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1 Introduction

Nanotechnology is a novel and scientific approach that leads to the development of
valuable nanomaterials (NMs) (Mali et al. 2020). It covers several aspects of agri-
culture, food security, disease treatment, new tools for pathogen detection, effective
delivery systems, and packaging materials (Khan and Siddiqui 2020; Raghib et al.
2020). During the last several decades, it has grown to prominence as cutting-edge
technology, serving as a convergent science that brings together diverse fields (envi-
ronmental science, energy, plant science, materials physics, and nanomedicine) and
human welfare sectors (Gugliotti et al. 2004). Specifically, nanotechnology has the
ability to bring practical answers to varied agricultural issues. According to McCalla
(2001), by 2025, the global population could surpass eight billion. Thus, feeding the
ever-increasing human population is a significant concern for the twenty-first cen-
tury. The crop productivity and quality are being confronted by the booming human
population, weather instability, shrinking prime agricultural area, and irrigation
water (Prasad et al. 2017). Many people of the world directly or indirectly depend
on agriculture produce. For addressing the increasing challenges of food security
and sustainable production, notable nano-techno advancements have been devel-
oped in recent years in the field of agriculture (Usman et al. 2020) (Fig. 14.1).
Nanoparticles can be identified into three main categories based on source,
namely, natural, incidental, and engineered or manufactured NPs (Nowack and
Bucheli 2007). The first category has existed since the beginning of the earth and is
emitted from natural activities like volcanic eruptions, forest fires, dust storms, and
photochemical reactions. The second form of NPs is anthropogenic, usually
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emanating from gasoline/diesel exhaust, coal combustion, and industrial exhausts
(Uddin et al. 2013). The third form is produced by reducing the metal to its nuclear
size. NP synthesis includes a few techniques, such as physical, chemical, and bio-
logical (Asanithi et al. 2012; Siddiqi et al. 2018). The synthesis techniques for a
variety of NPs were developed and progressed to the molecular level (Gugliotti
et al. 2004). Due to the small size of NPs, the ratio of surface area to volume
increases (relative to bulk forms), improving the biochemical reactivity and confer-
ring unusual and valuable physical properties. It is a potential rising field of science
with brilliant applications in both basic and applied sciences (Ali et al. 2014).

1.1 Nanoparticle Use in Agriculture

The farming sector is the mainstay of any developing country, and crops are among
the significant sources of important nutrients for both humans and animals (Rajput
et al. 2021b; Ranjan et al. 2021). Nano-technological innovations can boost modern
agriculture in a more productive, cost-effective, and eco-friendly way (FAO 2002).
Among the various forms of NPs, inorganic NPs (metals: 29%, metal oxides: 26%,
CNTs and fullerenes: 6%) constitute over half of total farming uses (Peters
et al. 2016).

Numerous nano-agricultural products are presently being made to eliminate the
conventional toxic chemical usage. Metals, containing NPs like Fe, Mg, Zn, Cu, and
Mn, are put forward as fertilisers at low doses and as pesticides at higher doses (Liu
et al. 2016) as these metals are necessary for cellular function but toxic above a
threshold (Marschner 2011). For instance, ZnO and CuO NPs render potential as
fertilisers as they provide bioavailable essential metals and as pesticides because of
dose-dependent toxicity (Alamri et al. 2022; Rajput et al. 2021a, c; Shende et al.
2021). Over the recent decade, many nano-enabled patents and products have been
produced to control plant disease and increase crop yields, namely, nanopesticides,
nanosensors, and nanofertilisers, also nano-enabled remediation strategies for con-
taminated soils (Mali et al. 2020). Gogos and his team (2012) studied the use of NPs
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in plant protection, and nutrition found that NPs could assist deliver pesticides,
fertilisers and also detect plant disease and pollutants (Fig. 14.2).

There are various methodologies by which plants can be exposed to NPs, such as
the direct injection of NPs into plant tissue (Corredor et al. 2009), amendment of
NPs in the form of biosolids (Fayiga and Saha 2017), soil amendment, or irrigating
plants with NP suspensions (Raghib et al. 2020). NPs can infiltrate living tissues,
migrate to various parts of the plant system, and accumulate in underground and
aerial parts. In the soil matrix, NPs move via the apoplastic or symplastic area to
enter the epidermis of roots, pass through the cortex, and ultimately translocate to
the stem and leaves through the xylem and phloem (Pérez-de-Luque 2017), there-
fore often causing a widespread impact on the plant system.

