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ABSTRACT

The expansion in population leads to increased food demand, and hence
the over use of fertilizers and pesticides. Due to the excessive use of
chemical fertilizers and pesticides, major environmental and health
issues have ensued. Researchers have become interested in recent
developments of nano-agrochemicals due to their eco-friendly nature
and cost-effectiveness. In this article, we reviewed the advantages
of nano-tools including nano-fertilizers and nano-pesticides over the
conventional mineral fertilizers and pesticides and the developments in
nano-agrochemicals along with their applications in farming industries
such as improving crop production, minimizing the input, maximizing the
output, and solving agronomy problems such as better food yield and
preservation. This review discusses latest impacts of nanotechnology
in farming industries, nano-agrochemicals versus conventional agro-
chemicals and nanomaterial as pesticides and fertilizers, and sustainable
development. Nano-agrochemicals in the form of nano-pesticides, nano-
fertilizers, nano-biofertilizers, green nano-pesticides as well as metallic

nano-pesticides are emerging as new products in the industry.
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INTRODUCTION

The population of the world has increased in the
last few decades and is still increasing. According
to the world bank report (2011), the universal
citizenry has exceeded 7 billion, and it is assumed
to grow up to 8.5 billion in 2030, 9.7 billion in
2050, and 10.9 billion in 2100 (UN Report). By
increasing citizenry, the demands of essential
things like food, clothes etc. are also increasing by
50% [1]. Currently, the world’s management and
distribution are under tremendous stress due to the
increase in population [2]. Agriculture is assumed
to be one of the most crucial and balanced sectors
as it provides foodstuff to the global population
and also contributes to the domestic economy [3].
In the progressive years, however, the agronomy
is affected by various concerns such as global
warming, loss in farm profit, disease, and climate
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change. At the same time, the demand for food
material is increasing. Consequently, it becomes
extremely difficult to fulfil the requirement of the
global population [4-5]. Therefore, steps must
be taken in order to improve the quality and
quantity of agriculture. In this regard, there has
been a trend in agriculture toward using chemical
fertilizers, pesticides, and many disease-resistant
chemicals since the last five decades. This has led
to an increment in absolute pesticidal consumption
[6]. According to FAO, the use of global pesticide
almost doubled between 1990 and 2018, raising-
from 1.7 to 2.7 million tonnes (FAO 24 June,
2021). Furthermore, the utilization of global
pesticide has raised up to 516 million pounds only
in USA (USDA 2012). No doubt the adoption of
chemical pesticides and fertilizers has increased
crop production while it has also diminished the
adequacy of food and the fertile power of land
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Fig. 1. Considerable Challenges faced by agriculture i.e. (Farming community)

[7]. Bollag et al. [8] reported that out of total
applied quantity of chemical inputs 50 to 70 % of
them remains unused by mineralization, leaching
and bioconversion. In addition, human health,
environment, and ecosphere (i.e. land Microbial
flora, parasites also marine ecosphere) are affected
by the uncontrolled use of agrochemicals [9].
Therefore, it is evident that there is a demand
for modifying old cultivation techniques into
active and latest practices with the application
of leading automation like nanotechnology for
green agriculture. Recent research has shown the
importance of nanomaterials for improving the
condition of agronomy by boosting the efficacy
of agronomy intake and providing solutions to
various cultivation and environmental issues in
order to increase food yield and safety [10-12].
Nanotechnology has gained a lot of attention in
recent years with its applications in various fields
such as medicines, energy, medical drugs, and
agriculture [13]. The significant application of
nanotechnology in agriculture includes concrete
implementation such as nano-fertilizers and nano-
pesticides to trace crop and nutriment levels for
boosting production as well as sterilizing land,
water, and stability in opposition to different
insects, pest, and microbial disorders. The
fundamental aim of implementing nanotechnology
in farming is to minimize the input (such as
fertilizers, toxicants, and herbicides), maximize the
output (crop- production), and also monitor the
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environmental effects and the application of nano-
agrochemicals on targeted area [14]. Currently, this
field is of much interest with its future perspective
for boosting seed fertilization, yield, and plant
conservation with the controlled and targeted
use of agrochemicals; this will result in reducing
the amount of agrochemicals used as well as
minimizing the loss of nutrient in fertilization [15].
The application of nanotechnology in agriculture
aids in overcoming considerable challenges faced
by the agronomy, some of which are presented in
Fig. 1.

Conventional farming has been modified into
delicate farming by applying nano-materials in
the form of nano-agrochemicals. Different types
of nano-particles such as carbon nanotubes,
Ag, Cu, Mo, Zn, Fe, Mn, Si, Ti, their oxides, and
nano-formulations of ordinary agronomy intakes
including phosphorus, urea, sulphur, validamycin,
tebuconazole and azadiractina have been recreated
into nano-pesticides along with nano-fertilizers
[16-22]. Nano-tools in the form of nano-pesticides
and nano-fertilizers have had a positive impact
on the farming community by controlling plant
pests and diseases [23]. In this article we, discuss
the use of nano-tools in farming industries. Nano-
fertilizers are the nano-tools which are responsible
for plant growth, and some of the nano-materials
that show pesticidal activities are mentioned in this
work. Further, some synthesized nano-pesticides
and fertilizers are also mentioned.
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NANOTECHNOLOGY 1IN
AGRICULTURE

It becomes necessary to introduce a new,
emerging technology such as nano-technology
in a variety of fields in order to promote global
sustainable development. In thisarticle we discussed
the utilization of nanotechnology in agronomy. If
we are concerned about contemporary agriculture,
then sustainable crop production and efficacy are
meaningless without the use of agrochemicals such
as pesticides, fertilizers, etc. Nevertheless, these
agro-chemicals, formed by conventional methods,
have some conceivable problems such as sludge
of water and environmental pollution [24]. The
conventional methods of producing agrochemicals
include: (1) the bottom-up method and (2) top-
down method. The nano-materials developed
through ecologically safe and biodegradable
methods can increase agricultural potential [25].
Nanotechnology offers a great hope for sustainable
agriculture by monitoring ecological variables and
using limited marked action as needed [26]. Nano-
tools such as nano-fertilizer, nano-pesticides, nano-
sensor, and nano-herbicide have been used as smart
delivery system for the sustainability of farming
sectors [27-29]. The practice of nanotechnology in
agricultural range are as follows:

»  Nano-formulations of nano-tools i. e.
agrochemicals for utilizing pesticides and fertilizers
in modification of crop yield.

» The utilization of nano-sensors in
protecting the crop with authentication of crop
disease and leftovers of agrochemicals.

»  Nano-technology canincrease agricultural
production.

»  Nano-technology is also used in food
packaging.

