organic acid, protein, vitamins, terpenoids, flavonoids,
alkaloids, and polyphenols are responsible for the nanoparticle synthesis (Devatha
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and Thalla 2018). Microorganisms are also used for nanoparticle synthesis as they
contain reductase enzymes, prions, metal resistance genes, and organic materials that
play an important role in reduction of the metal salt into the nanoparticles (Lee et al.
2020).

2.3.1 Plant Extract

Numerous researches have been published, in which different plant parts and extract
including stem, root, flower, and fruit could were used for the nanoparticle synthesis.
Wide range of biomolecules like co-enzymes, proteins, and secondary metabolites
are present in the plant, which helps in the synthesis of nanoparticles (Venkateswarlu
et al. 2013). Many studies are reported on the use of different plants or plant parts for
nanoparticle synthesis, as shown in Table 1.

2.3.2 Microorganism

Wide range of bacteria could be used for the synthesis of nanomaterial. Besides
bacterial species, fungus and yeast are also used for nanomaterial synthesis. The
fungi contain the intracellular enzyme that acts as the reducing as well as capping
agent for nanoparticle synthesis (Lu et al. 2006). Yeast is unicellular microorganism
having more than 1500 species reported. Many scientists reported that yeast could be
used for the synthesis of nanoparticles. Syntheses of different nanoparticles via
microorganisms are shown in Table 2.

Table 1 Synthesis of nanoparticles (NPs) using different plants\plant parts

Type of Plant part | Size of

NPs Plant used used synthesized NPs | Reference

Cu Ixora coccinea Leaf 80-110 nm Yugandhar et al. (2018)

Au Syzygium aromaticum Bud 5-10 nm Raghunandan et al.

(clove buds (2010)

Au and | Aloe barbadensis Miller | Leaf 10-30 nm Chandran et al. (2006)

Ag

Cu Tinospora cordifolia Leaf 50-130 nm Sharma et al. (2018)

ZnO Albizia lebbeck Stem 66.25 nm Umar et al. (2019)

ZnO Trifolium pratense Flower 100-190 nm Dobrucka and
Dtugaszewska (2016)

ZnO Azadirachta indica Leaf 40 nm Elumalai and
Velmurugan (2015)

Cu Magnolia kobus Leaf 40-100 nm Lee et al. (2013)

Cu Morus alba L. Fruit 50-200 nm Razavi et al. (2020)
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Table 2 Synthesis of nanoparticles (NPs) using different microorganisms

Type of Name of bacteria/fungi/
NPs yeast Size of NPs References
Ag and Au | Streptomyces sp. Ag 8.4 nm; Au Skladanowski et al. (2017)
10 nm
CuO Streptomyces sp. 70-80 nm Hassan et al. (2019)
Ag Rhodococcus sp. 5-50 nm Otari et al. (2015)
Au Nocardiopsis sp. 11.57 nm Manivasagan et al. (2015)
Ag/AgCl Macrophomina phaseolina | 5-30 nm Spagnoletti et al. (2019)
Fe,03 Alternaria alternata 75-650 nm Sarkar et al. (2017)
Pd Saccharomyces cerevisiae 32 nm Sriramulu and Sumathi
(2018)
Au Magnusiomyces ingens 20-28 nm Qu et al. (2018)
LH-F1
Pd Chlorella vulgaris 70 nm Mishra et al. (2020)
ZnO Pichia kudriavzevii 10-16 nm Moghaddam et al. (2017)
CdTe Saccharomyces cerevisiae 2-3.6 nm Luo et al. (2014)
Te Aspergillus welwitschiae 50 nm Elsoud et al. (2018)
Fig. 3 Factors affecting
synthesis of nanoparticles
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Pressure Factors Temperature
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3 Factors Affecting Biosynthesis of Nanoparticles

Numerous studies have been reported that changes in the environmental factor and
reaction time affect the dynamic nature of synthesized nanoparticles. Manufacture or
synthesis of nanoparticles is affected by several factors, as shown in Fig. 3.
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3.1 pH

The pH of the medium plays a vital role in the process of nanoparticle synthesis. pH
influences the synthesized nanoparticle’s size, shape, and reaction time (Armendariz
et al. 2004). pH can alter the electric loads of molecules that influence their ability to
stabilize nanoparticles (Makeeva et al. 2014). In addition, nucleation center forma-
tion increases with increase in pH, which is directly proportional to the reduction of
metallic ion to metal NPs. At the same time, the solution of pH also changes the
activity of functional group present in the medium and, ultimately, affects the rate of
reaction (Bali and Harris 2010). The study reported on Au nanoparticles synthesized
by Avena sativa found that the size of nanoparticles was mainly based on the pH of
the medium. It is shown that Au nanoparticles synthesized at pH 2 were observed
having large sizes (25-85 nm) in small quantities. When pH was increased to 3 and
4, it formed smaller size nanoparticles in large quantities (Armendariz et al. 2004). A
study on the effect of pH on the biosynthesis of Au nanoparticles by Cacumen
platycladi leaf extracts found that the size of nanoparticles decreases at higher pH
because the higher pH leads to a reduction rate of the chloroaurate ions, decreases the
anisotropy growth, and increases the homogenous nucleation. Another study done
on silver and gold nanoparticles by Jacob et al. found that at pH 3.3, Ag particles
reduce slowly as compared to Au particles, while at pH 10.8, simultaneous reduction
occurred in both metals (Zhan et al. 2011). Moreover, Soni and Prakash (2011) also
reported that the size and shape of the Ag nanoparticle can be controlled via
changing the pH of the solution.

3.2 Temperature

Temperature of the surrounding or the medium is also one of the important factors
that affect the size, shape, and reaction time of synthesized nanoparticles. According
to Sneha et al. (2010), formation of nucleation center depends on the temperature as
it is directly proposal to the temperature. In addition, the temperature has a direct
relation to the method used for the synthesis of the nanoparticles. Higher temperature
is required in the physical method (>350 °C) while the chemical method required
lower temperature than the physical method (<350 °C). Synthesis of green
nanoparticles required ambient temperature or less than 100 °C (Patra and Baek
2014). Iravani and Zolfaghari (2013) attempted to investigate the influence of
temperature by heating the reaction mixture of Pinus eldarica bark extract with
AgNO; at different temperatures such as 25, 50, 100, and 150 °C, respectively.
Results found by the authors were an increase in absorbance and a decrease in Ag
nanoparticles while temperature increased. The authors also observed that at 100 °C
little concentration of leaf (0.6 ml) was required, while at temperature 27 °C more
concentration of leaf (2.5 ml) was required for biosynthesis of silver nanoparticles.
In addition, it was found that nanoparticles that were produced at high temperatures
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were more stable but larger in size. Another study done by Sheny et al. (2011)
investigated the process for reduction of Au and Ag ions at different temperatures by
Anacardium occidentale leaf extract and standardized the most appropriate condi-
tion for bimetallic Au—Ag synthesis. This study also found that a higher concentra-
tion of leaf extract was required for synthesis of stable nanoparticles at lower
temperatures as compared to higher temperatures.

3.3 Reaction Time

The quality and type of synthesized nanoparticles are greatly affected by reaction
time or stirring time. Reaction time directly influences the stability, shape, and size
of the synthesized nanoparticles (Darroudi et al. 2011).

The stirring time will allow the metallic salt to interact properly with the reducing
agent present in the plant extract. Reaction time also depended on the concentration
of reducing agent present in the extract or sample medium. In other terms, plants
containing more amounts of secondary metabolites required less time and plants
containing fewer secondary metabolites required more time to synthesize
nanoparticles (Balavandy et al. 2014). Moreover, it is also reported that reaction
time depends on other factors such as acidity and basicity of reaction mixture,
temperature, reducing potential of the extract, enzymes, and light intensity
(Kuchibhatla et al. 2012; Mudunkotuwa et al. 2012).

3.4 Pressure

Pressure applied to the reaction mixture is also one of the factors that affects the
synthesized nanoparticle’s size, shape, and stability (Pandey 2012). The rate of metal
ion reduction using nanoscale particles of the biological agents was much faster at
ambient pressure conditions (Tran and Le 2013).

3.5 Volume/Concentration of Plant Extract

Many studies have reported that the size, shape, and reaction time are directly linked
to the quantity or volume of the plant extract taken for the synthesis of nanoparticles.
For the synthesis of silver nanoparticles, effects of 1, 5, 10, 15, 20, and 100 ml leaf
extracts could be tested. Since silver nanoparticle synthesis requires less volume, it is
recommended to use 1, 2, 3, 4, and 5 ml for synthesis of Ag nanoparticles. However,
the concentration of leaf extracts is significantly influenced by the content (phenol,
tannin, polyphenol, and anthocyanin) of the extract as it is significantly contributing
in the breaking down of Ag++ ions for the formation of stable Ag nanoparticles
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(Lade and Shanware 2020). In the study on Aloe vera leaf extract done by Chandran
et al. (2006) to modulate the size and shape of the synthesized gold nanoparticles, it
was observed that maximum nanoparticles of gold were triangular in shape and their
size ranged from 50 to 350 nm based on the concentration of extract used. Further-
more, addition of more concentration of the extract to an HAuCl, solution resulted in
the formation of larger nano-gold triangles but the ratio of nanotriangles to the
spherical nanoparticles was decreased when more amounts of extract were added.

