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Chapter 26
Nanobiotechnological Applications
for Crop Improvement

Rachna Gupta and Parth Malik

Abstract Biotechnological solutions have revamped unpredictable agricultural
vulnerabilities affecting the crop yield via numerous intricately woven mechanisms.
Increasing population pressure and unregulated climate changes have been the
major causes of mounting pressure on natural conditions. The depleting forest cover
alongside deteriorating soil texture is the pivotal factor responsible for diminishing
crop productivity and yield, forcing the pressure-ridden farmer to employ non-
scientific curative measures with an expectation of improving crop harvest.
Similarly, continuous planting of the same crop on a particular land area with unreg-
ulated pesticide and insecticide usage has depleted the nutrient content that has
culminated into large areas of barren land. Biotechnological remedies offer valuable
solutions to these multitude of risks, through practices such as crop rotation and
newer automated irrigated methods. The emergence of nanotechnology principles
has further consolidated the controlling grip of such biotechnological remedies.
Recent studies have enabled numerous remedial recourses in this regard, with probe
regulated pesticide distribution ensuring the prevention of arbitrary fertilizer load-
ing on the soil. Prior testing of a pesticide formulation can provide adequate knowl-
edge of its distribution potential, paving way for its uniform distribution across the
entire vegetation area. Such interventions have not only reduced the chemical bur-
den on soil but also reduced the usage of synthetic chemicals as fertilizers. On a
similar basis, the feeding of nanotechnology-based foods to cattle has improved the
manure quality and texture whereby betterment in existing crop yields is being exer-
cised through simplistic environment-friendly procedures. With such insights, the
present article sheds light on nanotechnology-based solutions to improve the agri-
cultural output and quality.

Keywords Agricultural vulnerabilities - Biotechnology - Nanotechnology -
Pesticide distribution - Pesticide formulation

R. Gupta
Department of Biotechnology, Visva-Bharati, Santiniketan, Bolpur, West Bengal, India

P. Malik (P<)
School of Nano Sciences, Central University of Gujarat, Gandhinagar, Gujarat, India

© Springer Nature Switzerland AG 2020 615
R. Roychowdhury et al. (eds.), Sustainable Agriculture in the Era of Climate
Change, https://doi.org/10.1007/978-3-030-45669-6_26


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-45669-6_26&domain=pdf
https://doi.org/10.1007/978-3-030-45669-6_26#ESM

616 R. Gupta and P. Malik
1 Introduction

Agricultural activities and their financial contributions have always been at the cen-
tral stage of the economic balance sheets amongst the different economies of the
world. The dependence on agriculture is more significant for the rural population,
where agricultural income is sometimes the sheer source of livelihood (Kydd 2002;
Sharma 2015). With increasing population, the pressure on available resources, like
functional cultivable area and the use of quality seeds, and the functional extent of
fertilizers and pesticides have been increasing (Snodgrass and Wallace 1980; Mathur
1999). Consequently, a circumstantial necessity has made it mandatory to introduce
technological breakthroughs for obtaining increasing outputs from the available
land area. In the last 50 years, a number of technologies have been successfully
integrated to uplift agricultural outputs from the economical as well as yield point
of view (Kole et al. 1999; Keating et al. 2010; Mahadevan 2003). Though biotech-
nologies have always remained the forefront in this regard, a number of other sus-
tainable measures have enabled a much better arrest of unpredictable scenarios. A
major hurdle of conventional agricultural improvement measures is the controlling
extent of their integrated application, such as the use of fertilizers and pesticides
(including weedicides and insecticides) and regulating the dosage frequency at
varying intervals of crop growth (Roychowdhury et al. 2013a, b). Though theoreti-
cal understanding of such probes creates reasonable reliability, the practical imple-
mentation remains a challenge as there are various factors which govern the
accessible expressive mode of such measures. For example, the mere availability of
a good pesticide (having broad functioning performance) is not sufficient since
farmers with a lack of scientific understanding regarding its usage most likely
encounter the menace of chemical clogging (Gupta et al. 1984; Forget 1993). This
will not only result in economic loss to a farmer but will also mount the future
uncertainties as the land area may become non-functional and viable for a long
time. In such scenarios, it becomes dire essential to deliver the stimulators as and
when required, in the needful proportions, and ensuring that a homogeneous distri-
bution on the land area is available. To address such concerns, we need to have
sharper tools with dual attributes of sensing and homogeneous delivery (Perlatti
et al. 2013; Collins et al. 1973; Garrido-Herrera et al. 2009).

Apart from the above-mentioned aspects, a number of conventional techniques
bring about the improvement through chemical actions whereby the deterioration
risk of natural soil quality becomes high. So technologies need to be more bio-
friendly and eco-friendly which would enable the exercised remedial measures to
manifest as habitual tendencies of the concerned land area. Such cautions would
enhance the longevity of implemented solutions and will be a boost to naturally
enhance the response, rather than only till the external monitoring. The emergence
of nanoscale technologies has revolutionized the implementation of the multi-
plying tapping controls, substantially attributed to their precise control and
regulating extents (Fig. 26.1). Amongst the several incentives, the foremost is
the sensing advance where the levels of even till 1072 units are now being
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Fig. 26.1 The key agricultural activities that could be revolutionized using nanotechnological
tools and techniques. Reduced material usage, quick detection of crop deteriorating pathogens and
growth monitoring agents, with gradual fertilizer and pesticide delivery, are some of the crucial
breakthroughs

estimated (Devreese 2007; Patolsky and Lieber 2005). Undoubtedly, the larger sur-
face area of nanomaterials, particularly the various compatible nanoparticles (NPs)
(prepared using non-chemical routes), makes it feasible to deliver simultaneous
probes in the form of eco-friendly microbial species. For instance, the scenario where
NPs and genetically modified organisms (suited to peculiar soil chemistry) are deliv-
ered together or feeding the crops with residual water streams whose chemical load is
tolerable along with variable population of bioactive NPs could be the breakthrough
solutions to augment the soil chemistry of a particular region (Oliver 2014).
Numerous NPs prepared from microbes are being used as catalysts to restore and
increase the organic content in a particular soil area, which makes soil fit for all
crops. The particular NPs used for this purpose include Au and Ag, owing to their
least chemical reactivity along with the robust synthesis methods, requiring mini-
mal chemical tediousness. Nanoscale probes have enabled contaminant detection
even at the lowest possible levels so that the land area sustainability is not lost.
Advanced measures of remote sensing (through geographical information systems
[GIS]) have augmented the predictive assessments to select the suitability of a land
area with respect to a specific crop. These advances are being used by developed
economies to multiply their agricultural outputs with higher accuracy and in
much lower times than conventional techniques. Similarly, the integration of
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nanotechnology to molecular biology techniques such as seed quality assessment
and genetic testing has increased the reliability standards and reduced the vulnera-
bilities in the implemented solutions. Despite enormous potential, continuing
research on agricultural nanotechnology over the past decade has left the scientific
community amidst several tricky uncertainties. The clear-cut thrust areas where
nanotechnology made its mark in the agricultural sector are increasing global food
security and unpredictable climatic dilemmas. Till date, application of nanotechnol-
ogy in agriculture has focused on reducing the use of deleterious chemicals, enhanc-
ing the yield through manipulated gene expression, improving the irrigation via
homogeneous fertilizer and water distribution and better measures of soil quality
improvement through live addition of nanoparticles forming genetically modified
microbes (Maruyama et al. 2016). Though the commercial application of any major
nanotechnology solution is still in the pipeline, the results of nanoscale control have
been fabulous. This has not only reduced the intake of raw material but has also
provided amicable solutions with reproducible and predictable benefits, in much
lesser time, not to forget the incentive of allocating manpower to more serious
issues, whereby sustainable income sources could be strengthened.

