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Abstract: Nanotechnology is an emerging field of science that applies particles between 1 and 100 nm in size for a range of
practical uses. Nano-technological discoveries have opened novel applications in biotechnology and agriculture. Many reactions
involving nanoparticles (NPs) are more efficient compared to those of their respective bulk materials. NPs obtained from plant
material, denoted as biogenic or phytosynthesised NPs, are preferred over chemically synthesised NPs due to their low toxicity,
rapid reactions and cost-effective production. NPs impart both positive and negative impacts on plant growth and development.
NPs exhibit their unique actions as a function of their size, reactivity, surface area and concentration. An insight into NP
biosynthesis and translocation within the plant system will shed some light on the roles and mechanisms of NP-mediated

regulation of plant metabolism. This review is a step towards that goal.

1 Introduction

Nanotechnology is a branch of technology that focuses on
nanomaterials and their application in various fields. Nanoparticles
(NPs) exist at the nanoscale, having at least one dimension between
1 and 100 nm. NPs are derived from their bulk counterparts but
offer distinct properties [1]. Since the inception of nanotechnology
in recent decades, market investment has increased substantially
due to its applications in environmental science and agriculture [2].
Global investment for nanotechnology applications in
environmental management to date, and that expected in the near-
future, is given in Fig. 1.

The role of NPs in commercial products and industrial
applications has increased significantly. A large quantity and
variety of naturally occurring NPs are distributed throughout the
atmosphere, oceans, aquatic ecosystems, soil and most living
organisms [3-5]. Interaction between NPs and biological systems
requires extensive molecular study, which is a relatively new area
of nanotechnology. NPs possess myriad functions and infinite uses
due to their varying conformation, composition and behaviour;
hence, nanotechnology has become a rapidly expanding field of
investigation and development [6].

The exceptional characteristics and high reactivity of NPs are
due to their small size and large surface area that play a critical role
in enhancing their performance as compared to their conventional
bulk materials. The unique features of NPs are exploited by a wide
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Fig. 1 Investment in the global nanotechnology market for environmental
applications

IET Nanobiotechnol., 2019, Vol. 13 Iss. 4, pp. 345-352
© The Institution of Engineering and Technology 2019

array of industries. Applications of NPs have been examined in
several fields of bioscience and biomedicine with an increasing
number of commercial applications [7]. By evaluating the
bioavailability and potential toxicity of engineered nanomaterials,
their beneficial effects can be further explored.

Research has been conducted to determine the possible roles of
NPs in plant growth and development. It has been found that NPs
are capable of generating both positive and negative response in
plants. In addition, NPs play an important role in
phytoremediation, i.e. plant-based cleanup of contaminated soil
and water. Currently, a vast proportion of nanotechnology in
industry is devoted to the development of new functional materials,
product development and design of methods and instrumentation
for food safety and biosecurity [8].

In this review, the sources, biosynthesis, uptake and
translocation of NPs, and their plausible role(s) in regulating plant
metabolism are summarised.

2 Sources of NPs

Common sources of NPs are shown in Fig. 2; sources are both
natural and anthropogenic. Diverse natural processes can indirectly
generate NPs; these include photochemical reactions, volcanic
eruptions and forest fires. Even wind- and water-based soil erosion
result in NP formation [9]. Anthropogenic activities are also
responsible for NP production. NPs are produced inadvertently;
they may be byproducts of simple combustion and food cooking or
manufacturing processes such as welding, refining and smelting
[6]. NPs which are intentionally manufactured are used for
specialised applications in industrial, agricultural and other
purposes; these are termed engineered NPs and include carbon
NPs, metal oxide NPs, zero valence metal NPs and so on [10].

3 Classification of NPs

NPs have been classified into different groups on the basis of their
inherent characteristics. Scientists often modify NPs to render them
more applicable to various uses and end-products. Klaine ez al. [11]
divide NPs into different groups on the basis of their origin and
chemical nature.

