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Abstract: Nanomaterials, recently have found burgeoning attention in the field of agriculture, owing to the positive correlation
between nanoparticle (NP) application and the enhanced nutritional status of the applied plants. A wide range of NPs, namely
carbon-based NPs, titanium dioxide NPs, silica NPs etc. has been found to influence plants in a positive way by increasing their
nutrient uptake ratio, nutrient usage efficiency, among others. All these attributes have paved the way for possible improvement
in plant growth, development, vigour etc. through the use of these NPs, mainly as nanofertiliser. In view of all these, it can also
be concluded that in the global scenario of increased demand of food production and supply in the coming years,
nanotechnology promises to play a critical role. In this review, an attempt has been made to consolidate all the positive trends
with respect to application of NPs on plants, along with their probable mechanism of action, which may provide a
comprehensive insight for researchers working in this field.

Richard Phillips Feynman [2, 3], while ‘nanotechnology’ was first
defined by Norio Taniguchi in 1974 [4]. Technically, ‘nano’ means
one billionth, i.e. 10~2 which has found synonymous usage with the
word ‘nanoparticle’ (NP) having size dimension between 1 and
100 nm. Substances having size in this range in all three
dimensions are called NPs [5, 6]. Although the term is
comparatively new to human knowledge, its existence in nature is
as old as nature itself, be it in the volcanic dusts, lunar dusts, forest
fires, mineral composites, or even changing colours of butterfly
wings [7, 8], they had always been present in nature (Fig. 1)!
Recently, research in the field of nanotechnology has gained
\ tremendous attention due to remarkable differences in the
CLE properties of NPs and their corresponding bulk materials.
Nanoparticles are characterised by their relative larger surface area,
unique patterns of distribution on surface, surface charge ratio etc.
which are mainly responsible for their altered optical and chemical
behaviour. Their enhanced reactivity has also been attributed to
their randomness of distribution in the atomic level which increases
entropy, and thereby Gibbs free energy is also increased. The
unique properties of NPs have been schematically represented in
Fig. 2. Comparison of the effects of nanomaterials versus their
‘bulk’ counterparts in a number of research articles have revealed
that NPs have a more pronounced effect on the growth,

1 Introduction

The word ‘nano’ refers to the Greek word which means ‘dwarf”
[1], was first mentioned in 1959 by the Noble laureate physicist

Fig. 1 Nanoparticles are present in various forms in natural phenomena

} ; development and vigour of plants, and the reason may well rest on
Larger the particle size differences [9, 10].

e e These have been exploited to develop nanofertilisers,

micronutrient solutions and such as agrochemical solutions, which

are now used to improve plant growth and vigour. Nanofertilisers

increase the bioavailability of nutrients in the rhizosphere [11]. The

d:;i':;ﬁm Bdodsinees nano-encapsulated fertilisers have been characterised with slow
pattern of distribution -~ and steady release of active chemicals [12], that is, effective

through a prolonged time duration within the plant system.
Recently, nanoporous zeolite-based nanofertilisers have been
reported to increase the effectiveness of nitrogen uptake [13].
Natural zeolite modified with aminopropyltrimethoxy silane has

Surface charge

ratio

Fig. 2 Unique physicochemical properties of NPs, mostly attributed of

their nano-scale size
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more affinity to bind to the nitrogen of urea owing to the presence
of amine group on its surface. Thus, uptake of urea is increased and
the adsorption ensures controlled release of the fertiliser [14].

In cereals, application of nanomaterials specially
nanocomposites having compositions of nitrogen, potassium,
phosphorous, other micronutrients, amino acids, mannose etc. have
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been reported to increase uptake ratio and utilisation of those
nutrients. [15].