4 Nanofertilizers: An Efficient Source of Crop Nutrient

Worldwide, agriculture systems are facing major challenges, which include reduc-
tion in yield, loss of agricultural land, lack of nutrient availability, less efficiency of
nutrients, loss of organic matter, poor soil quality, and lack of accessibility of water.
Producing enough food to feed the increasing population, which is expected to reach
9 billion by 2050, is becoming more difficult in this critical situation (Yuvaraj and
Subramanian 2020). To meet the target of production, it is necessary to increase the
production of agriculture. So, farmers are using chemical fertilizers, which provide
the necessary nutrient to the plant and soil. Following the Green Revolution in India,
consumption of chemical fertilizers such as urea, diammonium phosphate (DAP),
and single super phosphate (SSP) increased by approximately 29% in order to meet
the soil’s shortage of N, P, and K. These fertilizers help to increase food production;
however, besides its benefits, it has many harmful effects, as we know most parts of
these chemical fertilizers are not available to the plant and are lost as volatilization
and runoff. It is reported that after application of fertilizers, approximately 40-70%
of N, 80-90% of P, and 50—70% of K are lost to the environment and cause pollution
as well as contribute to global warming (Park et al. 2012). Nanotechnology helps to
solve this problem by coating these fertilizers with nanomaterials. As the size of
nanomaterials falls between 1 and 100 nm due to their nanoscale size, nanomaterials
have completely different properties than the bulk that is being investigated for new
agricultural opportunities. Nanoparticles help to improve crop yield by modifying
the role of fertilizers. Different forms of NPs may be used as fertilizers or fertilizer
carriers (Sindhu et al. 2021). Nanomaterial has the capability to slow the release of
fertilizer as it has higher surface tension and holds more strongly from the plant. In
addition, nanocoating helps to slow the dissolution of fertilizers, allowing it to be
more effectively consumed by the plants and preventing excess fertilizer loss in the
environment (Duhan et al. 2017). Nanofertilizer is economical, less environmentally
harmful, and reduce the cost of fertilization with less fertilizer used than traditional
fertilizer (Adhikari et al. 2014). In addition, nanotechnology is considered a new
emerging science in the field of agriculture due to its application in nanofertilizers to
improve crop yield or growth with minimum effect to the environment (Yuvaraj and
Subramanian 2020). There are mainly three classes of nanofertilizers that have been
proposed, as shown in Fig. 4.
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Fig. 4 Classes of nanofertilizers

Nanoscale fertilizer includes the nanoparticles, which contain the nutrient, nano-
scale additives (traditional fertilizer along with nanoscale additives), and
nanocoating (traditional fertilizer coated or loaded with nanoparticles) (Mikkelsen
2018). Moreover, conventional fertilizer is mainly applied in two ways, either by
spraying or foliar application, which results in the loss of fertilizer without reaching
the plant and soil, and hence repetition of this fertilizer is required. Nanofertilizers
are mainly accomplished by the coating or encapsulation of fertilizers and by the
slow release of nutrients or by controlling the water penetration into the fertilizer so
that it reduces the loss of excess fertilizer. In addition, nanofertilizer optimizes the
release of fertilizer according to the environmental conditions and plant’s needs
(Rakhimol et al. 2021). Nanoformulation helps to enhance the solubility of the
nutrient constituents in water and that is why it enhances the accessibility of those
nutrients to the plants. Moreover, the time of nutrient release could be extended by a
controlled and slow release of nutrients from nanocarriers with no waste. The
majority of them can provide nutrients to plants during their lives by adjusting the
release profile according to the stage of development of the plants (Rakhimol et al.
2021). Previously, it has been also suggested that zeolite mineral, which is a
naturally occurring nanoparticle, could be used in agriculture. However, nowadays
synthesized nanoparticles with different chemical and physical properties suit a
variety of applications in agriculture (Mikkelsen 2018). Some studies and patents
strongly indicate that nanofertilizer formulation has a lot of scope for improvement
in the agriculture system, as shown in Table 3. Foliar application of nanoparticles in
the form of nanofertilizers increases the crop yield under arid conditions; a foliar
application of 640 mg ha™' nanophosphorus (40 ppm concentration) yielded about
80 kg ha™' P, equivalent yield of pearl millet and cluster bean (Elizabath et al. 2019).
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Table 3 Application of nanofertilizers on various crops
Nanofertilizer/
nanomaterial Crop Application Reference
TiO, Spinacia oleracea To enhance biomass accu- | Yang et al.
mulation, and nitrogen, (2007)
protein, and chlorophyll
content
Nano-sized Solanum lycopersicum To boost growth and Raliya et al.
nutrients (ZnO antioxidant (2015)
and TiO,
nanoparticles)
Fe/Si0, Zea mays, Arachis hypogaea In biomass accumulation Najafi
and to increase plant Disfani et al.
growth (2017)
Nano chitosan Triticum aestivum To increase crop index, Aziz et al.
NPK fertilizer harvest index, and mobili- | (2016)
zation index
FeS, Daucus carota, Brassica To enhance crop yield and | Das et al.
Jjuncea, Spinacia oleracea, germination (2016),
Cicer arietinum, and Sesamum Srivastava
indicum et al. (2014)
Application of Spinacia oleracea To enhance leaf physical Kisan et al.
nano-ZnO and nutritional properties (2015)
Nano-NPK Oryza sativa To enhance growth and Benzon et al.
fertilizer development, TPC, and (2015)
antioxidant activity
Ag NPs Triticum aestivum To increase tolerance to Igbal et al.
heat stress and to enhanced | (2019)
growth
Ag NPs Vigna sinensis To stimulate soil microbial | Mehta et al.
diversity and increase (2016)
growth in biomass
ZnO Coffea arabica To increase biomass accu- | Rossi et al.
mulation, and enhance (2019)
growth and net
photosynthesis
ZnO Nicotiana tabacum To increase metabolites, Tirani et al.
enzymatic activity, and (2019)
anatomical properties
CuO Spinacia oleracea To enhance photosynthesis | Wang et al.
and biomass production (2016)

5 Nanopesticides: Controlling Plant Diseases

In agriculture, pesticides are widely used to protect crop against pests and diseases,
resulting in the increased crop yield. Despite the fact that pesticides are highly
efficient and safe means of pest and disease control, their use is not without risk. It
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Table 4 Application of nanopesticides on various crops

Nanomaterials Crop species | Pathogen/Disease controlled Reference
Zn0O, Ag NPs, and Prunus Protect against gray mold caused due | Malandrakis
CuO domestica to Botrytis cinerea et al. (2019)
fruits
Al,O5 NPs Solanum Suppress root rod Shenashen et al.
lycopersicum (2017)
Ag NPs Vigna In vitro inhibition of Xanthomonas Vanti et al.
unguiculata | axonopodis and Xanthomonas (2019)
campestris
CuO Solanum Suppresses the late blight disease Giannousi et al.
lycopersicum | occurring due to Phytophthora (2013)
infestans
MgO Solanum Suppresses pathogen Ralstonia Imada et al.
lycopersicum | solanacearum (2016)
Silver-doped titanium | Tomato, Controls diseases caused by Fusar- | Boxi et al.
oxide potato, apple | ium solani and Venturia inaequalis | (2016)
Chitosan NPs Chili seed Show antifungal activity against Chookhongkha
Rhizopus sp. Colletotrichum capsici, | et al. (2012)
Aspergillus niger, and
Colletotrichum gloeosporioides
Nanochitosan encap- | Cucumis Protects against Phytophthora Mohammadi
sulated in sativus drechsleri et al. (2016)
Cinnamomum
zeylanicum

has a number of negative consequences, including pollution of the soil and residual
toxicity in food (Khan and Rizvi 2017). In addition, chemical pesticides are resistant
to biodegradation, which affects soil microbes, pollinator insects, birds, fish, and
humans. It is estimated that hardly 1% of the applied pesticide kills the targeted
species, while 99% affects the non-targeted species that is beneficial to the soil and
plant interaction (Gill and Garg 2014). Conventional practices involve high doses or
use of a large scale of herbicides, insecticides, and fungicides but most of them are
lost in the environment, which harms the microbial diversity in the soil as well as
causes environmental pollution such as soil, surface water, and groundwater pollu-
tion. However, many studies have been shown that pesticides applied at a lower dose
are safer for the environment. But, most of the pesticides are poorly soluble or
insoluble due to their lipophilic nature and have strong intermolecular bonding or
high lattice energy. Therefore, it requires large concentration and also requires
repetition (Hayles et al. 2017). In this technological era, nanotechnology is an
emerging technology that helps us to solve this issue by using nanopesticides or
nanoformulations. Numerous studies have reported that nanomaterial was potential
against the plant pathogens, as shown in Table 4. So these materials can be used in
the preparation of the nanopesticides and nanoinsecticides, as well as they can be
used as insect repellents (Sangeetha et al. 2017; Bhattacharyya et al. 2016; Prasad
et al. 2017). Recently, scientists have been focusing on the research trend in which
they decrease the particle size of existing pesticides to the nanoscale or encapsulate
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active ingredients in the nanoparticles. Nanoemulsions, which can be oil- or
water-based and comprise pesticide nanoparticle suspensions, have a widespread
application in pest and disease control. Because of the lower surface tension, they
have more stability, increased leaf coating, and uptake via plant cell walls.
According to Madbouly et al. (2017), nanopesticides avoid the use of toxic
chemicals that trigger resistance or harm the environment. Nanopesticides may
offer a control delivery system with greater effectiveness than a lower dose of
pesticides (Perlatti et al. 2013). Nanoencapsulation of pesticides helps in the slow
and controlled release of active ingredients, which reduces excess runoff of
unwanted pesticides (Agrawal and Rathore 2014). Moreover, nanocarrier helps in
site-specific or site-target delivery of pesticides for plant protection (Nair et al.
2010). In general, nanotechnology could be used for crop safety in two ways:
Nanoparticles that are toxic to pests and pathogens that act as pesticide carrier, for
example metal oxide nanoparticles such as ZnO, SiO,, Cu, and TiO,, protect the
plant against microbial disease and control its activity. ZnO nanoparticles are
reported for the antifungal and antibacterial activity that inhibits the human patho-
gens such as Escherichia coli and Listeria monocytogenes, and plant pathogens like
Penicillium expansum and Botrytis cinerea. ZnO nanoparticles affect the cellular
function of the fungi (Dubey and Mailapalli 2016). Lu et al. (2006) suggested that
the TiO, photocatalysis technique is more effective than conventional fungicides to
control litchi fungal disease. Mesoporous silica with gold nanoparticles can be used
as a gene gun to deliver chemicals, nutrients, and protein directly into the plant
(Torney et al. 2007). Another study demonstrates the Ag NPs can be used as
potential inhibitors of the Colletotrichum spp. in cucumber and pumpkin field, and
also found that Ag NPs are more effective than the bulk Ag treatment (Lamsal et al.
2011). Studies on copper nanoparticles found that Cu NPs have potent antibacterial
and antifungal activities against a wide range of bacteria and fungi (Giannousi et al.
2013). El-Saadony et al. (2020) found that copper nanoparticles showed excellent
insecticidal properties against the stored product pest Tribolium castaneum. Another
way in which nanomaterials act as a carrier is through various nanoformulations
such as nanoinsecticides, nanoherbicides, and nanofungicides. Nanoencapsulated
pesticides have potential to target specific pest or insect so that it decreases the
killing of the non-target organism as well as reduces the dose of pesticide.
Nanopesticides have the ability to absorb on the plant surface, facilitating the
prolonged or slow release of the pesticide than the conventional pesticide that
washes out with rain (Scrinis and Lyons 2007). Wheat plants treated with nano-
structured alumina significantly killed the two insect pest species Sarocladium
oryzae and Rhyzopertha dominica (Stadler et al. 2010). Moreover, polymer-based
nanoformulation has been used for the encapsulation of a wide range of insecticides,
for example, nitrogen, starch, polyester, and alginates. In addition, other forms of
polymer or non-polymer such as nanofibers, nanogels, nanosphere, micelles, and
nanoemulsions have been used for the encapsulation of the insecticides (Shah et al.
2016; Mali et al. 2019). Chitosan and Cu nanoparticles combine to give antibacterial
activity against the Fusarium oxysporum and Alternaria solani (Saharan et al. 2015).
Another study was done by Kheiri et al. (2017) using chitosan NPs for their
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antifungal activity in wheat plants to protect against Fusarium graminearum.
Nanoherbicides have the potential for targeted and concise delivery of herbicides
for weeds, which reduces the continuous use of herbicides. Carboxy methyl cellu-
lose (CMC) has been found to be one of the potential herbicides for future agricul-
ture (Kumar et al. 2015).