(i) NPs derived from carbon-based materials are known as carbon
nanotubes (CNTs) including fullerenes, single-walled CNTs
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(SWCNT) and multiwalled CNTs (MWCNT). Fullerenes, also
called buckyballs (due to resemblance to a ball) are hollow spheres
containing 60 carbons obtained from graphite [12].

(i1) Oxides of metal NPs [11]. The most commonly used NP oxides
in plants are TiO, [13, 14], ZnO [15], CuO [16-18], Al,O3 and
CCOZ.

(iii) Dendrimers are nano-sized polymers formed by the branching
of large unit NPs; its core and/or branches are formulated to
perform specific chemical functions [11].

(iv) Biological materials attached to NMs comprise the fourth
class. Attachment of DNA to titanium is an example (U.S.
EPA2007).

(V) Zero-valent metal (zV). This particle serves to reduce a number
of elements and compounds in situ. For example, zero valent iron
is used to treat groundwater to remove nitrate, and also for the
dehalogenation of organochlorine pesticides and polychlorinated
biphenyls [19].

4 Plants can be used as a ‘green’ source for NP
synthesis

NPs are synthesised using varied chemical approaches. Scientists
can modify NP chemical, physical and surface properties in order
to utilise them optimally to perform a specific function. NPs
produced by standardised chemical and physical processes in
laboratories and industry tend to be more popular and can
consistently produce NPs having desired characteristics [20-22];
however, such NPs may be directly hazardous to the environment
and human health. Chemical synthesis methods are also expensive
and often time consuming [23, 24].

It is important to understand how NPs are synthesised in a
simple and reproducible manner and still possess the desired
characteristics. In recent years, scientists have identified alternative
methods to produce NPs which are eco-friendly and less costly.

Fig. 3 reveals that NPs can be synthesised by a vast range of
precursors beyond plants.

It has been reported that algae [25], diatoms [26], bacteria [27],
yeast [28] and fungi [29] transform bulk materials into their
respective NPs due to the reductive nature of proteins and
metabolites present in these organisms [30].

Plants have become popular ‘green factories’ for the synthesis
of NPs, which are often non-toxic [31]. A wide spectrum of plants
can be cultivated and processed through which ‘green NPs’ are
extracted; NPs derived from plant extracts and microorganisms
were more pharmacologically active than chemically synthesised
NPs. Among these, NPs produced by medicinal plants were found
to be the most pharmacologically active, possibly due to the
attachment of several pharmacologically active residues [32].

In plants, the basic synthesis mechanism involves the
accumulation of the metal within tissue and, after sequential
physiologic processes, NPs are generated which can be extracted.
An example is the synthesis of silver NPs (AgNPs) — Brassica
juncea and Medicago sativa use silver nitrate as a substrate,
transform it and accumulate it as 50 nm AgNPs [33]. Gold
icosahedral NPs, 4 nm in size, were observed in M. sativa; copper
particles, semi-spherical in shape and 2 nm in size were detected in
Iris pseudacrus [34, 35]. Extracts of aloe vera leaves were used for
the production of cubic In,O3 NPs measuring 5-50 nm [36].
Waghmare et al. [37] synthesised extracellular AgNPs from
Candida utilis NCIM 3469. The authors characterised the NPs by
UV-visible spectroscopy and scanning electron microscopy and
found that the AgNPs are spherical. Extracts from lemon grass
(Cymbopogon flexuosus) was used for the production of gold
nanospheres and nanotriangles with a size range of 0.05-18 pm
[38]. NPs and the respective plants from which they are
synthesised are provided in Table 1.

5 Uptake, accumulation and translocation into
plant cells

Engineered nanomaterials are present in soil, water and the
atmosphere, so plants readily encounter them. Plant-accumulated
NPs can subsequently become important routes of exposure for
higher species, i.e. bioaccumulation through the food chain [65].
Entry of NPs into the plant cell is oftentimes not simple, however,
as the cell wall resists entry of foreign materials. The mode of entry
of NPs in plants depends on plant species, size of NPs and NP
chemical composition. Stability of NPs also affects entry into the
plant [66].