A wide range of agricultural products are already in the market and are booming
well, particularly in the food and healthcare domain (Table 26.1) (the Project on
Emerging Nanotechnologies (webpage); Huang 2012; Qureshi et al. 2012;
Nanotechnology products and applications. Product: Guard IN Fresh. Honolulu, HI;
Nanowerk; Nanotechnology products and applications. Product: NanoCeram-
PAC. Honolulu, HI: Nanowerk; Miller and Senjen 2008; Hamad et al. 2018; Kalia
and Parshad 2015). With such encouragements and multiple expectations, this chap-
ter sheds light on the application of nanobiotechnological measures to the current
agriculture techniques to improve the process as well as product quality.

2 Fascinations Behind the Expectations
from Nanobiotechnology

Agricultural quality monitoring has been substantially dominated by biotechnologi-
cal solutions till date, encompassing improvement in the seed quality, betterment in
irrigation techniques and keeping the harvested crop in proper storage conditions
before it is sent to the market. A lot has been made possible through controlled gene
expression and exercising desired enzyme activity, which are the initial stages of
any agricultural crop development process. The nanomaterials prove to have value-
added benefits in this context, since their restricted dimensions (usually <500 nm)
enable their robust accommodation so that larger functionalities could be integrated
compared to conventional measures. Complementary to this size quality is the man-
ifestation of quantum confinement effects, owing to which the salient material prop-
erties, ranging from optical, mechanical, electronic, chemical and electromechanical,
are significantly altered. The foremost reason for such size dependent material
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Table 26.1 An overview of nanotechnology-conceptualized commercial agriculture and food
crop plants. The products offer numerous advantages, ranging from lesser input needed to
controlling the delivery of the loaded active component

Product name

Marketed under

Specialty/purpose

Reference

Canola active
oil

Shemen Industries,
Tel Aviv, Israel

Comprises additive
“nanodrops” optimized to
transport vitamins, minerals
and phytochemicals through
the digestive system and urea

Project on Emerging
Nanotechnologies
(webpage), 2013

Nano tea Qinhuangdao Taiji | Capable of releasing all tea Huang (2012)
Ring Nano- essences, boosting the
Products Co., Ltd., | adsorption (adsorbing viruses,
Hebei, People’s free radicals, cholesterol and
Republic of China | blood fat) and annihilation of
viruses through penetration
Nanoceuticals | RBC Life Sciences | Comprises cocoa-infused Qureshi et al. (2012)
slim shake Inc., Irving, TX, “nanoclusters” to enhance
chocolate USA taste and health benefits of
cocoa without adding extra
sugar
Guard IN fresh | Fayetteville, AR, Delays ripening of perishable | Nanotechnology
USA foods and floral products products and
through scavenging the applications. Product:
ethylene gas Guard IN fresh,
Honolulu, HI;
Nanowerk, 2014
TopScreen TopChim, Recyclable water-based Nanotechnology
DS13 Wommelgem, coating comprising of products and
Belgium biopolymer facilitated applications. Product:
monodispersed NPs to replace | NanoCeram-PAC,
hard to recycle wax-based Honolulu, HI;
coatings and reduce any Nanowerk, 2014
negative impact on food
packaging biodegradability
NanoCeram- The Aquarian Substantial external surface Miller and Senjen
PAC Environmental area facilitates rapid (2008)
Group Pty Ltd., absorption of soluble
Sydney (Australia) | contaminants developing
undesired taste and odour
Food contact Nanosilver baby Ag NPs confer better Hamad et al. (2018) and
material mug comprising of | protection against bacterial Kalia and Parshad
Ag NPs contamination (2015)
Food Durethan KU Silica NPs embedded in a Hamad et al. (2018) and
packaging 2-2601 plastic polymer-based nanocomposite | Kalia and Parshad
material wrapping, Bayer prevent oxidative degradation | (2015)
of the product
Nutritional Oat chocolate 300 nm Fe particles ensure an | Hamad et al. 2018 and
drink nutritional drink improved bioavailability Kalia and Parshad

mix, toddler health,
SunActive Fe

(2015)
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properties is the closer spacing of discrete molecular energy levels as the dimensions
progressively approach the nanoscale. Typically, this leaves us with the ultimate
picture of having an exposed larger surface area, where multiple probes could be
integrated. Such attributes confer multifunctional abilities to nanomaterials, making
way for nanoparticle(s) conjugated with a dye, serving its native function as well as
performing sensibly. So the foremost advantage of nanotechnology is the reduced
material usage and the ability to perform multiple jobs with more precision than
conventional materials. The next argument for preferential nanomaterial usage is
the better integration of nanotechnology with several biotechnological practices
being associated with agricultural output monitoring. For example, the use of
enzyme-based sensors could be enhanced in its accuracy through the incorporation
of metallic NPs, which would increase the precision limit and therefore make the
detection more accurate. A detailed look on the diversity of differently abled nano-
biosensors can be had in one of our earlier contributions (Malik et al. 2013).
Similarly, fitting of nanoscale controllers along with dosage monitoring mecha-
nisms could be exercised in conventional water and pesticide sprinklers, since the
crops do not require the same input of water and pesticides in their entire growth
process. Low toxicities of NPs alongside their robust synthesis routes from plants
and even microbial species are the specialties for their robust implementation. For a
detailed look of biological attributes of the plant and microbial synthesised NPs,
readers are yet again advised to consult our earlier contributions (Malik et al. 2014;
Gupta et al. 2019; Roy 2017). With such insights, the section ahead focuses on the
recent progress in getting enhanced agricultural output through integrating applica-
tions of nanomaterials and nanodevices.