SUSTAINABLE

NANO-PESTICIDES

A pesticide is a substance that is used to
dispatch, chase away, or control certain different
forms of pests. Pesticides involve herbicides that
are used for ruining weeds and other unwanted
vegetation, and insecticides are employed for
destroying a variety of insects. In addition, and
fungicides are applied to avoid the production
of bacteria and fungi. According to Federal
agency, US, the sustainable progress of nano-
agrochemicals could be an important agent for
plant production along with pest management.
Typically, pesticides are very useful in agriculture
for disease management, and nano-materials could
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be used as nano-agrochemicals for better crop yield
with low eco-toxicity [30]. Metal and metal oxide
nanoparticles were found to be highly effective in
plant disease management against very serious
pathogens which are responsible for huge economic
loss. At global level Fusarium wilt is found to be
a disorder in tomato and lettuce as a result of its
wide manufacturing damage, tedious survival of
fungus in land, and propagation of resistant races.
These disorders can be diminished to some extent
with the help of various chemicals. However, this is
expensive as the chemicals used are costly and also
not always effective. Thus, an alternative solution
is found and which is the use of nano-materials to
control plant pathogens. Various nano-materials
have been synthesized by utilizing hydrated extorts
of Punica granatum peels, Olea europaea leaves,
green peach aphid (GPA), and Chamaemelum
Nobile flowers [31]. The synthesis of pesticides
by using metal nano-particles and polymers is a
highly demanding area of pesticide manufactory
[32]. Nano-encapsulation of pesticide is helpful
in limited and gradual release of their active
ingredients with control in outer shell of nano-
capsules. This release of limited doses over a long
cycle diminishes surplus drainage of undesirable
pesticide [33]. Table 1 indicates the different types
of nano-pesticides which were already synthesized.
The perk of nanomaterials in plant disorder control
and excellent crop growth are compiled in Fig. 2.
Park et al. [40] reported that silica nano-
particles are 100% active against powdery
mildew disease in cucurbits. Silver nanoparticles
(Ag) are broad-spectrum active agents against
phytopathogen such as Biploaris sorokinniana,
Botrytis cinerea, Colletotrichum gloeosporioides,
Fusarium  culmorum, Phythium ultimum,
Phoma, Megnaporthe grisea, Trichoderma sp.,
Scalerotinia sclerotiorum, Sphaerotheca pannasa,
and Rhizoctonia solani [41-43]. Some researchers
have reported the synthesis of copper nanoparticles
and found them effective against Gram-negative
and Gram-positive fungal and bacterial disease
pathogens such as Xanthomonas oryzae at very
low concentration [44]. Liu et al. [36] also reported
the controlled pesticide delivery of porous silica
nanomaterial as carrier of validamycin. In order to
prevent the ecosystem from poisonous effects of
toxicants, nano-pesticide action must be regulated by
federal agencies. Nano-pesticides are categorized into
various types based on their target and action. The
classification of nano-pesticides is shown in Fig. 3.
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Table 1. Some synthesized nano-pesticides along with their potential impact on crop protection and management

Sr.No.  Nano-pesticides Plant disease / Pathogens  Effect on crop protection and management ~ References
L. Diuron Weeds and algae Inhibits photosynthesis and mainly used Yearla et al. [34]
for weed control
2. Tebuconazole Powdery mildew and scab ~ 50% improvement in release rate Mattos et al. [35]
in apple
3. Validamycin Antibiotic and fungicide Controls sheath blight of rice and damping  Liu et al. [36]
off of cucumbers
4. With zinc and Ag Xanthomonas Large photo catalytic activity and bacterial ~ Paret et al. [37]
perforans reduction
5. Nano sulphur Fungus and Insecticides Leaf size and food quality Venzon et al. [38]
6. Titanium dioxide Spot on tomato High photo catalytic activity and bacterial ~ Paret et al. [37]
reduction
7. Copper and Silver  Pests Show good pesticidal activities Athanassiou et al. [39]

Improve
crop
yield

. Improv
Reduce Nanoparticles sf\ecl)fe
toxicity in agriculture life

Fig. 2. Benefits of nanomaterials in agriculture

Pesticides v/s Nano-pesticides

According to World Health Organization
(WHO), pesticides are chemical compounds which
are used to protect crops from undesirable plants
(weeds). More than 1000 various types of pesticides
are employed all over the world. The excessive
use of chemical pesticides directly affects human
health through food contamination [45]. The use of
pesticides is very common in farming communities
to protect crop from unwanted plants (weeds),
insects, and fungus. Nonetheless, the application
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of conventional pesticides leads to increased
environmental pollution. Further, the left unused
particles of pesticides cause water contamination
[46]. The conventional uses of pesticides and crop
techniques have not proven efficacious regarding
environmental safety and sustainable development
[47-50]. Nano-pesticides such as nano-fungicides,
nano-insecticides, nano-bactericides, and nano-
weedicides, etc., are of different types. Nano-
pesticides are simple to use, cost-effective, and
have an effective delivery system [51, 52]. Nano-
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Nano bio-pesticides

Green
Nanopesticides

Metallic
Nanopesticides

Nanopesticides

encapsulation is the latest approach which is applied
to enhance the value of active ingredient of pesticide
defensive covering [53-55]. Nano-pesticides are
eco-friendly, bio-absorbable, and remain intact
when used. They can also increase the solubility
of active compounds, as well as provide superior
protection from degradation and volatilization.
Currently, polymer-based nanoparticles and metal-
based nanoparticles have been utilized to enhance
crop yvield by implementing them as nano-carriers
in herbicides and toxicants [56].

Green Nano-pesticides

The nano-materials formed from plant extracts
are employed in the synthesis of nano-pesticides.
These nano-pesticides synthesized through greener
routes are more environmentally friendly and
cost-effective compared to the nano-pesticides
synthesized by conventional methods. C. Siva et al.
reported the development of silver nanomaterials
by taking hydrated botanical extort ( 5, 10, 20,
30,50 mg/ml) of plant named Aristolochia indica
and utilizing the synthesized nano-particles
against third instar larvae of cotton worm / gram
caterpillar, Helicoverpa armigera (Hb). In the
crude aqueous (50mg/ml), AgNO3 (50mg/ml),
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Fig. 3.

Ag nano-particles (112nm size), and AZ (50ml/l),
maximum antifeeding activity are of 92.4%,
97.3%, 72.2%, and 4.3% respectively. However,
the cytostatic activity was reduced with the TC50
values of > 100pg/ml and 89ug/ml for extort and Ag
nano-particles subsequently. Khadri et al. recorded
Ag nano-particles biologically and also reported
their fungicidal activity. Rahman et al. [57] also
developed silver nanoparticles through green
routes. These silver nano-particles were used as
Bactericidal. Ali et al. [58] recorded the application
of Ag nanoparticles as pesticide/ insecticide.

