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Introduction

Agriculture is one of the building blocks of the national economy in developing coun-
tries. Rising food production rates play a significant role in the growth of a country’s
Gross Domestic Production (GDP). Food production rate is dependent on applied fer-
tilizers and pesticides in the country. Various parameters like food security, climate
change, soil-health and water availability directly impact food production and agri-
culture growth. Therefore, it is necessary to regulate the adverse conditions of agriculture
to enhance food production for expanding world population in a sustainable manner.
Nanotechnology as an upcoming technology has shown its potentials in various
fields like solar, electronics, optics, and pharmaceuticals (Chhipa & Joshi, 2016).
To meet targets in food production and combat various rising issues in agriculture,
scientists are working to deal with these issues using nanotechnology. Some of the
rising issues are: (1) Food security for population increases, (2) reduced production
on cultivable land, (3) low agriculture input efficiency, (4) large uncultivable land,
(5) low shelf life of food products, (6) post-harvest losses of food products, and (7)
increasing pest attacks and plant diseases (Bhagat, Gangadhara, Rabinal,
Chaudhari, & Ugale, 2015). Subsequently, soil fertility is constantly decreasing
by unjustifiable use of chemicals. Only a small portion of these chemical agri inputs
are used by plants and the rest are unused chemicals that negatively impact on the
ecosystem. The unused chemical fertilizers and pesticides are leached into the soil
or runaway with water to water bodies and generate chemical pollution to untargeted
organisms. The application of nanotechnology in agriculture minimizes the cost of
fertilizers and pesticides by advancing these tools. Employment of nanotechnology
based techniques improves the smart characteristics in the agri-inputs as targeted
delivery, controlled release, increasing solubility and long shelf-life. These charac-
teristics not only make them more efficient but also reduce the risk of environmental
contamination (McKee & Filser, 2016; Mishra, Singh, Keswani, & Singh, 2014;
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Sodano & Verneau, 2014). Such smart nanomaterials increase agriculture production
in a sustainable manner. Various metal, metal oxide, polymer based nanomaterials,
carbon nanotubes, engineered nanomaterials, and nanoformulations with active
ingredient based nanofertilizers and nanopesticides showed their potential in sustain-
able agriculture production (Al-Othman et al., 2014; Fraceto et al., 2016; Khadri,
Alzohairy, Janardhan, Kumar, & Narasimha, 2013; Morsy, Khalaf, Sharoba,
El-Tanahi, & Cutter, 2014; Parizi et al., 2014). Further, Green synthesis of nanomater-
ials increased the potential of metal and metal oxide nanomaterials in agriculture by
reducing toxicity and increasing stability. On the other hand, the use of nanosensors
in pest and soil condition detection also improved conventional agriculture to smart
agriculture systems.

In contrast, negative impacts of nanotechnology in agriculture have also been
reported for toxicity to plants and ecosystems (Prasad, Jauhari, & Tiwari, 2014;
Rizwan et al., 2017) and the use of polymer based nanoparticles and green synthesis
of nanomaterials extend the scope of nanotechnology in agriculture. Metal based
nanoparticles also expressed positive results in seed germination, plant growth
and pest control under limited concentration range (Lee, An, Yoon, & Kweon,
2008; Liu et al., 2005). Therefore in the current chapter, we summarized the appli-
cation of various types of metal nanoparticles, metal oxide nanoparticles, polymer
based nanomaterials, green synthesized nanomaterials, nanoformulation based
fertilizers or pesticides in agriculture and their impact on plant growth and pathogen
control. The application of nanomaterials as sensors for detection of soil nutrient,
pest control and food safety was also discussed. The use of nanotechnology impacted
agriculture in both positive and negative ways but more research is required for long
term impact assessment.

Nanotechnology

Nanotechnology is the science of materials which have their size in the range of
nanometre (<100nm). In this size range, nanomaterials have specific and unique
chemical and optical properties (Khan & Rizvi, 2014). In comparison to bulk mate-
rial, nanomaterials have high surface to volume ratios and specific surface plasma
resonance, which increases their potential for various applications. In agriculture,
nanotechnology can also be used in various applications including nanofertilizers,
nanopesticides, and nanosensors. The detailed description of nanotools in agriculture
is given in the next section.

Nanotechnology in agriculture

Nanotechnology is an emerging technology in the area of medicine, electronics,
electrical, solar, optical and agriculture. In agriculture, nanotechnology has provided
different agri tools in the form of nanofertilizer, nanopesticide and nanosensor which
have shown significant results for sustainable agriculture practice (Fig. 1). Such
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FIG. 1

Applications of nanotechnology in agriculture: Nanotechnology is used in the form of
nanofertilizers, nanopesticides, nanosensors and agri food agents to increase food production
in a sustainable manner.

nanoinputs not only reduced the amount of fertilizers or pesticides but also provided
targeted delivery of active agents. Therefore, non-targeted organisms remain unaf-
fected with these nanotools and environment safety can be retained. Nanosensors
also provided quick and accurate information regarding soil conditions or pathogen
detection so the control can be done on time and crop can be safe, which is helpful in
reducing losses to farmers and improving their economic situation.

Different nanoparticles have been applied as nanofertilizers, nanopesticides and
in nanosensing at lab and green house level. Some of these nanofertilizers have been
developed as commercial products such as Nano-Gro™ for plant growth regulator
and immunity inducer, developed by Agro Nanotechnology Corp, FL, United States,
Nano green for plant nutrition developed by Nano Green Sciences, Inc., India,
Nano-AgAnswer® developed by Urth Agriculture, CA, United States for plant nu-
trition, Biozar Nanofertilizer contains micro and macro nanonutrients synthesized
by Fanavar Nano-Pazhoohesh Markazi Company, Iran, Nano Max NPK Fertilizer
developed by JU Agri Sciences Pvt. Ltd., New Delhi, India, Master Nano Chitosan
Organic Fertilizer developed by Pannaraj Intertrade, Thailand and TAG NANO
which contains a mixture of micronutrients, vitamins, probiotics, seaweed extract
and humic acid developed by Tropical Agrosystem India (P) Ltd., India (Prasad,
Bhattacharyya, & Nguyen, 2017). The nanopesticides of known active compounds
have also been developed as nanoformulations but more data is required on toxicity,
durability, fate of nanopesticides in the ecosystem and regulatory agency approval
for their commercial production (Kookana et al., 2014).
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Smart nanofertilizers

Nanofertilizers are a recent advancement in the field of agriculture. The nanosize and
high volume to surface area make them more efficient in comparison to normal fer-
tilizers. Different types of nanofertilizers have been developed such as silver, iron,
zinc, titanium, carbon nanotubes, molybdenum and silica and applied on various
crop systems (Table 1). Researchers have found that nanomaterials showed efficient
impact on root elongation, shoot elongation, plant biomass, chlorophyll content and
seed germination at certain concentrations.

Mochizuki, Gautam, Sinha, and Kumar (2009) stated that fertilizers in nanoform
move faster in comparison to conventional fertilizers. They explained that nano-
fertilizers follow the laws of thermodynamics and have more entropy due to colloid
suspension state in comparison to ordinary fertilizers. The entropy is directly propor-
tional to Gibbs energy which helps in faster movement of colloidal state nanoferti-
lizers, facilitating their easy penetration into the cell membrane of plants. Kottegoda
et al. (2017) worked on smart delivery of urea using hydroxyapatite and found that
release of urea by urea-hydroxyapatite nanohybrid was controlled by up to 1 week.
They developed these nanohybrids by mixing urea and hydroxyapatite in the ration
of 6:1 (urea: HA NPs). Hydroxyapatite is known as a rich source of phosphorus and
is bio-compatible in nature, making them a sustainable source of smart carrier of
fertilizers. They inferred that urea bound weakly to hydroxyapatite nanoparticles
(HA NPs) and was slowly released into the soil on demand, enhancing plant growth.
Synthesis of nanochitosan-nitrogen, phosphorus and potassium (NPK) and their
application in the growth of wheat has been reported by Abdel-Aziz, Hasaneen,
and Omer (2016). These authors applied nanochitosan-NPK fertilizers using foliar
spray on wheat plants and found that nanofertilizers entered into plants through
stomata and were transported via phloem tissue. They observed that the use of nano-
fertilizers significantly increased wheat yield and reduced the life cycle of wheat plants
by 23.5%. The nano-NPK improved photosynthesis via enhancing water absorption
and worked as a biological pump for nutrient absorption (Ma, Liu, & Zhang, 2009;
Wu, 2013). Further, it was also reported that plasma membrane permeability and
cell mortality also increased with the nano-NPK exposure (Du et al., 2011; Wang,
Tarafdar, & Biswas, 2013). The nanoparticles internalized in the cytoplasm during
endocytosis or transport into the cytoplasm via embedded ion transporter carrier pro-
teins. In the cytoplasm, nanoparticles bound with different cytoplasmic organelles and
affected plant metabolic processes (Jia et al., 2005).

Zinc oxide nanoparticles (ZnO NPs) also exposed as nanofertilizers and showed
both positive and negative impact on plant growth. The beneficial and detrimental
impact of ZnO NPs on plants depend on the concentration of metal oxide.
A concentration of 10mg/kg ZnO NPs showed increased photosynthesis and biomass
in lettuce (Xu, Luo, Wang, & Feng 2018). Zinc oxide nanoparticles supported the
CO, supply at the carboxylation site in chloroplasts by improvement of carbonic anhy-
drase, which facilitated increasing photosynthesis (DiMario, Clayton, Mukherjee,
Ludwig, & Moroney, 2017). Similarly, Raliya and Tarafdar (2013) also found growth



Table 1 Application of nanomaterials as nanofertilizer on various crop.

Nanoparticles

Silver nanoparticles

Gold nanoparticles

Carbon-coated Fe-NPs
Carbon nanotubes

Copper nanoparticles

Iron nanoparticles

Manganese nanoparticles
Molybdenum nanoparticles

Multiwalled carbon
nanotubes

Crop

Crocus sativus
Hordeum vulgare
Boswellia ovalifoliolata
Brassica juncea
Phaseolus vulgaris
Brassica juncea
Gloriosa superba
Cucurbita pepo
Solanum lycopersicum
Cicer arietinum
Phaseolus radiatus
Triticum aestivum
Lactuca sativa
Edodea densa

Vigna unguiculata
Glycine max

Vigna radiata

Cicer arietinum
Lolium multiflorum,
Brassica napus,

Zea mays

Solanum lycopersicum
Zea mays

Zea mays

Glycine max

Triticum aestivum
Brassica juncea
Phaseolus mungo
Brassica juncea

Positive impact
on crop

Root elongation

Root elongation
Improved growth
Improved growth
Improved growth
Improved growth
Improved growth
Chlorophyll increased
Germination increased
Growth increased
Growth increased
Growth increased
Growth increased
Photosynthesis increased
Chlorophyll increased
Chlorophyll increased
Growth increased
Increased nodule formation
Root elongation

Root elongation

Root elongation
Improved plant growth
Improved plant growth
Improved plant growth
Improved plant growth
Improved plant growth
Germination increased
Germination increased
Germination increased

References

Rezvani, Sorooshzadeh, and Farhadi (2012)

Gruyer, Dorais, Bastien, Dassylva, and Triffault-Bouchet (2013)
Savithramma, Ankanna, and Bhumi (2012)

Sharma et al. (2012)

Salama (2012)

Arora et al. (2012)

Gopinath, Gowri, Karthika, and Arumugam (2014)

Delfani, Baradarn Firouzabadi, Farrokhi, and Makarian (2014)
Khodakovskaya et al. (2009)

Tripathi, Sonkar, and Sarkar (2011)

Lee et al. (2008)

Lee et al. (2008)

Shah and Belozerova (2009)

Nekrasova, Ushakova, Ermakov, Uimin, and Byzov (2011)
Liu et al. (2005)

Malekian, Abedi-Koupai, and Eslamian (2011)

Ghafariyan et al. (2013)

Taran et al. (2014)

Lin and Xing (2007)

Lin and Xing (2007)

Lin and Xing (2007)

Khodakovskaya et al. (2013)

Tiwari et al. (2014)

Lahiani et al. (2013)

Lahiani et al. (2013)

Wang et al. (2012)

Ghodake, Seo, Park, and Lee (2010)

Ghodake et al. (2010)

Mondal, Basu, Das, and Nandy (2011)

Continued



Table 1 Application of nanomaterials as nanofertilizer on various crop.—cont'd

Nanoparticles

Silicon nanoparticles

Single walled carbon
nanotubes

Titanium nanoparticles

Titanium nanoparticles and
zinc nanoparticles

Zinc complexed chitosan
nanoparticles

Zinc nanoparticles

Crop
Lycopersicum
esculentum
Zea mays

Larix olgensis
Cucurbita pepo
Allium cepa
Cucumis sativus
Spinacia oleracea
Lemna minuta
Vigna radiata L.