3 Recent Progress in Nanotechnology-Based Diversified
Agricultural Betterments’

After the green revolution, there has not been any major technological intervention
to uplift the agricultural outputs and the income generated thereof. The aftermaths
of the green revolution left the soils in most of the well-cultivable locations across
the globe overloaded with residual pesticide and chemical effects. Conventional
methods of agricultural improvement still rely much on the increased use of fertil-
izers and pesticides, leaving the soil exposed to the chemical vulnerability which
drastically affects its organic content. This undesired chemical loading of soil not
only affects the existing crop quality but also leads to augmented risks in aquatic
environments, via eutrophication (Kalwasinska et al. 2011; Lew et al. 2013). Several
studies discuss the potential risks of different metal- and metal oxide-based NPs,
amongst which Ag, CuO and CeO, do pose a significant concern with regard to their
polluting tendencies. The higher toxicity of Ag than Au seems to be due to its higher
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reactivity, which also imparts its substantially stronger antifungal attributes.
Interestingly, CuO NPs have been recurrently proposed as toxic, affecting crop ger-
mination and growth from as low as 0.1 to 600 mg/L concentrations (Atha et al.
2012; Nair et al. 2014; Moon et al. 2014; Corral-Diaz et al. 2014; Saha and Dutta
2017). Such indications do pose a concern for NP usage but exact generalization
about all NP kinds is relatively impractical. This is so as several other factors, like
soil composition, geography, microbial content, organic content, water retention
ability, pH and aggregation-promoting/aggregation-inhibiting response towards
NPs, remain critical for inducing the toxic response of NPs. Thereby, it is impul-
sively desired to regulate the requirement driven fertilizer and pesticide delivery so
that the concurrent damages could be arrested before acquiring irreversible extent.

3.1 Nanotechnology-Enabled Pesticide and Fertilizer Delivery

The emergence of nanoscale formulations having pesticides and fertilizers in dis-
solved form has emerged as a reliable solution to this problem. The nanoemulsions
enable uniform distribution of pesticide and fertilizer droplets, owing to which
muchlower concentration of chemicals goes to the soil being treated. Nanodispersions
carrying nano-encapsulated pesticides enable their controlled release at the desired
sites, alongside preventing the premature degradation and reactivity of carrier mol-
ecules. This would enable a much lesser amount of pesticides being used (which
eases the economic pressure) and also ensure its effective usage at the desired rate,
thereby causing little damage to the soil texture (Chen et al. 2011). A systematic
understanding of nanofertilizers is provided by Kah et al., categorized into three
broad categories, namely, (a) nanomaterials comprising of macronutrients, (b)
nanomaterials comprising of micronutrients and (c) nanomaterials acting as carriers
of macronutrients (Kah 2015). Unlike the first two categories, the third category
does not use nanomaterials as nutrients, but as additives. The added nanomaterials
could either be NPs or any other nanostructured material, where popular examples
of three categories are hydroxyapatite, layered double hydroxides intercalated with
phosphate ions and ZnO NPs (Koilraj and Kannan 2010, Novillo et al. 2014, Iftekhar
et al. 2018). The products in the third category generally comprise a wide variety of
materials that are like nutrient-loaded zeolites or some materials that are principally
not considered as nanoscale material (biochar) (Servin et al. 2017). Several carrier
systems using nanomaterials have been developed that facilitate effective delivery
of active ingredients having insecticidal, fungicidal or herbicidal properties.
Materials as diverse as silica NPs, carbon nanotubes, graphene oxide, solid-lipid
NPs and polymers are being increasingly applied for nanoscale control in the deliv-
ery of pesticides. Amongst the inorganic nanomaterials, Cu NPs are widely used for
their antifungal applications (Pyrzynska 2011; Rastogi et al. 2019; Beltrdn-Partida
et al. 2019).
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3.2 NPs for Faster and Robust Sensing

The second potential area having witnessed the distinction of using nanomaterials is
the application of NPs and nanosystems for monitoring the seed quality (such as the
preharvest measure) as well as monitoring the standards of subsequent agricultural
practices. The use of ultrasensitive NPs, such as Au, Ag, silica, Fe;0, and several
others, has enhanced the accuracy of sensing significantly compared to the conven-
tional enzyme-controlled measures. There are two potential advantages of using
these NPs: first is that they can be made using a variety of methods and in different
sizes and geometry and second is that the quantum confinement effect in these enti-
ties makes them capable of detecting even a little attenuation in their SPR frequen-
cies, owing to which even the minute-level changes in the sensed environments
could be detected. The different shapes and geometries of these NPs are extremely
handy incentives in some practical scale-up operations. For example, nanorods have
an elongated surface, so they have the ability to detect pathogens or harmful stimu-
lus over a large volume. Similarly, NPs of Au can be conjugated with quantum dots
that detect foreign substances (even at picometer levels) through variations in their
fluorescence properties. Likewise, where there is a risk of magnetically responsive
contaminations, the magnetic NPs could be used. The key advantages with respect
to conventional sensing methods are the detection limit (which is usually highly
sensitive) and the efficacy of detection since higher chemical reactivity and larger
surface areas enhance the binding activities of detection agents.

The distinct performance of nanomaterial conferred sensing could be viewed in
a 2006 study, proposing the utility of acidic polystyrene microparticle-based
fluorescent sensor for detection of Staphylococcus aureus enterotoxin B (SEB), a
highly thermoresistant toxin, contaminating drinking water and milk samples. The
sensing system comprised of polystyrene microparticles labelled with fluorescein
isothiocyanate (FITC) and anti-SEB. Following SEB binding, the variations in
fluorescence pattern of FITC were noted as estimators of SEB concentration, which
was noted as low as 0.125 ng/mL in drinking water and 0.5 ng/mL in milk. So if
microparticles can detect such limits of pathogens, extending the probe with NPs
would replicate the detection limit to still lower limits (Medina 2006). Some other
breakthrough sensing systems developed using Au, Ag NPs, CNTs, and quantum
dots, operational either alone or in combination mode, are listed in Table 26.2
(Schofield et al. 2007; Chien et al. 2008; Radoi et al. 2008; Pathak et al. 2001;
Taton et al. 2000; Jean et al. 2010; Liu et al. 2014; Han et al. 2015; Wang et al.
2008; Zhang et al. 2010; Li et al. 2015; Singh et al. 2012). These studies speak
volumes about the extraordinary precision level of nanomaterials through their dis-
tinguished surface properties, thereby making the diagnosis not only faster but
more accurate.
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Table 26.2 Sensing distinctions attained by different nanomaterials, highlighting precision and
detectable damage modes on reducing limits