Current literature has substantiated positive correlation between
application of NPs on plants and improvement of plant growth and
vigour [16-19]. These reports have been specifically obtained for
NPs, namely titanium dioxide (TiO,) NPs, silica (SiO,) NPs, zinc
oxide (ZnO) NPs and all carbon-based NPs. The degree of
manifestation depends on the dose, concentration and frequency of
application of the NP and also on the type of NP used, and it varies
largely from species to species. The mode of action of each NP is
also different, and hence a broad picture is presented here with
respect to the plant species used, concentration of NP, effect
observed and the probable mechanism of action within the system
(Table 1). Even seed priming has come up as an alternative
solution for a synchronised and increased germination percentage,
improved nutritional content, improved seed vigour, especially
under stressful condition [38, 39].

2 Plant growth and development

A wide range of NPs is effective in improving plant growth,
development and vigour. Our understanding of the different NPs

and their mode of action mainly rests on the available literature.
These include single-walled and multiwalled carbon nanotubes
(SWCNT/MWCNT), magnetised iron (Fe) NPs, aluminium, copper
(Cu), gold (Au), silver (Ag), Si, ZnNPs, ZnO, TiO,, cerium oxide
etc.

2.1 Carbon-based NPs

Nanoparticles have larger surface area to volume ratio; this
particularly allows them to retain nutrients for a longer period
within the plant system. Thus, nanofertilisers and nano-
encapsulated materials are more stable [40]. Carbon-based NMs
including fullerols, C60/70 fullerenes, carbon NPs and CNTs, both
SWCNTs and MWCNTs have been found to enhance plant growth
[41]. Both SWCNTs and MWCNTs have been detected in tomato
fruits, leaves and roots of treated plants, using photo-thermal and
photo-acoustic mapping techniques, where they have been found to
enhance plant biomass [42]. Changes in water channel proteins or
aquaporins and significant alteration of total gene expression in the
exposed tomatoes have also been established by the same authors.
In a separate set of experiments, MWCNTs, have been found to

Table 1 Summarises the growth-related effects of different NPs on several plant species

NPs Effective Plant/plant part Effects observed Probable mechanism Reference (s)
concentration applied with
AuNPs 10 ppm B. juncea (i) increased number of (i) antagonistic effect on Arora et al. [20]
seedlings leaves, plant length, stem ethylene; increased effect of
thickness, number of gibberellic acid; (ii) increased
branches per plant; (ii) water and molecular oxygen
increased chlorophyll content uptake by seed capsule
by 29%; and (iii) accelerated
rate of seed germination
MWCNTs 29/l rye grass tomato enhanced seedling root increased Ca and Fe nutrient  Villagarcia et al. [21]; Tiwari
whole plant barley, growth greater plant uptake altered gene expression, 2014 [22]; Lin and Xing [23];
soybean, corn  biomass, more flowers and  enhanced water absorption by  Khodakovskaya et al. [24];
seeds tobacco cell fruits aquaporins. Genes such as Lahiani et al. [25]
culture NNtPIP1 (aquaporin) responsible
for water transport, CycB
responsible for cell division,
NtLRX1 responsible for cell wall
formation are upregulated
citric acid- 6 g/l C. arietinum increased water uptake and nanotubes form an ‘aligned Tripathi et al. [26]
coated growth network’ inside vascular tissue
CNTs
wsCNTs 6 pg/ml C. arietinum enhanced root and shoot better water retention and Tripathy 2011 [26]
length, increased branching absorption
TiO2 NPs — spinach seeds, increased and accelerated increases the activity of several Zheng et al. 2005 [27]; Hong
leaves growth enzymes and promotes the et al. [28]; Yang et al. [29];
adsorption of nitrate Gao et al. [30]
TiOy 0.59/l L. minor plant elongation, increased increased photosynthesis, Yang et al. [29]; Gao et al.
fresh weight. enzyme activity, increased [30]; Su et al. [31]; Song et
chemical fixation of atmospheric al. [32]
oxygen
TiOy 20 g/l T. aestivum; foliar stem elongation, increased = modified activities of different  Jaberzadeh et al. [33]; Yang
application yield, flowering, biomass, ear nitrogen metabolising enzymes, et al. [34]; Mishra 2014 [35]
mass, seed number, namely nitrate reductase,
improved starch and gluten glutamate dehydrogenase,
content glutamine synthase and
glutamic-pyruvic transaminase
CuO NP 1 mg/l Elodea densa photosynthesis rate increased lipid peroxidation, Nekrasov et al. [36]
plant increased to 130—140% of increased catalase and SOD
control activities
ZnNP 10 mg/l P. americanum,  increased accumulation of enhanced activity of different Tarafdar et al. [37]
mixed with soil  soluble leaf proteins (19.9%);  enzymes, namely phytase,
chlorophyll (18.4%); alkaline phosphatase, acid
enhanced root area (18.4%); phosphatase, dehydrogenase
shoot length (10.8%);
increased grain yield
(29.5%); and dry biomass
(12.0%)
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bring about a 55-64% increase in growth in cultured tobacco cells
in comparison with controls [43] (Fig. 3).