Metallic Nano-particles used as Pesticides

Many researchers have synthesized different
nano-particles of different metals and also reported
the pesticidal activity of the synthesized nano-
material. T. Stadler et al. reported the pesticidal
activity of nanostructured alumina against the two
pests named Sitophilus oryzae, and Rhizopertha
Dominica. After three days of regular exposure to
wheat treated with nanostructured alumina they
observed quite high mortality. Aluminium and
Titanium Nano-particles also shows pesticidal
activity against stored grain pest S. Oryzae under
laboratory conditions. Shaker et al. [59] reported

Nanochem Res 8(2): 152-163, Spring 2023
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Table 2. Synthesized metallic nanoparticles used as Nano-pesticides

Sr. No. Nano-particles Crop disease Impact Reference
1. Silver Bacterial blight  Significant reduction in bacteria ~ Rajesh et al. [60]
2. Silver Bacterial spot Significant inhibition in growth Ocsoy et al. [61]
disease of bacteria
3. Iron oxide Fungal disease 50-80% reduction in fungal Chippa et al. [62]
disease
4. Copper Fungal disease Showed antifungal activities Brahamanwade et al. [63]
5. Silver Fungal disease Up to 80% of production barrier ~ Ho et al. [64]
6. Copper Tomato Effective at little concentration of ~ Giannousi et al. [65]
disorder fungal agent
7. Chitosan nanomaterial Disease in chilli ~ Delayed mycelia growth Chookhongkha et al. [66]

the activity of Titanium oxide nano-particles
against 2™ and 4" instar larvae of Spodoptera
littoralis. The larvae was examined with TiO2
nanoparticles and tested at all concentrations and
showed higher toxicity. Some synthesized metallic
nanoparticles which are used as nano-pesticides
are given in Table 2.

NANO-FERTILIZERS

A fertilizer is defined as any material of
either natural or synthetic origin that is applied
to the plant tissues or the land to supply various
supplements required for development of plant.
For most modern farming practices, fertilization
focuses on three fundamental macronutrients
including nitrogen (N), phosphorus (P), and
potassium (K) (NPK). Historically, these fertilizers
came from natural or organic resources such as
animal manure, human manure, compost etc. With
advancement in technology, synthetic fertilizers are
used for farming practices. The most widely applied
fertilizer is urea as it is a good source of nitrogen.
The nutrient use efficacy (NUE) of the three main
macronutrients (NPK) is found to be constant in
former decades and barely exceeds 30-35, 18-20,
and 35-40%, respectively [67]. The crop raising
has decreased in the minimal regions with minor
supplement access. Therefore, in order to enhance
crop production, the NUE must be improved. Over
time, adverse effects of using synthetic fertilizers
become apparent. To reduce these adverse
effects and to increase crop production, nano-
materials are utilized to synthesize fertilizers i.e.,
nano-fertilizers. Nano-fertilizers are expected to
enhance the NUE by preventing the supplement
ions from getting either firm or in the ecosphere
[68]. These latest delivery systems of encapsulated
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nano-fertilizers bypass the need for land, water,
and microorganisms for providing nutrients, and
instead release nutrients after their internalization
in the plant system [69]. The most important
fertilizer used for increasing crop production
is nitrogen fertilizer. However, compared with
amounts of nitrogen applied to soil, the nitrogen
use efficiency (NUE) by crops is very low. Urea
is a convenient fertilizer for agricultural use; it is
commercially available and a quick-acting source
of nitrogen. In 2018-19, the global demand of urea
rose to a total of 120 Mt. Nano-fertilizers provide
more than one type of nutrients available for the
plants and help in their development as well as
modify the production [70]. These nano-fertilizers
are further divided into other parts on the basis of
nutrient requirement of plant: (1) macro fertilizers,
(2) micro fertilizers, and (3) nano particulate
fertilizers as shown in Fig. 4.

Fertilizers v/s Nano-fertilizers

Fertilizers are essential for improving crop
growth and yield. While the have been successful
in boosting crop yield, they have had some harmful
effects on the ecosystem and environment. The
fertilizers applied on plants remains unused
due to leaching and, thus, contaminate soil and
water bodies. Nevertheless, the unlimited use of
chemical fertilizers has led to various issues such
as serious land degradation, land compaction, loss
of soil carbon, nitrogen leaching, and reduction
in soil organic matter. Plant fertilizers, if inhaled
or ingested accidentally, can poison people and
pets. Fertilizers are often used in excess, leading to
short term benefits. In addition, they can change
the nature of land, making it either too acidic or
too basic. In contrast to ordinary chemicals, nano-
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Fig. 4.

fertilizers have many advantages. They can increase
the fertility of the land and improve the quality of
the crop, while being non-toxic and having minimal
damaging impact on the ecosystem and humans.
Furthermore, they require less expenditure,
enhance the yield, and less amounts of them are
needed.

Macro Nano-fertilizers

In this category of fertilizers, plants require
a large amount of nutrients for growth and
development. The six macronutrients that are
essential for plants are nitrogen, phosphorus,
potassium, calcium, magnesium, and sulphur.
Nitrogen, phosphorus, and potassium are
considered primary macronutrients, as their
demand is often met through NPK fertilizers. On
the other hand, calcium, magnesium, and sulphur
are secondary macronutrients, as their demands
are not typically managed by NPK fertilizers. To
fulfil the availability of secondary macronutrients
additional fertilizers are used. The growing demand
for food has led to increased macronutrient
fertilizer requirement (MFE). This increment is
estimated up to 263 Mt by 2050 [71]. The efficiency
of macro nano-fertilizers is greater than that of
conventional fertilizers due to their high volume
to surface ratio. Many researchers have synthesized
various macro nano-fertilizers and checked their
activity in both laboratory and field settings.
Potassium and phosphorus nano-fertilizers were
applied to enhance yield, quantity, and weight of
flower, weight of fresh and dried stigma as well as
the length of the stigma of saftron [72].
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Nano biofertilizers

Micro Nano-fertilizers

In this category of fertilizers, small amounts of
nutrients are required by the plants and these micro-
nutrients are trace elements essential for plant
growth. Nano-forms of micronutrients modify
the availability to plants and display a momentous
advancement in plant development as well as the
quality of nutrition. Delfani et al. [73] reported one
tenth of advancement in the quantity of chlorophyll
in black-eyed pea coated with iron nanoparticles.
Zinc is one of the fundamental micronutrients,
which regulates different types of enzymatic
activities in the plants. Zinc oxide nanoparticles
have displayed compelling advancement in
biomass, shoot length, essence, chlorophyll and
protein content, and phosphatase enzyme activity
in Vigna radiate, Cicer ariatium, Cucumis sativas,
Raphanus sativus, Brassica napus and Cluster
bean [74-77]. Some synthesized nano-fertilizers
along with their impact on crop production are
summarized in Table 3.