Carbon-based materials and metal oxide NPs enter plants via
distinct modes. Carrier proteins, aquaporins and endocytosis ion
channels in cells comprise entry points for NPs [66]. An

Sources of Nanoparticles (NPs)

A. Naturally-produced NPs e.g. forest
fires and volcanic eruption

Volcanic eruptions Forest fires

Petroleum refining

B. Incidental NPs: created inadvertently

from chemical manufacturing, metal

smelting, cooking food, etc.
-

C. Engineered NPs. Used for
research and  many
practical applications.

Smelting

Nanoparticles

Fig. 2 Sources of NPs: A. natural; B. incidental (created during manufacturing and other processes), and C. engineered NPs
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Fig. 3 NP biosynthesis using different biological precursors

Table 1 Selected examples of plants used in NPs synthesis

S 4 -
}) Q\g‘i\\' [ A ] ;
%& Au, Ag, Cu, Ti, etc.
Biosynthesis of NPs
with different
) precursors 5
Q\e“\% aDgLIS
X

Liu et al. reported that SWCNTs penetrate intact cell walls and

Plant Nanoparticles (NPs) Reference cell membranes via a fluid phase of endocytosis in Nicotiana
Emblica officinalis Ag/Au triangle form [39] tabacum cv bright yellow (BY-2) [69].
Avena sativa Au 40] In tomato seedlings, MWCNTSs enter cells through seeds and
) ) the root system [70]. It was found that MWCNTs enter wheat
Aloe barbadensis Au (nanotriangle)/Ag [41] seedlings by piercing the epidermal and root hair cell wall and by
Cinnamomum camphora AU/Ag [42] penetrating the root cap [71]. Some CNTs are unable to penetrate
Medicago sativa Ti/Ni bimetallic [43] plant cells; this is especially true for MWCNTs, due to difficulty in
Iris pseudacorus Cu [35] penetrating the rigid cell wall. Tan et al. [72] showed that cell walls
Pelargonium graveolens Ag [44] of rice in suspension culture limited entry of MWCNTs into the
Lavandula intermedia Ag [45] cellular cytoplasm. .
. . In natural ecosystems, uptake of nanomaterials by plants
Ixiro coccinea CuO [46] d d : . .
epends strongly upon soil properties such as chemical
Aloe vera Cu (47] composition, organic matter content and colloidal properties [66].
Ginkgo biloba Cu [48] Natural organic matter (NOM), a collection of heterogeneous
Nigella sativa Ag [49] organic substances derived from decomposed organisms, is a key
Zea mays L. Ag [50] factor affecting NP exposure to, and uptake by, plants [73]. Uptake,
Musa sp. cds [51] accumulation, and translocation of fullerene C;y (CNTs) and
Glycyrrhiza uralensis Au/AgCI [52] MWCNTs ?bricli:. plant§ F;T]] the support of a NOM suspension
. .. was reporte n et al. .
Syzygium Cl,lmml Ag [53] In Eeveral sytudies, different modes of uptake and translocation
JL{glans regla Au [54] of metal oxide and metallic NPs have been reported. Kurepa et al.
Eichhornia crassipes Zn0 [55] showed that uptake and translocation of conjugated TiO, NPs (size
Kalopanax pictus MnO2 [56] <5 nm) with Alizarin red S by seedlings of Arabidopsis thaliana
Diopyros kaki Pt [57] showed cell- and tissue-specific distribution [75]. Uptake and
Vitis vinifera Se [58] translocation of ZnO NPs were investigated by Lopez-Moreno et
Brassica oleracia Ca0o 159] al. in Glycz:ne max (soybean) seedlings where ZnO NPS
Elettaria cardamomunm Au (60] accumulated in roots and affected root growth in concentration-
) dependent manner; at lower concentration it increased the root
Suaeda aegyptiaca Zn0 [61] length whereas, at higher concentration a reduction in root length
Sageretia thea Zn0 [62] was observed [76]. In ryegrass, adsorption and aggregation of ZnO
Cymbopogon citratus Ag [63] NPs to root surfaces, observed by scanning electron microscopy,
Butea monosperma Ag [64] was reported by Lin et al. [74]. Other metal oxide NPs can be