Citric acid-coated CNTs (at a concentration of 6 g I"!) treatment
of Cicer arietinum for 10 days has shown stimulation of growth
and intercellular uptake of NPs [26]. According to the authors, the
water uptake efficiency of the treated plants increases due to the
presence of ‘aligned network’ in the vascular bundles, which have
been formed from the applied nanotubes. Even the number of fruits
and flowers has been found to be twice that of control sets when
tomato plants have been grown in CNT supplemented soil [42].
Similarly, water-soluble carbon nano-onions (wWsCNOs) (at a
concentration of 10-30 mg 1"!) and water-soluble carbon nanodots
(at a concentration of 150 mg1™!) have been shown to exhibit
growth enhancement effect on C. arietinum [44] and wheat root
[45], respectively.

In a separate study with bitter melon, Momordica charantia,
water-soluble fullerene, or fullerol [Cgo(OH)y] exposed plants
showed increased biomass and phytomedicinal content [46].

SWCNTs have been found to enhance the root growth of
germinated onion (Allium cepa) and cucumber seeds (Cucumis
sativus) at test duration of 48 h when supplemented with
concentrations 0.16, 0.9 and 5g 17! [47]. In contrast, negligible
effects have been observed on seeds of cabbage (Brassica
oleracea) and carrot (Daucus carota) and growth inhibitory effects
have been reported in case of tomato seeds [21, 25, 42]. However,
fruit yield in tomato has been reported to increase by more than
twofolds (nine fruits per plant) with 50 mg I™! of CNTs application
as against control sets involving water application (four fruits per
plant) and activated carbon application (three per plant) [42].