Nano-bio fertilizers

Nano-biofertilizers are produced by combining
nanoparticles and biofertilizers. The process
involves the encapsulation of biofertilizers with
suitable nanoparticles for the release of nutrients
in soil in a controlled manner and to reduce
environmental side effects. In addition, they contain
one or more microorganisms to enhance land
fertility, by setting nitrogen present in atmosphere
and, solubilizing phosphorus. Some key factors
in the development of nano-biofertilizers is their
interaction in slow/controlled release, growth of

Nanochem Res 8(2): 152-163, Spring 2023
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Table 3. Synthesized Nano-fertilizers and their impact on crop production

Sr. No. Nano-fertilizers ~ Name of Crop Impact References
L. Copper Lettuce Increases shoot and root length Adhikari et al. [78]
2. Copper oxide Maize Increases the plant growth by 51%  Adhikari et al. [78]
3. Magnesium Cow peas Increases the Mg content in stem Delfani et al. [73]
and also the chlorophyll content
4, Iron oxide Pea Increases seed weight and the Delfani et al. [73]
chlorophyll content
5. Iron oxide Soybean Increases chlorophyll content of Ghafariyan et al. [79]
plants
6. Manganese Rice Increases zinc uptake of plants by Yuvaraj et al. [80]
5.66 mg/hill
7.  NPK Wheat Increase significantly the total Aziz et al. [81]
nanoparticles saccharide content of wheat crops.
8. Zinc Oxide Coffee Accelerates the rate of Vanti et al. [82]

photosynthesis and also improved
biomass production

microorganisms, and extended useful life.

These nanoparticles with natural biofertilizers
such as Pseudomonas fluorescens, Bacillus subtilis
and Paenibacillus elgii have shown very good
growth promotion under in vitro conditions [83].
S. K. Shukla et al. [84] found that plant growth
promoting rhizobacteria with gold nanoparticles
have positive effects. J. S. Duhan et al. proclaimed
that the use of Ag nanomaterials in addition to
biofertilizers was not effective as it has detrimental
effects on the natural activity of microorganisms.
The average life of conventional biofertilizers
needs to be improved, and the incorporation of
nanoparticles is highly efficacious in enhancing
the reliability of biofertilizers against heat and UV
inactivation [85].

Nano-fertilizers: A new product for industry
Nanotechnology plays an important role
in the field of agriculture as it enhances crop
production and reduces nutrition loss. This has
heightened interest in nano-scale bulk fertilizers,
or nano-fertilizers. However, the production of
nano-fertilizers at large scale is yet to be realized.
Nano-fertilizers are developing as a new, emerging
product for agriculture. The application of nano-
fertilizers to plants reduces the amount of fertilizer
required. Further, they are non-toxic and eco-
friendly. Thus, the concept of nano-fertilizers
is a boon for the agriculture in the future. It is
necessary to attracting industries’ interest to apply
nanotechnology in fertilizers domain for increasing
industrial large-scale production of nano-fertilizers
[86]. Nano-tools such as nano-fertilizers, nano-
pesticides along with nano-biosensors, nano
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biofertilizers, and nano-biopesticides are all new
and emerging products for the farming community,
i.e. the industry.

FUTURE  PERSPECTIVES OF
AGROCHEMICALS IN AGRICULTURE:
It is well known that the use of nano-
agrochemicals in the form of nano-fertilizers and
nano-pesticides effectively improves the plant
growth and nutrition, protects the crop from pests,
and leads to enhanced crop yield. However, few gaps
still exist in the field of research in agrochemicals.
Due to the small size of the nanoparticles they
can penetrate easily in the crop leaves and can
cause potential harms to humans consuming the
produced crop. Latest research has shown that
the nanoparticles synthesized through biological
processes are less harmful compared to those
synthesized by chemical and physical methods. The
effects of these nanoparticles on environment are
still unknown. Consequently, further investigation
should be conducted to focus on the field of
nano-agrochemicals in order to improve the
efficacy of nanoparticles and reduce the toxicity of
nanoparticles to the environment [87].

NANO

CONCLUSION

Nano-technology is an emerging branch in
which latest innovative tools are being developed
in order to tackle variety of issues concerning
air, water, soil pollution etc. Nano-tools such as
nano-pesticides and nano-fertilizers etc. have
shown greater efficiency than the conventional
pesticides and fertilizers. Nano-particles also
improve the stability of these nano-tools. The
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use of nano-pesticides and nano-fertilizers
in agricultural industry results in preventing
environmental pollution as well as improving
the quality and quantity of the crop, thereby
contributing to economic growth. Nanotechnology
has a major impact on agriculture, contributing to
sustainable development around the world. The
nano-tools, namely nano-fertilizers and nano-
pesticides, synthesized through greener routes
are more eco-friendly and effective. Furthermore,
recommendations will facilitate the synthesis of
nano-particles through greener routes like nano-
particles synthesized using plant extracts. Nano-
technology may take a few years to make a move
from the laboratory to the field.

ACKNOWLEDGEMENT

One ofthe authors (Ms. Annu) is highly thankful
to the Department of Science & Technology, New
Delhi for financial assistance in the form of INSPIRE
(Ref. no. DST/INSPIRE/03/2022/004707).

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

REFERENCES

1. Nisha Raj S, Anooj ES, Rajendran K, Vallinayagam S. A
comprehensive review on regulatory invention of nano
pesticides in Agricultural nano formulation and food
system. Journal of Molecular Structure. 2021;1239:130517.
https://doi.org/10.1016/j.molstruc.2021.130517

2. Prasad R, Bhattacharyya A, Nguyen QD.
Nanotechnology in Sustainable Agriculture: Recent
Developments, Challenges, and Perspectives. 2017;8.
https://doi.org/10.3389/fmicb.2017.01014

3. Fraceto LE Grillo R, de Medeiros GA, Scognamiglio V,
Rea G, Bartolucci C. Nanotechnology in Agriculture:
Which Innovation Potential Does It Have? 2016;4.
https://doi.org/10.3389/fenvs.2016.00020

4. Usman M, Farooq M, Wakeel A, Nawaz A, Cheema SA,
Rehman Hu, et al. Nanotechnology in agriculture:
Current status, challenges and future opportunities.
Science of The Total Environment. 2020;721:137778.
https://doi.org/10.1016/j.scitotenv.2020.137778

5. Servin AD, White JC. Nanotechnology in agriculture:
Next steps for understanding engineered nanoparticle
exposure ~and  risk.  Nanolmpact.  2016;1:9-12.
https://doi.org/10.1016/j.impact.2015.12.002

6. Chhipa H. Nanofertilizers and nanopesticides for agriculture.
Environmental ~Chemistry Letters. 2017;15(1):15-22.
https://doi.org/10.1007/s10311-016-0600-4

7. Zamir D. Improving plant breeding with exotic genetic
libraries. Nature Reviews Genetics. 2001;2(12):983-9.
https://doi.org/10.1038/35103590

8. Bollag J-M, Myers CJ, Minard RD. Biological and chemical
interactions of pesticides with soil organic matter.
Science of The Total Environment. 1992;123-124:205-17.