The NP absorption, translocation to different aerial parts, and their toxicity on
plant system depend on bioavailability, solubility, exposure time, plant species,
chemical composition, surface structure, aggregation dose, type, concentration,
shape, and size of NPs (Ruttkay-Nedecky et al. 2017). Therefore, different plant
species have a different response to the same NPs and may vary significantly with
plant growth stages and treatment methods (Rastogi et al. 2017). Moreover, NP
interaction with the plant cell results in gene expression modification and related
biological pathways, which ultimately alter plant growth and development
(Ghormade et al. 2011). Plants are a crucial part of all ecosystems, and their
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interaction with NPs is a critical aspect of the risk assessment (Yang et al. 2017).
Once entered into the soil system, NPs may alter soil quality by affecting nutrient
release in target soils, soil organic matter, and soil biota, and they can be utilised by
the successive crops due to their gradual nutrient release. ENMs (engineered nano-
materials) and organic contaminants transferred and accumulate from the soil to the
edible parts of crops (Deng et al. 2014). Da Silva (2014) also reported NPs affecting
terrestrial plants in conjunction with metals.

1.2 Pollutants/Contaminants in Soil

Soil is a valuable resource as it serves numerous vital tasks such as life support, food
production, carbon storage, water purification, and biodiversity preservation
(Blum 2005).

Safe and healthy soil is necessary for the sustainable development of human
society. However, our soil is under grave threat. Rapid industrialisation and different
human activities, such as industrial waste discharge, sewage irrigation, and improper
use of chemical pesticides and fertilisers, have resulted in an increased build-up of
toxic metals/metalloids and persistent organic pollutants in soil over the past
decades (Naikoo et al. 2021) (Fig. 14.3).

1.3 Use of Nanoparticles in Soil Pollution Remediation

The advancement of nanotechnology has provided new inspiration and ideas for
polluted soil phytoremediation. NPs can help with phytoremediation by eliminating
contaminants directly, enhancing pollutant phytoavailability, and boosting plant
development. For example, nanoscale zero-valent iron (nZVI) particles have been
employed to remove a variety of contaminants from the soil. Fullerene NPs can
increase pollutant phytoavailability (Song et al. 2019). Therefore, the immobilisa-
tion or remediation of toxic HMs from polluted agricultural fields is regarded as a
profound, imperative, and imperious issue (Dar et al. 2017). Therefore, soil reme-
diation using plants and NPs in combination primarily involves two factors. One
factor is to absorb heavy metals or metalloids from the soil while another affecting
the internal structure of plants in order to promote growth (Deng et al. 2017). There
is a variable influence of NPs on metal and metalloid uptake because of the type and
application method as well as the plant and HM species involved (Usman et al.
2020). Ag NPs mitigate the deleterious effects of HMs in crop plants and may assist
in the bioremediation of contaminated environments by enhancing remediating
plants growth (Azeez et al. 2019; Deng et al. 2017).
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2 Effect of NPs on the Growth of Crop Plants

Nanotechnology serves as a platform to deliver agrochemicals and several macro-
molecules needed to boost plant growth and stress tolerance (Mali et al. 2020).
Various NPs documented both enhancive and inhibitive effects on plant develop-
ment (Yang et al. 2017). In agriculture, nanobiopolymers have found massive use,
such as soil health maintenance, reduction of agrochemical doses (after seed coat-
ing), and acting as a growth promoter (Baker et al. 2017). Many studies reported the
application of NPs promoting earlier plant germination and enhancing plant produc-
tion. Plant metabolism was boosted by NPs due to their unique properties (Nair
etal. 2012). The extent to which NPs in soil promote or restrict plant growth appears
to be related to plant type, NP type, and concentrations (Yoon et al. 2019). The
exposure period to NPs is also an influencing factor for plant growth. Plant growth
is aided by NPs, although some NPs show toxic effects as well. Increased water
uptake by CNTs (carbon nanotubes) can boost plant growth and seed germination.
CNTs (carbon nanotubes) can boost plant growth and seed germination by increas-
ing water uptake. Their key role as nanofertiliser can improve the farming sector,
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although the harmful effects of CNTs may decrease the variety of agricultural-wise
essential microorganisms and enhance the bioavailability of toxic metals in agro
crops (Vithanage et al. 2017). The unique characteristics of NPs allow them a spe-
cific adsorption effect which leads to unrestricted plant growth in soil polluted with
HMs. Excessively high NP concentrations, on the other hand, can impair plant
growth (Chen et al. 2017).