6 Nanosensors: Detection of Plant Diseases

Nanosensors and nanobiosensors are among the most important tools for the man-
agement of the agricultural field and crop. Nanosensors are a type of analytical
device having a dimension of 100 nm or less. It helps to monitor for the soil quality,
crop health, crop improvement, pesticide and nutrient delivery, etc. (Ghormade et al.
2011). Nanobiosensors include the incorporation of biology and nanomaterial into
sensors, which has opened up a new avenue for the precision, sensitivity, and rapid
responses to detect impairments (Dubey and Mailapalli 2016). Nano-based sensors
are very effective in terms of their sensing, monitoring, and detection. It allows the
detection of the microbes, nutrients, biotic and abiotic stresses like drought and
temperature, etc. (Malik et al. 2013; Omara et al. 2019). In nanosensors,
nanoparticles or nanoemulsions are engineered in such a way that they trigger the
chemical or electrical signal when it is exposed to the contaminant. The aim of
nanobiosensors is the detection of the biochemical and biophysical indications
linked with specific stress at molecular level. By the use of smart sensors in precision
farming, farmers increase productivity and make better decisions with accurate
information (Mali et al. 2020). Throughout the growing season, a nanosensor-
based global positioning system (GPS) is used to monitor cultivated fields in real
time. It can use wireless nanosensors for comprehensive monitoring of real-time
crop growth (Panpatte et al. 2016). Nanosensors solve the issue of the shortage of
irrigation water through the automation of irrigation system and also provide
information about soil and water tension in real time, which maximizes the water
efficiency (Fraceto et al. 2016). Furthermore, timely and accurate information on the
insect or diseases will help us to timely use fertilizers and pesticides to shield crop
from the infestation. For detection of insect attack, Afsharinejad et al. (2015) have
developed a wireless nanosensor. This sensor is able to distinguish between the
volatile organics released by several host plant species and the insect forms. Another
study suggested that in the wheat plants for detection of Karnal bunt disease, nano-
gold-based immunosensors can be used (Singh et al. 2010). In addition, scientists
have reported that the development of bionic plant through injecting nanoparticles
into the cell or chloroplast of plants for detecting objects in their environment has
important potential in precision farming (Ghorbanpour and Fahimirad 2017; Kwak
et al. 2017). Wang et al. (2010) suggested that a gold electrode modified with Cu
nanoparticles helps in the detection of harmful fungal infestation by monitoring the
level of salicylic acid in oilseed. The study of plant growth by regulation of growth
hormones like auxin is done through multiwalled carbon nanotubes, which helps to
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find which marginal soil-plant root can easily acclimatize to their particular envi-
ronment (McLamore et al. 2010). Ganeshkumar et al. (2016) suggested that potas-
sium niobate nanofibers help to sense the humidity as it has a large surface-volume
ratio. Many scientists also suggest that nanosensors, which are based on the
deoxyribonucleic acid (DNA) detection technology through hybridization reaction,
are used for detection of the genetically modified (GM) organisms in agricultural
crops and genetically modified ingredients in food products (Manzanares-palenzuela
et al. 2015). Undoubtedly, the intelligent use of nanosensors in agriculture system is
a potential tool for ensuring long-term development by managing crop growth and
soil health. However, the application of nanosensors especially in field studies is not
sufficient yet, therefore it requires more research in this area. This area of research
also opens up a new opportunity for a future scientist.

7 Challenges for Nanotechnology in Agriculture

Nanotechnology has enormous potential to make agriculture more proficient and
resourceful. It enables precision farming by delivering nutrients, fertilizer, and
pesticides in controlled manner and at a specific time. Nanotechnology also helps
to improve the soil condition and in diagnosis of crop diseases at any stage. Although
a number of reports are available on nanotechnology, it has tremendous benefits in
the agricultural field. However, scientists have reported the preparation and proper-
ties of nano-agri-products, but the development and validation of these products for
commercial use are mostly at an early stage. The concerns related to nanomaterial
toxicity, transportation challenges, health hazards, and the incongruity of regulatory
structure restrict the acceptance of adopting nanotechnology in agriculture (Pandey
2018). In addition, Oriakhi (2004) reported that customer perception and conviction
about nanotechnology, social and cultural challenges, lack of collaboration among
agencies, lack of targeted research projects, lack of financial resources, management
challenges, and industry uncertainty about universities are all factors that hinder the
agricultural commercialization of nanotechnology. Intellectual property also influ-
ences the commercialization of nano-agri-products. The topic of intellectual property
rights, as with other rapidly evolving technologies, is important when contemplating
commercialization. Problems may occur when the university or government
researchers are perceived to be getting too close to industry “know-how,” and
when industry desires exclusive rights (Tegart 2001). According to a survey, the
following five top obstacles to the commercialization of nanomanufacturing were
identified by respondents (Soleimanpour et al. 2011): (1) high cost, (2) lack of
investment capital, (3) lack of qualified manpower, (4) process scalability, and
(5) the belief that nanotechnology takes longer time to reach the market. The
advancement of nanotechnology also poses ethical concerns regarding its potential
effects on human health and the environment. Nanotechnology provides numerous
benefits while also posing new difficulties to environment and human well-being, as
the nanomaterial has completely different properties than bulk materials, which may
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have negative consequences. For instance, nanoparticles have the same dimensions
as some biomaterials, which may cause new health problems by interfering with the
physiology of human and environmental species through various processes (Purohit
et al. 2017). Nanomaterials’ effects on the environment and human health are still
not fully known. The health and environmental concerns presented by nanomaterials
are difficult to measure due to their various features and behavior. Because the
kinetic (absorption, distribution, metabolism, and excretion) and hazardous proper-
ties of the materials are controlled by their charge, shape, and size, even
nanomaterials of the same chemical composition with various sizes or shapes may
have drastically varying toxicity (Pragya et al. 2012). The nanotechnology practice
in agriculture is concerned about the accumulation of nanomaterials and their
potential entry into the food chain (Priester et al. 2012). The plant is a vital
component of all ecosystems, and in the environment they play an important role
in the fate and carrying of synthesized nanoparticles through plant absorption and
bioaccumulation in the environment. Bioaccumulation, biotransformation, and
biomagnification of nanoparticles in the food crops are even now not well defined.
A very less number of reports are available on nanoparticle accumulation in plant
species and its subsequent availability in food crops (Agrawal and Rathore 2014).
This is also one of the key challenges to the commercialization of nanotechnology in
agriculture. In addition, the major driving force for agricultural productivity is the
plant—soil interaction, which is determined by any change in the physicochemical
parameters of the soil profile. Moreover, the soil is the primary source for releasing
the nanoparticles; thus their subsequent contact by various soil constituents may
have a significant impression on the density, transport, and activities of NPs. Few
studies on silver nanoparticles have reported the role of soil pH, organic matter
(OM) content, and cation exchange capacity (CEC) in determining their destiny,
toxicity, and bioavailability (Benoit et al. 2013; Shoults-Wilson et al. 2011). A low
range of soil pH, OM content, and CEC has been shown to impede Ag sorption to the
soil, resulting in an increased risk of Ag NP mobility, toxicity, and bioavailability.
On the other hand, Ag sorption to the soil is enhanced by a higher pH range in the
soil, cation exchange capacity, and organic matter content, which prevents Ag NP
mobility, bioavailability, and further toxicity (Klitzke et al. 2015; Schlich and Hund-
Rinke 2015). Therefore, it is consequently necessary to quantify the expected
amounts of manufactured nanoparticles that may be present in the air, water, and
soil before toxicological findings. Consider how humans approach the problem.
Populations may be exposed to man-made nanoparticles soon and in the present
(Agrawal and Rathore 2014). Because the use of nanotechnology in agriculture field
is still in its initial stages, resulting in an unfavorable view, there is reluctance to
accept this technology; the same was seen with genetically modified (GM) food
crops, and it may be repeated, specifically in the European Union region (Mwaanga
2018).
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8 Conclusion and Future Prospect