160

https://doi.org/10.1016/0048-9697(92)90146-]

9. Conley DJ, Bjorck S, Bonsdorff E, Carstensen ],
Destouni G, Gustafsson BG, et al. Hypoxia-
Related Processes in the Baltic Sea. Environmental
Science & Technology. 2009;43(10):3412-20.
https://doi.org/10.1021/es802762a

10. Dhewa T, editor NANOTECHNOLOGY APPLICATIONS
IN AGRICULTURE: AN UPDATE2015.

. Pandey G. Agri-Nanotechnology for Sustainable Agriculture.
In: Bauddh K, Kumar S, Singh RP, Korstad J, editors.
Ecological and Practical Applications for Sustainable
Agriculture. Singapore: Springer Singapore; 2020. p. 229-49.
https://doi.org/10.1007/978-981-15-3372-3 11

12. Hofmann T, Lowry GV, Ghoshal S, Tufenkji N, Brambilla
D, Dutcher JR, et al. Technology readiness and overcoming
barriers to sustainably implement nanotechnology-
enabled plant agriculture. Nature Food. 2020;1(7):416-25.
https://doi.org/10.1038/s43016-020-0110-1

13. Alaa YG, Tawfiq MAA. Applications of Nanotechnology
in Agriculture. In: Margarita S, Roumen Z, editors.
Applications of Nanobiotechnology. Rijeka: IntechOpen;
2019. p. Ch. 4.

14. Acharya A, Pal PK. Agriculture nanotechnology: Translating
research outcome to field applications by influencing
environmental sustainability. NanoImpact. 2020;19:100232.
https://doi.org/10.1016/j.impact.2020.100232

15. TJavicoli I, Leso V, Beezhold DH, Shvedova AA.
Nanotechnology ~ in  agriculture: ~ Opportunities,
toxicological ~implications, and occupational risks.
Toxicology and Applied Pharmacology. 2017;329:96-111.
https://doi.org/10.1016/j.taap.2017.05.025

16. Taha RA, Hassan MM, Ibrahim EA, Abou Baker
NH, Shaaban EA. Carbon nanotubes impact on
date palm in vitro cultures. Plant Cell, Tissue and
Organ Culture (PCTOQ). 2016;127(2):525-34.
https://doi.org/10.1007/s11240-016-1058-6

17. Taran NY, Gonchar OM, Lopatko KG, Batsmanova
LM, Patyka MV, Volkogon MV. The effect of
colloidal solution of molybdenum nanoparticles on
the microbial composition in rhizosphere of Cicer
arietinum L. Nanoscale Research Letters. 2014;9(1):289.
https://doi.org/10.1186/1556-276X-9-289

18. Pradhan S, Patra P, Das S, Chandra S, Mitra S, Dey KK,
et al. Photochemical Modulation of Biosafe Manganese
Nanoparticles on Vigna radiata: A Detailed Molecular,
Biochemical, and Biophysical Study. Environmental
Science & Technology. 2013;47(22):13122-31.
https://doi.org/10.1021/es402659t

19. Ghafariyan MH, Malakouti MJ, Dadpour MR, Stroeve P,
Mahmoudi M. Effects of magnetite nanoparticles on soybean
chlorophyll. Environ Sci Technol. 2013;47(18):10645-52.
https://doi.org/10.1021/es402249b

20.Mahajan P, Dhoke SK, Khanna AS. Effectof Nano-ZnO Particle
Suspension on Growth of Mung (<i>Vigna radiata</i>) and
Gram (<i>Cicer arietinum</i>) Seedlings Using Plant Agar
Method. Journal of Nanotechnology. 2011;2011:696535.
https://doi.org/10.1155/2011/696535

21. Nekrasova GE Ushakova OS, Ermakov AE, Uimin
MA, Byzov IV. Effects of copper(II) ions and copper
oxide nanoparticles on Elodea densa  Planch.
Russian ~ Journal —of  Ecology.  2011;42(6):458-63.
https://doi.org/10.1134/S1067413611060117

22. Lin D, Xing B. Root Uptake and Phytotoxicity

1

—

Nanochem Res 8(2): 152-163, Spring 2023

[©MO!



https://doi.org/10.1016/j.molstruc.2021.130517
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fenvs.2016.00020
https://doi.org/10.1016/j.scitotenv.2020.137778
https://doi.org/10.1016/j.impact.2015.12.002
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1038/35103590
https://doi.org/10.1016/0048-9697(92)90146-J
https://doi.org/10.1021/es802762a
https://doi.org/10.1007/978-981-15-3372-3_11
https://doi.org/10.1038/s43016-020-0110-1
https://doi.org/10.1016/j.impact.2020.100232
https://doi.org/10.1016/j.taap.2017.05.025
https://doi.org/10.1007/s11240-016-1058-6
https://doi.org/10.1186/1556-276X-9-289
https://doi.org/10.1021/es402659t
https://doi.org/10.1021/es402249b
https://doi.org/10.1155/2011/696535
https://doi.org/10.1134/S1067413611060117

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Annu et al. / Nanofertilizers and Nanopesticides: Benevolence for Sustainable Agriculture

Environmental
2008;42(15):5580-5.

of ZnO Nanoparticles.
Science & Technology.
https://doi.org/10.1021/es800422x
Kashyap PL, Xiang X, Heiden P. Chitosan nanoparticle based
delivery systems for sustainable agriculture. International
Journal of Biological Macromolecules. 2015;77:36-51.
https://doi.org/10.1016/j.ijbiomac.2015.02.039

Kandasamy S, Rajendran S. Methods of synthesis of nano
particles and its applications. 2015;7:278-85.

Ghidan A, Awwad A, Akash M. Aphidicidal potential of
green synthesized magnesium hydroxide nanoparticles
using olea europaea leaves extract. Journal of agriculture
and biological science. 2017;12.

Chen H, Yada R. Nanotechnologies in agriculture:
New tools for sustainable development. Trends in
Food Science &  Technology. 2011;22(11):585-94.

https://doi.org/10.1016/j.tifs.2011.09.004

Joseph T, Morrison M. Nanotechnology in agriculture and
food. Eur Nanotechnol Gateway. 2006.

Robinson DK. Mark Morrison, Institute of Nanotechnology
Version: 26.05. 2009.