2.2 Titanium dioxide NPs

TiO, application can improve plant growth as they have been
found to be involved in chemical fixation of N, of air, thereby
providing more nitrogen and phosphorous nutrients to the plants.
TiO, have also been found to improve the enzyme activities and
photosynthetic function of the plant in the presence of sunlight
[29-31]. In a 7-day growth chamber study, 0.5 g I"! of Ti NPs have
been reported to increase fresh weight (two times) and stem
elongation (>2.5 times) in Lemna minor (duckweed) in comparison
with bulk TiO? solution [32]. However, higher concentration (>0.5
g 1"!) showed negative impacts [32]. Owing to their property of
effective photocatalyst under ultraviolet (UV) radiation, TiO, NPs
have been extensively studied for photocatalytic applications in
industries. The various arenas include solar energy mediated
decomposition of organic compounds and subsequent evolution of
H, as a fuel [48]. All these fields of application pave the way for
new possibilities of improving plant photosynthesis and related
physiological activities with leaf spray of Ti NPs at optimum
concentrations, thereby improving plant growth parameters. This
has been particularly tested in spinach by separate and independent
research groups in two ways — leaf spray and seed treatment, and in
both the types of administrations. TiO, NPs have been found to
have positive results [27, 28-30]. Seed treatment of naturally aged
spinach seeds with both bulk and nano-sized TiO, showed that
plants produced from nano-treated aged seeds had more dry weight
(73%), photosynthetic rate (three times more) and chlorophyll
content (45% more) compared with control over germination
period of 30 days. The growth rate of spinach seeds was inversely
proportional to the material size indicating that smaller the
nanomaterials, the better the germination. It has been speculated
that TiO, NPs augments photo-sterilisation and photo-generation
of ‘active oxygen such as superoxide and hydroxide anions’ which,
in turn, improves the seeds’ stress tolerance ability as also the
water and oxygen intake efficiency. The net result is enhanced
germination. The authors concurred that the nano-size of TiO,
might have increased the absorption of inorganic nutrients,
accelerated the breakdown of organic substances, and also caused
quenching of oxygen free radicals formed during the
photosynthetic process, hence increasing the photosynthetic rate.
Furthermore, 2.5% rutile TiO, NPs solution treatment of spinach
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(Spinacea oleracea) resulted in increased RubisCO activity, overall
photosynthetic rate and more specifically, increased chlorophyll
formation (by 23%) and growth (by 63-76%) [27]. In a separate
study in the same plant, with anatase TiO, NPs, yielded increase in
fresh mass (58.2%), dry mass (69.8%), chlorophyll content
(19.0%), photosynthetic rate (29.9%) and RubisCO activity (250%)
[29]. According to Lang ef al., under nitrogen deficiency condition,
anatase TiO, NPs can directly induce reduction of atmospheric
nitrogen to ammonia of soil, in the presence of sunlight, and hence
the growth promoting effect [29]. Similar growth enhancement
effects have been observed in wheat (Triticum aestivum), where a
20 g 1! application of Ti NPs promoted increase in biomass, ear
mass, flowering, stem elongation and seed number [33]. Fig. 4
summarises the probable mechanism of action and the resulting
morphological effects on plants on TiO, treatment.

However, further research is needed to understand how the
reactions about plant growth improvement are coordinated in the
presence of TiO, NPs and not interfered by the said NPs. With a

mixture of 4 g 1! rutile and anatase forms of TiO, NPs negative
impacts on seed germination have also been reported.

2.3 Si0, NPs

SiO, NPs have been found to exhibit growth-enhancing properties
in plants. The two broadways mechanisms by which that has been
done are increases in gas exchange and improvement of
chlorophyll fluorescence parameters. The direct consequences of
these are increases in effective and actual photochemical efficiency,
electron transport rate, photochemical quench, Photosystem (PS) II
potential activity, stomatal conductance and transpiration rate [49,
50]. Fig. 5 shows the various mechanisms by which SiO, can
improve plant growth parameters. Now, the various changes that
NPs can bring about within plants largely depends on the
properties of particular NPs used, chemical composition, surface
covering and dose of application [51]. Effect of engineered NPs too
depends on these mentioned properties along with the plant species
[52].

Rice plants treated with Si-coated quantum dots (QDs) showed
marked increase in root growth as against rice plants treated with
QDs and without QDs.

2.4 Zinc oxide NPs

In comparison to bulk zinc sulphate, ZnO NPs at concentrations of
1000 mg 1!, showed increased growth, germination rate,
chlorophyll content and pod yield in peanut (Arachis hypogea),
though, at higher doses (1000 mg 17!), phytotoxicity was observed
[53]. Treatment of cluster bean leaves (Cyamopsis tetragonoloba
L.), with biosynthesised ZnO NPs from extracellular secretions of
Aspergillus fumigatus, also showed considerable increase in total
protein (17.2%), rhizospheric microbial population (13.6%),
among other attributes such as shoot elongation, root elongation
and chlorophyll content [54]. In a separate set of experiments, the
researchers obtained similar results with 10 mg 17! foliar spray of
ZnNPs, biosynthesised from Rhizoctonia bataticola, on soilgrown
pearl millet (Pennisetum americanum), where ZnNPs treatment
increased activities of different enzymes such as phytase (72.7%),
alkaline phosphatase (22.58%), acid phosphatase (14.18%),
dehydrogenase (9.22%) along with other parameters such as shoot
length (10.8%), chlorophyll content (18.4%), root area (18.4%),
dry biomass (12.0%), grain yield (29.5%) and soluble leaf proteins
(19.9%), in contrast to bulk treated plants [37]. Positive results
have also been obtained in chickpea (C. arietinum L var. HC-1)
treated with 1.5mgl™! ZnO NPs solution as against bulk
treatment; however, higher dose of the NP (10 mg 1™!) have been
shown to become toxic [55].