Undoubtedly, agrochemicals such as pesticides, fertilizers, and insecticides have
significantly contributed to agricultural development and expansion. Despite the fact
that agrochemicals provide significant benefits in terms of greater agricultural
output, their excessive usage has resulted in serious problems for the environment
and human health. Only a small portion of this agrochemical is consumed by plants
while the rest are lost in the soil. Most of these agrochemicals are not easily
degradable and their residue has been observed and measured in the majority of
food crops; also, high amounts of nitrate and phosphate from chemical fertilizers
have been found in both surface and groundwater resources. To solve this problem,
advanced technologies such as the nano-enabled solution will be a crucial instrument
in the next agri-tech revolution, which will make it more efficient, resilient, and
sustainable. As discussed earlier, plenty of nano-agri-based products are available in
the market, which includes nanopesticides, nanofertilizers, and nanosensors. The
implication of this product in farming has several advantages such as increased
fertilizer efficiency, better pest management, lesser chemical contamination, and,
more importantly, lesser chance for the agricultural operators to come in direct
contact with the hazardous material. Despite enormous advantages and significant
impact on transferring the technology to the agriculture field, some constraints
reduce its universalization. As per the public point of view, use of nano-based
agri-products has a number of hazards; it has ethical problems and various uncer-
tainties. The key reasons why the use of nanotechnology in agriculture is lesser than
in other fields are: lack of knowledge, lack of infrastructure, lack of unifying
regulation and guidelines, and environmental challenges. To popularize the use of
nano-agri-based products in agriculture, several key steps need to be taken and a
promising application of nanotechnology in all fields must be ignored; however,
simultaneous risks on environment and human health must be considered. At the
same time, the need of the hour is to move forward and make significant efforts in
developing advanced studies focused on identifying knowledge gaps. In this regard,
we propose that future research should focus on identifying alternative ways to avoid
the risk associated with nanoparticle use. There is a need of validating the dose of
nanoparticles under the safety limits and it should be clearly explained. To achieve a
thorough understanding of nanotechnology, it must include full life-cycle assess-
ment of nanoparticles’ effect on each tropical level. Overall, we strongly encourage
eco-friendly or green synthesis approach for nanoparticle synthesis, a method of
biosynthesis that affects the toxicity of nanoparticle, and future studies that illustrate
new applications in agriculture.
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1 Introduction

Phyto-diseases may evoke extensive deterioration in the plant community. It is
crucial that phyto-diseases are rapidly identified and treated rationally. As per the
current projections, the production demand for food globally needs to be doubled by
2050 (Tilman et al. 2011). With the anticipation that the changes in climate may
contribute to disrupt the cycle of food production, such concerning prediction
becomes more distressful. The plant pathogens are often greatly responsible for
the annual loss of economically important plants and crops. In order to overcome this
dire situation, nanotechnology extends its opportunities as a new edge weapon to
improve and maintain plant health. With its diversified applications, the field of
nanotechnology, specially nano-agriculture holds promise to provide us new ave-
nues and streamline the utility of nanomaterials in crop production as well as
protection of plants. Although the use of nanotechnology for phyto-disease man-
agement or diagnosis is at infancy, still it has tremendous potential in improving
already existing as well as future crop production via plant protection techniques that
will resist pests and diseases, help in phytopathogen monitoring, and plant diseases
detection. However, there is still a lack of awareness and appropriate knowledge on
how to bridge nanotechnology with agriculture and plant physiology and utilize it
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directly or indirectly in plant disease management. Thus, in this chapter we will
discuss in detail the plant pathology and intertwined mechanisms along with the
microbial organisms associated with it. Successively, new advancements and
achievements acquired by utilizing nanotechnology in the field of phytopathology
and agriculture will also be discussed for readers to gain insights into the role of
nanomaterials in plant pathology.

2 Phytopathogens

A plant or phyto-disease can be broadly defined as any circumstance that evokes
cascade of responses in plant cells and hinders the plant to perform its activity in
highest potential. These diseases can be both biotic or abiotic in nature and the
science of deciphering various phyto-diseases along with their causes is known as
plant pathology. Plant pathology is closely related to bacteriology, virology, mycol-
ogy, entomology, and weed science owing to the derogatory consequences of
bacteria, virus, fungus, insects, and weeds, respectively, upon plants. Classification
of plant diseases can be based on several criteria such as infected organs, disease
symptoms, types of infected plants, or the causative phytopathogens. However, the
phytopathogenic-based classification is considered to be more rational as it helps in
easy determination of plant disease causes, related complications and probable
measures of control (Cramer 1967). Following this criterion, phyto-diseases can be
of two broad types: namely, biotic or infectious disease caused by microorganisms
and abiotic or non-infectious disease which is the outcome of extreme environmental
conditions (Horsfall and Cowling 1980). The diseases caused by abiotic factors,
although being common, do not spread from plants to plants. Abiotic stresses
include conditions such as excessive or deficient nutrients and moisture, soil com-
paction, presence of toxic chemicals in soil or air, salt injury, ice-attack, sun-scorch,
etc. (Horsfall and Cowling 1980).

On the other hand, pathogenic microorganisms are the causative agents for biotic
stress. The pioneering research indicating Erwinia amylovora for causing blight in
pear and apple served as the foundation of plant pathology (Glawe 1992). With
progress in time, several plant diseases due to bacteria, viruses, fungi, nematodes
have been documented till then (Fang and Ramasamy 2015). Plant disease epidemics
(epiphytotics) are also known to occur in many plants worldwide (Agrios 1997). The
infectious disease occurs due to the phytopathogens’ capability to get transferred
from an infected to healthy plant resulting in identical disease as well as symptoms.
While the internal plant environment is preferred for inhabitation by many phyto-
pathogens, certain other microorganisms like bacteria and fungi live on the surface
of plants. Some phyto-diseases also develop due to parasitic higher plants that grow
upon attachment to other plants contributing to no mutual benefit but depriving the
host plant of essential nutrients. This abnormal alliance leads to fragility of the
healthy host plants. Examples of such plants are dodder, mistletoe, and witchweed
broomrape.
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2.1 Broad Classification of Phytopathogens

As discussed earlier, pathogens affecting plant health may vary from fungi, viruses,
bacteria, parasitic higher plants, mollicutes, parasitic green algae, nematodes, pro-
tozoa, and viroids. Owing to their effective penetrating ability in plant tissues, these
parasites can also tolerate diverse host conditions which enable them to feed and thus
proliferate in plant tissues. Such pathogens which depend on living hosts for survival
are known as obligatory parasites. On the contrary, the non-obligate parasites like
fungi and bacteria can survive on both living and non-living hosts and utilize
different nutrient media. Among the non-obligatory parasites, those who can grow/
develop on organic dead matter saprophytically are called facultative saprophytes
(semi-biotrophs) (Ellingboe 1968). Another variety of facultative parasites
(necrotrophs) which grow saprophytically in general can attack and cause disease
in living plants but under certain circumstances. It has to be noted that severity in
phyto-disease is not often dependent on the parasitism type or degree. For instance,
weak parasitic pathogens are often responsible for greater derogatory outcomes in
plants with respect to those caused by other obligate parasites. In most cases, the
non-obligatory parasites use lysozymes for degrading plant cellular wall that allows
progressive invasion as well as infection (Dollet 1984). The most common variants
of pathogenic microorganisms that are responsible for diversified plant disease along
with their characteristic features have been enlisted in Table 1.

The parasitic phytopathogens also possess negative impact on host metabolic
processes. Vascular pathogens attack the xylem and phloem vessel tissues of host
plants for their growth and multiplication processes that impede sugar and water
transportation in host plant cells (Abdulkhair and Alghuthaymi 2016a). Phytopath-
ogens (e.g., Fusarium oxysporum f. sp lycopersici, Verticillium albo-atrum,
Verticillium dahliae, Xanthomonas oryzae pv. oryzae, Ralstonia solanacearum,
Xylella fastidiosa, Xanthomonas campestris pv. campestris, Erwinia amylovora,
Clavibacter michiganensis ssp. michiganensis) categorized as vascular wilt patho-
gens are responsible for overwintering soil along with plant debris (Yadeta and
Thomma 2013). While most bacteria and fungi belong to groups of soil-borne
microscopical pathogens, foliar pathogens are constituted of phyllosphere viruses,
bacteria, and fungi. Spots, cankers, blights, overgrowth of plants, tissue rots, root
branching, stunting, and leaf epinasty are some of the well-known and familiar plant
disease symptoms (Martins et al. 2018).
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Table 1 Common phytopathogens and associated plant diseases
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Top 10 economically

Sr. | Types of important Few common Plant
No | phytopathogens | Characteristic features | phytopathogens Disease
1. Bacteria Microscopic (single- | Pseudomonas Aster yellows, bacte-
celled) organisms syringae, Ralstonia rial wilt, blight fire
possessing cell walls. | solanacearum, blight, rice bacterial
Mode of reproduce Agrobacterium blight, canker, crown
involves binary fis- tumefaciens, gall, basal rot, scab
sion. phytopathogenic | Xanthomonas oryzae,
bacteria Most of the Xanthomonas
phytopathogenic bac- | axonopodis,
teria among the Xanthomonas
200 variants either campestris, Erwinia
grow as parasites amylovora, Xylella
within or on the sur- | fastidiosa, Dickeya
face of the plant or in | (dadantii and solani),
plant debris or soil Pectobacterium
like saprophytes carotovorum (Khater
et al. 2017)
2 Fungi and fun- | These pathogenic spe- | Magnaporthe oryzae, | Anthracnose, black

gal like cies lack chlorophyll | Botrytis cinerea, knot, blight (chestnut
organism and thus are incapable | Puccinia spp., Fusar- | blight, late blight),
of making their own ium graminearum, canker clubroot,
food. They exhibit fil- | Fusarium oxysporum, | damping-oft, Dutch
amentous growth and | Blumeria graminis, elm disease, ergot,
reproduction may be | Mycosphaerella Fusarium wilt, leaf
dependent or indepen- | graminicola, blister, downy mil-
dent on spores. These | Colletotrichum spp., dew, powdery mil-
microorganisms are Ustilago maydis, dew, oak wilt, etc.
classified as Melampsora lini,
necrotrophic, hemi- Phakopsora
biotrophic, and pachyrhizi, Rhizocto-
biotrophic based on nia solani (Dean et al.
their living styles or 2012)
mechanism of interac-
tion with host plants
Virus and Viruses are character- | Tobacco mosaic virus, | Curly top, mosaic
viroids ized as intracellular tomato spotted wilt psorosis, spotted wilt
particles bearing virus, tomato yellow
nucleic acid and are leaf curl virus,
known to possess a cucumber mosaic
protein coat that con- | virus, potato virus Y,
tributes in their differ- | cauliflower mosaic
ent replication virus, African cassava
processes in the target | mosaic virus, plum
living host cells. pox virus, brome
Virus-like particles mosaic virus, potato
devoid of protein coat | virus X (Scholthof
are called viroids et al. 2011)
Nematodes, The microscopical - -
Phytoplasmas worm like animals

(continued)
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Table 1 (continued)

Top 10 economically

Sr. | Types of important Few common Plant
No | phytopathogens | Characteristic features | phytopathogens Disease
and Parasitic that are majorly char-
higher plants acterized as soil
dwellers are known as
nematodes.