2.1 Positive Aspects Concerning the Growth

The soybean crop treated with TiO, NPs in cadmium-contaminated soil depicted an
increase in photosynthetic rate, growth, and biomass, as well as application till
300 mg kg~'enhanced the biomass (Singh and Lee 2016). Tomato plant growth was
improved by amendment of sewage sludge containing nano-TiO, (Bakshi et al.
2019). Zand et al. (2020a) observed enhanced shoot biomass of Sorghum bicolor
crop grown under Sb-contaminated soil exposed to TiO, NPs, most significant
increment at 500 mg kg~! TiO, NPs treatment. With the addition of 100-500 mg kg™
TiO, NPs, total plant biomass increased marginally. Likewise, adding 5 g kg™
nHAP (nano-hydroxyapatite) to the soil can raise soil pH, fix Pb, and increase the
biomass, thus promoting Lolium perenne growth (Ding et al. 2017). In addition to
this, Fe NP treatment accelerated plant growth when grown in Cd-contaminated
soil. Wheat morphological characteristics and dry biomass of shoots, roots, spike
husks, and grains were improved by exogenous administration of Fe NPs (Hussain
et al. 2019). Exogenous and soil application of ZnO NPs boosted growth and pho-
tosynthesis in Triticum aestivum cultivated in Cd-contaminated soil (Hussain et al.
2018; Raghib et al. 2020). Similarly, ZnO NPs showed significant improvement in
the development of the sunflower in soil irrigated over a longer duration with pol-
luted wastewater than the control (Seleiman et al. 2020). Mustard and cabbage
crops with nZVI treatment promote plant growth by increasing biomass of roots,
stems, and leaves in Cr-contaminated soil (Su et al. 2016). In like manner, nZVI-
treated soils exhibited better growth of barley plants in arsenic polluted soil. Studies
have shown nZVI at 10% concentration has the best immobilisation effect and lim-
ited arsenic availability, hence favouring the growth of Hordeum vulgare (Gil-Diaz
et al. 2017).

Under cadmium-contaminated soil, nano-ZVI similarly enhanced dry weight of
leaf, stem, and root of Boehmeria nivea (Gong et al. 2017). A low concentration of
nZVI (100-500 mg kg™!) effectively promotes growth by enhancing shoot biomass
in Lolium perenne L. under Pb-polluted sediment (Huang et al. 2018). Si NPs
improved the dry biomass of shoots, roots, spikes, and grains by 24-69%, 14-59%,
34-87%, and 31-96% in foliar spray and by 10-51%, 11-49%, 25-69%, and
27-74% in soil-amended Si NPs, respectively, in Triticum aestivum growth under
Cd-polluted soil (Ali et al. 2019a).

Furthermore, colloidal silica NPs preserve soil fertility by ensuring homoge-
neous distribution of groundwater within the soil, and several metallic NPs, such as
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CNTs, improve seed germination, resulting in healthy plant growth (Rai et al. 2018).
Moringa oleifera growing in Cd- and Pb-polluted soil exposed to Ag NPs promot-
ing germination and tolerance indices, also improved growth and vigour index
(Azeez et al. 2019). Graphene oxide (GO) NPs applied to Triticum aestivum culti-
vated under arsenic-polluted soil slightly increased the germination rate and the root
number (Hu et al. 2014).

2.2 Negative Aspects Concerning the Growth

The high dose of TiO, NPs (1000 and 1500 mg kg™") markedly inhibits seedling
emergence and S. bicolor growth (Zand et al. 2020a). Likewise, a higher concentra-
tion of TiO, NPs showed a reduction in fresh and dry biomass, chlorophyll content,
and plant height (Singh and Lee 2016). Huang et al. (2018) reported that a higher
concentration of nZVI (1000 and 2000 mg kg™') caused a decline in total chloro-
phyll content, leaf physiological structure, and root biomass, thus inhibiting Lolium
perenne growth in lead-polluted sediments. Plant growth is hindered by the pres-
ence of Ag in the soil.