Solanum
lycopersicum L.

Triticum aestivum

Vigna radliata and Cicer
arientinum

Cucumis sativus
Brassica napus
Lolium perenne
Arachis hypogaea

Glycine max
Triticum aestivum

Pennisetum
americanum

Allium cepa
Cyamopsis
tetragonoloba
Cucumis sativus

Positive impact
on crop

Improved growth
Improved growth

Improved growth
Improved growth

Root elongation increase
Root elongation increase
Rubisco activity increased
Growth increased
Improved growth

Growth found
Improved zinc utilization
Growth increased

Growth found
Root length
Root elongation

Increased seed germination
and growth

Increased seed germination
Growth observed
Growth found

Seed germination
Growth Increased

Growth Increased

References
Siddiquee et al. (2014)

Suriyaprabha et al. (2012)) and Suriyaprabha, Karunakaran,
Yuvakkumar, Rajendran, and Kannan, 2012

Bao-shan, Chun-hui, Li-jun, Shu-chun, and Min (2004)
Siddiquee et al. (2014)

Canas et al. (2008)

Canas et al. (2008)

Su et al. (2009)

Song et al. (2012)

Raliya, Biswas, and Tarafdar (2015) and Raliya, Nair,
et al., 2015

Raliya, Biswas, and Tarafdar (2015) and Raliya, Nair,
et al. (2015)

Dapkekar, Deshpande, Oak, Paknikar, and Rajwade (2018)
Mahajan, Dhoke, and Khanna (2011)

Zhao, Liu, et al. (2014) and Zhao, Peralta-Videa, et al. (2014)
Lin and Xing (2007)
Lin and Xing (2007)
Prasad et al. (2014)

Sedghi, Hadi, and Toluie (2013)
Ramesh, Palanisamy, Babu, and Sharma (2014)
Tarafdar, Raliya, Mahawar, and Rathore (2014)

Raskar and Laware (2014)
Raliya and Tarafdar (2013)

de la Rosa et al. (2013)
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in biomass, root, shoot and root area of Cyamopsis tetragonoloba at 10mg/kg ZnO NP
concentration. In the case of Arachis hypogaea seed germination and seedling vigour
index improvement was achieved at 400-1000ppm concentration. Prasad et al.
(2012) found increased root length, chlorophyll content and biomass in Arachis hypo-
gaea plant after seedlings were treated with 400-1000ppm ZnO nanoparticles.
Janmohammadi, Amanzadeh, Sabaghnia, and Dashti (2016) used micronutrient iron,
zinc nanofertilizer and nanotitanium dioxide (TiO,) on barley and grain in field exper-
iments and found changes in chlorophyll, spike length, numbers of grain and grain mass.
ZnO nanofertilizer showed various positive impacts on plant growth such as promoted
germination, increased chlorophyll content, oxidative stress reduction, induced anti-
oxidative compound production and promoted root growth in different crops such as
Arachis hypogaea, Vigna radiate, Cicer arietinum, Helianthus annuus, Lupinus termis,
Solanum lycopersicum, Glycine max and Cyamopsis tetragonoloba L. at different ZnO
concentration (El-Kereti, El-feky, Khater, Osman, & El-sherbini, 2013; Latef,
Alhmad, & Abdelfattah, 2017; Mahajan et al., 2011; Prasad et al., 2012; Singh et al.,
2016; Subbaiah et al., 2016). Detailed information on Zn nanoparticles in plants has been
reviewed by Sturikova, Krystofova, Huska, and Adam (2018).

To address the issue of toxicity of nanoparticles, researchers developed polymer
based nanoparticles which reduced or decreased toxicity of metal nanoparticles to
plants. Dapkekar et al. (2018) synthesized zinc complexed chitosan nanoparticles
(Zn-CNP) and used them on wheat crops in field experiments. They reported that
the efficiency of zinc was increased without affecting the grain yield, protein content,
spikelets per spikes. They found that Zn-CNP were novel nanofertilizers which
increased the fertilizers efficiency and reduced excess fertilizer runoff in soil. Sim-
ilarly, iron oxide nanoparticles also showed a positive impact on plant growth and
increased seed germination, chlorophyll and root growth in Citrullus lanatus (water-
melon) and Vigna radiata L. (Li et al., 2013; Ren et al., 2011). Recently, Wang and
Nguyen (2018) synthesized chitosan nanoparticles with zinc (Zn) and boron (B) and
applied them to coffee plants at 0—40ppm concentration. They found that micro-
nutrient nanofertilizer increased chlorophyll content and photosynthesis. Therefore,
leaf area and plant growth increased significantly. Nanosize of particles facilitated
penetration into leaf stomata, cuticle and roots system of plants, and easy transpor-
tation to xylem and phloem and they reached the cell system to induce physiology
and metabolic activity for plant growth (DeRosa, Monreal, Schnitzer, Walsh, &
Sultan, 2010; Eichert, Kurtz, Steiner, & Goldbach, 2008).

Nanoparticles play a significant role in plant growth and affect different plant
mechanisms. High surface to volume ratio and nanosize increased their catalytic
activity in comparison to their bulk counterpart. Nanoparticles increased seed germi-
nation via enhancement of water absorption capacity of seeds, promoted antioxidant
activity, reduced hydrogen peroxide, malonyldialdehyde content, superoxide radicals,
increased enzymes like nitrate reductase, ascorbate peroxidase, catalase, guaiacol per-
oxidase, and superoxide dismutase (Feizi, Moghaddam, Shahtahmassebi, & Fotovat,
2012; Lei et al., 2008; Lu, Zhang, Wen, Wu, & Tao, 2002). ZnO NPs were found to be
effective in seed germination and increased germination rate up to 20% in rice at
exposure of 0—750 ppm concentration (Adhikari, Sarkar, Mashayekhi, & Xing, 2016).
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In addition to nanoparticles alone, in combination with bio-fertilizers, nanofertili-
zers showed synergistic effects on plant growth. Rane, Bawskar, Rathod, Nagaonkar,
and Rai (2015) developed a combination of calcium phosphate nanoparticles
(CaPNPs) with mycorrhizal fungi Piriformospora indica and Glomus mosseae sepa-
rately and applied them on Zea maize. These authors found an increased vitality of Zea
maize plant in terms of increased chlorophyll content and root proliferation. Different
micronutrient nanofertilizers like zinc oxide, iron oxide, titanium oxide showed
improved uptake of nutrient and supported increased enzymatic activities in Arachis
hypogea, Cicer arietinum L., Spinacia oleracea, Glycin max L. and Pennisetum
americanum (Burman, Saini, & Kumar, 2013; Liu & Lal, 2014; Pradhan et al.,
2014, Priester et al., 2012; Tarafdar et al., 2014).

Effective nanopesticide

Crop pests are also of serious concern in agriculture, which damage crop growth and
production by inducing diseases and reduce the farmer’s output. Worldwide, crops
equivalent to $220 billion are lost annually due to crop diseases (Sharma,
Kooner, & Arora, 2017). Plant diseases are caused by various pathogens such as bac-
teria, fungi, viruses, nematodes, parasites, insects, and protozoa. To control them, dif-
ferent chemical and biological pesticides have been applied but inappropriate use of
chemical pesticides have destroyed the environmental balance and increased resis-
tance in pests. To reduce the drastic impact on agriculture of increasing resistance
in crop pathogens, there is a need for the innovation of new methods to control envi-
ronmental imbalance and there is growing hope in the agriculture community that
nanotechnology will fulfil this hope. Applications of nanotechnology in plant protec-
tion also influenced the agriculture field and increased crop production. Different types
of metal nanoparticles including nanoformulations, nanoencapsulated active ingredi-
ents, and nanocomposites have been reported for protection of agriculture crops
(Table 2).

Various nanomaterials have been shown to have high inhibitory activity against
crop pathogens at lab as well as greenhouse levels (Fig. 2). Nanomaterials include
silver nanoparticles (Ag NPs), nanocopper, nanosilica, and nanoformulations of
chemical pesticides such as hexaconazole, sulphur showed good pesticide activity
against different insect pests and fungal pathogens. Nanoformulations increased
the solubility and shelf life of active ingredients and increased the activity with con-
trolled release characteristic of nanocarriers. Different types of nanoformulations
including essential oils (such as neem oil, garlic essential oil, Artemisia arborescens
L essential oil and Lippia sidoides oil), plant extracts (capsaicin from chilli peppers
and Lansiumamide B extract) have shown that nanoformulations increase shelf
life by preventing premature degradation of active ingredients while not effecting
non-targeted organisms under insecticidal application (Anjali, Sharma, Mukherjee, &
Chandrasekaran, 2012; Bohua and Ziyong, 2011; Jerobin, Sureshkumar, Anjali,
Mukherjee, & Chandrasekaran, 2012; Lai, Wissing, Miiller, & Fadda, 2006; Xu
et al., 2010; Yang, Li, Zhu, & Lei, 2009; Yin, Guo, Han, Wang, & Wan, 2012).
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Application of nanoparticles and nanoparticles based formulation in crop protectants.

Nanoparticles/nanoformulation

Nanosilica (Si)

Silver (Ag)

Nanocopper (Cu)

Titanium oxide with Ag and Zn

Silver nanoparticles on graphene oxide
Titanium dioxide with zinc

Zinc oxide (ZnO)

Silver (Ag)

Copper (Cu)

Thiamine dilauryl sulphate (TDS) nanoparticles

Validamycin loaded with nanosized calcium
carbonate

Chitosan NPs (CSNPs)

Copper (Cu)

Chitosan-based nanoparticles (CSNPs)
Copper and silver

Chitosan

Carboxy methyl chitosan

Polyepsilon caprolactone

Silver (Ag)

Silver (Ag)

Silver (Ag)

Applications

Anti-feedant
Bactericidal
Bactericidal
Bactericidal
Bactericidal
Bactericidal
Bactericidal
Fungicidal
Fungicidal
Fungicidal
Fungicidal

Fungicidal

Fungicidal

Fungicidal

Fungicidal

Herbicidal

Herbicidal

Herbicidal

Pesticidal

Seed dressing

Surface sterilizer of seed crops

References

El-Bendary and El-Helaly (2013)
El-Rahman and Mohammad (2013)
Mondal and Mani (2012)

Paret, Palmateer, and Knox, (2013)

Ocsoy et al. (2013)

Paretet al. (2013) and Paret, Vallad, et al. (2013)
Hafez, Hassan, Elkady, and Salama (2014)
Khadri et al. (2013)

Kanhed et al. (2014)

Seo et al. (2011)

Qian et al. (2011)

Chookhongkha, Sopondilok, and Photchanachai
(2012)

Giannousi et al. (2013)

Saharan et al. (2013)

Ouda (2014)

Grillo et al. (2014)

Yu et al. (2015)

Pereira, Grillo, Mello, Rosa, and Fraceto (2014)
Ali, Yousef, and Nafady (2015)

Anand and Kulothungan (2014)

Morsy et al. (2014)
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FIG. 2
Application of nanopesticides in agriculture: Nanopesticides have been used to control

various fungal, bacterial and insect pathogens in the form of nanofungicide, nanobactericide
and nanoinsecticide.