Scott N, Chen H. Nanoscale Science and
Engineering for Agriculture and Food Systems.
Industrial Biotechnology. 2012;8(6):340-3.
https://doi.org/10.1089/ind.2012.1549

Gahukar RT, Das RK. Plant-derived
nanopesticides ~ for  agricultural ~ pest  control:
challenges and prospects. Nanotechnology
for Environmental Engineering. 2020;5(1):3.
https://doi.org/10.1007/s41204-020-0066-2

Konappa N, Krishnamurthy S, Arakere UC,

Chowdappa S, Akbarbasha R, Ramachandrappa NS.
Chapter 12 - Nanofertilizers and nanopesticides:
Recent trends, future prospects in agriculture. In:
Jogaiah S, Singh HB, Fraceto LE Lima Rd, editors.
Advances in Nano-Fertilizers and Nano-Pesticides in
Agriculture: Woodhead Publishing; 2021. p. 281-330.
https://doi.org/10.1016/B978-0-12-820092-6.00012-4
Grillo R, Fraceto LE Amorim MJB, Scott-Fordsmand J]J,
Schoonjans R, Chaudhry Q. Ecotoxicological and regulatory
aspects of environmental sustainability of nanopesticides.
Journal of Hazardous Materials. 2021;404:124148.
https://doi.org/10.1016/j.jhazmat.2020.124148

Agrawal DS, Rathore DP. Review Article Nanotechnology
Pros and Cons to Agriculture: A Review. International
Journal of Current Microbiology and Applied Sciences
(ISSN: 2319-7706 ). 2014;3:43-55.

34.YearlaSR,Padmasree K. Exploitation of subabulstemligninasa

35.

36.

37.

matrixin controlled release agrochemical nanoformulations:
a case study with herbicide diuron. Environmental
Science and Pollution Research. 2016;23(18):18085-98.
https://doi.org/10.1007/s11356-016-6983-8
Mattos BD, Magalhdes WLE. Biogenic
blended by nanofibrillated cellulose as
for slow-release of tebuconazole.
of Nanoparticle Research.
https://doi.org/10.1007/s11051-016-3586-8
Liu X-m, Feng Z-b, Zhang F-d, Zhang S-q, He X-s.
Preparation and Testing of Cementing and Coating
Nano-Subnanocomposites of  Slow/Controlled-Release
Fertilizer. Agricultural Sciences in China. 2006;5(9):700-6.
https://doi.org/10.1016/S1671-2927(06)60113-2

Paret ML, Vallad GE, Averett DR, Jones JB, Olson

nanosilica
support
Journal
2016;18(9):274.

Nanochem Res 8(2): 152-163, Spring 2023

(@O

38.

39.

40

41

42

44

45.

46

47.

49.

50.

51

SM.  Photocatalysis: ~ Effect  of  Light-Activated
Nanoscale Formulations of TiO2 on Xanthomonas
perforans and Control of Bacterial Spot of
Tomato. Phytopathology®. 2012;103(3):228-36.

https://doi.org/10.1094/PHYTO-08-12-0183-R

Venzon M, Oliveira RM, Perez AL, Rodriguez-Cruz

FA, Martins Filho S. Lime sulfur toxicity to broad

mite, to its host plants and to natural enemies.

Pest Management Science. 2013;69(6):738-43.

https://doi.org/10.1002/ps.3431

Athanassiou CG, Kavallieratos NG, Benelli G, Losic

D, Usha Rani P, Desneux N. Nanoparticles for pest

control: current status and future perspectives.

Journal of Pest Science. 2018;91(1):1-15.

https://doi.org/10.1007/s10340-017-0898-0

. Park K. Preparation method antibacterial wheat flour by
using silver nanoparticles. 2005.

. Gajbhiye M, Kesharwani ], Ingle A, Gade A, Rai M.

Fungus-mediated ~synthesis of silver nanoparticles
and their activity against pathogenic fungi in
combination with fluconazole. Nanomedicine:

Nanotechnology, Biology and Medicine. 2009;5(4):382-6.
https://doi.org/10.1016/j.nano.2009.06.005
. Sharon M, Choudhary AK, Kumar R. Nanotechnology in
agricultural diseases and food safety. ] Phytol. 2010;2:83-92.
. Gopal M, Gogoi R, Srivastava C, Kumar R, Singh P, Nair K, et
al. Nanotechnology and its application in plant protection.
2011. p. 224-30.
. Siva C, Santhosh M, Kumar S. Pesticidal activity of eco-
friendly synthesized silver nanoparticles using Aristolochia
indica extract against Helicoverpa armigera Hubner
(Lepidoptera: Noctuidae). International Journal of
Advanced Scientific and Technical Research. 2015;2(5):197-
226.
Aktar MW, Sengupta D, Chowdhury A. Impact of
pesticides use in agriculture: their benefits and
hazards. Interdisciplinary toxicology. 2009;2(1):1-12.
https://doi.org/10.2478/v10102-009-0001-7
. Singh H, Sharma A, Kumar S, Arya S, Bhardwaj N,
Khatri M. Recent advances in applications of nano-

agrochemicals for sustainable agricultural development.
Environmental Science: Processes & Impacts. 2021;23.
https://doi.org/10.1039/DOEM00404A

Davydov R, Sokolov M, Hogland W, Glinushkin A,
Markaryan A. The application of pesticides and mineral
fertilizers in agriculture. MATEC Web Conf. 2018;245.
https://doi.org/10.1051/matecconf/201824511003

. Lamichhane JR, Dachbrodt-Saaydeh S, Kudsk P, Messéan A.
Toward a Reduced Reliance on Conventional Pesticides in
European Agriculture. Plant Disease. 2015;100(1):10-24.
https://doi.org/10.1094/PDIS-05-15-0574-FE

Camara MC, Campos EVR, Monteiro RA, do Espirito
Santo Pereira A, de Freitas Proenca PL, Fraceto LE

Development ~ of  stimuli-responsive ~ nano-based
pesticides: emerging opportunities for agriculture.
Journal of Nanobiotechnology. 2019;17(1):100.

https://doi.org/10.1186/s12951-019-0533-8
Carvalho FP. Pesticides, environment, and food
safety. Food and Energy Security. 2017;6(2):48-60.
https://doi.org/10.1002/fes3.108
. Baker S, Satish S, Prasad N, Chouhan RS. Chapter 12 - Nano-
agromaterials: Influence on plantgrowthand crop protection.
In: Thomas S, Grohens Y, Pottathara YB, editors. Industrial

161



https://doi.org/10.1021/es800422x
https://doi.org/10.1016/j.ijbiomac.2015.02.039
https://doi.org/10.1016/j.tifs.2011.09.004
https://doi.org/10.1089/ind.2012.1549
https://doi.org/10.1007/s41204-020-0066-2
https://doi.org/10.1016/B978-0-12-820092-6.00012-4
https://doi.org/10.1016/j.jhazmat.2020.124148
https://doi.org/10.1007/s11356-016-6983-8
https://doi.org/10.1007/s11051-016-3586-8
https://doi.org/10.1016/S1671-2927(06)60113-2
https://doi.org/10.1094/PHYTO-08-12-0183-R
https://doi.org/10.1002/ps.3431
https://doi.org/10.1007/s10340-017-0898-0
https://doi.org/10.1016/j.nano.2009.06.005
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.1039/D0EM00404A
https://doi.org/10.1051/matecconf/201824511003
https://doi.org/10.1094/PDIS-05-15-0574-FE
https://doi.org/10.1186/s12951-019-0533-8
https://doi.org/10.1002/fes3.108

52.