Despite the limited transfer of Ag NPs, the high- and low-dose treatments signifi-
cantly reduce root development of both monocot and dicot crop species, viz. wheat
and rape, compared to the control (Pradas del Real et al. 2016). Brassica rapa sown
in arsenic-polluted soil when treated with CNTs reported a reduction in fresh and
dry biomass (Awad et al. 2019). Triticum aestivum showed adverse effects when
exposed to As (V) soil and GO (graphene oxide) NPs. GO NPs directly affected the
shoot length, and As (V) enhanced the impact of GO. Thus, it induced a significant
reduction in fresh weight and chlorophyll contents (Hu et al. 2014).

2.3 No Effect Concerning the Growth

The addition of nano-HAP on Lolium perenne L. and celery (Apium graveolens)
showed no significant growth rate (Ding et al. 2017; Yang et al. 2020). The treat-
ment of nano-CeO, to Helianthus annuus plant in spiked boron soil did not produce
a significant effect on plant biomass (Tassi et al. 2017). Similarly, Glycine max in
cadmium-contaminated soil showed no significant change in root biomass to CeO,
NPs (Rossi et al. 2017). Also, the application of silver and silver sulphide NPs (pres-
ent in biosolids) to Lactuca sativa showed no significant differences in the aerial
biomass (Doolette et al. 2015) (Table 14.1).
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Table 14.1 Effect on crop growth

U. Jahan et al.

NMs/NPs Soil pollutant/
type Crop type | contaminant | Effect on crop growth References
GO NPs Triticum Arsenic Moderately increased germination Hu et al.
aestivum rate and root number; reduced fresh (2014)
weight, shoot length, and chl contents
Silver and | Lactuca Biosolids No significant changes Doolette
silver sativa et al. (2015)
sulphide
NPs
nZVI Cabbage, Hexavalent Accelerated growth and biomass Su et al.
mustard chromium (2016)
TiO, NPs | Soybean Cadmium Increased plant biomass, Singh and
photosynthetic rate and growth till Lee (2016)
TiO, NPs (300 mg kg™'); reduction in
plant heights, chl content, and fresh
and dry biomass at higher levels
CNTs Brassica Arsenic; lead; | CNT-HM enhanced growth; CNT-As | Awad et al.
rapa heavy metals | decreased growth (2019)
CeO, NPs | Glycine Cadmium Total dry weight slightly higher Rossi et al.
max (2017)
nCeO, Helianthus | Boron No significant effect on plant biomass | Tassi et al.
annuus (2017)
nZVI Lolium Lead Chl content decreased with the Huang et al.
perenne increase of nZVI; low nZVI (2018)
(100-500 mg/kg) favours growth, but
high nZVI (1000 and 2000 mg/kg)
inhibits the growth
ZnO NPs | Triticum Cadmium Increased photosynthesis and growth | Hussain
aestivum etal. (2018)
ZnONPs | Oryza Cadmium Improved growth; high dose increased | Zhang et al.
sativa total biomass (2019)
Ag NPs Moringa Cadmium; Promoted germination and tolerance | Azeez et al.
oleifera lead indices; enhanced growth; improved | (2019)
vigour index; increased chl a, b, and
carotenoid contents
nHAP Apium Cadmium No significant effect on growth Yang et al.
graveolens (2020)
TiO, NPs | Sorghum Antimony TiO, NPs (100-500 mg kg') increased | Zand et al.
bicolor plant biomass and slightly altered (2020a)
total chl contents; TiO, NPs (1000
and 1500 mg kg') inhibited
germination and growth
nZVI T. repens Cadmium nZVI (600 mg kg~") boosted shoot Zand et al.
biomass and Chl a/Chl b ratio; (2020b)
inhibitory effect on germination and
growth at higher dose

Chl denotes chlorophyll; PBDEs denotes polybrominated diphenyl ethers
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3 Effect of NPs on the Yield of Crop Plants

Nanotechnology products, like nanopesticides, nanoherbicides, nanobionics, etc.,
increase crop production. Nanobiotechnology offers new tools for manipulating and
improving crop output using NPs. Smart delivery of agrochemicals enhances the
yield by optimising water and nutrient conditions (Mali et al. 2020). Advancement
in nanoscience has implemented new methods for the molecular management of
diseases, increasing the yield through nanofertilisers/nanoinsecticides with efficient
resource (water and soil) use (Peters et al. 2016). Modern farming has been using
enormous pesticides to boost productivity. However, according to the UN’s Food
and Agriculture Organization (FAO), pests and diseases rob 20-40% of global crop
production each year, despite the application of about two million tonnes of pesti-
cides (King 2017).