Phytoplasmas are on
the other hand bacteria
like filamentous
microscopic living
organisms without
cell walls. Parasitic
high plants are chlo-
rophyll containing
plants that lack the
ability to synthesize
their own food and
thus show parasitic
activity on other host
plants to collect water
and nutrients

3 Plant-Pathogen Interactions

3.1 The Disease Triangle of Host, Environment,
and Pathogen

One of the most common models for studying plant pathology is represented by a
triangle comprised of 3 major participants-host, environment, and pathogen
(Fig. 1a). This model is based on the concept that a susceptible host can be attached
by a biotic agent, that is, any virulent pathogenic microorganisms that give rise to
disease. Thereby, elimination in any one of the factors may prevent disease devel-
opment (Francl 2001). Such conditions can further promote the infection-inducing
properties of opportunistic fungi and bacteria (Abdullah et al. 2017). As discussed
earlier, phytopathogens possess the aptness for epiphytic survival or growth within
tissues of host plants, soil and/or separate plants. Physical injury or weakness caused
in plants by the hostile abiotic (environmental) factors further assists pathogenic
entry into host cells. For instance, factors like temperature, excess or scarcity of
nutrients, moisture, humidity, torrential rain, and imbalance in salinity help the
pathogens to multiply as well as propagate within the host plant escalating the
disease and thereby affecting the plant health adversely (Agrios 1997). It has been
observed that favorable climate during the monsoon triggers disease epidemics such
as pomegranate blight caused by bacteria expands exponentially under conditions of
elevated humidity common in rainy season (Chikte et al. 2019). Moreover, both
epiphytic and endophytic phases have been documented in life cycle of
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Fig. 1 (a) The vicious disease triangle of host, environment and pathogen: the phytopathogenesis
only develops when each factor coincided with each other. (b) the cycle of disease development: the
monocyclic virulent pathovars complete their cycle following the red arrows, while the polycyclic
pathogenic microorganisms normally follows the blue arrows to complete their cycle for most of the
seasons but shifts to the red arrows at the end

gram-negative pathogenic bacteria (Agrios 1997). The capability of phylogeneti-
cally rare species to elude disease pressure is well known and the host’s phytogenic
structure also modulates pathogens’ potency to spread, thereby affecting disease
severity (Gilbert and Parker 2016). Thus, knowhow of phylogenetic connection in
host and also virulent pathogens serve in predicting disease risk in multi-cropping
system, which may help to avoid probable economic loss. However, it is important
to note that there are multiple variables within the three components of disease
triangle that may alter both disease incidence and severity. Life cycle, genetic
diversities, and biology of both plants and pathogens as well as environmental
conditions are a few of such variables.

3.2 Disease Cycle

For disease development, the tissue or cell of host plant should be successfully
invaded by a virulent pathogen. Fig. 1b depicts the series of events involved in
development of phyto-diseases. A disease cycle can be monocyclic or polycyclic.
The various stages of the disease cycle are being briefly discussed below
(Abdulkhair and Alghuthaymi 2016b):

Inoculation This step involves the phytopathogen introduction into host. Different
pathogenic microorganisms deploy different modes of inoculation and are also
equipped with diversified specialized mechanisms that promote inoculation. While
some pathogenic fungi use spores that are airborne for inoculation in addition to
sclerotia of mycelium fragments, intact cells also represent the inoculum in cases of
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bacteria, protozoa, mollicutes, viruses, and viroids. The inoculum categorized as
primary and secondary causes respective phyto-infections.

Penetration While certain plant pathogens utilize wound or injury sites and natu-
rally occurring plant openings (stomata and hydathodes) to enter the host plant
tissues, other pathogens employ unique modes to penetrate directly. Under optimum
temperature, moisture and other favorable environmental conditions, fungi and
nematodes undergo active penetration in tissues and cells of host plant.

Infection After invading the plant tissues, the phytopathogens develop a parasitic
relation with the plant. Being unable for active penetration into the host plant tissues,
phytoplasmas, bacteria, and viruses depend on alternative methods for infecting
tissues and cells in plants. The virulent pathogens rely on insects as vectors that assist
inoculation as well as dispersal.

Incubation After entering the plants, the pathogenic microorganisms enter the
incubation stage and stay in latent condition for a specific period of time before
initiation of the phyto-diseases.

Reproduction Depending on the type of phytopathogens, the mode of reproduction
may be sexual of asexual.

Survival The evolution process of phytopathogens has enabled them for prolonged
survival by tolerating hostile environmental conditions. The dark brown colored
spores produced by fungal pathogen are an example which lower the light penetra-
tion and thereby prevent cell death. Another example of survival strategy may be the
habit of soybean cyst nematode laying its eggs in a cuticle case. Such casing is very
rigid that prohibits penetration of harmful chemicals or microbes which kill the eggs
prior to hatching.

As discussed above, disruption in one or more steps of the cycle will either curb
the disease severity or may even prevent its promotion or development in host plants.
Thus, the knowledge of disease cycle may help to manage various phyto-diseases.

4 Phyto-pathogenesis-Linked Molecular Mechanisms
Mediated by Bacteria, Viruses, and Fungi

Phyto-pathogenesis exhibits a critical and complicated process (Fig. 2a). As a
pathogenic virulent microorganism encounters a plant, it should be capable enough
for adapting to the living conditions in epiphytic surfaces as well as survive for
adequate time period necessary for initiating infection. Thus, throughout the process
of infection, the response toward environmental conditions plays a pivotal role. The
correlation of signaling pathways (both intracellular and community level) with that
of environmental signals triggers responses critical for phytopathogen populations.
The ultimate goal of phytopathogens is to migrate from surface of the epiphytes into
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a
like
ol Virulent pathogen with flagella/pili # Enzymes sccretion for cell wall and tissuc degeneration Virulence genes <—‘ protei
@ Phytotoxins release to surpass stomatal closure <= biofilm ST
# Phytotoxins release for modifying plants physiology, immune Rpf: Regulation of pathogenicity factor
mechanisms etc. DSF: diffusible signal factor

Fig. 2 (a) Basic mechanism of phytoinfection by pathogenic microbes: The common steps include
(1) surface infestation and adaption of microbes along with formation of biofilm, (2) surface
migration of the pathogens mediated by flagella/ pili to gain access through the apoplasts,
(3) phytotoxin mediated stomatal entry, (4) damage of plant surface through ice nucleating agents
(INA), (5) toxins mediated alterations of plant physiology essential functions and even immune
responsiveness, (6) plant tissue degradation and disruption of cell wall through secreted enzymes.
(b) Rpf conjugated QS/cdG signaling system in pseudomonas species: The sensor kinase, Rpfc
upon sensing QS signal (DSF) produced by RpfF, causes phosphorylation and activation of RpfG.
RpfG in turn via its phosphodiesterase activity degrades cdG thus reducing biofilm formation and
Clp protein release repression. Subsequently, virulent genes undergo Clp mediated transcription.
Additionally, interaction of RpfG with other GGDEF domain comprising proteins, is responsible
for controlling bacterial motility. Rpf regulation of pathogenicity factor, QS/cdG quorum sensing/
cyclic di-guanosine monophosphate, Clp Crp-like protein

the host plant tissues mediated by motility or chemotactic pathways. This migration
involves introduction into plant apoplast after surpassing the physical along with
chemical barriers. Following their introduction in plant tissues/cells, phytopathogens
utilize an array of effectors (proteins) and phytotoxins produced by different secre-
tory systems that co-ordinate various pathogenic functionalities (Melotto and
Kunkel 2013).

4.1 Bacterial Phyto-pathogenesis
4.1.1 Surpassing Stress on Epiphytic Plant Surface

The surface of leaves presents a hostile environment for virulent pathogens. Bacteria
have to face regular exposure to desiccation, adverse alteration in temperature, UV
radiation, and mechanical abnormalities like strong wind. Despite these hindrances,
epiphytic bacteria possess certain virulence strategies that promote their microbial
persistence on the surface of most plants. The epiphytic survival is materially
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regulated by metabolic responsiveness to shock, cold, stress, and desiccation
(Djonovic et al. 2013; Freeman et al. 2013). In Pseudomonas syringae
(P. syringae), trehalose (osmo-protectant) has been indicated for benefiting its
survival and also maintain its required population in phyllosphere (Freeman et al.
2010). It has also been suggested to potentiate nitrogen requirement and enhance
proliferation in leaf apoplast thus contributing to plant disease development by
P. aeruginosa (Djonovic et al. 2013). Various literatures have pointed out the pivotal
contribution of exopolysaccharides (EPS) like alginate, xanthan, levan (Freeman
et al. 2013; Dunger et al. 2007) in the epiphytic survival of various plant-related
microbiomes such as xanthomonas species (Dunger et al. 2007) and P. syringae
(Yu et al. 1999). The EPS molecules are closely correlated with epiphytic survival
and contribute to enhance the pathogenic capability for resisting freeze-thaw process
(Wu et al. 2012), tolerate stress due to osmosis and dryness (Freeman et al. 2013),
and also maintain adequate microbial population (Dunger et al. 2007). Various
phytopathogens possess the EPS molecules that mediate Ca>* signaling quenching
at the time of phyto-immune response and thereby allow the microbes to evade the
immune system (Aslam et al. 2008). Relative to surface of leaves, literature points
out strong upregulation of biosynthetic locus of levan in P. syringae pv. syringae
(Pss) B728a in the apoplast that indicates its role in post-infection virulence
(Yu et al. 1999). Moreover, the pathogenic trait of EPS molecules has also been
observed in case of biofilm formation by Psa NZ V-13 (Renzi et al. 2012). On the
other hand, Wss (acetylated cellulose) molecules not only foster the root colony
formation of Pseudomonas fluorescens, but also facilitates P. syringae pv. tomato
(Pto) DC3000 (Gal et al. 2003).

4.1.2 Signaling Cascades Regulated by Phytopathogens

The virulent phytopathogenic bacteria demonstrated evolved and efficient cell-to-
cell signal transduction system which exhibits diversified and overlapping parallel
input signals along with gene (non-linear) co-ordination. Moreover, the plant surface
also reveals various bacterial species to be closely interlinked with various signaling
systems. Among the wide variety of signaling systems QS (quorum sensing) and
¢dG (cyclic guanosine 3°,5’-monophosphate) signaling (second messenger pathway)
are considered to perform major roles in plant pathogens.