NP
type | Special attribute Major application accomplished | Reference
Gold | Robust surface functionalization, | Ten-minute detection of cholera Schofield et al.
detection of little quantities via | toxin through GM1 ganglioside (2007) and Chien
spectrophotometric changes ECM terminal moiety recognition, | et al. (2008)
Shiga-like toxin via globotriose
conjugation and toxin B subunit
interaction
Iron | Modulation of shape and Used to detect and quantify Radoi et al.
oxide | magnetic response via aflatoxin from milk samples, (2008)
controlling polymer addition following conjugation with
time, variation of temperature membrane antibodies
and using specified capping
agents
QDs | Size-dependent optical In vitro and in vivo detection of Pathak et al.
excitation and relaxation, highly | cancers, detection of (2001) and Taton
bright and extremely photostable | Y-chromosome in fixed human et al. (2000)
sperm cells, detection of genetic
diseases through low-target DNA
concentrations
Silica | Core-shell structure enables Detection of melamine when used | Jean et al. (2010)
NPs | higher stability, accuracy and in combination with Ag and Liu et al.
sensitivity, ability of being used | nanospheres, fluorescent detection | (2014)
in combination with a range of | of Cu NPs in tap water in
other NPs combination with carbon dots
CNTs | Elongated sensing possibilities | Electrochemical detection of Han et al. (2015),
through a rod-shaped structure, | bisphenol A, organophosphorus Wang et al.
tuneable geometry, extraordinary | pesticides, hydrazine and nitrides, |(2008), Zhang
strength and electromechanical | calorimetric detection of et al. (2010), and
responses melamine, ochratoxin A, mercury | Li et al. (2015)
and silver
ZnO | Robust functionality, flexible Large-scale sensing of nitrogen Singh et al.
NPs | design and surface modulation, | dioxide, ability to sense free (2012)

range of synthesis options

radicals through its native
antioxidant traits

3.3 Nanochips, Nanoarrays and Nano-Barcoding

The terminologies “chips, arrays and barcodes” are basically the molecular plat-
forms for sensing a biomolecule, be it DNA, a live organism as a contaminant or any
other. The prefix nano, with each methodology, infers the use of nanomaterials that
range from a multitude of NPs to quantum dots and hybrid nanomaterials compris-
ing of NPs immobilized on thin and flexible supports. The whole story revolves
around the higher surface area of nanomaterials, which harbours the potential of
storing greater information compared to conventional materials. The lower dimen-
sions of nanomaterials with their faster electromechanical response (triggered by
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their constricted energy levels) not only enhance the detection level but also occupy
much lesser space alongside enabling flexible handling and control. With nanoscale
dimensions, multiple analysis could be done at the same time as compared to the
conventional array and chip technology. Biochips are devices which have cross-
linked networks on their surface that could be immobilized with sensing probes or
curative elements for any internal injury. Though studies with nanochip develop-
ment are presently restricted to animal models, they have established a reliable
method of gene replacement using an electric field to deliver specific genes to the
tissues underlying the skin layer (Kricka 2000). The replication of this technology
to the seeds of crop plants could enable the seeds with desired gene expression
thereby minimizing the productivity uncertainty and could even be used to test new
and more efficient stress-tolerant species. Similarly, barcodes are the assembly of
parallel devices containing information about any product (anything in the grocery
shop or medical dispensary). The use of nanomaterials, having high aspect ratios,
could revolutionize this technology by occupying less space and containing much
higher information. Storing information on a nanomaterial will obviously provide
the benefit of having greater information within a small space. The functioning of
these materials is critically affected by the encoding stimulus, which varies accord-
ing to the intended purpose. The stimulus used for coding varies from being fluores-
cently sensitive, optically active, magnetically active or even heat sensitive. Each
code, therefore, could be tracked only in a specific manner, thereby providing exclu-
sive information storage for systematic record maintenance. Tagging such specific
labels to seeds having unique attributes in any of the growth features could facilitate
a predictable study of combining differing features (Shikha et al. 2017; Valentini
et al. 2017). For example, stress-tolerant species could be tagged using antibodies
while species tolerant to salinity could be selected with a marker delivering more
salt. In this way, the selection of seeds with desired features could be fastened and
crop productivity could be improved, irrespective of the geographical conditions.
Though such conceptualizations are in the research phase, they have proved effec-
tive on lab-scale samples. To replicate these performances to the agricultural fields,
several factors need to be optimized, the foremost of which is an unpredictable cli-
mate. In this context, modelling techniques exercising controls on the varying
parameters could be helpful. Trials for commercialization are in progress but lim-
ited to developed countries only.

3.4 Sustainable Use of Agrochemicals Using Nanoplatforms

Apart from pesticides and fertilizers, a number of other chemicals are also needed
to regulate crop growth at different stages. These chemicals could be the growth
factors, microbial proteins, materials enriching the organic content of a particular
soil, detoxifying bacteria and other microbes. Although the impacts of adding such
materials using nanocarriers have still not been commercialized, on the contrary the
studies suggest that with nanoscale devices and control features, 20-30% gain in
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crop productivity could be attained. A substantial concern in this regard arises from
the concern that whether this gain is considerable with respect to the expenditure
incurred in implementing the nanocarrier-mediated delivery of these chemicals.
Studies focused on this assessment reveal a gloomy picture, with multiple trials fac-
ing obstructions due to the scarcity of public funding (Mukhopadhyay 2014; Report
of the National Nanotechnology Initiative Workshop; Arlington, VA, USA 2009).
Furthermore, though results on a small scale have been promising, establishing a
clear picture from the viewpoint of a large agricultural field has proved to be rather
impractical. This is because the crops grown in a field are always a witness of so
many uncontrolled and unpreventable stresses and the conditions in the laboratory
are significantly different. So attaining the nanoscale benefits of nanocarrier-
delivered agrochemicals involves the optimization of several factors owing to which
results are not yet being promisingly replicated. Oftentimes, the modified protocols
could not be tested due to the ethical concerns being imposed on the food crops,
enlightening the societal concern.

4 Useful Nanomaterials with Distinguished Mechanisms

Although reports on any major improvement in crop yield and quality of harvest are
barely minimal, the laboratory-scale or research-level efforts frequently demon-
strate nearly similar nanomaterials for obtaining improved crop response. The nano-
materials finding favour for such applications include inert NPs (substantially, Au
and Ag), carbon nanotubes, quantum dots, nanorods and nanosuspensions. All these
nanosystems are characterized by unique structural and functional attributes, mak-
ing them suitable for faster and robust sensing, ability to be diversely functionalized
and their inherent flexible nature (soft boundaries of nanosuspensions). The text
ahead describes the unique features of several NPs and their integrated systems,
describing the differences and key benefits of their singular and integrated applica-
tion (Fig. 26.2).