Further, NP-mediated gene transformation and delivery of macromolecules that
activate gene expression in plants can be used to improve agriculture even more
(Mali et al. 2020). NPs could potentially act as a magic bullet, containing substances
such as beneficial genes, herbicides, and organics that target specific plant parts to
boost yield (Marchiol et al. 2014). However, other works reported that NPs enhance
yield characteristics in plants. Seed priming with mineral NPs has the potential to
alter the nutrient content of seeds, hence impacting yield (Rui et al. 2018).

3.1 Positive Aspects Concerning Yield

Nano-titanium dioxide (present in sewage sludge) enhanced tomato fruit yield
(Bakshi et al. 2019). The uptake of copper NPs and iron NPs improved wheat yield.
Besides, Cu NP uptake enhances stress tolerance in wheat variants, consequently
leading to better yield of wheat crop (Yasmeen et al. 2017). Foliar application of
iron NPs improved wheat productivity when cultivated in cadmium-contaminated
soils (Hussain et al. 2019). Under a similar environment, the highest dry weight of
grain reported at 100 mg/kg of Fe NPs (Adrees et al. 2021). Moreover, the exoge-
nous and soil-applied zinc oxide NPs can promote wheat productivity in Cd-polluted
soil (Hussain et al. 2018; Khan et al. 2019). Likewise, ZnO NPs application to sun-
flowers significantly improved the yield in soil watered with polluted effluent for a
lengthy period of time.

Foliar application with Zn NPs enhanced the seed yield ha™!, 100-seed weight, the
number of seeds per head, the head diameter, and sunflower oil yield by 19.2%,
6.7%, 9.2%, 5.7%, and 214 kg ha~!, compared to the untreated plants. Additionally,
ZnO NPs can mitigate the harmful influence of toxic metals on sunflower productiv-
ity (Seleiman et al. 2020). Moreover, applying silicon NPs by seed priming, foliar
spray, and soil amendment methods may increase the productivity of wheat (Triticum
aestivum) cultivated under cadmium-contaminated soil (Ali et al. 2019a). Fluoride
contamination in soil reduces yield by suppressing grain development, thereby
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Table 14.2 Effect on crop yield

Soil pollutant/
NMs/NP type | Crop type contaminant Effect on crop yield References
Silver and Lactuca sativa Biosolids No significant Doolette
silver differences in dry weight | et al. (2015)
sulphide NPs of plant at harvest
ZnO NPs Triticum aestivum Cadmium Increased yield Hussain et al.
(2018)
Ag NPs Moringa oleifera Cadmium; lead | Improved productivity | Azeez et al.
(2019)
ZnO NPs Oryza sativa Cadmium No difference found at | Zhang et al.
ripe and harvest process | (2019)
Ag NPs Capsicum annuum; | Sludge Reduced lettuce and Lietal.
Lactuca sativa, radish yield and no (2020)
Raphanus sativus change in chilli yield

inhibiting reproduction and panicle development in rice crops. Thus, nano-Si-
priming efficiently restored the harvest of grains (Banerjee et al. 2021). Besides,
nano-silicon-mediated stimulation of yield has observed in 7. aestivum and Z. mays
seedlings exposed to cadmium-contaminated soil and insect infestation, respectively
(El-Naggar et al. 2020). Root exposure with Ag NPs in sludge-amended soil through-
outalife cycle declined the lettuce and radish harvest by 42% and 61% (Li et al. 2020).

3.2 Negative Aspects Concerning Yield

The application of silver NPs containing sludge could negatively influence crop
production of both wheat and rape crops (Pradas del Real et al. 2016).

3.3 No Effect Concerning Yield

No significant differences reported in aerial biomass of Lactuca sativa at harvest as
transformed silver NPs (present in the applied biosolids) had very little bioavail-
ability to lettuce plant (Doolette et al. 2015) (Table 14.2).

4 Effect of NPs on the Quality of Crop Plants

According to a United Nations directive, global nutritional security and climate
change measures in the agriculture sector must be taken in the twenty-first century
(King 2017). So far, several types of NPs have been examined, with encouraging
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results in terms of improving quality. Further enhancement in terms of quality can
be accomplished using NP-mediated gene transformation and delivery of macro-
molecules that induces gene expression in plants (Mali et al. 2020). Besides affect-
ing morphology and biochemistry, it also influences the nutritional content of both
natural and transgenic crops.