4.1.2.1 Quorum Sensing (QS) in Phytopathogenic Bacteria

QS is utilized by ultraviolet bacteria for communicating as well as assessing cellular
density via the products of autoinducers which are tiny signaling molecules. The
major signals in bacteria are acyl-homoserine lactones (AHLs), DSF(diffusible
signal factor), and Ax21.

QS molecules are majorly constituted by AHLs. AHL itself plays as pivotal role
in positively regulating synthase gene transcription. P. syringae is known to produce
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3-0x0-C6-HSL (homoserine lactone), an AHL molecule. In Pss, both synthesis of
EPS and motility are controlled by ahll/ahlR system which are essential for
maintaining virulence of pathogenic bacteria as well as plant colonization (Quinones
et al. 2004, 2005). While Agrobacterium tumefaciens (crown gall bacteria) control
virulence by producing 3-oxo-C8-HSL that stimulates Ti plasmid copy numbers,
secretion of phytotoxin and flagellum assembly coordinated motility in Burkholderia
glumae (rice pathogen) is regulated by C8-HSL production (Kim et al. 2004). Lasl/
LasR, OscR (orphan regulator), and RhlI-RhIR are 3 AHL pathways which are
employed by P. aeruginosa for producing 3-oxoC12-HSL along with C4-HSL that
are known for affecting more than 300 gene expressions among which many are
associated with restriction of toxins, biofilm formation, and also motility (Schuster
et al. 2003). Another QS molecule called PQS (Pseudomonas quinolone signal),
chemically known as 2-heptyl-3-hydroxyl-4-quinolone, is also reported to be syn-
thesized by P. aeruginosa which control both formation of biofilm and virulence
factors production (Allesen-Holm et al. 2006). Moreover, PQS, las, and rhl (com-
plete and semi-independent) QS systems also mediate LasB expression encoding a
secreted (type II) protease.

Recently, another QS signal known as Ax21 has gained quite interest.
Xanthomonas oryzae pv. oryzae produces the Ax21 which is a sulfated small protein
in nature and performs the role of QS molecule necessary for expressing virulence
genes (Han et al. 2011). X. oryzae pv. oryzicola (Qian et al. 2013) and
Stenotrophomonas maltophilia (McCarthy et al. 2011) have been documented to
possess similar proteins that are interrelated with EPS and biofilm formation enhanc-
ing motility and virulence.

Another essential QS molecule termed as DSF is composed of fatty acids
(unsaturated). cisl1-methyl-dodecenoic acid is a DSF signal that is recognized by
pathovar Xcc responsible for causing crucifer black rot (Wang et al. 2004) and is
involved in modulating virulence as well as synthesis of xanthan and protease
(Barber et al. 1997). DSF has also been reported to be used by Xy. Fastidiosa,
X. oryzae pv. Oryzae, and other Xanthomonas species. DSF signaling pathway
which is synchronized by components of the gene cluster Rpf (regulation of path-
ogenicity factor) present in Xcc upon mutation reduces virulence (Barber et al.
1997). DSF upon synthesis is readily detected RpfC, a component of RpfC/RpfG
(hybrid sensor kinase) which is also known for negatively regulating DSF synthesis
(Slater et al. 2000). Following activation of RpfC/RpfG system and signal transduc-
tion through it, cdG is degraded with subsequent repression of Clp (Crp-like protein)
transcription regulator release that finally leads to activation of virulence gene
expression (Fig. 2b) (Chin et al. 2010). Xcc also consists of another DSF sensor,
RpfS apart from RpfC which has been proven to be essential for virulence in Chinese
radish (An et al. 2014a). On the other hand, mutation of RpfF in Xylella fastidiosa
increases colonization and virulence in grape xylem tissues. Xy. fastidiosa engage
DSF signal transduction in a multifaceted fashion for regulating its colonization,
virulency as well as adhesion potential (Chatterjee et al. 2008a, b).
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4.1.2.2  cdG Signal Transduction Pathway

Cyclic adenosine monophosphate (cAMP) and c¢dG (cyclic-di-GMP) like nucleo-
tides that serve as secondary messengers, function as signaling molecules with
pleomorphic roles for controlling and regulating virulence of bacteria. Apart from
regulating virulence, cdG the secondary messenger participates in coordinating a
wide range of functions including motility, biofilm formation. PDE (Phosphodies-
terase) and DCGs (diguanylate cyclase) are known for regulating intracellular levels
of cdG. While DGC:s utilize 2 GTP (Guanosine triphosphate) molecules for synthe-
sizing cdG, PDEs cause degradation of the same. Often additional domains such as
GAF, REC, or PAS present in DGC/PDEs are also associated with signaling. cdG
interacts with a wide variety of binding domains for exerting its action, some of them
being PilZ domain containing protein, DGCs, and PDEs which are enzymatically
inactive, transcriptional regulators such as Clp, RNA riboswitches, and FleO (reg-
ulator of pseudomonas motility and/or EPS) (Romling et al. 2013). ¢dG in DSF/rpf
signaling system undergoes interaction with Clp preventing its promoter binding and
subsequent related target genes transcription (Fig. 2b). Clp in Xanthomonas species
controls gene expressions that encode extracellular enzymes (Chin et al. 2010).
Similar Clp/cdG interaction is evident in Xanthomonas axonopodis pv. Citri
(Leduc and Roberts 2009). On the other hand, Xcc also exhibits a different dual
component RavS/RavR system which is associated with ¢dG and found to be
important for bacterial virulence. This RavR protein is involved in alteration of
cdG levels mediated by activity of PDE via its EAL domain and also modulates
expression of virulence factors through Clp, the transcriptional regulator (He et al.
2009). The regulatory effect of cdG systems in controlling multiple and essential
behavioral facets of phytopathogenic Pseudomonas species along with regulating the
virulence of various other pathogenic species and pathovars is well documented
(Pfeilmeier et al. 2016). Previous literatures also indicate its role in managing
activity of T3SS (type III secretion system) and flagellum with simultaneous regu-
lation of proteome composition by modifying ribosomes (Trampari et al. 2015; Little
et al. 2016). It has been suggested that Gac/Rsm nexus that is responsible for
controlling quantum signaling, biofilm formation, secretor systems, toxin, and
siderophore production, manipulates productions of PDE/DGC thereby subse-
quently affecting c¢dG levels (Moscoso et al. 2011, 2014). While expression of
T6SS (type IV secretion system) is interlinked with GacA (sensor kinase) in
P. syringae (Records and Gross 2010), RsmA, the post-transcriptional regulator
(RNA binding), when trans-overexpressed results in repression of secretion of
various virulence factors (Kong et al. 2012). The key functionalities of cdG signal
transduction in Ralstonia solanacearum, Serratia, and Erwinia genera need to be
elaboratively explored apart from Xanthomonas and Pseudomonas and species.
Recently researches have revealed two new targets for cdG binding in XCC and
P. syringae, which are XC_3703 (YajQ family protein) (An et al. 2014b) and
injectisome (type III) ATPase HrcN, respectively (Trampari et al. 2015).
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4.1.3 Adapting SKills of Pathogenic Bacteria to Phyto-environment

The interaction and cross talk between different components of plant microbe are
known to largely affect phytopathogenic bacterial behavior in natural environment.
Epiphytic endurance and phyto-infections are affected prominently by both com-
mensal and antagonistic interactions (Delmotte et al. 2009; Ritpitakphong et al.
2016). Downstream of the signal transducing nexus, pathogenic responses are
integrated to environment by transcriptional alterations related with life on phyto-
surfaces. It has been documented that in Pss B728a (P. syringae strains) affecting the
bean plants’ surface, there is marked upregulation of genes associated with nutrient
attainment, virulence, intracellular signaling as well as membrane transport (Marco
et al. 2005). On the other hand, epiphytic survival of Pss B728a on surface of the
leaves is promoted by active and strong induction of osmotolerance coupled with
T6SS and alginate synthesis. Another phyto-environment identifying regulatory
pathway in Ag. tumefaciens involves low pH, plant-related sugars, and phenolics
(acetosyringone) mediated evocation of virulent gene expression (Peng et al. 1998).
In Agrobacterium, certain chemical signals-mediated induction of virulence gene at
the site of plant wounds are modulated by VirAG/ChvE pathway that finally results
in effective crown gall tumor formation (Peng et al. 1998).

4.1.4 Apoplastic and Plant Surface Motility of Bacteria

Motility or migration plays an important role in phyto-infections. Recently, regula-
tion of motility as well as pili, surfactant or flagella loci expression at proper time
during phyto-infection phases are being considered as one of the salient factors in
pathogenicity of plant. When in contact with surface of leaves, many phytopatho-
genic bacteria express traits that assist in promoting bacterial persistence until
apoplastic penetration is allowed by environmental conditions. Under favorable
conditions, pathogens utilize different motility systems that enable their migration
from surface of the leave to interior of the plants through different access sites like
wounds and stomata. Flagellar motility confers epiphytic competence benefit in
P. syringae and plays an important role in plant virulence and surface colony
formation (Tans-Kersten et al. 2001). It has been observed that chemotaxis along
with formation and utilization of surfactant molecules in bacteria are closely
intertwined with expression of flagellar genes that allow bacteria for migration
through leaf surfaces (Yu et al. 2013; Burch et al. 2012). Signaling genes like rpfS
(in Xcc) (An et al. 2014a), rimK (in P. syringae) (Little et al. 2016), and xbmR (from
X. citri ssp. Citri) (Yaryura et al. 2015) upon deletion contribute in defective
bacterial virulence. Also. in P. syringae, R. solanacearum and in several other
pathogens, type IV pili are found to be necessary for producing and attachment of
biofilm, twitched motility, and pathogenic virulence (Nguyen et al. 2012; Kang et al.
2002).
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During the plant infections, the formation as well as expression of flagella should
be closely controlled for directed bacterial migration toward the apoplast and also
prevent from being detected by PRRs (plasma membrane-localized pattern recogni-
tion receptors) which would then lead to initiation of pattern triggered immunity
(PTI) (Macho and Zipfel 2014). The excess of flagellin monomers is known to be
degraded by Apr A (alkaline protease A) (Pel et al. 2014).