4.1 Auand Ag NPs

NPs are primarily entities having sizes less than 100 nm. This size limit is not clearly
defined and standardized, and therefore till 500 nm, several nanoscale properties are
exhibited in variable extents (Babick et al. 2016). The Au NPs are one of the most
widely used nanomaterials for faster and more efficient sensing because of three
major reasons. The first is the availability of a wide variety of synthesis methods,
utilizing low energy requirements from the external end. Preparation of Au NPs
using plants, microbes and sodium citrate (burst method) could be traced in several
eminent publications (Menon et al. 2017; Kimling et al. 2006). Such robust synthe-
sis methodologies make the preparation of Au NPs an eco-friendly and inexpensive
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Fig. 26.2 The specific advantages of supplementing NPs to agriculturally lucid soils, projecting
the usefulness of metal and metal oxide NP robust responses

process, which is the prime reason for their increasing multiple applications. The
second reason for preferential Au NP usage is the availability of different shapes
and geometries, which remains significantly important as properties at nanoscale
remain implicit functions of their size and shape. At the same time, the elongated
rod shape is capable of some exclusive functions which the spherical shape cannot
perform. For sensing purposes, generally spherical or rod shapes are employed,
which exhibit a characteristic plasmon resonance peak due to the coherent existence
of free electrons in the conduction band. Interaction or binding with any stimulus at
or adjacent to the surface results in changes in the SPR peak of the native nanomate-
rial and a proportionate change in any of the size-dependent characteristic proper-
ties. The third reason for increasing preference for Au NPs is the low reactivity of
Au, making the development of conjugated assays easier, simpler and easily con-
trollable (Zhao et al. 2008). Similar to Au, Ag NPs can also be prepared in various
shapes and geometries; through changes in a precursor to reducing agent stoichiom-
etry, the triangular, spherical and rod shapes are well known. The capability of being
available in so many diverse shapes with easier and greener synthesis methods is the
reason for their highly precise sensing applications in that a stimulus <1 nm could
be easily detected. These particles are not only fitted to function as improved sens-
ing agents but these can also be fed directly to the soil, where the nutrient replenish-
ment via degradation of texturally and compositionally complex chemical substances
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can be fastened. Strategies with combined delivery of genetically modified microor-
ganisms and these NPs are in active consideration, since many bacterial species can
metabolize these NPs, and thereafter, the enzymatic controls in their body could be
highly potent biocatalysts for enhancing soil fertility (Pallavi et al. 2016).

4.2 Carbon Nanotubes (CNTs)

One of the well-understood nanostructures, CNTs, prevails in cylindrical morphol-
ogy, with two distinctly characterized forms, known as single-walled and multi-
walled. Multiwalled nanotubes (MWNTs) are more common and readily prepared
but single-walled nanotubes (SWNTs) are isolated from MWNTs following purifi-
cation. The advantage with these nanostructures is that their cylindrical and elon-
gated structure allows for multiple complementary binding sites, making the sensing
quicker and more robust. Additionally, their compatibility with the carbon skeleton
(an inherent constituent of these materials) makes them feasible for multiple func-
tionalizations, so there is always an incentive of preparing need-based sensing
probes. Recently, many studies have demonstrated a preferential uptake of these
nanostructures at varying time intervals of the identification of damage or a troubled
metabolic abnormality (Kobayashi et al. 2017; Liu et al. 2013). Since cylindrical
nanostructures can stay longer within the physiological boundaries, so a number of
modifications are being rapidly pursued to prolong their physiological existence.
Such controls have facilitated the delivery of drugs in a time-phased manner, allow-
ing for systemic regulation of disease cure analysis. Apart from their elongated
structure, the arrangement of carbon atoms in these structures accomplishes them a
conducting and semiconducting behaviour, allowing for simultaneous sensing pos-
sibility. The only concern behind using these nanomaterials is the restriction of their
vulnerable toxic responses, whereby the risk of cross-reactivity could reach an
uncontrollable extent. With recent advances and understanding of functionalization,
better structural and morphological controls are being exercised to attune the bio-
compatibility of these materials. For multidisciplinary biological advances of CNTs,
readers are suggested to have a look at numerous resourceful literature contributions
(Kumar et al. 2017; Bekyarova et al. 2005; Schnorr and Swager 2011).

4.3 Quantum Dots (QDs)

After NPs and CNTs, QDs are the next nanomaterials which are theoretically well
understood. These nanomaterials restrict their constituent free electrons and con-
stituent atoms in all three dimensions, which makes it possible to perform multiple
analyses at the same time, thereby saving overall resources of materials. A range of
compositions is documented for the diversely studied QDs, each working on its own
specific fluorescence sensitivity (Rosi and Mirkin 2005). For example, the
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CdSe-based QDs are not preferred for delivering drugs due to Cd and Se toxicity,
whereas QDs made up of only Si or P are more readily used for drug delivery. The
three-dimensional quantum confinements (of charge carriers) in these nanomateri-
als allow a higher size control, paving the way for even slight changes in the fluo-
rescence intensities. Once a specific toxin or harmful species binds to the QD-based
sensing probe, its accurate estimation is facilitated through changes in the fluores-
cence intensity. Nowadays, faster diagnosis applications are being conceptualized
via tagging fluorescent active biocompatible dyes with QDs and using the entire
assembly as sensing probe. Higher photosensitivity of QDs along with the smaller
dimensions enables their channelling into plant roots, where seed germination and
nutrient absorption processes could be regulated via photocatalytic attributes
(Bakalova et al. 2004; Das et al. 2015). The only concern regarding the QD use
relates to their unpredictable metabolic responses, which could result in the enhance-
ment of oxidative stress via generation of free radicals (Liu et al. 2011). Therefore,
regulatory cautions evaluating proper monitoring of working efficacy external to the
cellular environment should be practised to minimize unpredictable
vulnerabilities.

4.4 Nanoemulsions and Nanosuspensions

As also detailed in the section of improved pesticide and fertilizer delivery, nano-
emulsions are fluidic systems that allow controlled expression of a particular com-
pound or species, through its sustained interactions. These systems are ideal carriers
for a progressively controlled expression of organic compounds which are, other-
wise, water-insoluble, remain poorly absorbed and could result in undesired chemi-
cal toxicities. With potential substitutes of surfactant-like molecules, the
nanoemulsions prepared using non-ionic surfactants are highly suitable for drug and
nutrient delivery to remote locations. The advantage of using non-ionic surfactants
is that these systems do not require pH optimization before practical implementa-
tion and the toxicity of these systems is much lower, owing to the low chemical
reactivity of non-ionic surfactants than their ionic counterparts. Nowadays, amino
acids, protein-derived secondary biomolecules and plant metabolites have ably
replaced the use of ionic surfactants (Mcclements et al. 2007; McClements 2004).
The inclusion of such materials has not only reduced the toxicity associated with
conventional surfactants but also reduced the energy required to make the nano-
emulsions. Enhanced expression of pesticides, fungicides or any other complex fer-
tilizer could be engineered through increased kinetic stability of nanoemulsions,
allowing enhanced Brownian motions and interactions mediated through multiple
binding sites. The implicit advantage of using such systems is the effective delivery
of intended compounds at very low concentrations compared to conventional sys-
tems, which is highly instrumental to control the toxic responses. An alternative
terminology of nanoemulsions is nanosuspension or microemulsion, differing on
the basis of particle sizes and the use of external energy (for intended
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thermodynamic stability), with all other functional activities remaining the same. It
is obvious that the smaller the particle size or the higher the distribution, the greater
will be the nullification of gravitational effects or coalescence-related turbulence.
So the smaller size of emulsions (in nanoemulsions) allows for greater enhancement
in the dispersed phase chemical expression. Some nanoemulsion models optimized
to deliver pesticides and nutrients in crop plants are listed in Table 26.3, where pH
and stoichiometric composition of constituent phases play a critical role in attaining
the homogeneous expression of the dispersed phase (Jiang et al. 2011; Kumar et al.
2004; Yang et al. 2009; Casanova et al. 2005; Wang et al. 2007; Wilson et al. US
Patent Number 2011/0052654 A1l; Latheef et al. 1993; Arthur 1999; Takei
et al. 2008).