Nanotoxicity in crops can be visualised as a reduction in plant hormone concen-
tration when specific NPs, such as CeO, NPs and CNTs, interact with them (Hao
et al. 2016). Furthermore, crop nutrients (e.g., amino acids, proteins, fats, and sug-
ars) are essential components of nutritional quality and are also influenced by dif-
ferent NPs (Yang et al. 2017). The use of nanotechnology to develop new foliar
fertilisers could help synchronised agro crop nutrient management (Li et al. 2016).
The NPs function as a magic bullet, hence serving as a smart delivery system for
agricultural administration, explicitly about crop nutrition (Marchiol et al. 2014).
Nutrient management and synchronised release and uptake of nutrients in agricul-
ture crops are possible using nanofertilisers, reducing nutrient losses (Rai et al.
2018). The NP application for agricultural practice becomes even more challenging
under the condition of accumulation in edible plant parts like fruits and seeds and
modulation in nutrient composition (Yang et al. 2018).

4.1 Positive Aspects Concerning Quality

The unique photocatalytic and antimicrobial qualities of titanium dioxide make it
effective for controlling and suppressing plant diseases, indirectly responsible for
quality improvement. For example, cucumbers showed a reduction in infection
when exposed to TiO, (Cui et al. 2009; Servin et al. 2015). The uptake of copper and
iron NPs in wheat boosted the quality, reflected through increased sugar content
(Yasmeen et al. 2017). The application of iron NPs on wheat crop in cadmium-
contaminated soil demonstrated alleviation of toxic effects of Cd and reduced Cd
contents in grains and tissues, while enhanced grain Fe biofortification in a dose-
additive manner application of Fe NPs (Hussain et al. 2019). Same as reported ear-
lier, Fe NPs augmented the quality of wheat grains. The highest concentration of Fe
and least Cd content is found in the root, shoot, and grain at 100 mg/kg of Fe NPs
(Adrees et al. 2020). In addition, the use of zinc oxide NPs and iron NPs reduced the
amount of Cd in roots, shoots, and wheat grains.

The amount of Cd in grain was found to lower the Cd threshold level when
exposed to higher NP treatment. Both ZnO NPs and Fe NPs increased the Zn and Fe
amount in plants, especially in grains depicting use in cereals’ biofortification.
Hence, it will improve the nutrient content in seeds eliminating hidden hunger
(Rizwan et al. 2019). Both foliar and soil application of ZnO NPs showed a simul-
taneous decline and increment of Cd and Zn content in tissues and grains. The
amount of Cd in wheat grains declined by 30-77% and 16-78% with foliar and soil
amendment of ZnO NPs, respectively. Overall, the zinc NPs play a significant role
in increasing nutrients and decreasing Cd toxicity in the wheat crop, as reported by
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many studies (Hussain et al. 2018). ZnO NPs possess the potential to simultane-
ously reduce both arsenic and cadmium in rice grains cultivated in As- and Cd-co-
contaminated rice paddies (Ma et al. 2020).

The ZnO NPs amendment to Cd-polluted soil has the potential to increase Zn
while minimising Cd accumulation in tissues and grains by lowering the bioavail-
able soil Cd. About 78%, 64%, and 103% greater Zn concentrations observed in
shoots, roots, and grains at the highest NPs (100 mg/kg), respectively, and the same
exposure resulted in minimum Cd content in the wheat crop (Khan et al. 2019).
Sunflower cultivated in polluted soil when exposed to ZnO NPs significantly
boosted quality by enhancing the sunflower oil percentage, oleic acid, and oleic/
linoleic acids ratio. It also showed a reduction of Cd, Cu, Cr, and Pb contents and
significantly enhanced Zn and Fe (Seleiman et al. 2020). Similarly, foliar spray of
100 mg/L ZnO NPs significantly diminished the Cd content in rice crop by 30% and
31% in shoot and root, respectively, and enhanced Zn concentrations in tissues (Ali
et al. 2019b). Likewise, foliar exposure of ZnO NPs (100 mg/L) showed the lowest
Cd and highest Zn contents; therefore, the amount of Zn increased by 56%, 101%,
and 106% in roots, shoots, and grains, respectively, at 100 mg/L of ZnO NP
exposure.