4.1.5 Bacterial Invasion of Plant Tissue Mediated by Hijacking
Stomatal Entry and Cell Wall Degeneration Enzymes

The plants as a part of their immune (innate) system keep their stomatal pores closed
to inhibit ingression of bacteria (Melotto et al. 2006). But this defensive mechanism
needs to be surpassed by phytopathogenic bacteria for gaining apoplastic access. It
has been noted that Xcc (Gudesblat et al. 2009), P. syringae species (Melotto et al.
2006), and many other pathovars perturb stomatal immune system through secretion
of phytotoxins. Virulent pathogens secrete varied molecules including toxins like
syringolin and coronatine that enact as antistomate defense components (Melotto
and Kunkel 2013) where they impede NRP1 (non-expresser of pathogenesis related
1) regulated SA (salicylic acid) signaling (Xin and He 2013). On the other hand,
other pathogens secrete enzymes and specific proteins that degenerate the cell wall
allowing them to enter plant tissues. Other literatures indicate another mechanism of
overcoming phyto-defense systems through production of ice nucleating agents
(INAs) which have been identified in P. syringae (Gaignard and Luisetti 1993),
X. campestris (Gurian-Sherman and Lindow 1993), and Pantoea ananatis (Sauer
et al. 2014). Water molecules are transformed by INAs into clathrin lattices identical
to ice that elevate temperature allowing nucleation of ice with corresponding freez-
ing of water at higher sub-zero temperatures (Garnham et al. 2011). Through this
mechanism of ice-nucleation, the phytopathogens cause frost damage and thus gain
access for entering into plants. Epiphytic bacteria also possess genes-rendering
resistance to “freeze-thaw” that foster their survival irrespective of both environ-
mental and biotic factors evoked frost conditions (Wu et al. 2012).

Additionally, phytopathogens also deploy certain secretion systems (mainly type
II) through which wide arrays of enzymes are released (Korotkov et al. 2012). These
contribute in degeneration of the structural molecules constituting cell walls of plants
and also cause hydrolysis of the lamellae connecting individual plant cells which
supply the pathogens with a source of carbon that promotes pathogens’ propagation
through apoplast and get distributed throughout the host plant tissues. Xy. Fastidiosa
attributes in damaging the xylem’s inter-vessel pit membranes in grapevine that
facilitates pathogenic propagation (Sun et al. 2011). Extracellular enzymes like
pectinases, proteases, xylanases, and cellulases are categorized as cell wall damaging
enzymes that are critically related with Xanthomonas spp, Phytoplasma, and Xylella
along with Erwinia and Pectobacterium genera (soft-rot pathogens) (Dejean et al.
2013; Lee et al. 2014; Toth et al. 2003).
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4.1.6 Maneuvering Various Plant Protective Systems by
Phytopathogenic Bacteria

The virulent microbes are also capable of synthesizing and secreting small
phytotoxins that are responsible for potentiating bacterial virulency by suppressing
host plant defensive mechanisms with subsequent enhancement of necrosis in tissues
and chlorosis. While phytotoxins like syringopeptins and syringomycins directly
deteriorate the plant cells, other toxins manipulate and interfere with different
signaling pathways and metabolic activities that succor the invasion by the phyto-
pathogens. P. syringae species synthesize toxins (modified peptides) such as
mangotoxin, phaseolotoxin, and tabtoxin which trigger both tissue chlorosis as
well as necrosis. The above-mentioned toxins primarily disrupt nitrogen metabolism
by inhibiting the activity of targeted enzymes involved in biosynthesis of amino
acids. The resultant nitrogen-rich intermediates are then successively utilized by the
phytopathogens as a source of nutrition and food (Arrebola et al. 2011).

It has been observed that on release of hydrolysis-mediated toxic component of
tabtoxin inside plant cell, glutamine synthetase is irreversibly inhibited and chloro-
phyll is degraded that consequently cause yellowing of tissues and chlorosis
(Langston-Unkefer et al. 1987). On the other hand, another enzyme carbamoyl
transferase is inhibited by Phaseolotoxin that also leads to similar consequences of
host plant as an outcome of metabolic imbalance within plant cells (Bender et al.
1999).

The mechanisms of bacterial plant pathogens are not only restricted to these but
are extensive in which they also disturb hormonal physiology in host plants and
manipulate internal signal transduction cascades that exponentiate bacterial viru-
lency and potentiate the pathogenic outcome. Structural as well as functional
parallelism of most phytotoxic components with that of phytohormones like auxin
has been observed. For example, coronatine which resembles the plant hormone
Polyketide is involved in stimulating proliferation of apoplast, opening of stomata
which finally confer to aggravated symptomatic development of phyto-diseases
(Zeng and He 2010). The phyto-receptor complex COI1/JAZ (coronatine insensi-
tivel/jasmonate ZIM-domain) senses coronatine that results in stimulation of JA
(jasmonic acid) transduction in plants with simultaneous suppression of defense
mechanisms arbitrated by SA (salicylic acid) signaling (Xin and He 2013).

Phytopathogens may also directly manipulate plant hormonal signaling pathways
by encoding enzymes that are involved in synthesis of plant hormones. Several
bacterial strains like P. syringae, Ag. tumefaciens, Pantoea agglomerans, and
Pseudomonas savastanoi have been correlated with synthesis of abscisic acid
(ABA), JA, indole acetic acid (auxin), cytokinins, and ethylene (Robert-Seilaniantz
et al. 2011). The phytopathogens owing to their ability to produce or suppress
various hormones directly exploit the critical crosstalk existing among the hormone
transduction pathways that provide them the opportunity to subvert plant defensive
mechanism and metabolism for their own benefit (Robert-Seilaniantz et al. 2011).
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4.1.7 Effector Proteins-Mediated Bacterial Virulence

The phytopathogenic microorganisms are linked with secretion and release of
miscellaneous virulent factors like phyto-toxins, enzymes, and other molecules for
circumventing host plant defenses either directly into host plant’s cytosolic
environment or in the extracellular locale. Xanthomonas spp., P. syringae, and
other hemi-biotrophic bacteria employ amalgamation of different secretory systems
for effectively exporting and delivering secreted proteins called effectors responsible
for maintaining structural and functional integrity of host plant’s components to
relevant locations to further potentiate the degree of infection. Co-ordinated secre-
tory systems show prominent effect on the versatility of phytopathogens (Fig. 3a).

RsmA, in P. aeruginosa, functions as a molecular switch to coordinate between
acute and chronic phases of infection causing translational suppression of T6SS, pel
(pectate lyase), and psl mRNAs with corresponding upregulation in transcription of
flagellar, T3SS, and T4SS genes (Moscoso et al. 2011). In Pss B728a, these T6SS
and T3SS are negatively regulated by RetS and LadS (sensor kinases) (Records and
Gross 2010). In Xanthomonas, previous reports indicate the regulatory role of QS
over T2SS (Jha et al. 2005). Also, extensive researches are being conducted on
modulation of hypersensitive response and pathogenicity (hrp) regulon which con-
stitutes T3SS-related structural genes, T3SS regulators, and multiple T3ES (Buttner
and Bonas 2010). During the infection phase, pathogenic bacteria keep tight control
to deliver T3E hierarchically and temporally with the help of post-translational
techniques (Galan et al. 2014). While salmonella enterica shows orderly recruitment
and secretion of T3Es effectuated by chaperone-facilitated cytoplasmic cell sorting
platform (Lara-Tejero et al. 2011), other bacterial pathogens deliver T3Es inside host
cells by deploying chaperons, export control, and other hrp-associated (hpa) proteins
(Lohou et al. 2013). Interaction between HpaB (global chaperone for T3E export)
and HpaA in R. solanacearum causes selection of T3ES and guides them to HrcN
(T3SS related ATPase) effectuating translocation (Buttner et al. 2006). Currently,
the allosteric role of cdG in regulating HrcN action is also being explored that
suggests its crosstalk with the dynamics of T3E translocation. In case of Pss
B728a, regulated T3Es secretion is found to be essential during the phase of
epiphytic growth which is marked by the prominent role of HopAA1 and HopZ3in
promoting definitive leaf surface colonization (Lee et al. 2012).

Complex transportation mechanisms are required for translocating proteins and
other molecules coordinately (Fig. 3a). Type I-VI transportation systems are
engaged by gram-negative bacteria for delivering proteins into the extracellular
milieu or inside the host cellular components (Gerlach and Hensel 2007). While
T3SS plays a pivotal role in pathogenicity, T2SS is also widely used by different
pathogens such as members of Ralstonia, Pseudomonas, Xanthomonas, and Erwinia
genera for extracellular delivery of proteins (Jha et al. 2005; Johnson et al. 2006).
T2ES mostly comprising of different virulence factors like cell-wall degeneration
enzymes, toxins, and also proteases potentiate the virulency in plants. Gram-
negative bacteria and members of Xanthomonas species are known to carry a lipA
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Fig. 3 (a) Bacterial effectors mediated mechanisms of phytopathogenesis: (1) extracellular and
intracellular stimuli coordinated the expression of virulence genes (2) different secretion systems
mediated effector translocation such as by type III secretion system (T3SS, T4SS, T2SS etc.),
(3) Essential functions of host plants like immunity, metabolism, cellular structure, hormonal
signals, distribution of nutrients etc, are all targeted and compromised by the effectors, (4) Host—
pathogen interactions exponentially increases and diversifies virulent pathogenic gene families. (b)
Phytopathogens targeted defense mechanism to promote disease development: Pathogenic avirulent
factors upon strong recognition activate hyperreactivity (HR) dependent programmed cell death
(PCD) which is a rapid response arresting the development of pathogenic infection. On the other
hand, avirulent factors upon feeble recognition as well as flagellin or chitin through FLS2 also
promotes basal defenses via different pathways including MAPK. Basal defenses subsequently
stimulate expression of defense genes or induces late onset of pathogenic cell death. Formation of
papillae at the site of nascent colonization of bacteria or site of fungal penetration corresponds to
defense mechanism associated to cell wall. Jasmonic acid (JA) signaling pathway upon activation
induces suppression of salicylic acid (SA) transduction pathway leading to repressed expression of
specific pathogen related gene. Reactive oxygen species triggered oxidative stress is direct bacte-
ricidal in nature. Moreover, already existing antimicrobials help in repulsion of pathogenic activity.
As a counter response to pathogen attack, signaling through programmed cell death facilitates cell
death. The expression of the NHO1 gene expression triggered by nonhost and/or avirulent bacterial
pathogens is necessary in certain cases of non-host resistance. PR pathogen related gene, PCD
programmed cell death, NHO1 non-host resistance 1

gene that encodes for a secreted lipase (type II) essential for imposing complete
virulency by X. oryzae pv. oryzae (Aparna et al. 2009) and also X. campestris
pv. vesicatoria (Tamir-Ariel et al. 2012). Additionally, it has seen discovered that
T4SS which is generally associated with translocation of DNA and protein to the
extracellular locale or inside host cells, mediates the transfer of T-DNA in Ag.
Tumefaciens inside plant cells that confers in altered metabolic functions and
morphology leading to tumor development (Bhatty et al. 2013; Gohlke and Deeken
2014).