endocytosis-like structure in the plasma membrane of Arabidopsis
thaliana leaves allowed for entry of SWCNTSs as reported by Shen
et al. [67]. Transporters are proteins which mediate the shunting of
ions across the cell membrane. In several studies, metal-based NPs
were moved across membranes with the assistance of transporters
[68]. Once NPs enter plant tissue they can be transported elsewhere
by apoplastic or symplastic methods. NPs can be transported from
one cell to another with the help of plasmodesmata, which are
located between the two cells [66].
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translocated and accumulated in plant cells; however, few
references are available. At this time only one report is available
about Ni hydroxide NP translocation: when mesquite plants were
treated with Ni(OH), NPs of size 8.7 nm, the NPs were absorbed
by roots and translocated to shoots. Plants were treated with both
uncoated and citrate-coated Ni(OH), NPs and the results observed
with XANES spectra. The uncoated Ni NPs were present in roots
and shoots, whereas coated NPs were confined solely to the root
region [77]. Lee et al. examined possible uptake and translocation
of Cu NPs by Phaseolus radiate and Triticum aestivum using agar
as the growth medium [78]. Ag NPs taken up by Cucurbita pepo
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Fig. 4 NPs can be used to perform different functions in agriculture

accumulated more in the shoots in comparison to their bulk
materials.

Some NPs are present only at the site of application and
nowhere else in the cells; this demonstrates that transport of some
NPs is severely restricted. For example, when leaf petioles of live
pumpkin plants were treated with carbon-coated Fe NPs, the NPs
were detected only in the epidermal cells, close to the point of
application [79].

6 Role of NPs in plants

The main objective of nanotechnology in field agriculture is to
enhance the efficiency and sustainability of agricultural practices
using fewer inputs, and generate less waste than conventional
products and approaches [80].

The most commonly used NPs in plant science have been Au,
Zn, Ti, Ag and Si; all have demonstrated promising effects on plant
growth and development. Other NPs show positive results with
plants; however, more study is required to clarify mechanisms of
uptake, translocation and effects on metabolism. A number of
studies have revealed that NPs impart positive effects on the
morphological and physiological condition of plants. Some NPs are
toxic to plants (discussed below). A simplified view depicting the
uses of NPs in the field of agriculture is shown in Fig. 4.

6.1 Role of carbon-based nanomaterials

Due to their distinct characteristics, CNTs play important roles in
plant growth and development. One unique property is their ability
to penetrate the cell wall and cell membrane and act as a delivery
system of chemicals to the cells. SWCNTs can be used as nano-
transporters for delivery of DNA and dye molecules into plant
cells. The positive response of plants to CNTs and other carbon-
based nanomaterials like fullerenes (C7g) and fullerols Cgo(OH),
have been investigated in many studies. Khodakovskaya et al. [70]
reported that CNTs penetrate tomato seeds and improve
germination and growth rates. Germination was found to be
dramatically higher for seeds placed in a medium containing CNTs
(1040 g/ml) compared to the control. Various analytical methods
have indicated that CNTs penetrate the thick seed coat and support
water uptake into seeds, a process which influences seed
germination and growth of tomato seedlings. Water and essential
nutrients, for example, Ca and Fe, are important for increasing
germination and plant growth and development. It is reported that
MWCNT enhanced the uptake efficiency of water and nutrients in
maize and tomato [81, 82]. Lahiani et al. [83] have reported that
MWCNTs regulated genes encoding the expression of several
types of water channel proteins in soybean, corn and barley seed
coats.