The amount of Cd in grain decreased by 26%, 81%, and 8§7% when exposed to
ZnO NPs at 25, 50, and 100 mg/L. Consequently, it could minimise Zn deficiency,
thus improving the wheat crop quality (Adrees et al. 2020). Si NPs with higher
concentrations were effective in lowering Cd levels in grains. The foliar spray of Si
NPs diminished the Cd level in shoots, roots, and grains by 16-58%, 19—64%, and
20-82%, respectively, whereas soil-applied Si NPs declined the Cd contents in
shoots, roots, and grains by 11-53%, 10-59%, and 22—-83%, respectively. Thus, Si
NPs reduced Cd and increased Si contents in matured grains of wheat (Ali et al.
2019a). Fluoride contamination resulted in an excessive build-up of fluoride in the
spikelet sap, which prevented rice grains from hardening.

The addition of Si NPs increased the bioavailability of nutrients such as silicon,
potassium, zinc, copper, iron, nickel, manganese, selenium, and vanadium boosted
seedling health even during prolonged fluoride stress. Thus, by lowering fluoride
bioaccumulation, Si NPs effectively alleviated molecular damage and restored qual-
ity, especially in edible grains (Banerjee et al. 2021). High concentration graphene
oxide (GO) NPs (10 mg/L) reduce arsenic uptake in wheat crops (Hu et al. 2014).
The addition of nZVI decreased Cr content in cabbage mustard tissues (Su et al.
2016). A low level of nZVI accelerated Fe translocation by the shoot of Lolium
perenne grown in Pb-polluted sediment (Huang et al. 2018). The amount of Cd and
Pb uptake significantly reduced in Moringa oleifera when exposed to Ag NPs
(Azeez et al. 2019).
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4.2 Negative Aspects Concerning Quality

The use of nano-TiO, particles increased Cd bioaccumulation in soybean plants
(Singh and Lee 2016). Also, high Ti concentrations in plant tissues lead to competi-
tion between Ti and Fe for ligands and proteins, resulting in Ti phytotoxicity (Lyu
et al. 2017). Thus, a higher concentration of Ti NPs likely caused iron deficiency
symptoms in a plant, leading to poor quality. Simultaneous impacts of antimony and
excessive TiO, NPs in soil showed increased toxicity and enhanced Sb accumula-
tion capacity in plants. More significant Sb accumulation found in shoots than roots
suggested that S. bicolor aerial parts were the preferential Sb storage organ (Zand
et al. 2020a). Also, CeO, NPs had no effect on Cd accumulation, although Cd
boosted Ce accumulation in soybean plant tissues, especially roots and older leaves
(Rossi et al. 2017).

Higher levels of nano-CeO, resulted in a detrimental effect on the boron nutri-
tional status in sunflowers (Tassi et al. 2017). Further, K and Mg content in leaves
of lettuce declined when exposed with Ag NPs (present in sludge), suggesting unin-
tended residual transgenerational effects (Li et al. 2020). Nano-ZVI increased the
accumulation capacity for Cd in 7. repens (Zand et al. 2020b). Besides, the addition
of a high amount (500 mg kg!) of ZnO NPs in the low Cd-polluted soil could facili-
tate Cd accumulation, exceeding the permitted Cd concentration limit in Chinese
rice (0.2 mg kg') (Zhang et al. 2019). The translocated CNTs bound with Pb or As
in cabbage plants led to toxicity (Awad et al. 2019). Low concentration (0.1 and
1 mg/L) GO NPs boosted As uptake in the wheat plant (Hu et al. 2014). A high
concentration of nZVI caused Fe absorption suppression because the iron uptake
pathway and translocation from root to shoot were reported to be blocked by
nZVL. It also increased the potential of Lolium perenne to accumulate Pb (Huang
et al. 2018).