In addition to metal or polymer nanoparticles, currently, nanoemulsion is another
interesting research topic in the field of nanopesticides. In nanoemulsion, surfactant
amount has been decreased from 20% to 5%. Nanoemulsion increased the retention
capacity of active ingredient to the plants due to nanosize and increased uptake.
Anjali et al. (2010, 2012) reported that nanoemulsion of permethrin and neem oil
showed higher efficacy in comparison to the active ingredient as larvicidal appli-
cation. Nanoemulsion also provided efficient targeted delivery and decreased the
impact on non-targeted organisms (Jiang et al., 2012; Lim et al., 2013).

3.2.1 Nanofungicide

Fungal pathogens are one of the major problems for the growth of crops, which are
responsible for >70% of crop diseases and significantly reduce crop production by
up to 100% loss (Baker, Volova, Prudnikova, Satish, & Prasad, 2017). Different
types of metal nanoparticles and nanoformulations have been proposed to control
fungal pathogens. Rabab and El-Shafey (2013) found that silver nanoparticles
reduced the growth of Magnaporthe grisea, a fungal pathogen that causes rice blast
disease. Previously, Gajbhiye, Kesharwani, Ingle, Gade, and Rai (2009) also used
silver nanoparticles and fluconazole and found efficient antifungal activity against
Phoma glomerata, Phoma herbarium, and Fusarium semitectum. Similarly, silver
sulphide nanocrystals also showed antifungal activity against Aspergillus niger,
and silver nanoparticles showed antifungal activity against Bipolaris sorokiniana,
Magnaporthe grisea, Fusarium culmorum, Fusarium oxysporum, Colletotrichum



3 Nanotechnology in agriculture 11

gloeosporioides and sclerotia-forming phyto-pathogenic fungi (Aguilar-Méndez, San
Martin-Martinez, Ortega-Arroyo, Cobian-Portillo, & Sanchez-Espindola, 2011; Jo,
Kim, & Jung, 2009; Kasprowicz, Koziot, & Gorczyca, 2010; Min et al., 2009;
Musarrat et al., 2010). Nanocomposites such as silver-silica nanoparticles also reported
antifungal activity and prevented powdery mildew infection in pumpkin leaves within
3 days of spraying (Park, Kim, Kim, & Choi, 2006). Kim et al. (2007) also reported
silver nanoparticles as anti-fungal agents against Raffaelea sp. a pathogenic fungus of
oak trees in Korea.

Copper nanoparticles were also found to be suitable for the control of the fungal
pathogens Alternaria alternata and Botrytis cinerea at 15mg/L concentration (Ouda,
2014). Cioffi et al. (2005) synthesized a nanocomposite of copper with a polymer and
found effective antifungal activity. Wani and Shah (2012) reported that zinc oxide
and magnesium oxide can control the growth of Rhizopus stolonifera, Mucor plum-
beus, Fusarium oxysporum and A. alternate. In fact, ZnO nanoparticles induced
systemic defence and boosted immunity in plants. In eggplant and tomato, foliar
spray of 1000 ppm ZnO nanoparticles decreased the Fusarium severity via induction
of the plant defence system (Elmer & White, 2016). Similarly, ZnO nanoparticles
were also found to be effective in growth reduction of Penicillium expansum,
Botrytis cinerea, Aspergillus flavus, and Aspergillus niger (He, Liu, Mustapha, &
Lin, 2011; Jayaseelan et al., 2012).

3.2.2 Nanobactericide

Nanomaterials have also been applied as antibacterial agents to control bacterial path-
ogens. Silver has been known to be an antibacterial agent for many years and is widely
used to control pathogenic bacteria. Copper is another metal, reported as an antimicro-
bial agent. Copper nanoparticles have been reported in the effective control of rice
blast and leaf spot disease pathogen Xanthomonas oryzae and Xanthomonas campes-
tris. Mondal and Mani (2012) also found effectivity of copper nanoformulation on bac-
terial blight disease in pomegranate at 0.2 ppm concentration, which is 60,000 times
less than copper oxychloride, the conventional treatment. The reduction in pesticide
amount reduced the cost to farmers with better maintenance of environmental balance.
Paulkumar et al. (2014) found that Piper nigrum extract based silver nanoparticle syn-
thesis enhanced bactericidal activity. These green synthesized silver nanoparticles
showed antibacterial activity against Citrobacter freundii and Erwinia cacticida
phyto-pathogens. Similarly, sun root tuber extract based silver nanoparticles exhibited
antibacterial activity against the bacterial pathogens Ralstonia solanacearum and
Xanthomonas axonopodis (Aravinthan et al., 2015). However, there is still more scope
for the development of new classes of nanomaterials to control phyto-pathogenic
bacteria.

3.2.3 Nanoinsecticide

Nanotechnology has shown significant application for the production of nanoin-
secticides. The use of polymers in the development of nanoformulations of active
ingredients has produced new generation nanoinsecticides which showed controlled
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release and target specific activity. Nanoformulations of different ingredients with
pesticide activity have been reported including imidacloprid, carbofuran, thiametho-
xam, thiram, B-cyfluthrin (Adak, Kumar, Shakil, & Walia, 2012; Kaushik et al.,
2013; Loha et al., 2011; Pankaj, Shakil, Kumar, Singh, & Singh, 2012; Sarkar,
Kumar, Shakil, & Walia, 2012). Nanogel formulations of pheromones have also been
synthesized for the biological control of insect pests. The slow evaporation of pher-
omones from nanogels increased their long term effectiveness as crop protectants.
Brunel, El Gueddari, and Moerschbacher (2013) reported synthesis of chitosan based
nanogels improved the efficiency of impregnated copper as a nanopesticide. Except
nanoformulations, metal nanoparticles such as nanosilica have been used to mini-
mize feeding damage by Spodoptera littoralis on tomato plants and to be found
effective in changing the feeding preference of pests. Researchers reported that
nanosilica affected the fecundity of Spodoptera littoralis, so reduction in insect pop-
ulation decreased the crop yield loss (El-bendary and El-Helaly, 2013). Silica nano-
particles have also been found to be active against different insect pests such as white
fly, coconut mite, mustard weevil, and rice weevil. The insecticidal activity of silica
nanoparticles was found to be due to physio sorption in cuticle lipids of insects which
stimulate insect killing (Barik, Kamaraju, & Gowswami, 2012).

Efficient nanosensor

Nanosensors have also proven their potential in agriculture. They can be facilitate
real time monitoring of crop and field condition, crop growth, pest attack, plant dis-
ease and environmental stressors (Chen & Yada, 2011). The development of such
nanosensors has and continue to play a significant role in the advancement of agri-
culture. Real-time monitoring has prevented the excess use of pesticides and fertil-
izer amounts, which is helpful in the reduction of environmental contamination and
product cost. Applications of nanosensors convert the conventional agriculture prac-
tices into smart agriculture, which are more energy efficient and environmentally
friendly approaches for sustainable agriculture practices. Fraceto et al. (2016) indi-
cated that smart agriculture practices involved (a) nanoformulation based fertilizers
or pesticidal delivery systems which increase dispersion and wettability of nutrients,
(b) nanodetectors for pesticide or fertilizer residues and (c) remote-sensing based
monitor systems for disease occurrence and crop growth. Nanosensors in agriculture
are used to detect the humidity of soil, pesticide residue, nutrient requirement and
crop pest identification. The low limit of detection and high sensitivity of nanosen-
sors make them more useful for smart agriculture. Different metal nanomaterials
have been used in nanosensor development for pesticide detection including gold
nanoparticles (Au NP), carbon nanotubes (CNT), quantum dots (QD) and various
nanocomposites with polymers (Table 3) (Cesarino, Moraes, Lanza, & Machado,
2012; Liu et al., 2012; Talarico et al., 2016; Zheng, Li, Dai, Liu, & Tang, 2011).
The nanosensors showed many advantages over conventional sensors in terms of
high sensitivity due to high surface to volume ratio, quick response within seconds,
more stable and reliable results, smaller amounts of detection (up to nanogram or



Table 3 Application of nanotechnology in sensing.

Nanoparticle

Titanium oxide (TiOy)
Carbon

Gold (Au)

Gold (Au)

Gold (Au)

Gold (Au)
Gold (Au)
Gold nanorods

Graphene

Graphene oxide
Multi walled Carbon nanotubes (MWCNT)

MWC-chitosan nanocomposite

PEDOT nanofibers—graphene oxide
nanosheets composite

Quantum dots

Silver (Ag)
ZnO-chitosan nanocomposite membrane

Target compound/species

Atrazine

Herbicide detection
Acetamiprid

Urea and urease activity
Pantoea stewartii sbusp.

Herbicide detection
Organophosphates detection

Cymbidium mosaic virus and
Odontogloss um ringspot virus

Herbicide detection

Nitrate
Glyphosate and glufosinate

Methyl parathion
Nitrate

DNA

Herbicide detection
Trichoderma harzianum

Detection limit

0.1 ppt

5nM
5uM and 1.8U/L
7.8 x 103cfu/mL

48 pg/mL and
42 pg/mL

107°M
0.35ng/mLand
0.19ng/mL
75x107"3M
0.68mg/L

3.55x107°M

1.0x 10" mol/L

References

Yu, Zhao, Liu, Lei, and Li (2010)
Luo et al. (2014)

Shi, Zhao, Liu, Fan, and Cao (2013)
Deng et al. (2016)

Zhao, Liu, et al. (2014) and Zhao,
Peralta-Videa, et al. (2014)

Boro et al. (2011)
Kang, Wang, Lu, Zhang, and Liu (2010)
Lin, Huang, Lu, Kuo, and Chau (2014)

Zhao, Song, Wang, Wu, and Wang
(2011)

Pan et al. (2016)
Prasad et al. (2014)

Dong, Fan, Qiao, Ai, and Xin (2013)
Ali et al. (2017)

Bakhori, Yusof, Abdullah, and Hussein
(2013)

Dubas and Pimpan (2008)

Siddiquee, Rovina, Yusof, Rodrigues,
and Suryani (2014)
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lesser), practicable in different matrixes, and support fast electron transfer kinetics
(Scognamiglio, 2013). Yu et al. (2010) developed TiO, nanotubes based on nanosen-
sors for detection of atrazine in soil at levels of parts per trillion (ppt). The detection
of methyl parathion was also done with acetylcholinesterase enzyme immobilized
on multi-walled carbon nanotubes (MWCNT) and chitosan nanocomposites modi-
fied with glassy carbon electrode at ultra-trace levels in soil and water by Dong
et al. (2013). Detection of methyl parathion was based on the inhibitory effect of
acetylcholinesterase enzyme. Similarly, detection of acetamiprid in soil was also
measured by the development of a nanobiosensor based on gold nanoparticles func-
tionalised with acetamiprid-binding aptamer. This nanobiosensor visibly detects
acetamiprid in the concentration range of 75nM and 7.5pM (Shi et al., 2013).
Further, Prasad et al. (2014) developed the nanobiosensor to detect phosphorus con-
taining amino acid type herbicide in soil using nanofilm modified pencil graphite
electrode and analysed glyphosate and glufosinate in the detection limit of 0.35
and 0.19ng/mL, respectively. The electrode was used in pulse anodic stripping
voltammetry to detect glyphosate and glufosinate.

Nutrient concentrations in soil are a major issue and their rapid estimation is
necessary to analyse soil conditioning requirements. Quantification of soil nutrients
would increase the productivity and reduce leaching of excess components. Devel-
opment of nanobiosensor for fertilizer estimation is a growing field in the current
decade. The nanotechnology based sensors can provide accurate information about
fertilizer requirements, which can be helpful in reducing costs to farmers and save
unutilized fertilizers. Detailed reviews on nanosensors in agriculture have been pub-
lished by Antonacci, Arduini, Moscone, Palleschi, and Scognamiglio (2018) and
Chhipa and Joshi (2016). Furthermore, Mura et al. (2015) developed a colorimetric
assay using cysteamine modified gold nanoparticles to detect nitrate content in soil.
Similarly, Pan et al. (2016) developed graphene oxide based nanosensors for nitrate
detection, whereas Azahar Ali et al. (2017) developed a nitrate detection sensor with
the use of graphite oxide nanosheet and poly (3,4-ethylenedioxythiophene) nanofi-
bres. The detection of urea, urease activity and urease inhibition could be possible
by the development of a biosensor based on Au NP-3,3',5,5'-tetramethylbenzidi-
ne-H,0, reaction (Deng et al., 2016). In this system Au NP works as a catalyst
and produces a yellow colour in the reaction. The method has a detection limit of
1.8 U/L urease activity in soil.