2.5 Iron NPs

Alidoust and Isoda exposed soybean to iron(Ill) oxide (Fe,O3) NP,
citrate-coated Fe,O3 NPs, bulk Fe,O3; and citrate-coated bulk
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Fig. 3 Carbon-based NPs, namely CNTs, wsCNOs and fullerols have been
reported to increase water uptake in plants post-treatment followed by
enhanced plant biomass, growth and germination in tomato plants and
tobacco cells. These NPs bring about changes in aquaporin water channels
and form an ‘aligned network’ within the vascular bundle of the plants,
both of which facilitate water uptake efficiency. Mechanism of action by
alteration in gene expression has also been reported
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Fig. 5 SiO, NPs typically bring about increased growth parameters in
root, seedling, seed germination and also salinity stress tolerance

Fe,03 and observed increased root length and photosynthesis in the
Fe,O3-NP treated plants; however, the enhancement was less
pronounced when NP was introduced through soil supplementation
rather than foliar spray. The authors have further speculated that
the reason for such differences in results may be due to extensive
precipitation of Fe ions in soil [56]. A four-fold increase in plant
growth and biomass was obtained in hydroponically grown spinach
treated with phosphate-sorbed zero-valent Fe NPs, along with 11—
21 times increase in roots, stem and leaves [57], though, no such
physiological change was observed in Spathyphyllum (an
ornamental species) on similar treatment [58].
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2.6 Manganese (Mn) NPs

Interesting results have been obtained in hydroponically grown
mung bean (Vigna radiata) treated with MnNP or manganese(I])
sulphate (concentrations up to 1 mg 1), where the bulk treatment
showed toxic effects at higher doses, and the NP treatment brought
about a 10-100% increase in bean shoot, root, fresh weight, dry
weight and rootlet number, at more moderate doses. The authors
have further explained that the toxicity may have arisen due to a
large initial burst of Mn ions released from the salt form; on the
other hand, the NP form facilitated a very slow and controlled
release of the nano-metal. NP treatment also increased carotene
phosphorylation, oxygen evolution, nitrogen metabolism and
chlorophyll content [59, 60].

2.7 nano-hydroxyapatite

Liu and Lal reported that nano-hydroxyapatite (nHA) increased
growth rate by 32.6% and seed yield by 20.4%, in Glycine max
(soybean) in greenhouse conditions, as against application of
soluble phosphorous fertilisers [Ca(H,POy),]. According to the
authors, properties such as higher stability and viscosity of the
nHA, imparted longer retention time of the NP in the porous
medium, which enhanced the growth parameters [61].

Thus, it is evident from the available literature that several
factors, namely particle concentration, plant part exposed, mode of
exposure and even the plant species concerned, are important
attributes in designing and controlling NP-mediated strategies in
agriculture.

3 Seed germination

Raskar and Laware used different concentrations of ZnO NPs (1,
20, 30, 40 mg 1™1) to study their effects on onion seeds with respect
to seed growth, seedling development and seed germination rate.
At lower concentrations germination rate enhancement was more
pronounced but the impact was negative when higher
concentrations of these NPs were used. These results also
conformed to increasing chromosomal abnormalities with higher
concentrations of ZnO NP [62]. Positive effects of ZnO NPs, on
seed germination, when applied in lower concentrations, have also
been found by different researchers in soybean, peanut and wheat
[54, 62, 63]. Among different crop species, namely cucumber,
tomato and alfalfa, only cucumber seeds showed enhanced
germination properties when treated with different concentrations
of ZnO NPs [64].