53.

(55

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

162

Annu et al. / Nanofertilizers and Nanopesticides: Benevolence for Sustainable Agriculture

Applications of Nanomaterials: Elsevier; 2019. p. 341-63.
https://doi.org/10.1016/B978-0-12-815749-7.00012-8
Yadav AS, Srivastava. Application of nano-technology in
weed management: A Review. Journal of Crop Science
Technology. 2015;4(2):21-3.

Pascoli M, Jacques MT, Agarrayua DA, Avila DS, Lima
R, Fraceto LE Neem oil based nanopesticide as an

environmentally-friendly formulation for applications in
sustainable agriculture: An ecotoxicological perspective.
Science of The Total Environment. 2019;677:57-67.
https://doi.org/10.1016/j.scitotenv.2019.04.345

Mishra A, Saini RK, Bajpai AK. Polymer Formulations for
Pesticide Release. In: K. R R, Thomas S, Volova T, K J, editors.
Controlled Release of Pesticides for Sustainable Agriculture.
Cham: Springer International Publishing; 2020. p. 185-206.
https://doi.org/10.1007/978-3-030-23396-9 8

Shakiba S, Astete C, Paudel S, Sabliov C, Rodrigues
D, Louie S. Emerging investigator series: Polymeric
Nanocarriers for Agricultural Applications: Synthesis,

Characterization, and Environmental and Biological
Interactions. Environmental Science: Nano. 2019;7.
https://doi.org/10.1039/C9EN01127G

Khadri H, Alzohairy M, Avilala ], Arthala P,
Golla N. Green Synthesis of Silver Nanoparticles
with High Fungicidal Activity from Olive Seed
Extract. Advances in Nanoparticles. 2013;2:241-6.

https://doi.org/10.4236/anp.2013.23034

Abd El-Rahman A, Gaber T. Green synthesis of silver
nanoparticle using Eucalyptus globulus leaf extract and its
antibacterial activity. Journal of Applied Sciences Research.
2013;9:6437-40.

Ali S, Yousef N, Nafady N. Application of Biosynthesized
Silver Nanoparticles for the Control of Land Snail
Eobania vermiculata and Some Plant Pathogenic
Fungi. Journal of Nanomaterials. 2015;2015:1-10.
https://doi.org/10.1155/2015/218904
Shaker A, Zaki A, Abdel-Rahim EFM, Khedr M. TiO2
nanoparticles as an effective nanopesticide for cotton leaf
worm. Agricultural Engineering International: CIGR
Journal. 2017;2017:61-8.

Sathiyamoorthy R, Raja D, Rathi ], Sahayaraj K. Biosynthesis
of Ag nanoparticles using Ulva fasciata (Delile) ethyl acetate
extract and its activity against Xanthomonas campestris pv.
Malvacearum. Journal of Biopesticides. 2012;5:119-28.
Ocsoy I, Paret ML, Ocsoy MA, Kunwar S, Chen
T, You M, et al. Nanotechnology in Plant Disease
Management: ~ DNA-Directed  Silver — Nanoparticles
on Graphene Oxide as an Antibacterial against
Xanthomonas perforans. ACS Nano. 2013;7(10):8972-80.
https://doi.org/10.1021/n1n4034794
Chhipa H, Kaushik N, editors. Development of nano-bio-
pesticide using Iron and Eucalyptus plant extract and their
application in pest management. Conference Proceeding of
symposium on recent advances in biotechnology for food
and fuel, TERI, New Delhi; 2015.

Bramhanwade K, Shende S, Bonde S, Gade A, Rai
M. Fungicidal activity of Cu nanoparticles against
Fusarium  causing crop diseases. Environmental
Chemistry Letters. 2016;14(2):229-35.
https://doi.org/10.1007/s10311-015-0543-1

Ho VA, Le PT, Nguyen TP, Nguyen CK, Nguyen VT,
Tran NQ. Silver core-shell nanoclusters exhibiting
strong growth inhibition of plant-pathogenic fungi.

65.

66.

Journal of Nanomaterials. 2015;16(1
https://doi.org/10.1155/2015/241614
Giannousi K, Avramidis I, Dendrinou-Samara C.
Synthesis, characterization and evaluation of copper based
nanoparticles as agrochemicals against Phytophthora
infestans. RSC Advances. 2013;3(44):21743-52.
https://doi.org/10.1039/c3ra42118j
Chookhongkha N, Sopondilok T, Photchanachai S. Effect
of chitosan and chitosan nanoparticles on fungal growth
and chilli seed quality. Acta Horticulturae. 2013;973:231-7.
https://doi.org/10.17660/ActaHortic.2013.973.32

):Article 13.

67.Manikandan A, Subramanian K, Thirunavukkarasu M, Rahale

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

S.Nano-fertilizersforBalanced CropNutrition.2015.p.69-80.
https://doi.org/10.1007/978-3-319-14024-7 3

DeRosa MC, Monreal C, Schnitzer M, Walsh
R, Sultan Y. Nanotechnology in fertilizers.
Nature Nanotechnology. 2010;5(2):91-.

https://doi.org/10.1038/nnano.2010.2
Naderi M, Danesh-Shahraki A. Nanofertilizers and their

roles in sustainable agriculture. International Journal of
Agriculture Crop Sciences. 2013;5(19):2229-32.

Liu R, Lal R. Potentials of engineered nanoparticles
as fertilizers for increasing agronomic productions.
Science of The Total Environment. 2015;514:131-9.
https://doi.org/10.1016/].scitotenv.2015.01.104
Alexandratos N, Bruinsma J. World Agriculture Towards
2030/2050: The 2012 Revision2012.