The detection of crop pests is also an important aspect in agriculture production.
Conventional detection methods are time consuming. The use of nanostructures for
pest detection has provided rapid and accurate results, therefore, crops can be pro-
tected and damage can be controlled quickly. Safarpour et al. (2012) developed a
quantum dot-FRET based nanobiosensor to detection of Polymyxa betae, a vector
of beet necrotic yellow vein virus responsible for Rhizomania disease in sugar beet.
Further, Bakhori et al. (2013) also used a FRET system to detect Ganoderma boni-
nense using a synthetic oligonucleotide. The sensor was also developed with mod-
ified quantum dots and DNA probes. Gold nanoparticles (Au NPs) were also used in
the detection of pathogens. The Au NPs tagged with horseradish peroxidase labelled
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antibodies were used in an electrochemical enzyme linked immunoassay for detec-
tion of the plant bacterial pathogen Pantoea stewartii (Zhao, Liu, et al., 2014; Zhao,
Peralta-Videa, et al., 2014). The detection method for Cymbidium mosaic virus and
Odontoglossum ringspot virus was developed using label free surface plasma reso-
nance of Au nanorods and measured in 48 and 42 pg/mL LOD (limit of detection) for
Cymbidium mosaic virus and Odontoglossum ringspot virus, respectively. Further,
Siddiquee et al. (2014) developed a nanobiosensor to detect the soil born fungal path-
ogen Trichoderma harzianum using ZnO nanoparticles/chitosan nanocomposite
modified gold electrode. Yao et al. (2009) used fluorescent silica nanoprobes con-
jugated with a secondary antibody of goat anti rabbit Ig and detected the bacterial
plant pathogen, Xanthomonas axonopodis pv. vesicatoria in Solanaceous crops.

Smart food safety agent

Nanotechnology has also shown potential in food safety and in the food processing
industry. Nanomaterials have been used as food packaging materials to preserve
and enhance shelf life of packaged food materials. Nanocomposites have been found
suitable in food packing as antimicrobial agents, increased mechanical and thermal
resistance of packing materials, and reducing oxygen transmission rate. Nanoformula-
tions of vitamins and taste enhancers in capsular form have shown controlled release
profiles (Katouzian & Jafari, 2016). The nanoencapsulation of vitamins and taste
enhancers increased shelf life and prevented rapid degradation. Nanoencapsulation
of anthocyanin has been developed to enhance pigment stability by Zhang et al.
(2014). Further, Yang et al. (2015) developed ferritin nanocages for the encapsulation
of rutin (a dietary flavonoid) and found improved solubility in various applications in
the food industry. Titanium and silicon oxide were also used as colour, fragrance and
flavour enhancement agents in the food industry (Dekkers et al., 2011). The applica-
tion of nanomaterials in food packing materials improved strength, barrier property,
antimicrobial activity and food safety by sensing of food pathogens.

Can nanotechnology provide effective tools in sustainable
agriculture?

Application of nanotechnology in the form of nanofertilizers, nanopesticides and
nanosensors has transformed conventional agriculture practices into smart agricul-
ture. It has been reported that the use of nanomaterials as agri input reduces excess
amounts of chemicals, provides targeted delivery and does not affect non-targeted
organisms (Chhipa & Joshi, 2016; Chhipa, 2017a, 2017b; Solanki, Bhargava,
Chhipa, Jain, & Panwar, 2015). Nanotools showed improved solubility, increased
shelf-life of active ingredients, controlled releasing capacity and were eco-friendly
for lab to field applications. These characteristics make nanotools ideal for maintain-
ing environmental balance by reducing the harmful impact of chemicals. Smart
nanomaterials can provide nutrition on requirements and pest detection by smart
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sensing applications. Monitoring of filed conditions and pest attacks by nanosensors
can reduce large scale crop loss due to their detection efficiency in minute amounts.

Various studies have also reported adverse impacts and toxicity of nanoparticles
to plants and surrounding environments from the use of metals, metal oxides and
synthetic polymers in the synthesis of nanofertilizers and nanopesticides. It has been
found that metal, metal oxide, and synthetic polymers are not biocompatible and
non-degradable and showed toxicity at certain concentrations, which is of serious
concern for the use of nanotechnology in agriculture. Researchers reported that
due to nanosize, nanomaterials accumulate in the environment and their concentra-
tion increases simultaneously. Excess amounts of nanomaterial accumulation are
dangerous to humans, non-targeted organisms and the environment. But use of
natural polymers such as chitin, chitosan and cellulose based nanomaterials can
be advantageous for agricultural applications due to their biocompatibility and
eco-friendly nature.

In limited concentrations metal nanoparticles also showed a positive impact on
seed germination, seed treatment, plant growth and crop yield (Jain, Bhargava,
Tarafdar, Singh, & Panwar, 2013; Raliya & Tarafdar, 2013). This suggests there is
aneed to do more research to determine the threshold for each metal nanoparticle-crop
system, providing a guide for adequate concentration range to use metal nanoparticles
for high crop yield and preventing toxicity to the environment. The green synthesis of
nanoparticles is another route of biocompatible nanomaterial synthesis for agricultural
applications. The coating of biological molecules on metal nanoparticles reduced the
toxic nature and increased their potential for biological applications (Chhipa, 2018).
Green synthesized and natural polymers based nanomaterials may be the next gener-
ation of nanoagro materials, which can provide eco-friendly nanotools to transform
conventional agriculture in to precise agricultural practices. Such nanotools would
be more capable of controlling the excess use of fertilizers and pesticides, understand
the soil and plant requirement by sensing, and reduce the excess chemical burden on
earth and environment.

Conclusion

Nanotechnology in agriculture as nanofertilizer, nanopesticide and nanosensor
significantly proved their applications in plant growth and crop production in a sus-
tainable manner. Nanosized controlled release and site targeted delivery made them
efficient tools for smart agriculture systems. Different metal and metal oxide nano-
particles positively enhanced seed germination rates, root and shoot elongation, and
plant biomass and plant growth within certain concentration levels. In contrast, some
metal or metal oxide nanoparticles showed negative impact on plant growth. Such
issues can be combated by use of polymer nanoparticles and nanomaterial synthesis
using green approaches. Nanomaterial based sensors also showed potential in detec-
tion of residual pesticides or pathogens and ensured food safety to consumers.
Nanoencapsulation and application of nanomaterials in food packaging improved
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the shelf life of food products and provided sustainable solutions for food degrada-
tion and deterioration during transport. Still more research is required to determine
the threshold concentrations for each crop system for the prevention of toxicity. The
long term assessment of each crop-nanoparticles system is required to understand the
fate of nanomaterials in the environment.

References

Abdel-Aziz, H. M., Hasaneen, M. N., & Omer, A. M. (2016). Nano chitosan-NPK fertilizer
enhances the growth and productivity of wheat plants grown in sandy soil. Spanish Journal
of Agricultural Research, 14(1), 0902.

Adak, T., Kumar, J., Shakil, N. A., & Walia, S. (2012). Development of controlled release
formulations of imidacloprid employing novel nano-ranged amphiphilic polymers.
Journal of Environmental Science and Health, Part B, 47(3), 217-225.

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

Aguilar-Méndez, M. A., San Martin-Martinez, E., Ortega-Arroyo, L., Cobian-Portillo, G., &
Sanchez-Espindola, E. (2011). Synthesis and characterization of silver nanoparticles:
Effect on phytopathogen Colletotrichum gloesporioides. Journal of Nanoparticle Research,
13(6), 2525-2532.

Ali, M. A., Jiang, H., Mahal, N. K., Weber, R. J., Kumar, R., Castellano, M. J., et al. (2017).
Microfluidic impedimetric sensor for soil nitrate detection using graphene oxide and
conductive nanofibers enabled sensing interface. Sensors and Actuators B: Chemical,
239, 1289-1299.

Ali, S. M., Yousef, N. M., & Nafady, N. A. (2015). Application of biosynthesized silver nano-
particles for the control of land snail Eobania vermiculata and some plant pathogenic
fungi. Journal of Nanomaterials, 2015, 3.

Al-Othman, M. R., El-Aziz, A. R., Mahmoud, M. A., Eifan, S. A., EI-Shikh, M. S., & Majrashi, M.
(2014). Application of silver nanoparticles as antifungal and antiaflatoxin B1 produced by
Aspergillus flavus. Digest Journal of Nanomaterials and Biostructures, 9, 151-157.

Anand, R., & Kulothungan, S. (2014). Silver mediated bacterial nanoparticles as seed dressing
against crown rot pathogen of groundnut. Archives of Applied Science Research, 6, 109-113.

Anjali, C. H., Khan, S. S., Margulis-Goshen, K., Magdassi, S., Mukherjee, A., &
Chandrasekaran, N. (2010). Formulation of water-dispersible nanopermethrin for larvi-
cidal applications. Ecotoxicology and Environmental Safety, 73(8), 1932-1936.

Anjali, C. H., Sharma, Y., Mukherjee, A., & Chandrasekaran, N. (2012). Neem oil (Azadirachta
indica) nanoemulsion as potent larvicidal agent against Culex quinquefasciatus. Pest
Management Science, 68(2), 158—-163.

Antonacci, A., Arduini, F., Moscone, D., Palleschi, G., & Scognamiglio, V. (2018). Nanostruc-
tured (bio) sensors for smart agriculture. Trends in Analytical Chemistry, 98, 95-103,
[accepted manuscript].

Aravinthan, A., Govarthanan, M., Selvam, K., Praburaman, L., Selvankumar, T.,
Balamurugan, R., et al. (2015). Sunroot mediated synthesis and characterization of silver
nanoparticles and evaluation of its antibacterial and rat splenocyte cytotoxic effects.
International Journal of Nanomedicine, 10, 1977.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0010
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0010
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0010
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0015
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0015
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0015
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0020
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0020
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0020
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0025
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0025
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0025
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0025
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0025
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0030
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0030
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0030
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0030
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0035
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0035
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0035
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0040
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0040
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0040
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9800
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9800
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0045
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0045
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0045
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0050
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0050
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0050
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0055
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0055
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0055
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0060
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0060
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0060
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0060

18 Applications of nanotechnology in agriculture

Arora, S., Sharma, P., Kumar, S., Nayan, R., Khanna, P. K., & Zaidi, M. G. H. (2012). Gold-
nanoparticle induced enhancement in growth and seed yield of Brassica juncea. Plant
Growth Regulation, 66(3), 303-310.

Baker, S., Volova, T., Prudnikova, S. V., Satish, S., & Prasad, N. (2017). Nanoagroparticles
emerging trends and future prospect in modern agriculture system. Environmental
Toxicology and Pharmacology, 53, 10-17.

Bakhori, N. M., Yusof, N. A., Abdullah, A. H., & Hussein, M. Z. (2013). Development of
a fluorescence resonance energy transfer (fret)-based DNA biosensor for detection of
synthetic oligonucleotide of ganoderma boninense. Biosensors, 3(4), 419-428.

Bao-shan, L., Chun-hui, L., Li-jun, F., Shu-chun, Q., & Min, Y. (2004). Effect of TMS
(nanostructured silicon dioxide) on growth of Changbai larch seedlings. Journal of
Forestry Research, 15(2), 138-140.

Barik, T. K., Kamaraju, R., & Gowswami, A. (2012). Silica nanoparticle: A potential new
insecticide for mosquito vector control. Parasitology Research, 111(3), 1075-1083.
Bhagat, Y., Gangadhara, K., Rabinal, C., Chaudhari, G., & Ugale, P. (2015). Nanotechnology

in agriculture: A review. Journal of Pure and Applied Microbiology, 9, 737-7417.