Shah and Belozerova studied the germination of lettuce seeds
under the influence of different NPs over 15 days after addition of
the NPs in the soil. The authors reported that at low concentrations,
Au and palladium NPs; Si and CuNPs at higher concentrations;
moreover, a combination of Au and CuNPs significantly influences
plant growth after 15 days of incubation, improving the shoot/root
ratio. The researchers further speculated that the enhanced effects
were due to some indirect mechanism since they were observed
only after 15 days of incubating the NPs in soil [65].

Germination and growth of naturally aged spinach seeds treated
with nano-sized rutile TiO, and non-nano-TiO, were studied in
aged spinach seeds, in terms of seed germination rate, index and
vigour index of germinated seedlings [27]. At 0.25—4% nano-TiO,
concentration, all these attributes were found to increase along with
plant dry weight, RubisCO activity, chlorophyll formation and rate
of photosynthesis. A 2.5% concentration of TiO, NP application
showed maximum improvement, while with bulk TiO,, the impact
was insignificant. Thus, it may be inferred that the effect was
inversely proportional to the size of NP used. However, to reveal
the exact mechanism by which TiO, NP improves the growth of
spinach seeds further study is needed. It has been found that nitrate
reductase activity increased in soybean seeds by external
application of SiO, NP and TiO, NPs, thereby enhancing seed
germination [66]. In another study, it has been shown that seed
germination can be increased by the exogenous application of SiO,
NPs and TiO, NPs by increasing the seeds’ ability to absorb and
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Fig. 6 Several NPs, namely AuNPs, ZnO NPs, TiOy NPs and SiO; NPs
have been shown to augment seed growth, germination rate and
percentage, seedling growth, root: shoot indices and seedling biomass in
many crops such as spinach, onion, tomato, lettuce, cucumber, peanut,
alfalfa, soybean, canola, wheat etc.

utilise mineral nutrients and water [27]. In Canola sp., seed
germination was found to increase by TiO, NP treatment as well as
seedlings exhibited higher radical and plumule growth [67].

In tomato, seed germination has been shown to improve by
lower concentrations of tomato [68]. It has been suggested that
increased seed germination rate in maize on SiO, application is due
to improved nutrient supply to the seeds and also the conducive pH
and conductivity that is imparted into the growing medium [69].
SiO; NPs have also been found to improve seedling growth and
quality in Changbai larch (Larix olgensis). The improved
parameters include mean height, root collar diameter, main root
length, number of lateral roots and chlorophyll content [70]. SiO,
NPs have also been found to be effective under abiotic salt stress. It
has been reported that SiO, NP augments seed germination in
tomato and squash as also stimulating the antioxidant system in
salinity stress [71, 72]. Application of Si, palladium, Au and
CuNPs all have been found to have positive impact on lettuce seeds
[65].

AuNPs have been reported to improve seed germination in
lettuce and cucumber, Brassica juncea, Boswellia ovalifoliolata
and in Gloriosa superba [73-75]. Arora have demonstrated
enhanced growth and seed yield in B. juncea when treated with
AuNPs at different concentrations of 10, 25, 50 and 100 ppm.
AuNPs were found to reduce the time taken for seed germination
when applied at 25 ppm concentration, and the number of leaves
per plant also increased at 10 ppm of AuNP.

This phenomenon has been explained as a result of slowed
down activity of ethylene, thereby decreasing leaf abscission in the
presence of AuNPs. However, the average leaf area did not
increase in treated seedlings [20]. AuNPs have been reported to
augment seed germination and antioxidant system in Arabidopsis
thaliana. AuNPs have also been reported to play a key role in
altering miRNA levels that modulate different physiological and
metabolic processes in plants [76] (Fig. 6).