4.5 ZnO, Fe;0,and TiO, NPs

Apart from the above-mentioned nanomaterials, ZnO, TiO, and Fe;O, NPs have
been well studied for their antioxidant and antimicrobial attributes, which jointly
provide optimum growth conditions to various crop plants. For example, deficiency
of Zn is the most common micronutrient adversity affecting the crop yield in alka-
line soils. Soils that are too alkaline (due to aggravated CaCO; levels) often hinder
the right Zn availability to crop plants due to the interference caused by high pH and
CaCO;-initiated Zn absorption and precipitation. In such circumstances, the use of
ZnO NPs can help increase Zn bioavailability to crop plants, as compared to micron-
or millimetre-sized Zn particles in conventional Zn fertilizers (ZnO and ZnSO,). A
number of leaf extracts have been used to synthesize ZnO NPs, providing remark-
able control on size limits through adjusting the precursor-reducing agent stoichi-
ometries. For example, Moringa oleifera leaf extract has been used to obtain
16-20-nm ZnO NPs that have further provided antibacterial and antifungal responses
towards Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa,
Proteus mirabilis, Escherichia coli and Candida albicans and Candida tropicalis
species. Maximum activity was noted against Staphylococcus aureus (Elumalai
et al. 2015). Similarly, Parthenium leaf extracts have been used to prepare spherical
and hexagonal ZnO NPs of up to 32- and 86-nm sizes, which subsequently showed
varying antifungal responses towards Aspergillus flavus and Aspergillus niger
(Rajiv et al. 2013). Spherical ZnO NPs, sized between 23 and 57 nm using zinc
acetate and sodium hydroxide, have been evaluated against Escherichia coli,
Pseudomonas aeruginosa (ATCC 15442), Staphylococcus aureus (ATCC 6538)
and Bacillus thuringiensis (ATCC 10792), where all, except Pseudomonas aerugi-
nosa, showed resistance to ZnO NPs.

Like ZnO, TiO, is a widely used photocatalyst, where Ti is known to catalyze the
production of carbohydrates that increases the rate of photosynthesis and growth
(Owolade et al. 2008; Khodakovskaya and Lahiani 2014; Chen et al. 2014). The
photocatalytic attributes of TiO, have aided in its pesticide degradation and also
towards plant protection as TiO, does not form any toxic and dangerous compounds
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Table 26.3 Commercialized nanoemulsion-
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and nanoparticle-based pesticide/herbicide/

insecticide delivery systems. The option of varying constitutional stoichiometries offers
considerable advantages to control textural properties of encapsulated compounds, to minimize

their adverse reactivity

Key regulatory
Compound delivered | activity Major advance notified Reference
Nanoemulsions
Glyphosate (herbicide) | Broad-spectrum Reduced soil and water Jiang et al.
systemic herbicide | pollution risks, better control (2011)
and crop desiccant | for specific crop type
Imidacloprid Controls sucking Delivery through Kumar et al.
(insecticide) insects, termites, nanoemulsions has enhanced (2004)
selective soil insects | applicability range through
and fleas on pets reduced cytotoxicity
Polyethylene glycol Antibacterial and >80% encapsulation efficacy Yang et al.
(PEG) NPs loaded antibiotic over a 5-month period, slow (2009)
with garlic oil via melt | characteristics and controlled release of oil,

dispersion method
(insecticide)

effective for stored products

Nicotine carboxylate
(insecticide)

Modulation of
oxidative balance

Monomodal size distribution,
increased bioactivity with
decrease in the fatty acid chain
length

Casanova et al.

(2005)

B-Cypermethrin Neurodegeneration, | 30 nm droplets using Wang et al.
(broad-spectrum reproductive failure, | poly(oxyethylene) lauryl ether | (2007)
insecticide) dermal and and methyl decanoate,
ophthalmologic increased bioefficacy and
toxicity dissolution
Nanoparticles
Diazinon Inhibition of Poly (n-alkyl acrylate)- Wilson et al.
(organophosphate neurotransmitter stabilized temperature-sensitive | US patent
insecticide) activity microcapsules; encapsulated number
formulation exhibited nearly 2011/0052654
90% insect mortality over Al
8 weeks
Sulprofos (insecticide) | Inhibition of Ethyl cellulose-stabilized Latheef et al.
neurotransmitter formulations showing good (1993)
activity results against eggs and larvae
of the tobacco budworm
Heliothis virescens in cotton
plants
Cyfluthrin (insecticide | Induces muscle Controlled release and Arthur (1999)
and pesticide) weakness, shortness | long-term action towards rice
of breath, headache, | weevil Sitophilus oryzae over
nausea and seizures | an 8-month period
Acetamiprid (an Nicotinic activity Diffusion-controlled Takei et al.
alkaline and high- against 2-20-pm-sized microcapsules | (2008)
temperature-sensitive | acetylcholine with improved thermal
insecticide) receptors degradation, controlled

liberation for up to 10 weeks
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(Pelaez et al. 2012). TiO, NPs prepared using Psidium guajava leaf extract (32.58 nm
in size) have been studied against Aeromonas hydrophila (MTCC-1739), Proteus
mirabilis (MTCC-442), Escherichia coli (MTCC-1677), Staphylococcus aureus
(MTCC-3160) and Pseudomonas aeruginosa (MTCC-4030), where highest activi-
ties were noted against Staphylococcus aureus and Escherichia coli, at 20 pg/
mL. The synthesized NPs showed higher antioxidant activity than ascorbic acid and
also superseded the antibacterial activity of tetracycline (Santhoshkumar et al.
2014). Besides ZnO and TiO,, delivery of iron oxide NPs is also being investigated
to tackle iron deficiency in high pH and calcareous soils. Several studies document
the effect of spraying iron oxide NPs on wheat growth, yield and quality.
Improvements in spike and grain weight and biological and grain yield alongside
grain protein content were noted altogether (Bakhtiari et al. 2015). Enhanced chlo-
rophyll contents were noted in the subapical soybean leaves under the greenhouse
test and hydroponic conditions, upon being subjected to a low concentration of
superparamagnetic iron oxide NPs, with Fe NPs compensating the Fe deficiency via
reduction of chlorotic symptoms (Ghafariyan et al. 2013). Fe NPs (at 500 mg/L)
affected 47% increase in the number of pods in black-eyed peas, 7% increase in the
seed weight and 10% enhancement in the chlorophyll content of leaves, where iron
salt application proved less effective as compared to the Fe NPs alone (Delfani et al.
2014). Fe NPs bettered the beneficial effect of Mg NPs (frequently used as nanofer-
tilizer) on black-eyed peas (Hoagland and Arnon 1950).