Bohua, F., & Ziyong, Z. (2011). Carboxymethy chitosan grafted ricinoleic acid group for
nanopesticide carriers. Advanced Materials Research, 236-238, 1783—-1788.

Boro, R. C., Kaushal, J., Nangia, Y., Wangoo, N., Bhasin, A., & Suri, C. R. (2011). Gold
nanoparticles catalyzed chemiluminescence immunoassay for detection of herbicide 2,
4-dichlorophenoxyacetic acid. Analyst, 136(10), 2125-2130.

Brunel, F., El Gueddari, N. E., & Moerschbacher, B. M. (2013). Complexation of copper (II)
with chitosan nanogels: Toward control of microbial growth. Carbohydrate Polymers,
92(2), 1348-1356.

Burman, U., Saini, M., & Kumar, P. (2013). Effect of zinc oxide nanoparticles on growth and
antioxidant system of chickpea seedlings. Toxicological & Environmental Chemistry,
95(4), 605-612.

Cafias, J. E., Long, M., Nations, S., Vadan, R., Dai, L., Luo, M., et al. (2008). Effects of
functionalized and nonfunctionalized single-walled carbon nanotubes on root elongation
of select crop species. Environmental Toxicology and Chemistry, 27(9), 1922—-1931.

Cesarino, 1., Moraes, F. C., Lanza, M. R., & Machado, S. A. (2012). Electrochemical detection
of carbamate pesticides in fruit and vegetables with a biosensor based on acetyl-
cholinesterase immobilised on a composite of polyaniline—carbon nanotubes. Food
Chemistry, 135(3), 873-879.

Chen, H., & Yada, R. (2011). Nanotechnologies in agriculture: New tools for sustainable
development. Trends in Food Science & Technology, 22(11), 585-594.

Chhipa, H. (2017a). Nanofertilizers and nanopesticides for agriculture. Environmental
Chemistry Letters, 15(1), 15-22.

Chhipa, H. (2017b). Nanopesticide: Current status and future possibilities. Agricultural Re-
search & Technology: Open Access Journal, 5(1), 555651. https:/doi.org/10.19080/
ARTOAJ.2017.05.555651.

Chhipa, H. (2018). Mycosynthesis of nanoparticles for smart agricultural practice: A green
and eco-friendly approach. In A. K. Shukla & S. Iravani (Eds.), Green synthesis,
characterization and applications of nanoparticles (pp. 87-110). Netherlands: Elsevier
[In Press].

Chhipa, H., & Joshi, P. (2016). Nanofertilisers, nanopesticides and nanosensors in agriculture.
In nanoscience in food and agriculture 1 (pp. 247-282). Cham: Springer.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0065
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0065
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0065
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0070
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0070
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0070
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0075
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0075
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0075
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0080
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0080
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0085
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0085
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9905
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9905
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0090
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0090
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0090
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0095
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0095
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0095
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0100
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0100
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0100
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0105
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0105
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0105
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0110
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0110
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0110
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0110
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0115
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0115
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0120
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0120
https://doi.org/10.19080/ARTOAJ.2017.05.555651
https://doi.org/10.19080/ARTOAJ.2017.05.555651
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0130
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0130
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0130
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0130
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0135
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0135

References 19

Chookhongkha, N., Sopondilok, T., & Photchanachai, S. (2012). Effect of chitosan and
chitosan nanoparticles on fungal growth and chilli seed quality. In / international confer-
ence on postharvest pest and disease management in exporting horticultural crops-973
(pp- 231-237).

Cioffi, N., Ditaranto, N., Torsi, L., Picca, R. A., Sabbatini, L., Valentini, A., et al. (2005).
Analytical characterization of bioactive fluoropolymer ultra-thin coatings modified by
copper nanoparticles. Analytical and Bioanalytical Chemistry, 381(3), 607-616.

Dapkekar, A., Deshpande, P., Oak, M. D., Paknikar, K. M., & Rajwade, J. M. (2018). Zinc
use efficiency is enhanced in wheat through nanofertilization. Scientific Reports, 8(1), 6832.

de la Rosa, G., Lopez-Moreno, M. L., de Haro, D., Botez, C. E., Peralta-Videa, J. R., &
Gardea-Torresdey, J. L. (2013). Effects of ZnO nanoparticles in alfalfa, tomato, and
cucumber at the germination stage: Root development and X-ray absorption spectroscopy
studies. Pure and Applied Chemistry, 85(12), 2161-2174.

Dekkers, S., Krystek, P., Peters, R. J., Lankveld, D. P., Bokkers, B. G., van Hoeven-Arentzen,-
P. H., et al. (2011). Presence and risks of nanosilica in food products. Nanotoxicology,
5(3), 393-405.

Delfani, M., Baradarn Firouzabadi, M., Farrokhi, N., & Makarian, H. (2014). Some
physiological responses of black-eyed pea to iron and magnesium nanofertilizers.
Communications in Soil Science and Plant Analysis, 45(4), 530-540.

Deng, H. H., Hong, G. L., Lin, F. L., Liu, A. L., Xia, X. H., & Chen, W. (2016). Colorimetric
detection of urea, urease, and urease inhibitor based on the peroxidase-like activity of gold
nanoparticles. Analytica Chimica Acta, 915, 74-80.

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

DiMario, R. J., Clayton, H., Mukherjee, A., Ludwig, M., & Moroney, J. V. (2017). Plant
carbonic anhydrases: Structures, locations, evolution, and physiological roles. Molecular
Plant, 10(1), 30-46.

Dong, J., Fan, X., Qiao, F., Ai, S., & Xin, H. (2013). A novel protocol for ultra-trace detection
of pesticides: Combined electrochemical reduction of Ellman’s reagent with acetylcho-
linesterase inhibition. Analytica Chimica Acta, 761, 78-83.

Du, W., Sun, Y., Ji, R,, Zhu, J., Wu, J., & Guo, H. (2011). TiO2 and ZnO nanoparticles
negatively affect wheat growth and soil enzyme activities in agricultural soil. Journal
of Environmental Monitoring, 13(4), 822-828.

Dubas, S. T., & Pimpan, V. (2008). Humic acid assisted synthesis of silver nanoparticles and
its application to herbicide detection. Materials Letters, 62(17-18), 2661-2663.

Eichert, T., Kurtz, A., Steiner, U., & Goldbach, H. E. (2008). Size exclusion limits and
lateral heterogeneity of the stomatal foliar uptake pathway for aqueous solutes and
water-suspended nanoparticles. Physiologia Plantarum, 134(1), 151-160.

El-Bendary, H. M., & El-Helaly, A. A. (2013). First record nanotechnology in agricultural:
Silica nano-particles a potential new insecticide for pest control. Applied Science Reports,
4(3), 241-246.

El-Kereti, M. A., El-feky, S. A., Khater, M. S., Osman, Y. A., & El-sherbini, E. S. A. (2013).
ZnO nanofertilizer and He Ne laser irradiation for promoting growth and yield of sweet
basil plant. Recent Patents on Food, Nutrition & Agriculture, 5(3), 169—181.

Elmer, W. H., & White, J. C. (2016). The use of metallic oxide nanoparticles to enhance
growth of tomatoes and eggplants in disease infested soil or soilless medium. Environ-
mental Science: Nano, 3(5), 1072—-1079.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0140
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0140
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0140
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0140
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0145
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0145
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0145
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0150
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0150
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0155
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0155
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0155
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0155
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0160
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0160
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0160
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0165
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0165
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0165
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0170
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0170
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0170
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0175
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0175
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0180
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0180
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0180
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0185
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0185
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0185
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0190
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0190
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0190
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9500
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9500
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0195
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0195
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0195
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0200
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0200
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0200
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0205
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0205
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0205
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0210
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0210
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0210

-
20

Applications of nanotechnology in agriculture

El-Rahman, A. A., & Mohammad, T. G. M. (2013). Green synthesis of silver nanoparticle
using Eucalyptus globulus leaf extract and its antibacterial activity. Journal of Applied
Sciences Research, 9(10), 6437-6440.

Feizi, H., Moghaddam, P. R., Shahtahmassebi, N., & Fotovat, A. (2012). Impact of bulk
and nanosized titanium dioxide (TiO2) on wheat seed germination and seedling growth.
Biological Trace Element Research, 146(1), 101-106.

Fraceto, L. F., Grillo, R., de Medeiros, G. A., Scognamiglio, V., Rea, G., & Bartolucci, C.
(2016). Nanotechnology in agriculture: Which innovation potential does it have? Frontiers
in Environmental Science, 4, 20.

Gajbhiye, M., Kesharwani, J., Ingle, A., Gade, A., & Rai, M. (2009). Fungus-mediated syn-
thesis of silver nanoparticles and their activity against pathogenic fungi in combination
with fluconazole. Nanomedicine: Nanotechnology, Biology and Medicine, 5(4), 382-386.

Ghafariyan, M. H., Malakouti, M. J., Dadpour, M. R., Stroeve, P., & Mahmoudi, M. (2013).
Effects of magnetite nanoparticles on soybean chlorophyll. Environmental Science &
Technology, 47(18), 10645-10652.

Ghodake, G., Seo, Y. D., Park, D., & Lee, D. S. (2010). Phytotoxicity of carbon nanotubes
assessed by Brassica juncea and Phaseolus mungo. Journal of Nanoelectronics and
Optoelectronics, 5(2), 157-160.

Giannousi, K., Avramidis, I., & Dendrinou-Samara, C. (2013). Synthesis, characterization and
evaluation of copper based nanoparticles as agrochemicals against Phytophthora infestans.
RSC Advances, 3(44), 21743-21752.

Gopinath, K., Gowri, S., Karthika, V., & Arumugam, A. (2014). Green synthesis of gold
nanoparticles from fruit extract of Terminalia arjuna, for the enhanced seed germination
activity of Gloriosa superba. Journal of Nanostructure in Chemistry, 4(3), 115.

Grillo, R., Pereira, A. E., Nishisaka, C. S., de Lima, R., Oehlke, K., Greiner, R., et al. (2014).
Chitosan/tripolyphosphate nanoparticles loaded with paraquat herbicide: An environ-
mentally safer alternative for weed control. Journal of Hazardous Materials, 278, 163—171.

Gruyer, N., Dorais, M., Bastien, C., Dassylva, N., & Triffault-Bouchet, G. (2013). Interaction
between silver nanoparticles and plant growth. In International symposium on new tech-
nologies for environment control, energy-saving and crop production in greenhouse and
plant 1037 (pp. 795-800).

Hafez, E. E., Hassan, H. S., Elkady, M., & Salama, E. (2014). Assessment of antibacterial
activity for synthesized zinc oxide nanorods against plant pathogenic strains. International
Journal of Scientific & Technology Research, 3(9), 318-324.

He, L., Liu, Y., Mustapha, A., & Lin, M. (2011). Antifungal activity of zinc oxide nanopar-
ticles against Botrytis cinerea and Penicillium expansum. Microbiological Research,
166(3), 207-215.

Jain, N., Bhargava, A., Tarafdar, J. C., Singh, S. K., & Panwar, J. (2013). A biomimetic
approach towards synthesis of zinc oxide nanoparticles. Applied Microbiology and
Biotechnology, 97(2), 859-869.

Janmohammadi, M., Amanzadeh, T., Sabaghnia, N., & Dashti, S. (2016). Impact of foliar
application of nano micronutrient fertilizers and titanium dioxide nanoparticles on the
growth and yield components of barley under supplemental irrigation. Acta Agriculturae
Slovenica, 107(2), 265-276.