4 Negative impact of NPs on plants

Amidst all the positive influences of NPs on plant growth and
development, a few literatures have recorded their growth
inhibitory effects on plants, mostly when treated with higher
concentrations of the NPs. Different groups of NPs have been
reported to impart different degrees of toxicity to a different
spectrum of plant species. The effect varies mainly with the
composition of the NP — the core component present, its form,
shape and size as well as the concentration used and the dosage of
application. For instance, studies with onions showed inhibitory
effects on treatment with AgNPs [77], ZnO NPs [78] and CuNPs
[78, 79]. ZnO NPs have been reported to cause disruption of
cellular metabolism and cell division stages [78]. On the other
hand, rice seeds soaked in ZnO NP solution exhibited ill developed
roots and stunted root lengths of seedlings. The effects were more
pronounced when seeds were soaked for more days [80]. Negative
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effects of ZnO NPs were also found in wheat, where decrease in
plant biomass was observed. Similar results were also obtained
with TiO, NPs in wheat [81]. TiO, NPs have been reported to
block cytoplasmic connections of plasmodesmata in maize
seedlings, thus inhibiting leaf growth and transpiration [73].
Although CNTs increased seed germination and seedling growth in
tomato plants, they caused decreased root growth in tomato [24].
Bacillus thuringiensis cotton (Bt transgenic cotton), when treated
with SiO, NPs, also showed some degree of growth inhibition [82].

5 Conclusion

Thus, it is quite evident that different plant species respond
differently toward NP treatment and same plant species may also
show varied tolerance limits to different NPs. Thus, the degree of
tolerance, or in other words, the extent of inhibition varies with the
type of NP used, its concentration, dosage of application and the
spectrum of plant species tested. This becomes important as many
of the reports have shown NP accumulation in plant cells, since
plants form the basis of ecosystem, their accumulation of NPs
marks NP entry into food chain. The aftermath includes their fate
in the ecosystem as well as effect to other consumers including
human. Another important fact is that NP amendment in the soil
results in their dissolution — this again becomes relevant while
considering the effects on soil microbial consortium. Now, the
question arises how much of it can be tolerated in the ecosystem, at
high concentrations NPs indeed have been found to be toxic, both
cytotoxic and genotoxic. Thus. to assess the optimum usable
concentration of a particular NP, a lot of research has to be carried
out against a broad spectrum of plant species to improve their
growth conditions and yield, maximally. This has to also include
research with the particular form of the NP that can be used such as
elemental form, oxide form, or any other material in combination
with other coating material(s) along with their concentration and
frequency of application or dosage. Correlation and comparison of
data obtained from a wide range of studies have to be accumulated
for an integrated study for the purpose.

6 Future prospects

Nanoparticles interact with plants bringing about changes in the
plant body, both morphologically and physiologically.
Nevertheless, efficiency of NP application depends on the type,
chemical composition, size, surface charge, reactivity, dose and
frequency of application of the NP [24], as well as, the plant
species and the plant part on which they are applied [52]. In this
context mentioned may be made of nanoparticulate-plant-delivery
systems — application of nanotechnology is now extended to the
extent of delivering engineered DNA into plant cells, thus
expression of desired features can be brought about. At the cellular
level, DNA can be manipulated using NP-based DNA delivery
systems that can control the expression of altered genes, thus
reducing the time required for transferring the desired genes into a
foreign organism. Seeds can be rearranged for specific properties
such as colour, yield and even season of growth [83—85]. Thus, not
only external application of nanomaterials can bring about
magnanimous output in crops, but also internally, expression
patterns can be manipulated faster with the help of nano-plant-
delivery systems. Indeed, use of nanotechnology can be exploited
to create a ‘second’ green revolution in the arena of global food
production. However, further research in the relevant fields is
necessary to reach the far-sighted outcomes.
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