Thus, the different kinds of NPs show variable efficacy in improving the crop
yield through bettering the responses of various growth control features, such as
stress tolerance, optimized use of fertilizers and pesticides, providing metals as
essential macro- or micronutrients and minimizing the unpredictability as well as a
financial burden on the farmers.

5 Effect of Soil Type on the NP-Regulated
Nutrient Regulation

Having a sound knowledge of soil chemistry is the foremost knowledge base to
assure rightful return from the crop harvest since all crops are obviously not likely
to grow equally well on the same kind of soil. Furthermore, even all NPs do not have
a similar kind of working actions in the same soil variety which makes it important
to study which kind of NPs are suitable for which kind of soil. Furthermore, the
heterogeneous composition of soil characterized by its varied physicochemical
properties such as pH, texture, organic content, water retention and others can alter
the NP interacting behaviour once they are within the soil. Altogether, there are
three main kinds of soil well known with respect to their compositional diversity
and texture, namely, sandy, clayey and loamy. The particles in sandy soil are larger
in size and have considerable spaces in between so that there is proper air circula-
tion but little water retention. As a result, sandy soil cannot retain much water and
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is fit for the growth of only those plants that can survive water scarcity. Contrary to
this, clayey soil has comparatively smaller-sized particles which are closely placed
with each other, thereby resulting in higher water retention but poor aeration. Loamy
soil is an intermediate within these two categories and has the right kind of particle
size and interparticle separation. Comparing the suitability of NP activity in differ-
ent soil types, the above differences reveal a better NP working efficacy in sandy
soil, substantially because of the proper particle space. The only factor which needs
to be assured is that the chemical composition of NPs should aid in optimal water
retention and absorption. Soil microflora also occupies a central role in optimum
nutrient absorption and distribution, such as in the case of rhizobium species occu-
pying the root nodules in leguminous crops. Unless and until the rhizobium popula-
tion is not in desired proportions, the nitrogen fixation extent of the host soil is
inadequate, affecting the total protein content of agricultural soil. So the chosen NP
concentrations and fed dosages should not be detrimental to the soil microbial pop-
ulation; otherwise, many useful functions of the soil could be inadvertently lost.
Table 26.4 summarizes the concentration-dependent potential threats of various
metal and metal oxide NPs in different soil varieties (Colman et al. 2013; Asadishad
et al. 2017; Shah et al. 2014; Ge et al. 2012; Kumar et al. 2012; McGee et al. 2017).

Critical roles are depicted in hampering enzymatic activities and microbial popu-
lation that have driven responses for the proper growth of crop plants. Several stud-
ies suggest exposure to fullerenes does not alter the structure and function of soil
microflora, while nanoscale ZnO and TiO, particles have growth-inhibiting effects
on the bacteria living inside the soil (Tan et al. 2018; Ge et al. 2011). To assure no
loss in water retention capabilities of the host soil, natural zeolites are rapidly being
used as potential alternatives to improve soil quality alongside the impacts of chem-
ical and organic fertilizers (Najafi-Ghiri 2014). Nanozeolites facilitate slow release

Table 26.4 Soil-type-dependent toxicity of popularly used NP expressions (neat as well as
oxidized forms)

Type of NP Peculiar growth-dampening effect Type of soil Reference
Ag (0.14 mgekg™") | Attenuated bacterial activity through Sandy and Colman et al.
suppressed enzymatic activities sandy loam (2013)
Au (0.1-100 Significant effect on soil microflora and Sandy Asadishad
mgekg™") nutrient cycling et al. (2017)
Fe, Ag and Co No significant effect on microbial Acidic topsoil | Shah et al.
(550 mg pot) population (in collective mode) but (2014)
individual activity affects bacterial
activities
TiO, (20 gekg™)) | Decrement and modification of bacterial Sandy clay Ge et al.
diversity loam (2012)
Mixture of Cu, Ag | Reduced C and N biomass along with Sandy peat Kumar et al.
and Si modification of microbial community Arctic soil (2012)
structure
Ag, SiO, and Reduced dehydrogenase and urease Pastureland McGee et al.
Al,O; activity, bacterial and archaeal amoA gene | soil (2017)

abundance
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of water sources and therefore increase the water-holding capacity of a soil
(Manikandan and Subramanian 2014). Zeolites and nanozeolites improve the soil
physical characteristics, such as water conduction, infiltration and ventilation, made
possible by their porous and capillary properties. It is due to this reason that zeolite
action keeps a particular soil uniformly aerated and that leads to zeolites being fre-
quently termed as natural wetting agents, regulating the water conduction in plants
(Szerment et al. 2014; Ghazavi 2015). Similarly, Si NPs are being used as relievers
of the heavy metal toxicity risk in different soils as well as salinity stress and dehy-
dration (Abdel-Haliem et al. 2017; Jullok et al. 2016). Most of the studies focusing
on the effect of NP activities in the soil voice about their toxicity concerns although
the exact mechanisms of the long-term manifestations are yet to be understood. In
this context, it is of paramount importance to know about the peculiar source of NP
entry to the soil, as there are numerous kinds of NPs which naturally prevail in every
soil due to persistent environmental activities. A second major consideration is
whether the NPs existing in any soil type are biologically or physically or chemi-
cally prepared. Studies predict that biologically prepared NPs are more compatible
to crop plants since surface coatings (for aggregation prevention) are biocompatible
in nature and most of the used biological sources (primarily leaf extracts or micro-
bial population in subcultured fractions) are water soluble. Contrary to this, the NPs
prepared through physical or chemical methods and are being used in electronic
semiconducting applications or rather faster mechanical purposes bear chemically
complex coatings on their surface. These coatings are not easily degraded and often
result in agglomeration owing to the exposure towards host soil carrying several
different kinds of materials with different reactivities. Increasing percentages of
such nanomaterials often cause undesirable interference in seed germination, root
and shoot growth and photosynthesis rate through diminishing chlorophyll concen-
trations. The risks present a gloomy picture beyond doubt because the effect at hand
is practical of many significant proportions. Crops as common as onion, spinach,
coriander, wheat, rice, soybean, mung bean, radish, lettuce, barley and cucumber
have been affected in multifold undesirable extents (Shaw and Hossain 2013;
Frazier et al. 2014; Hong et al. 2015; Yang et al. 2015; Rajput et al. 2018; Priester
et al. 2017). In this reference, Josko et al. have reported the negative effect of high
NP concentrations on dehydrogenase activity, while Janvier et al. and Suresh et al.
reported their detrimental effect on the self-cleaning facilitated nutrient balancing,
which considerably affects the plant nutrition and soil fertility (Josko et al. 2014;
Janvier et al. 2007).