Jayaseelan, C., Rahuman, A. A., Kirthi, A. V., Marimuthu, S., Santhoshkumar, T.,
Bagavan, A, et al. (2012). Novel microbial route to synthesize ZnO nanoparticles using
Aeromonas hydrophila and their activity against pathogenic bacteria and fungi. Spectro-
chimica Acta Part A: Molecular and Biomolecular Spectroscopy, 90, 78-84.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0215
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0215
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0215
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0220
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0220
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0220
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0225
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0225
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0225
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0230
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0230
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0230
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0235
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0235
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0235
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0240
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0240
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0240
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0245
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0245
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0245
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0250
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0250
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0250
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0255
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0255
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0255
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0260
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0260
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0260
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0260
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0265
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0265
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0265
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0270
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0270
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0270
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0275
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0275
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0275
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0280
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0280
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0280
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0280
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0285
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0285
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0285
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0285

References 21

Jerobin, J., Sureshkumar, R. S., Anjali, C. H., Mukherjee, A., & Chandrasekaran, N. (2012).
Biodegradable polymer based encapsulation of neem oil nanoemulsion for controlled
release of Aza-A. Carbohydrate Polymers, 90(4), 1750-1756.

Jia, G., Wang, H., Yan, L., Wang, X., Pei, R., Yan, T., et al. (2005). Cytotoxicity of carbon
nanomaterials: Single-wall nanotube, multi-wall nanotube, and fullerene. Environmental
Science & Technology, 39(5), 1378-1383.

Jiang, L. C., Basri, M., Omar, D., Rahman, M. B. A., Salleh, A. B., Rahman, R. N. Z. R. A.,
et al. (2012). Green nano-emulsion intervention for water-soluble glyphosate isopropyla-
mine (IPA) formulations in controlling Eleusine indica (E. Indica). Pesticide Biochemistry
and Physiology, 102(1), 19-29.

Jo,Y.K.,Kim, B. H., & Jung, G. (2009). Antifungal activity of silver ions and nanoparticles on
phytopathogenic fungi. Plant Disease, 93(10), 1037-1043.

Kang, T. F., Wang, F., Lu, L. P., Zhang, Y., & Liu, T. S. (2010). Methyl parathion sensors
based on gold nanoparticles and Nafion film modified glassy carbon electrodes. Sensors
and Actuators B: Chemical, 145(1), 104-109.

Kanhed, P., Birla, S., Gaikwad, S., Gade, A., Seabra, A. B., Rubilar, O., et al. (2014). In vitro
antifungal efficacy of copper nanoparticles against selected crop pathogenic fungi.
Materials Letters, 115, 13—17.

Kasprowicz, M. J., Koziol, M., & Gorczyca, A. (2010). The effect of silver nanoparticles on
phytopathogenic spores of Fusarium culmorum. Canadian Journal of Microbiology,
56(3), 247-253.

Katouzian, L., & Jafari, S. M. (2016). Nano-encapsulation as a promising approach for targeted
delivery and controlled release of vitamins. Trends in Food Science & Technology, 53,
34-48.

Kaushik, P., Shakil, N. A., Kumar, J., Singh, M. K., Singh, M. K., & Yadav, S. K. (2013).
Development of controlled release formulations of thiram employing amphiphilic polymers
and their bioefficacy evaluation in seed quality enhancement studies. Journal of Environ-
mental Science and Health. Part B, 48(8), 677-685.

Khadri, H., Alzohairy, M., Janardhan, A., Kumar, A. P., & Narasimha, G. (2013). Green
synthesis of silver nanoparticles with high fungicidal activity from olive seed extract.
Advances in Nanoparticles, 2(03), 241.

Khan, M. R., & Rizvi, T. F. (2014). Nanotechnology: Scope and application in plant disease
management. Plant Pathology Journal, 13(3), 214-231.

Khodakovskaya, M., Dervishi, E., Mahmood, M., Xu, Y., Li, Z., Watanabe, F., et al. (2009).
Carbon nanotubes are able to penetrate plant seed coat and dramatically affect seed
germination and plant growth. ACS Nano, 3(10), 3221-3227.

Khodakovskaya, M. V., Kim, B. S., Kim, J. N., Alimohammadi, M., Dervishi, E., Mustafa, T.,
et al. (2013). Carbon nanotubes as plant growth regulators: Effects on tomato growth,
reproductive system, and soil microbial community. Small, 9(1), 115-123.

Kim, J. S., Kuk, E., Yu, K. N., Kim, J. H., Park, S. J., Lee, H. J., et al. (2007). Antimicrobial
effects of silver nanoparticles. Nanomedicine: Nanotechnology, Biology and Medicine,
3(1), 95-101.

Kookana, R. S., Boxall, A. B., Reeves, P. T., Ashauer, R., Beulke, S., Chaudhry, Q., et al.
(2014). Nanopesticides: Guiding principles for regulatory evaluation of environmental
risks. Journal of Agricultural and Food Chemistry, 62(19), 4227-4240.

Kottegoda, N., Sandaruwan, C., Priyadarshana, G., Siriwardhana, A., Rathnayake, U. A.,
Berugoda Arachchige, D. M., et al. (2017). Urea-hydroxyapatite nanohybrids for slow
release of nitrogen. ACS Nano, 11(2), 1214-1221.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0290
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0290
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0290
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0295
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0295
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0295
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0300
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0300
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0300
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0300
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0305
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0305
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0310
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0310
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0310
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0315
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0315
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0315
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0320
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0320
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0320
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0325
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0325
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0325
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0330
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0330
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0330
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0330
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0335
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0335
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0335
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0340
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0340
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0345
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0345
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0345
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0350
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0350
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0350
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0355
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0355
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0355
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0360
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0360
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0360
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0365
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0365
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0365

-
22

Applications of nanotechnology in agriculture

Lahiani, M. H., Dervishi, E., Chen, J., Nima, Z., Gaume, A., Biris, A. S., et al. (2013).
Impact of carbon nanotube exposure to seeds of valuable crops. ACS Applied Materials &
Interfaces, 5(16), 7965-7973.

Lai, F., Wissing, S. A., Miiller, R. H., & Fadda, A. M. (2006). Artemisia arborescens
L essential oil-loaded solid lipid nanoparticles for potential agricultural application:
Preparation and characterization. AAPS PharmSciTech, 7(1), E10.

Latef, A. A. H. A., Alhmad, M. F. A., & Abdelfattah, K. E. (2017). The possible roles of prim-
ing with zno nanoparticles in mitigation of salinity stress in lupine (Lupinus termis) plants.
Journal of Plant Growth Regulation, 36(1), 60-70.

Lee, W.M., An, Y.J., Yoon, H., & Kweon, H. S. (2008). Toxicity and bioavailability of copper
nanoparticles to the terrestrial plants mung bean (Phaseolus radiatus) and wheat (Triticum
aestivum): Plant agar test for water-insoluble nanoparticles. Environmental Toxicology
and Chemistry, 27(9), 1915-1921.

Lei, Z., Mingyu, S., Xiao, W., Chao, L., Chunxiang, Q., Liang, C., et al. (2008). Antioxidant
stress is promoted by nano-anatase in spinach chloroplasts under UV-B radiation. Biolog-
ical Trace Element Research, 121(1), 69-79.

Li, J., Chang, P. R., Huang, J., Wang, Y., Yuan, H., & Ren, H. (2013). Physiological effects of
magnetic iron oxide nanoparticles towards watermelon. Journal of Nanoscience and
Nanotechnology, 13(8), 5561-5567.

Lim, C. J., Basri, M., Omar, D., Abdul Rahman, M. B., Salleh, A. B., & Raja Abdul
Rahman, R. N. Z. (2013). Green nanoemulsion-laden glyphosate isopropylamine formula-
tion in suppressing creeping foxglove (A. gangetica), slender button weed (D. ocimifolia)
and buffalo grass (P. conjugatum). Pest Management Science, 69(1), 104—111.

Lin, H. Y., Huang, C. H., Lu, S. H., Kuo, I. T., & Chau, L. K. (2014). Direct detection of orchid
viruses using nanorod-based fiber optic particle plasmon resonance immunosensor.
Biosensors and Bioelectronics, 51, 371-378.

Lin, D., & Xing, B. (2007). Phytotoxicity of nanoparticles: Inhibition of seed germination and
root growth. Environmental Pollution, 150(2), 243-250.

Liu, D., Chen, W., Wei, J., Li, X., Wang, Z., & Jiang, X. (2012). A highly sensitive, dual-
readout assay based on gold nanoparticles for organophosphorus and carbamate pesticides.
Analytical Chemistry, 84(9), 4185-4191.

Liu, R., & Lal, R. (2014). Synthetic apatite nanoparticles as a phosphorus fertilizer for soybean
(Glycine max). Scientific Reports, 4, 5686.

Liu, X., Zhang, F., Zhang, S., He, X., Wang, R., Fei, Z., et al. (2005). Responses of peanut to
nano-calcium carbonate. Plant Nutrition and Fertitizer Science, 11(3), 385-389.

Loha, K. M., Shakil, N. A., Kumar, J., Singh, M. K., Adak, T., & Jain, S. (2011). Release
kinetics of B-cyfluthrin from its encapsulated formulations in water. Journal of Environ-
mental Science and Health. Part B, 46(3), 201-206.

Lu, C.,, Zhang, C., Wen, J., Wu, G., & Tao, M. (2002). Research of the effect of nanometer
materials on germination and growth enhancement of glycine max and its mechanism.
Soybean Science, 21(3), 168—171.

Luo, M., Liu, D., Zhao, L., Han, J., Liang, Y., Wang, P., et al. (2014). A novel magnetic ionic
liquid modified carbon nanotube for the simultaneous determination of aryloxyphenoxy-
propionate herbicides and their metabolites in water. Analytica Chimica Acta, 852, 88-96.

Ma, J.,Liu,J., & Zhang, Z. M. (2009). Application study of carbon nano-fertilizer on growth of
winter wheat. Humic Acid, 2, 14-20.

Mahajan, P., Dhoke, S. K., & Khanna, A. S. (2011). Effect of nano-ZnO particle suspension on
growth of mung (Vigna radiata) and gram (Cicer arietinum) seedlings using plant agar
method. Journal of Nanotechnology, 2011, 1-7.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0370
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0370
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0370
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0375
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0375
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0375
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0375
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0380
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0380
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0380
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0385
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0385
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0385
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0385
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0390
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0390
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0390
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0395
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0395
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0395
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0400
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0400
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0400
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0400
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0405
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0405
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0405
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0410
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0410
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0415
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0415
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0415
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0420
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0420
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0425
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0425
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0430
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0430
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0430
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0430
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0435
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0435
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0435
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0440
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0440
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0440
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0445
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0445
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0450
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0450
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0450

References 23

Malekian, R., Abedi-Koupai, J., & Eslamian, S. S. (2011). Influences of clinoptilolite and
surfactant-modified clinoptilolite zeolite on nitrate leaching and plant growth. Journal
of Hazardous Materials, 185(2-3), 970-976.

McKee, M. S., & Filser, J. (2016). Impacts of metal-based engineered nanomaterials on soil
communities. Environmental Science: Nano, 3(3), 506-533.

Min, J. S., Kim, K. S., Kim, S. W., Jung, J. H., Lamsal, K., Kim, S. B, et al. (2009). Effects
of colloidal silver nanoparticles on sclerotium-forming phytopathogenic fungi. The Plant
Pathology Journal, 25(4), 376-380.

Mishra, S., Singh, A., Keswani, C., & Singh, H. B. (2014). Nanotechnology: Exploring
potential application in agriculture and its opportunities and constraints. Biotechnology
Today, 4(1), 9—-14.

Mochizuki, H., Gautam, P. K., Sinha, S., & Kumar, S. (2009). Increasing fertilizer and
pesticide use efficiency by nanotechnology in desert afforestation, arid agriculture.
Journal of Arid Land Studies, 19, 129-132.

Mondal, A., Basu, R., Das, S., & Nandy, P. (2011). Beneficial role of carbon nanotubes on
mustard plant growth: An agricultural prospect. Journal of Nanoparticle Research,
13(10), 4519.

Mondal, K. K., & Mani, C. (2012). Investigation of the antibacterial properties of nanocopper
against Xanthomonas axonopodis pv. punicae, the incitant of pomegranate bacterial blight.
Annals of Microbiology, 62(2), 889-893.