4.3 No Effect Concerning the Quality

No detrimental effect on boron’s nutritional status in the plant, indicating a counter-
action by nano-CeQ, showing a reduced NP availability for plant uptake when high
levels of boron were present in soil (Tassi et al. 2017). Barley in arsenic-polluted
soils, when treated with nZVI, did not show any adverse effects regarding the nutri-
ent content (Gil-Diaz et al. 2017). Bakshi et al. (2019) reported no significant Ti
accumulation and no nutrition change in tomato fruits. The nano-HAP application
showed no change in Cd concentrations in the celery plant (Yang et al. 2020). Also,
exposed to Ag NPs (present in sludge) retained their nutritional status (Ca, K, Mg,
P, Fe, Mn, and Zn), including protein and amino acid levels in chilli fruits and radish
roots (Li et al. 2020) (Table 14.3).
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NMs/
NP Soil pollutant/
type Crop type contaminant | Effect on crop quality References
GO Triticum aestivum | Arsenic Low dose (0.1 and 1 mg/L) Hu et al.
NPs improved whereas high dose (2014)
(10 mg/L) declined As uptake
nZVI | Cabbage; Hexavalent Decreased Cr content in tissues and | Su et al.
mustard chromium accelerated Fe absorption (2016)
TiO, Soybean Cadmium Higher Cd uptake and Singh and
NPs bioaccumulation Lee (2016)
CNT | Brassica rapa Arsenic; Lead | Enhanced toxicity Awad et al.
(2019)
nZV1 | Lolium perenne | Lead Increased accumulation capacity of | Huang et al.
Pb; high dose of nZVI suppressed (2018)
Fe absorption, while low dose
accelerated Fe translocation by
shoot
ZnO Triticum aestivum | Cadmium Increased and decreased Hussain
NPs concentration of Zn and Cd, etal. (2018)
respectively
Ag Moringa oleifera | Cadmium; Uptake of Cd and Pb reduced Azeez et al.
NPs lead (2019)
nHAP | Apium graveolens | Cadmium No significant change Yang et al.
(2020)
ZnO Oryza sativa Cadmium High dose increased bioavailable Cd | Zhang et al.
NPs (2019)
Ag Capsicum Sludge Nutritional quality is minimally Lietal.
NPs annuum;, Lactuca affected in chilli fruits and radish (2020)
sativa; Raphanus roots, whereas K and Mg declined in
sativus lettuce leaves
nZVI | T repens Cadmium Accumulation capacity increased for | Zand et al.
Cd (2020b)
TiO, Sorghum bicolor | Antimony Accumulation of Sb in shoots which | Zand et al.
NPs enhances the toxicity (2020a)

5 Conclusion and Future Outlook

Nanotechnology offers farmers better solutions to their problems by ensuring eco-
logical sustainability and economic stability. Globally, many countries have antici-
pated that nanotechnology has the ability to maximise harvest and agricultural
efficacy in an eco-friendly manner, even in an adverse environment. The usage of
nanotechnology would be critical in nourishing a burgeoning population with
diminishing natural resources. However, before NPs are widely used, their adverse
effects must be assessed and addressed.

The number of publications dealing with NPs has increased exponentially,
although research about the impact of single NPs on plants explicitly dominates.
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Increased anthropogenic activities have resulted in harmful pollutants being released
into the agro-environment, either intentionally or unintentionally. An increase in
production (yield) with the least and efficient use of NPs in an already polluted ter-
restrial environment is now the main cynosure of agriculture scientists. The present
chapter summarises the research progress by using several NPs via seed priming,
foliar spraying, and soil amendment. We also listed the outcomes of different NPs
on plants and reviewed progress mainly from three aspects: positive, negative, and
no change under polluted soil. Several studies implied NPs could competitively
adsorb the bound contaminants from soil and increase pollutants’ concentrations,
causing accumulation in crops. As a result, they are significantly affecting morphol-
ogy, harvest, and quality.

These might also depend on soil property, plant variety, and the property of NPs.
Most previous studies only focused on the interaction of plants with NPs or soil pol-
lutants alone. However, the knowledge regarding their combined effects on the
quality of crops is still minimal and henceforth is undoubtedly a new research direc-
tion. Researchers have found both beneficial and adverse impacts of NPs on higher
plants, but very little work has been done to assess this under polluted soil. Various
studies reported positive effects of low dosage, which showed a non-significant con-
trol effect, while excessive dosage enhances the harmful effects in crops. Besides,
the increasing number of research demonstrates the negative impact of NPs, such as
inhibited germination, growth and delayed ripening, etc. Micronutrient content in
NP-treated crops suggested they could significantly alter the crop quality and yield.
Future studies should address the following, considering polluted soil environment:

(a) Toxicity of NPs

(b) Lack of soil or field-based studies with NPs and more studies required in vari-
ous types of contaminated fields as the behaviour of NPs differs significantly in
laboratory conditions and the natural environment

(c) Limited nanoresearch with essential crop nutrients

(d) More extended growth experiments till harvest/maturity would be necessary to
investigate the outcome of crop yield

(e) To study more cultivars as the responses found to be different among species
and cultivars, and probing the role of NPs with varied crops, still await the
acquisition of information

(f) Simultaneous potential accumulation of NPs and contaminants in crops
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