Amirnia R. Effects of Nano Fertilizer Application
and Maternal Corm Weight on Flowering at
Some  Saffron  (Crocus sativus L.)  Ecotypes.
Turkish Journal of Field Crops. 2014;2014:158-68.
https://doi.org/10.17557/tjfc.46269

Delfani M, Baradarn Firouzabadi M, Farrokhi N, Makarian
H. Some Physiological Responses of Black-Eyed Pea to
Iron and Magnesium Nanofertilizers. Communications
in Soil Science and Plant Analysis. 2014;45(4):530-40.
https://doi.org/10.1080/00103624.2013.863911

Lin D, Xing B. Phytotoxicity of nanoparticles: Inhibition
of seed germination and root growth. Environmental
pollution (Barking, Essex 1987). 2007;150:243-50.
https://doi.org/10.1016/j.envpol.2007.01.016

Dhoke S, Mahajan P, Kamble R, Khanna A. Effect

of nanoparticles suspension on the growth of
mung (Vigna radiata) seedlings by foliar spray
method.  Nanotechnology = Development.  2013;3:1.

https://doi.org/10.4081/nd.2013.e1

Zhao L, Sun Y, Hernandez-Viezcas JA, Servin AD,
Hong ], Niu G, et al. Influence of CeO2 and ZnO
Nanoparticles on Cucumber Physiological Markers and
Bioaccumulation of Ce and Zn: A Life Cycle Study. Journal
of Agricultural and Food Chemistry. 2013;61(49):11945-51.
https://doi.org/10.1021/jf404328e

Raliya R, Tarafdar JC. ZnO Nanoparticle Biosynthesis
and Its Effect on Phosphorous-Mobilizing Enzyme
Secretion and Gum Contents in Clusterbean (Cyamopsis
tetragonoloba L.). Agricultural Research. 2013;2(1):48-57.
https://doi.org/10.1007/s40003-012-0049-z

Adhikari T, Sarkar D, Mashayekhi H, Xing B. Growth
and enzymatic activity of maize (Zea mays L.) plant:
Solution culture test for copper dioxide nano particles.
Journal of Plant  Nutrition.  2016;39(1):99-115.
https://doi.org/10.1080/01904167.2015.1044012

Yuvaraj M, Subramanian KS. Controlled-release fertilizer

Nanochem Res 8(2): 152-163, Spring 2023

[©MO!



https://doi.org/10.1016/B978-0-12-815749-7.00012-8
https://doi.org/10.1016/j.scitotenv.2019.04.345
https://doi.org/10.1007/978-3-030-23396-9_8
https://doi.org/10.1039/C9EN01127G
https://doi.org/10.4236/anp.2013.23034
https://doi.org/10.1155/2015/218904
https://doi.org/10.1021/nn4034794
https://doi.org/10.1007/s10311-015-0543-1
https://doi.org/10.1155/2015/241614
https://doi.org/10.1039/c3ra42118j
https://doi.org/10.17660/ActaHortic.2013.973.32
https://doi.org/10.1007/978-3-319-14024-7_3
https://doi.org/10.1038/nnano.2010.2
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.17557/tjfc.46269
https://doi.org/10.1080/00103624.2013.863911
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.4081/nd.2013.e1
https://doi.org/10.1021/jf404328e
https://doi.org/10.1007/s40003-012-0049-z
https://doi.org/10.1080/01904167.2015.1044012

Annu et al. / Nanofertilizers and Nanopesticides: Benevolence for Sustainable Agriculture

of zinc encapsulated by a manganese hollow core shell.
Soil Science and Plant Nutrition. 2015;61(2):319-26.
https://doi.org/10.1080/00380768.2014.979327

80. Zulfiqar F, Navarro M, Ashraf M, Akram NA, Munné-Bosch

81.

82.

83.

S. Nanofertilizer use for sustainable agriculture: Advantages
and limitations. Plant  Science.  2019;289:110270.
https://doi.org/10.1016/j.plantsci.2019.110270

Abdel-Aziz H, Hasaneen mn, Omar A. Effect of foliar
application of nano chitosan NPK fertilizer on the chemical
compositionofwheatgrains. EgyptianJournalofBotany.2018.
https://doi.org/10.21608/ejbo.2018.1907.1137

Rossi L, Fedenia LN, Sharifan H, Ma X, Lombardini
L. Effects of foliar application of zinc sulfate and zinc
nanoparticles in coffee (Coffea arabica L.) plants.
Plant Physiology and Biochemistry. 2019;135:160-6.
https://doi.org/10.1016/j.plaphy.2018.12.005

Duhan JS, Kumar R, Kumar N, Kaur P, Nehra K, Duhan
S. Nanotechnology: The new perspective in precision
agriculture.  Biotechnology = Reports.  2017;15:11-23.
https://doi.org/10.1016/j.btre.2017.03.002

Nanochem Res 8(2): 152-163, Spring 2023

(@O

84.

85.

86.

Shukla SK, Kumar R, Mishra RK, Pandey A, Pathak
A, Zaidi MGH, et al. Prediction
of gold nanoparticles (GNPs) on plant growth
promoting  rhizobacteria (PGPR): a step toward
development of nano-biofertilizers. 2015;4(5):439-48.
https://doi.org/10.1515/ntrev-2015-0036

Jampilek J, Kralova K. Nanomaterials for Delivery of
Nutrients and Growth-Promoting Compounds to
Plants. In: Prasad R, Kumar M, Kumar V, editors.
Nanotechnology: An Agricultural Paradigm.
Singapore: Springer Singapore; 2017. p. 177-226.
https://doi.org/10.1007/978-981-10-4573-8 9

Dimkpa CO, Bindraban PS. Nanofertilizers: New
Products for the Industry? Journal of Agricultural
and Food Chemistry. 2018;66(26):6462-73.
https://doi.org/10.1021/acs.jafc.7b02150

and validation

87.NongbetA,MishraAK,MohantaYK,MahantaS,RayMK,Khan

M, et al. Nanofertilizers: A Smart and Sustainable Attribute
to Modern Agriculture. Plants [Internet]. 2022; 11(19).
https://doi.org/10.3390/plants11192587

163



https://doi.org/10.1080/00380768.2014.979327
https://doi.org/10.1016/j.plantsci.2019.110270
https://doi.org/10.21608/ejbo.2018.1907.1137
https://doi.org/10.1016/j.plaphy.2018.12.005
https://doi.org/10.1016/j.btre.2017.03.002
https://doi.org/10.1515/ntrev-2015-0036
https://doi.org/10.1007/978-981-10-4573-8_9
https://doi.org/10.1021/acs.jafc.7b02150
https://doi.org/10.3390/plants11192587

	How to cite this article 
	Abstract
	INTRODUCTION  
	NANOTECHNOLOGY IN SUSTAINABLE AGRICULTURE
	NANO-FERTILIZERS 
	FUTURE PERSPECTIVES OF NANO AGROCHEMICALS IN AGRICULTURE:  
	CONCLUSION 
	REFERENCES 