Morsy, M. K., Khalaf, H. H., Sharoba, A. M., El-Tanahi, H. H., & Cutter, C. N. (2014).
Incorporation of essential oils and nanoparticles in pullulan films to control foodborne
pathogens on meat and poultry products. Journal of Food Science, 79(4), M675-M684.

Mura, S., Greppi, G., Roggero, P. P., Musu, E., Pittalis, D., Carletti, A., et al. (2015).
Functionalized gold nanoparticles for the detection of nitrates in water. International
Journal of Environmental Science and Technology, 12(3), 1021-1028.

Musarrat, J., Dwivedi, S., Singh, B. R., Al-Khedhairy, A. A., Azam, A., & Naqvi, A. (2010).
Production of antimicrobial silver nanoparticles in water extracts of the fungus
Amylomyces rouxii strain KSU-09. Bioresource Technology, 101(22), 8772-8776.

Nekrasova, G. F., Ushakova, O. S., Ermakov, A. E., Uimin, M. A., & Byzov, L. V. (2011).
Effects of copper (II) ions and copper oxide nanoparticles on Elodea densa Planch.
Russian Journal of Ecology, 42(6), 458.

Ocsoy, L., Paret, M. L., Ocsoy, M. A., Kunwar, S., Chen, T., You, M., et al. (2013). Nanotech-
nology in plant disease management: DNA-directed silver nanoparticles on graphene
oxide as an antibacterial against Xanthomonas perforans. ACS Nano, 7(10), 8972-8980.

Ouda, S. M. (2014). Antifungal activity of silver and copper nanoparticles on two plant
pathogens, Alternaria alternata and Botrytis cinerea. Research Journal of Microbiology,
9(1), 34-42.

Pan, P., Miao, Z., Yanhua, L., Linan, Z., Haiyan, R., Pan, K., et al. (2016). Preparation and
evaluation of a stable solid state ion selective electrode of polypyrrole/electrochemically
reduced graphene/glassy carbon substrate for soil nitrate sensing. International Journal of
Electrochemical Science, 11, 4779-4793.

Pankaj, Shakil, N. A., Kumar, J., Singh, M. K., & Singh, K. (2012). Bioefficacy evaluation of
controlled release formulations based on amphiphilic nano-polymer of carbofuran against
Meloidogyne incognita infecting tomato. Journal of Environmental Science and Health,
Part B, 47(6), 520-528.

Paret, M. L., Palmateer, A. J., & Knox, G. W. (2013). Evaluation of a light-activated
nanoparticle formulation of titanium dioxide with zinc for management of bacterial leaf
spot on rosa ‘Noare’. Hortscience, 48(2), 189-192.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0455
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0455
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0455
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0460
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0460
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0465
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0465
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0465
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0470
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0470
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0470
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0475
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0475
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0475
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0480
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0480
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0480
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0485
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0485
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0485
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0490
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0490
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0490
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0495
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0495
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0495
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0500
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0500
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0500
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9870
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9870
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9870
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0505
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0505
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0505
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0510
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0510
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0510
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0515
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0515
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0515
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0515
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0520
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0520
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0520
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0520
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0525
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0525
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0525

-
24

Applications of nanotechnology in agriculture

Paret, M. L., Vallad, G. E., Averett, D. R., Jones, J. B., & Olson, S. M. (2013). Photocatalysis:
Effect of light-activated nanoscale formulations of TiO2 on Xanthomonas perforans and
control of bacterial spot of tomato. Phytopathology, 103(3), 228-236.

Parizi, M. A., Moradpour, Y., Roostaei, A., Khani, M., Negahdari, M., & Rahimi, G. (2014).
Evaluation of the antifungal effect of magnesium oxide nanoparticles on Fusarium
oxysporum F. Sp. lycopersici, pathogenic agent of tomato. European Journal of Experi-
mental Biology, 4(3), 151-156.

Park, H. J., Kim, S. H., Kim, H. J., & Choi, S. H. (2006). A new composition of nanosized
silica-silver for control of various plant diseases. The plant pathology journal, 22(3),
295-302.

Paulkumar, K., Gnanajobitha, G., Vanaja, M., Rajeshkumar, S., Malarkodi, C., Pandian, K.,
et al. (2014). Piper nigrum leaf and stem assisted green synthesis of silver nanoparticles
and evaluation of its antibacterial activity against agricultural plant pathogens. The
Scientific World Journal, 2014, 1-9.

Pereira, A. E., Grillo, R., Mello, N. F., Rosa, A. H., & Fraceto, L. F. (2014). Application of
poly (epsilon-caprolactone) nanoparticles containing atrazine herbicide as an alternative
technique to control weeds and reduce damage to the environment. Journal of Hazardous
Materials, 268, 207-215.

Pradhan, S., Patra, P., Mitra, S., Dey, K. K., Jain, S., Sarkar, S., et al. (2014). Manganese nano-
particles: Impact on non-nodulated plant as a potent enhancer in nitrogen metabolism and
toxicity study both in vivo and in vitro. Journal of Agricultural and Food Chemistry,
62(35), 8777-8785.

Prasad, R., Bhattacharyya, A., & Nguyen, Q. D. (2017). Nanotechnology in sustainable
agriculture: Recent developments, challenges, and perspectives. Frontiers in Microbiol-
ogy, 8, 1014.

Prasad, B. B., Jauhari, D., & Tiwari, M. P. (2014). Doubly imprinted polymer nanofilm-
modified electrochemical sensor for ultra-trace simultaneous analysis of glyphosate and
glufosinate. Biosensors and Bioelectronics, 59, 81-88.

Prasad, T. N. V. K. V., Sudhakar, P., Sreenivasulu, Y., Latha, P., Munaswamy, V.,
Reddy, K. R., et al. (2012). Effect of nanoscale zinc oxide particles on the germination,
growth and yield of peanut. Journal of Plant Nutrition, 35(6), 905-927.

Priester, J. H., Ge, Y., Mielke, R. E., Horst, A. M., Moritz, S. C., Espinosa, K., et al. (2012).
Soybean susceptibility to manufactured nanomaterials with evidence for food quality and
soil fertility interruption. Proceedings of the National Academy of Sciences of the United
States of America, 109(37), E2451-E2456.

Qian, K., Shi, T., Tang, T., Zhang, S., Liu, X., & Cao, Y. (2011). Preparation and charac-
terization of nano-sized calcium carbonate as controlled release pesticide carrier for
validamycin against Rhizoctonia solani. Microchimica Acta, 173(1-2), 51-57.

Rabab, M. A. E., & El-Shafey, R. A. S. (2013). Inhibition effects of silver nanoparticles against
rice blast disease caused by Magnaporthe grisea. The Egyptian Journal of Agricultural
Research, 91, 1271-1283.

Raliya, R., Biswas, P., & Tarafdar, J. C. (2015). TiO2 nanoparticle biosynthesis and its
physiological effect on mung bean (Vigna radiata L.). Biotechnology Reports, 5, 22-26.

Raliya, R., Nair, R., Chavalmane, S., Wang, W. N., & Biswas, P. (2015). Mechanistic evaluation
of translocation and physiological impact of titanium dioxide and zinc oxide nanoparticles
on the tomato (Solanum lycopersicum L.) plant. Metallomics, 7(12), 1584-1594.

Raliya, R., & Tarafdar, J. C. (2013). ZnO nanoparticle biosynthesis and its effect on
phosphorous-mobilizing enzyme secretion and gum contents in Clusterbean (Cyamopsis
tetragonoloba L.). Agricultural Research, 2(1), 48-57.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0530
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0530
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0530
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0535
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0535
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0535
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0535
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0540
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0540
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0540
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0545
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0545
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0545
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0545
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0550
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0550
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0550
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0550
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0555
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0555
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0555
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0555
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0560
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0560
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0560
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0565
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0565
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0565
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0570
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0570
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0570
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0575
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0575
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0575
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0575
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0580
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0580
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0580
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0585
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0585
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0585
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0590
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0590
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0595
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0595
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0595
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0600
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0600
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0600

References 25

Ramesh, M., Palanisamy, K., Babu, K., & Sharma, N. K. (2014). Effects of bulk & nano-
titanium dioxide and zinc oxide on physio-morphological changes in Triticum aestivum
Linn. Journal of Global Biosciences, 3, 415-422.

Rane, M., Bawskar, M., Rathod, D., Nagaonkar, D., & Rai, M. (2015). Influence of
calcium phosphate nanoparticles, piriformospora indica and Glomus mosseae on growth
of Zea mays. Advances in Natural Sciences: Nanoscience and Nanotechnology, 6(4),
045014.

Raskar, S. V., & Laware, S. L. (2014). Effect of zinc oxide nanoparticles on cytology and
seed germination in onion. International Journal of Current Microbiology and Applied
Sciences, 3(2), 467-473.

Ren, H. X., Liu, L., Liu, C., He, S. Y., Huang, J., Li, J. L., et al. (2011). Physiological
investigation of magnetic iron oxide nanoparticles towards chinese mung bean. Journal
of Biomedical Nanotechnology, 7(5), 677-684.

Rezvani, N., Sorooshzadeh, A., & Farhadi, N. (2012). Effect of nano-silver on growth of
saffron in flooding stress. World Academy of Science, Engineering and Technology,
6(1), 517-522.

Rizwan, M., Ali, S., Qayyum, M. F., Ok, Y. S., Adrees, M., Ibrahim, M., et al. (2017). Effect of
metal and metal oxide nanoparticles on growth and physiology of globally important food
crops: A critical review. Journal of Hazardous Materials, 322, 2—-16.

Safarpour, H., Safarnejad, M. R., Tabatabaei, M., Mohsenifar, A., et al. (2012). Development
of a quantum dots FRET-based biosensor for efficient detection of Polymyxa betae.
Canadian Journal of Plant Pathology, 34, 507-515.

Saharan, V., Mehrotra, A., Khatik, R., Rawal, P., Sharma, S. S., & Pal, A. (2013). Synthesis of
chitosan based nanoparticles and their in vitro evaluation against phytopathogenic fungi.
International Journal of Biological Macromolecules, 62, 677-683.

Salama, H. M. (2012). Effects of silver nanoparticles in some crop plants, common bean
(Phaseolus vulgaris L.) and corn (Zea mays L.). International Research Journal of
Biotechnology, 3(10), 190-197.

Sarkar, D. J., Kumar, J., Shakil, N. A., & Walia, S. (2012). Release kinetics of controlled
release formulations of thiamethoxam employing nano-ranged amphiphilic PEG and
diacid based block polymers in soil. Journal of Environmental Science and Health, Part
A, 47(11), 1701-1712.

Savithramma, N., Ankanna, S., & Bhumi, G. (2012). Effect of nanoparticles on seed
germination and seedling growth of Boswellia ovalifoliolata an endemic and endangered
medicinal tree taxon. Nano Vision, 2(1), 2.

Scognamiglio, V. (2013). Nanotechnology in glucose monitoring: Advances and challenges in
the last 10 years. Biosensors and Bioelectronics, 47, 12-25.

Sedghi, M., Hadi, M., & Toluie, S. G. (2013). Effect of nano zinc oxide on the germination
parameters of soybean seeds under drought stress. Annales of West University of Timisoara
Series of Biology, 16(2), 73.

Seo, Y. C., Cho,J. S.,Jeong, H. Y., Yim, T. B., Cho, K. S., Lee, T. W., et al. (2011). Enhance-
ment of antifungal activity of anthracnose in pepper by nanopaticles of thiamine di-lauryl
sulfate. The Korean Journal of Medicinal Crop Science, 19(3), 198-204.

Shah, V., & Belozerova, I. (2009). Influence of metal nanoparticles on the soil microbial com-
munity and germination of lettuce seeds. Water, Air, and Soil Pollution, 197(1-4),
143-148.