Typical factors ascertaining the harmful influences of NPs disposed to soil
include their concentration, soil type and enzymatic activity. Soil properties, such as
pH, chemical texture, structure and relative organic content, affect the microbial
content of the soil as well as the ability of pollutant species to express toxic effects
on the microorganisms (Fierer and Jackson 2006; Simonin and Richaume 2015).
Not all soils are similarly affected by the NP exposure since there are some inten-
tional preparations, such as supplementing the soil with digested and fly ash, which
would reduce the pollutant bioavailability. Similarly, Calvario et al. in 2014 showed
the role of particle size distribution and organic matter content (in the soil) as the
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critical factors affecting the microbial populations of host soil (Calvarro et al. 2014).
Exposure to NPs is not always detrimental to the microbial and biological efficacy
of the soil as revealed by the results of the studies on some intentionally prepared
soils. Biochar, utilizing charcoal as a nutrient supplement to the soil, as soil amend-
ment expresses minimal toxic effects of CeO, NPs on the plants grown, although
NP- and biochar-amended soil interactions are not entirely studied (Servin
et al. 2017).

6 Future Insights with Respect to Sustainable
Progress Monitoring

Sustainable development is aimed at the optimum extraction of all potential benefits
so that the advantage of one positive is not compromised or compensated by the
negative of another aspect. Rather, the positive aspects of different contributing fac-
tors are expressed with reasonable control avoiding even a meagre negative expres-
sion of any of the variables. For instance, activities of NPs other than in the soil are
finely regulated since a robust knowledge and database of potential alternatives is
available for the NPs suitable in pesticide and fertilizer delivery or in the quantifica-
tion of seed quality inspection, pathogen detection and related activities. Contrary
to all such requirements (where the usage of NPs and nanomaterials is in our own
hands and offers optional implementation, in sync with the intended purpose), the
scenario where NP exposure to agricultural crops is accidental presents a differenti-
ating aspect of NP activities. A careful look at the literature suggests repeated refer-
rals to modelling several features of NP parameters so that the optimum combination
of more than one attribute is attained (Raies and Bajic 2016; Valerio 2009; Deeb and
Goodarzi 2012). For example, using an NP or nanocomposite system to deliver
pesticides will ultimately deliver the nanomaterials to the soil after which it is well
known that exposure of such nanomaterials to the soil could affect the soil texture
and fertility through more than one way. In such circumstances, the choice needs to
be rationally made so that the chosen nanosystem is moderately interactive which
also aids in the controlled extent of pesticide delivery at the targeted site.

Making such a choice would simultaneously reassure or reduce any untoward
chemical risk to the host soil so that the microbes existing in the soil are not ham-
pered or affected wrongly. As studies till date mostly refer to critical detrimental
effects on crop plant, there is a need to uptake scale-up models for studying the
long-term NP effects (in terms of exposure dosages and duration). The risks with
irregular NP toxic menaces are substantially due to their unceremoniously higher
reactivity which could be a source of formation of heterogeneous and chemically
more complex forms. Thus, modelling the nature of surface passivation materials
with respect to the composition of a particular soil type in such cases could be the
remedial measure. The next level of control could be exercised via collection of
databases listing the harmful effects of NPs on different growth-regulating
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properties of crop plants. These insights could be useful to select the rightful NP
concentrations and choose only those NPs which cause a lower negative influence
on one factor and comparatively better effect on another. In vitro modelling of such
permutations using computational techniques or docking could be a crucial link to
choose optimal combinations. Physically and chemically prepared NPs generally
possess chemically constituted aggregation-preventing coatings on their surfaces,
which are hydrophobic in nature. Such artefacts are likely to complicate the degra-
dation of NPs and ultimately increase their toxicity via an enhancement in oxidative
stress (Manke et al. 2013; Saddick et al. 2017; Brown et al. 2004). The occurrence
of such threats in several animals in the course of their drug delivery trials is proof
of such vulnerable metabolic fates. The enzyme diversity of microbes is already a
familiar part of several symbiotic associations between microbes and plants. Owing
to a differential enzyme expression in microbial species alongwith the higher chem-
ical reactivity of NPs and the dependence of enzyme activity on the working tem-
perature, NPs having significantly distinct specificity (such as magnetic sensitivity,
fluorescence sensitivity, antibiotic sensitivity, stress sensitivity or any other) could
be utilized as need-based sensing agents. These entities have been used to monitor
the stress levels of desalinated soils in terms of heavy metal pollution and another
toxic constituent. NPs along with microbes serve as dual stress mitigating agents
since microbes metabolize these harmful materials due to their greater stress toler-
ance levels and NPs do so by virtue of their higher surface areas. Furthermore, there
could be a possibility that microbes metabolize these toxic species and synthesize
them as NPs through enzymes of their metabolic machinery. In such interactions, it
could be possible that modification in microbial genes could provide us with
enhanced fluorescence or chemical responses towards any sensing material. This
dual strategy could be a vital breakthrough as having more than one kind of NPs in
the soil base could aid not only in detoxification but also in better nutrient and water
absorption. The repercussions of such potential remedies are expressed via reduced
water and more nutrient supply. Microbes with abilities to survive in < 0 and
> 100 °C temperatures are enormous powerhouses to enhance the nanoscale speci-
alities of NPs and other nanomaterials.

7 Conclusions

The application of nanoscale miniaturization tools has minimized agricultural
uncertainties along with improvement in the qualitative and quantitative features of
crop plants. The advantage of nanodevices towards exceptionally low-valued detec-
tion levels has monitored the seed quality and growth potential with more reliability.
Faster and accurate sensing using NPs and integrated nanoprobes has improved
disease detection and gene administration in obtaining wholesomely new and more
stress-tolerant varieties. Though studies involving NP administration to crop plants
project some serious inconclusive flaws, a proper selection of NP with reference to
the soil concerned could minimize toxicity and crop quality deterioration issues.
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The availability of nanocarriers with tuneable design features has already simplified
the need-based targeted delivery of pesticides and fertilizers, thereby reducing the
chemical hazards to soil and aquatic habitats. The optimization of NP usage is
swiftly on the way of being better controlled, to detect the pathogen level, to enhance
the photosynthesis rate through photocatalytic attributes and to detoxify the toxic
soil ingredients via judicious utilization of solar energy. With a rapid interest in
interdisciplinary studies, expectations to achieve better control on agricultural crop
yields and their quality standards are significantly on a high.
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