Enhancement of root cell elongation and increased
dehydrogenase activity in the presence of oxidised MWCNTSs has
been reported [84]. Water-soluble CNTs were present in wheat
plants and confirmed by scanning electron and fluorescence
microscopy. The presence of CNTs in the cells induced root and
shoot growth under both light and dark conditions [85]. The
influence of MWCNTs on plants is diverse — they improve a

348

number of growth parameters and overall development in plants.
Improvement in water retention capacity and biomass, flowering
and fruit yield and increased medicinal properties of plants with
MWCNTs have been reported by Khodakovskaya et al. [86] and
Husen and Siddiqi [87].

6.2 Role of metal oxide and metal-based NPs

A number of reports have focused on the impact of metal and metal
oxide NPs on plant growth and development as compared to their
corresponding bulk NPs or as ions. It was reported that spinach
(Spinacia oleracea) grown in 2.5% TiO, NPs (rutile) solution
showed more rapid germination and vigor than did plants in
contact with bulk TiO,-exposed seeds [14]. In canola seedlings,
TiO, NPs improved germination and promoted radicle and plumule
growth [88]. The effect of foliar application of Ti NPs to wheat
plants (Triticum aestivum) was observed under stressed conditions
with normal irrigation. Titanium NPs applied to the plants resulted
in significantly enhanced stem elongation and flowering relative to
plants exposed to the corresponding bulk Ti particles [89].

The positive effects of AgNPs to plants have been reported.
Savithramma et al. [90] reported enhanced seed germination and
seedling growth of the tree Boswellia ovaliofoliolata using
biologically synthesised AgNPs. Increased shoot and root length
and leaf area of Brassica juncea, common bean and corn were
reported using AgNPs. Treated plants also experienced an increase
in biochemical parameters including chlorophyll, carbohydrate and
protein contents, and activities of antioxidant enzymes [31, 91].
Induction of root growth in Crocus sativus by AgNPs was due to
the blocking of ethylene signalling in plants [92].

Gold NPs (AuNPs) are reported to play an important role in
plant growth. AuNPs improved seed germination and the
antioxidant system in Arabidopsis thaliana. AuNPs also altered
levels of microRNA (miRNA) expression that regulates various
morphological, physiological and metabolic processes in the plants.
Neomycin phosphotransferase Il gene was introduced into the
soybean genome with the assistance of AuNPs coated with DNA
[93].

A number of experiments have been conducted using ZnO NPs
in plants, and their benefits for plant growth and development have
been documented. Pearl millet (Pennisetum americanum) grown in
soil received 10 mg 1! as foliar application of both bulk and
biosynthesised Zn NPs. The Zn NPs were synthesised from a ZnO
solution using fungal cell-free filtrate (Rhizoctonia bataticola
TFR-6). In the ZnO NP treatment, there were considerable
increases in shoot length (10.8%), root area (18.4%), dry biomass
(12.0%) and grain yield (29.5%) as compared to that in the bulk Zn
particle treatment [94]. Prasad et al. [95] treated peanut seeds with
ZnO NPs and chelated bulk ZnSO,; with the NPs, improvement in
germination, chlorophyll content and stem and root growth were
reported in comparison to bulk Zn salts. Higher biomass was
reported in Cicer arietinum L var. HC-1 (chickpea) when treated
with ZnO NPs in aqueous solution as compared with the salt of a
bulk ZnSO4 solution [96]. A low concentration of ZnO NPs
improved seed germination in soybean, wheat and onion [97-99].
ZnO NPs enhanced root and shoot length and root and shoot
biomass in seedlings of Vigna radiata and Cicer arietinum [100].
Positive results of ZnO NPs were also reported in plant tissue
culture. MS media prepared with ZnO NPs improved somatic
embryogenesis, shooting and regeneration of plantlets [101].