Sharma, S., Kooner, R., & Arora, R. (2017). Insect pests and crop losses. In R. Arora &
S. Sandhu (Eds.), Breeding Insect Resistant Crops for Sustainable Agriculture.
Singapore: Springer.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0605
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0605
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0605
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0610
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0610
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0610
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0610
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0615
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0615
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0615
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0620
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0620
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0620
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0625
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0625
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0625
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0630
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0630
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0630
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0635
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0635
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0635
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0640
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0640
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0640
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0645
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0645
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0645
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0645
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0650
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0650
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0650
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0655
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0655
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0660
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0660
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0660
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0665
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0665
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0665
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9950
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9950
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9950
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9955
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9955
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9955

26

Applications of nanotechnology in agriculture

Sharma, P., Bhatt, D., Zaidi, M. G. H., Saradhi, P. P., Khanna, P. K., & Arora, S. (2012). Silver
nanoparticle-mediated enhancement in growth and antioxidant status of Brassica juncea.
Applied Biochemistry and Biotechnology, 167(8), 2225-2233.

Shi, H., Zhao, G., Liu, M., Fan, L., & Cao, T. (2013). Aptamer-based colorimetric sensing of
acetamiprid in soil samples: Sensitivity, selectivity and mechanism. Journal of hazardous
materials, 260, 754-761.

Siddiquee, S., Rovina, K., Yusof, N. A., Rodrigues, K. F., & Suryani, S. (2014). Nanoparticle-
enhanced electrochemical biosensor with DNA immobilization and hybridization of
Trichoderma harzianum gene. Sensing and Bio-Sensing Research, 2, 16-22.

Singh, A., Singh, N. B., Hussain, I., Singh, H., Yadav, V., & Singh, S. C. (2016). Green
synthesis of nano zinc oxide and evaluation of its impact on germination and metabolic
activity of Solanum lycopersicum. Journal of Biotechnology, 233, 84-94.

Sodano, V., & Verneau, F. (2014). Competition policy and food sector in the European Union.
Journal of International Food & Agribusiness Marketing, 26(3), 155-172.

Solanki, P., Bhargava, A., Chhipa, H., Jain, N., & Panwar, J. (2015). Nano-fertilizers and their
smart delivery system. In Nanotechnologies in food and agriculture (pp. 81-101). Cham:
Springer.

Song, G., Gao, Y., Wu, H., Hou, W., Zhang, C., & Ma, H. (2012). Physiological effect of
anatase TiO2 nanoparticles on Lemna minor. Environmental Toxicology and Chemistry,
31(9), 2147-2152.

Sturikova, H., Krystofova, O., Huska, D., & Adam, V. (2018). Zinc, zinc nanoparticles and
plants. Journal of Hazardous Materials, 349, 101-110.

Su, M., Liu, H., Liu, C., Qu, C., Zheng, L., & Hong, F. (2009). Promotion of nano-anatase
TiO2 on the spectral responses and photochemical activities of D1/D2/Cyt b559 complex
of spinach. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy,
72(5), 1112—-1116.

Subbaiah, L. V., Prasad, T. N. V. K. V., Krishna, T. G., Sudhakar, P., Reddy, B. R., &
Pradeep, T. (2016). Novel effects of nanoparticulate delivery of zinc on growth, produc-
tivity, and zinc biofortification in maize (Zea mays L.). Journal of Agricultural and Food
Chemistry, 64(19), 3778-3788.

Suriyaprabha, R., Karunakaran, G., Yuvakkumar, R., Prabu, P., Rajendran, V., & Kannan, N.
(2012). Growth and physiological responses of maize (Zea mays L.) to porous silica nano-
particles in soil. Journal of Nanoparticle Research, 14(12), 1294.

Suriyaprabha, R., Karunakaran, G., Yuvakkumar, R., Rajendran, V., & Kannan, N. (2012).
Silica nanoparticles for increased silica availability in maize (Zea mays. L) seeds under
hydroponic conditions. Current Nanoscience, 8(6), 902-908.

Talarico, D., Arduini, F., Amine, A., Cacciotti, I., Moscone, D., & Palleschi, G. (2016).
Screen-printed electrode modified with carbon black and chitosan: A novel platform
for acetylcholinesterase biosensor development. Analytical and Bioanalytical Chemistry,
408(26), 7299-7309.

Tarafdar, J. C., Raliya, R., Mahawar, H., & Rathore, 1. (2014). Development of zinc nanofer-
tilizer to enhance crop production in pearl millet (Pennisetum americanum). Agricultural
Research, 3(3), 257-262.

Taran, N. Y., Gonchar, O. M., Lopatko, K. G., Batsmanova, L. M., Patyka, M. V., &
Volkogon, M. V. (2014). The effect of colloidal solution of molybdenum nanoparticles
on the microbial composition in rhizosphere of Cicer arietinum L. Nanoscale Research
Letters, 9(1), 289.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0670
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0670
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0670
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0675
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0675
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0675
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0680
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0680
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0680
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0685
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0685
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0685
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0690
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0690
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0695
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0695
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0695
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0700
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0700
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0700
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0705
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0705
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0710
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0710
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0710
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0710
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0715
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0715
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0715
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0715
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0720
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0720
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0720
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0725
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0725
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0725
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0730
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0730
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0730
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0730
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0735
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0735
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0735
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0740
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0740
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0740
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0740

References 27

Tiwari, D. K., Dasgupta-Schubert, N., Cendejas, L. V., Villegas, J., Montoya, L. C., &
Garcia, S. B. (2014). Interfacing carbon nanotubes (CNT) with plants: Enhancement of
growth, water and ionic nutrient uptake in maize (Zea mays) and implications for nanoa-
griculture. Applied Nanoscience, 4(5), 577-591.

Tripathi, S., Sonkar, S. K., & Sarkar, S. (2011). Growth stimulation of gram (Cicer arietinum)
plant by water soluble carbon nanotubes. Nanoscale, 3(3), 1176-1181.

Wang, X., Han, H., Liu, X., Gu, X., Chen, K., & Lu, D. (2012). Multi-walled carbon nanotubes
can enhance root elongation of wheat (Triticum aestivum) plants. Journal of Nanoparticle
Research, 14(6), 841.

Wang, S. L., & Nguyen, A. D. (2018). Effects of Zn/B nanofertilizer on biophysical character-
istics and growth of coffee seedlings in a greenhouse. Research on Chemical Intermediates,
44(8), 1-13.

Wang, W. N., Tarafdar, J. C., & Biswas, P. (2013). Nanoparticle synthesis and delivery by an
aerosol route for watermelon plant foliar uptake. Journal of Nanoparticle Research, 15(1),
1417.

Wani, A. H., & Shah, M. A. (2012). A unique and profound effect of MgO and ZnO nanoparticles
on some plant pathogenic fungi. Journal of Applied Pharmaceutical Science, 2(3), 4.

Wu, M. Y. (2013). Effects of incorporation of nano-carbon into slow-released fertilizer on rice
yield and nitrogen loss in surface water of paddy soil. In Intelligent system design and engi-
neering applications (ISDEA), (2013) third international conference on (pp. 676-681). IEEE,
January.

Xu, J., Fan, Q. J., Yin, Z. Q., Li, X. T., Du, Y. H., Jia, R. Y., et al. (2010). The preparation of
neem oil microemulsion (Azadirachta indica) and the comparison of acaricidal time
between neem oil microemulsion and other formulations in vitro. Veterinary Parasitology,
169(3—-4), 399-403.

Xu,J.,Luo, X., Wang, Y., & Feng, Y. (2018). Evaluation of zinc oxide nanoparticles on lettuce
(Lactuca sativa L.) growth and soil bacterial community. Environmental Science and
Pollution Research, 25(6), 6026-6035.

Yang, F. L., Li, X. G., Zhu, F., & Lei, C. L. (2009). Structural characterization of nanoparticles
loaded with garlic essential oil and their insecticidal activity against Tribolium castaneum
(Herbst)(Coleoptera: Tenebrionidae). Journal of Agricultural and Food Chemistry,
57(21), 10156-10162.

Yang, R., Zhou, Z., Sun, G., Gao, Y., Xu, J., Strappe, P., et al. (2015). Synthesis of homoge-
neous protein-stabilized rutin nanodispersions by reversible assembly of soybean (Glycine
max) seed ferritin. RSC Advances, 5(40), 31533-31540.

Yao, K. S., Li, S. J,, Tzeng, K. C., Cheng, T. C., Chang, C. Y., Chiu, C. Y., et al. (2009).
Fluorescence silica nanoprobe as a biomarker for rapid detection of plant pathogens.
Advanced materials research: Vol. 79 (pp. 513-516). Trans Tech Publications.

Yin, Y. H,, Guo, Q. M., Han, Y., Wang, L. J., & Wan, S. Q. (2012). Preparation, character-
ization and nematicidal activity of lansiumamide B nano-capsules. Journal of Integrative
Agriculture, 11(7), 1151-1158.

Yu, Z., Sun, X., Song, H., Wang, W., Ye, Z., Shi, L., et al. (2015). Glutathione-responsive
carboxymethyl chitosan nanoparticles for controlled release of herbicides. Materials
Sciences and Applications, 6(06), 591.

Yu, Z., Zhao, G., Liu, M., Lei, Y., & Li, M. (2010). Fabrication of a novel atrazine biosensor
and its subpart-per-trillion levels sensitive performance. Environmental Science & Tech-
nology, 44(20), 7878-7883.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0745
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0745
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0745
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0745
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0750
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0750
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0755
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0755
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0755
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0760
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0760
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0760
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0765
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0765
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0765
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0770
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0770
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0775
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0780
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0780
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0780
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0780
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0785
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0785
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0785
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0790
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0790
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0790
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0790
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0795
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0795
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0795
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0800
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0800
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0800
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9865
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9865
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf9865
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0805
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0810
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0810
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0810

28 Applications of nanotechnology in agriculture

Zhang, T., Lv, C., Chen, L., Bai, G., Zhao, G., & Xu, C. (2014). Encapsulation of anthocyanin
molecules within a ferritin nanocage increases their stability and cell uptake efficiency.
Food Research International, 62, 183—192.

Zhao, Y., Liu, L., Kong, D., Kuang, H., Wang, L., & Xu, C. (2014). Dual amplified
electrochemical immunosensor for highly sensitive detection of Pantoea stewartii sbusp.
Stewartii. ACS Applied Materials & Interfaces, 6(23), 21178-21183.

Zhao, L., Peralta-Videa, J. R., Rico, C. M., Hernandez-Viezcas, J. A., Sun, Y., Niu, G, et al.
(2014). CeO2 and ZnO nanoparticles change the nutritional qualities of cucumber
(Cucumis sativus). Journal of Agricultural and Food Chemistry, 62(13), 2752-2759.

Zhao, G., Song, S., Wang, C., Wu, Q., & Wang, Z. (2011). Determination of triazine herbicides in
environmental water samples by high-performance liquid chromatography using graphene-
coated magnetic nanoparticles as adsorbent. Analytica Chimica Acta, 708(1-2), 155-159.

Zheng, Z., Li, X., Dai, Z., Liu, S., & Tang, Z. (2011). Detection of mixed organophosphorus
pesticides in real samples using quantum dots/bi-enzyme assembly multilayers. Journal of
Materials Chemistry, 21(42), 16955-16962.

Further reading

Feng, B. H., & Zhang, Z. Y. (2011). Carboxymethy chitosan grafted ricinoleic acid group
for nanopesticide carriers. In Vol. 236. Advanced materials research, (pp. 1783—1788):
Trans: Tech Publications.


http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0815
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0815
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0815
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0820
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0820
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0820
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0825
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0825
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0825
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0830
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0830
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0830
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0835
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0835
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0835
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0840
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0840
http://refhub.elsevier.com/S0580-9517(19)30002-9/rf0840

	Applications of nanotechnology in agriculture
	Introduction
	Nanotechnology
	Nanotechnology in agriculture
	Smart nanofertilizers
	Effective nanopesticide
	Nanofungicide
	Nanobactericide
	Nanoinsecticide

	Efficient nanosensor
	Smart food safety agent

	Can nanotechnology provide effective tools in sustainable agriculture?
	Conclusion
	References
	Further reading