These effectors improve microbial competence in the plant environment by
interfering with essential phyto-processes. T3Es are reported to majorly suppress
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plant immune responses (Macho and Zipfel 2015). Xanthomonas and Ralstonia spp.
members encode TAL effectors (transcription activator-like) which are phyto-
transcription factors and are interlinked with promotion of plant virulence as well
as providing a bacterial growth compatible environment (Bogdanove et al. 2010).
X. oryzae pv. oryzae (rice pathogen) utilizes various TAL effectors to modify the
gene expressions encoding sugar transporters (SWEET). The resulting sugar in
apoplast, effluxed from the plant cells may be accompanied with release of water
for maintenance of tissue osmotic balance that further alters the milieu of intracel-
lular spaces thus providing advantage for bacterial infection (Streubel et al. 2013;
Macho 2016). In X. campestris, AvrBs3 (TAL effector) upregulates UPA20 expres-
sion which regulates the size of plant cells and thereby causes enlargement of
mesophyll cells leading to increased bacterial dissemination and growth (Kay et al.
2007). P. syringae associated T3ES like AvrPtoB, AvrRpt2, and HopX1 modulate
the respective activities of ABA (Abscisic acid), auxin, and JA signal transducing
pathways (Cui et al. 2013; Gimenez-Ibanez et al. 2014). Phyto-metabolic activities
are also found to be directly modified by T3Es as they intrude secondary metabolites
forming biosynthetic pathways. Perturbance of metabolism of phenylpropanoid by
T3E belonging to the AvrF family secreted by Pantoea stewartii enhances the
virulency of phytopathogens (Asselin et al. 2015). Similarly, mitochondrial activities
are curbed by HopGlthat impedes plant development and may also increase the
virulency (Block et al. 2010).

4.1.8 Subduing Plant Defense Mechanisms by Phytopathogenic
Bacteria

To circumvent the defense mechanisms of plants, pathogenic bacteria utilize diver-
sified strategies to target and modulate core constituents of phyto-immunity includ-
ing JA signal transducing pathway, HR (hypersensitive response)-dependent
programmed cell death (PCD), defensive and basal gene expressions as well as
cellular wall-related defense mechanisms. Table 2 and Fig. 3b represent certain host
phyto-defenses that are commonly targeted by the virulent bacteria.

4.2 Viral Phyto-pathogenesis

Plant pathogenic viruses must expropriate host survival factors. The viral-encoded
multifunctional proteins should strategically be involved in different phases of life
cycle and elicit defensive responsiveness. Thus, most viral encoding protein usually
performs the role of determinants of pathogens. The viral proteins regulating repli-
cation, encapsidation, transmission, and motility may play prominent role in directly
or indirectly modulating pathogenesis.
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Table 2 Few phytopathogen-mediated subversion of various plant defense mechanisms

Sr. Probable mechanism to surpass

No. |Phytopathogens | Particular defense targets the plant defense system

1 P. syringae Various pathogenic DC3000 Programmed cell death is

pv. tomato effectors like AvrPtoB, HopPtoD2, | restrained along with increased
DC3000 AvrPto, AvrRpt2 target hypersen- | susceptibility toward infection.
sitive response dependent Often their functions are depen-
programmed cell death, pathogen- | dent on tyrosine phosphatase or
esis related gene expression, cellu- | cysteine protease enzymes activ-
lar wall mediated and basal ity. May also prevent formation of
defenses (Abramovitch et al. 2003; | papillae while inducing alterations
Espinosa et al. 2003; Bretz et al. or downregulation of cell wall
2003; Jamir et al. 2004; Hauck related and pathogenesis related
et al. 2003; Lim and Kunkel 2004) | genes expression. Basal defense
mechanisms are attacked by
targeting RIN4
Effectors of type III secretion sys- | NHOI resisting non-host patho-
tem (TTSS) target expression of gens is generally downregulated
non-host resistance (NHO1) gene | by coronatine insensitive
or programmed cell death gene 1 (COI1) dependent fashion.
expression (Kang et al. 2003; Moreover, the pathogen may also
Liang et al. 2003) trigger expression of ACD5
(a ceramide kinase), which acts as
a negatively regulates cell death
Effectors of type III secretion sys- | Activation of coronatine insensi-
tem in association with coronatine | tive 1 (COIl) and Jasmonic acid
toxin attack defense mechanisms insensitive 1 (JAIl) signaling
controlled by jasmonic acid signal | pathways with simultaneous sup-
transduction pathway (He et al. pression of salicylic acid-based
2004) defense system
2 X. campestris Effectors of type III secretion sys- | The virulent pathogens act by
pv. vesicatoria | tem targets the cell wall associated | inhibiting papillae formation
defense system (Brown et al. 1995)
3 Rhizobium The effector NopL targets expres- | The pathogen causes suppression
sp. NGR234 sion of pathogen related genes of the pathogen related gene
(Bartsev et al. 2004)
4 B. graminis f. Hypersensitive response depen- Negative cell-death regulators
sp. hordei dent programmed cell death is MLO and BL1 genes are activated
targeted in addition to cell-wall by the virulent pathogen that
mediated defense (Piffanelli et al. | allows pathogenic invasion
2002)

5 S. lycopersici The enzyme tomatinase targets Tomatinase enzymes leads to
already synthesized antimicrobials | degradation of saponins that pro-
and hypersensitive reaction-based | vide plant defense. The degenera-
programmed cell death (Bouarab tion of saponins results in
et al. 2002) formation of by products that

contributes in repression of
hypersensitive reaction-based
programmed cell death

6 P. infestans Soluble forms of glucans target

hypersensitive reaction-based

(continued)
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Table 2 (continued)

Sr. Probable mechanism to surpass
No. | Phytopathogens | Particular defense targets the plant defense system

plant defense mechanism and also | The ROS burst is inhibited with
generation of ROS (Doke 1975) hypersensitive reaction

suppression
7 M. pinodes Suppression (Glycopeptide) tar- plasma-membrane regulated
gets pathogen related gene expres- | ATPase activity is modulated to
sion and hypersensitive reaction- defense mechanism suppression

based plant defense mechanism
(Yoshioka et al. 1990)

4.2.1 RNA-replicase-Associated Viral Proteins and Their Role
in Phyto-pathogenicity

Viral RNA replicase (i.e., RNA dependent RNA polymerase) through modulation of
viral replication process and consequent accumulation of virus, indirectly affects
phyto-pathogenesis. Reports reveal that in both Tobacco mosaic (TMV)
(Lewandowski and Dawson 1993; Chen et al. 1996) and Pepper mild mottle
(PMMoV) (Yoon et al. 2006) viruses, mutation of p126/p183 proteins (RNA
replicase-related proteins) resulted in truncated accumulation of virus along with
attenuated symptoms. Similar observations were concluded in case of 2a protein
mutation in Cucumber mosaic virus (CMV). The molecular mechanism of RNA
replicase in development of the phyto-disease involves auxin (Aux) responsive
pathway reprogramming. It is interconnected with TMV126/183K replicase
crosstalk with IAA (indole acetic acid)/Aux that confers in corresponding enhance-
ment in viral accumulation (Padmanabhan et al. 2008). RNA replicases function as
elicitors of ETI (effector triggered immunity) operated by R-gene resulting in
hypersensitive response. They may influence either localized lesions due to necrosis
or systemic symptoms that are viral specific. These viral polymerases may also
perform the role of breaking determinants of different resistance sources thereby
modulating pathogenesis. It has been seen that Tomato mosaic virus replication
proteins can subvert inhibitory interplay with resistance Tm-1 gene products via
point mutation (Ishibashi et al. 2007). Alteration of single amino acid in
methyltransferase domain of Potato virus X replicase assists disruption of JAX1
(jacalin-type lectin required for potexvirus resistance 1)-mediated resistance in
N. benthamiana (transgenic) system (Sugawara et al. 2013).

4.2.2 Viral Coat Proteins-Mediated Pathogenicity

These are prototypical and multifunctional viral proteins that are associated with
multifaceted functions such as encapsidation, replication, motility, translations, and
even host defense responsive system (Ni and Cheng 2013). The expression of
symptoms in concerned host plants is significantly affected when the coat proteins
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of respective CMV (Shintaku et al. 1992), TMV (Dawson and Bubrick 1988),
Turnip crinkle virus (TCV) (Heaton et al. 1991), and Brome mosaic virus (Rao
and Grantham 1996) undergo point mutations. The coat proteins of Tomato mosaic
virus (TMV), CMV, Potato virus X(PVX), TCV, and PMMoV (Moffett 2009;
Gilardi et al. 1998) act as avirulent factors eliciting resistance coordinated by the
R gene (dominant). The coat proteins of TCV promote hypersensitive response
development in resistant strain of Arabidopsis ecotype Dijon. The HRT and RRT
host genes as well as SA signaling control such types of responses (Kachroo et al.
2000). The transcription factor TIP belonging to the NAC family interacts with coat
proteins which stimulates the action of HRT gene and also inhibits TIP localization
in nucleus (Ren et al. 2000, 2005). Photosystem II electron transport is prevented by
tobamovirus-mediated infection which disrupts oxygen-evolving complex (OEC)
(Rahoutei et al. 2000). Infected host plants revealed that the levels of OECPsbP and
PsbQ (photosystem II proteins) are decreased in comparison to healthy plants. It has
been recently demonstrated that while the interaction of PspB with Alfalfa mosaic
virus’s (AMV) coat protein results in inhibition of viral replication
(Balasubramaniam et al. 2014),