Improvement in seed germination was reported in tomato using
a low concentration of nano-SiO, [102]. Exogenous application of
nano-SiO, to Changbai larch (Larix olgensis) seedlings yielded
beneficial results on seedling growth and quality, including mean
height, root collar diameter, main root length and number of lateral
roots of seedlings [103]. SiO, NPs applied to plants under stressed
conditions also mediated improved plant growth and development.
Nano-SiO, improved seed germination in tomato and squash and
enhanced the antioxidant system under NaCl (salt stress)
conditions [104, 105]. Nitrate reductase activity was increased by
the application of nano-SiO, and nano-TiO,, which improved seed
germination of soybean [106].
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6.3 Role of NPs in photosynthesis and biochemical activity

Photosynthesis is a process in which plants absorb light energy and
convert it to chemical energy. Enzymes play a critical role in
photosynthesis. Nanotechnology has included attempts at
increasing the photosynthetic rate with the help of NPs. NPs
influence photosynthesis by acting upon the enzyme Rubisco,
which is the primary enzyme involved in photosynthesis and the
most abundant protein on earth. Siddiqui and Al-Whaibi [102] and
Xie et al. [107] found that SiO, NPs improved carbonic anhydrase
(an enzyme that converts CO, to bicarbonate) activity and
increased photosynthetic pigments which enhance photosynthetic
rate. TiO, NPs act as a scavenger by protecting chloroplasts from
extreme light, which can be achieved by increasing the activities of
antioxidant enzymes such as catalase, peroxidase and superoxide
dismutase (SOD) [108]. TiO, NPs influence Rubisco activity,
chlorophyll formation and increase photosynthetic rate, which
enhance plant growth and development [109]. Lei et al. worked
with nano-anatase and suggested that these nanomaterials promote
the ETS, PS II and photophosphorylation of chlorophyll activity
under both visible and UV conditions [110]. A three-fold greater
photosynthetic rate was reported with SWCNTs embedded in
isolated chloroplasts as compared to controls. The SWCNTs also
enhanced the rate of electron transport in plants [111]. When
Spinacia oleracea was treated with TiO, NPs and bulk-TiO,, the
NPs enhanced chlorophyll formation, Rubisco activity and overall
photosynthetic rate in comparison to bulk TiO, [14]. Nano-
mesoporous silica compound (SBA) bonded with PSII and
maintained the stability of the oxygen-evolving reaction in the
photosynthetic system [112]. Pradhan et al. [113] worked on mung
bean with MnNPs in Hoagland solution and compared their results
with bulk MnSO, salt; they reported that MnNPs increased
chlorophyll content, carotene level, photophosphorylation and
oxygen evolution in plants. Increased conductance of water and
increased transpiration rate, and an improved net photosynthetic
rate was reported in Lycopersicon esculentum when TiO,NPs were
applied exogenously [114].

ZnNPs increase the activity of acid phosphatase, alkaline
phosphatase, phytase and dehydrogenase in pearl millet when
compared to bulk-Zn metals [94]. MWCNTs mediated a positive
response in peroxidase and dehydrogenase activities [84]. MS
media supplemented with ZnO NPs had positive effects on proline
synthesis activity, SOD, catalase and peroxidase (POX); hence
plants could recover more efficiently under biotic stress [101].
Increase in plant growth and development have been reported using
nano-Si0O, via escalating gas exchange and chlorophyll
fluorescence parameters such as net photosynthetic rate,
transpiration rate, stomatal conductance, PSII, effective
photochemical efficiency, actual photochemical efficiency, electron
transport rate and photochemical quench [105, 107]. Wang et al.
[115] studied the physiological effects of magnetite (Fe304) NPs
on perennial ryegrass (Lolium perenne L.) and pumpkin (Cucurbita
mixta cv. white cushaw) plants under hydroponic conditions. They
reported that Fe;O4 NPs enhance catalase (CAT) activity in
ryegrass and pumpkin roots and shoots.

7 Nanotoxicology: NPs may be toxic to plants

A range of beneficial properties of NPs to plants have been
demonstrated thus far; however, many NPs exert detrimental
effects on plants. Environmental factors which alter dissolution of
metal-containing NPs and their bioavailability play important roles
in determining toxicity, especially for metals such as Cu, that are
both essential for cellular function yet exhibit very sharp toxic
thresholds [116].

7.1 Impact of toxicity at various levels

NPs may impart more negative effects to plants (phytotoxicity) as
compared with positive responses. It is imperative to determine at
which levels NPs affect plant health directly. Plant nanotoxicology
was introduced as a discipline to explore the effects and toxicity
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mechanisms of NPs in plants, including transport, surface
interactions and material-specific responses [117]. Toxicity of
AgNPs at low concentrations has been reported in seedlings of
Arabidopsis thaliana plants [118]. Phytotoxicity of different NPs
(MWCNTs, Al, Zn and ZnO) has been reported for seed
germination and root growth in six higher plant species [119].
Phytotoxicity of NPs at cytogenic levels has also been investigated.
Production of reactive oxygen species (ROS) and their
accumulation in the cell wall and plasma membrane cause
apoptotic cell death in leaves of 4. thaliana when CNT suspension
is injected into plants [67]. Toxicity at the genetic level
(genotoxicity) has been reported with AgNPs on Allium cepa
(onion) root tip cells, where the chromosome sequence in the cells
was altered [120]. No negative effects were detected on seed
germination and root elongation in zucchini plants when exposed
to MWCNTs. With SWCNTs, however, a decrease in plant biomass
was observed [121]. Toxic effects of Cu NPs on mung bean and
wheat plants were observed by Lee ef al. [122]. Plants were treated
with different concentrations of Cu NPs and inhibition in seedling
growth was reported in both species but mung bean was more
sensitive than wheat.

TiO, inhibited germination and growth of onion at high
concentrations and also induced the activities of hydrolytic and
antioxidant enzymes [123]. Atha et al. [17] were the first to report
toxicity at the molecular level by copper oxide (CuO) NPs. CuO
NPs stimulated DNA damage in agricultural and grassland plants.
Oukarroum et al. [124] studied the effect of AgNPs on the aquatic
plant Lemna gibba and found that NPs reduced the plant growth,
cellular viability and production of intracellular ROS. Lopez-
Moreno et al. [125] reported toxicity due to CeO, NPs in alfalfa,
corn, cucumber and tomato. Rico et al. [126] reported NP-
mediated alteration in antioxidant enzyme activities, sugar
accumulation and fatty acid content in a concentration-dependent
manner where toxicity generated by nano-CeO, resulted in
membrane damage and photosynthetic stress in shoots of rice. Lei
et al. [110] found that nano-anatase TiO, under UV-B radiation
mitigated the stress effects by decreasing the accumulation of
superoxide radicals, H,O, and malondialdehyde content, and
increasing the activities of SOD, catalase, ascorbate peroxidase and
guaiacol peroxidase in chloroplasts of spinach.

8 Conclusion

Nanotechnology, a new and intriguing field of science, permits
advanced research in many areas that could be used for novel
applications in improving crop physiology. Plants can be used as
‘green factories’ for NP biosynthesis as they produce non-toxic,
rapid and cost-effective particles. The role of NPs in promoting
photosynthetic rate, pigment production and enzyme function
could be exploited to increase crop productivity. The stress
mitigating properties of NPs should be explored further for better
understanding of their application to field situations. The toxicity
symptoms generated by NPs must be investigated at the molecular
level to better understand optimal methods for synthesis of NPs
that would be more efficient for plant growth and development.
NPs are capable of entering food chains which may be harmful to
humans, livestock and other organisms. Hence, uptake and
translocation of NPs from the soil by plants should be focused
upon in future studies.
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