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Silicon (Si), a beneficial element for plants, is known for its prophylactic effect under stress conditions. Many
studies have documented the role of biogenic silica (bulk-Si) in alleviating biotic and abiotic stresses in
plants. The scarce amount of the plant-available form of Si (monosilicic acid) in most of the cultivated
soil and the limited efficacy of silicate fertilizers (bulk-Si) are the major concerns for the exploration of
Si-derived benefits. In this regard, recent advances in nanotechnology have opened up new avenues for
crop improvement, where plants can derive benefits associated with Si nanoparticles (SiNPs). Most of the
studies have shown the positive effect of SINPs on the growth and development of plants specifically
under stress conditions. In contrast, a few studies have also reported their toxic effects on some plant
species. Hence, there is a pertinent need for elaborative research to explore the utility of SiNPs in
agriculture. The present review summarizes SiNP synthesis, application, uptake, and role in stimulating
plant growth and development. The advantages of SiNPs over conventional bulk-Si fertilizers in
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gaps in our understanding of various aspects of SiNPs in relation to plants have also been highlighted,

DOI 10.1039/d1na00233¢ which will guide future research in this area. The increased attention towards SiNP-related research will
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Introduction

Silicon (Si) is the second most abundant element in the earth's
crust, and its importance in agriculture has increased multi-
fold.* Regardless of its abundance in the earth's crust, most of
the Si exists in the unavailable form as silicon dioxide. Plants
uptake Si in the form of silicic acid or mono silicic acid [Si(OH),
or H,Si0,], and this is the only available form for plant uptake.?
Silicic acid concentration varies from 0.1 to 0.6 mM in soil
solution at <pH = 9.° The Si level in the leaves of plants ranges
from 0.1 to 10% on a dry weight basis.> The variation in Si
content was found lower within plant species compared to the
variation observed among different plant species.* The ability of
roots to uptake Si is the major cause leading to differences in Si
accumulation among different plant species.® Uptake of Si by
roots occurs via the apoplastic and symplastic routes. A group of
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help to realize the true potential of SiNPs in agriculture.

aquaporin transporters, viz., NIPs (Nod26-like intrinsic
proteins), are involved in the symplastic transport, and these
transporters have been characterized in many dicots and
monocots.> The uptake, transport, accumulation, and mecha-
nism of Si action have been reviewed recently in detail by Imtiaz
et al.®

To date, extensive research studies are available demon-
strating the positive effects of Si on plant growth, particularly
under biotic or abiotic stresses.' For instance, Si supplementa-
tion has been observed to increase abiotic stress tolerance in
crops such as rice,” wheat,® tomato,” and sorghum. Similarly,
Si is known to protect against many plant diseases. Schurt
et al.** demonstrated that Si application increased sheath blight
resistance in rice. Several such pieces of evidence have led to
innovative uses of Si as a fertilizer for improving plant growth
under stress conditions.” By considering the important role of
Si in plant growth under stress conditions, Si-research has
gained huge interest among the research community.'” In this
regard, considerable efforts are made across the globe to
elucidate its role and mechanisms underlying stress tolerance
in plants.”

Based on the type of silicate present, Si-fertilizers have been
categorized as calcium silicate fertilizer, sodium silicate fertil-
izer, potassium silicate, steel-slag-based silicate, and mineral-
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based fertilizer."**®* Among these, sodium silicates and potas-
sium silicates are most widely used in agriculture. Menzies
et al.”’ demonstrated that the use of Si-fertilizers (potassium
silicate) significantly decreases the infection of powdery mildew
disease in three crop species viz. muskmelon, cucumber, and
zucchini squash. However, the amount of Si released from these
bulk fertilizers as well as the amount of Si available for plant
uptake is questionable. For example, in the case of wollastonites
(consist of 23% Si), the release of Si is highly dependent on soil
properties such as pH, organic content, and the presence of
metal oxides in soil. Further, the Si released from Si-fertilizers
might undergo polymerization or form complexes with metal
oxides, resulting in a lower amount of plant-available Si.**
Hogan et al.*® reported that the amount of Si released from
sodium metasilicate fertilizer, Pro-Tekt (a commercially avail-
able fertilizer), and ash-based fertilizer was significantly lower
than that from natural sources of Si such as rice husk and rice
husk amendments. However, there is no doubt that the use of
these silicate fertilizers has played an important role in
enhancing plant growth and development under various
stresses.”” But, farmers have been using these commercially
available silicate fertilizers for a long time, and yet a clear
picture of plant-available Si is still lacking. Not only these
fertilizers are costly compared with rice husk amendments, but
also the percentage of Si released from them is also unclear.
Hence, the need has been felt by researchers to find some
alternative approaches that will increase the efficiency of Si
availability, uptake, transport, and accumulation in plant
tissues besides being inexpensive.*

In this context, the use of nanotechnology in Si research has
emerged as an important alternative approach to increase the
efficiency of the use of Si fertilizers in crop improvement.
Nanoparticles are relatively more soluble and reactive because
of their small size (1-100 nm) and large surface area.*® Si-
nanoparticles (SiNPs) can be synthesized through different
approaches; Jal et al*' prepared SiNPs from commercially
available silica gel by using a precipitation method. Research is
now inclined towards using plant materials to synthesize SiNPs,
which include several plant species such as rice, sugarcane, and
bamboo;**™* for example, rice husk is the major source for the
green or plant-based synthesis of SiNPs.”*** SiNPs resemble the
silica present in plant phytoliths. SiNPs supplied to the plants
enter plant roots by symplastic and apoplastic pathways and are
further transported to the other parts of plants.>® Despite being
the emerging field in Si research, there are not enough studies
available comparing SiNP and silicate fertilizer (bulk-Si) uptake
and transport in plants. There is debate regarding the effects of
SiNPs and bulk-Si fertilizers on plants. For example, one study
claimed that the effects of SiNPs and silicate fertilizers on plants
yielded almost similar results; however, silicon nanoparticles
had more influence on silicon accumulation, lignification of the
cell wall, and formation of stress enzymes.*® But, more studies
are required to conclude which Si amendment is better for
agriculture practices.

The use of SiNPs in agriculture has been suggested to
possibly eliminate the requirement of conventional bulk fertil-
izers.”” Besides, due to their smaller size and higher absorption
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capacity, they can easily penetrate the cell wall barrier and enter
the plant system, or get easily absorbed and transported by
transporters.”® The present review focuses on the current status
of the use of SiNPs in agriculture. Besides, we also discussed the
potential, efficiency, and biosafety concerns related to the use of
SiNPs for plant growth and development under stress
conditions.

Major approaches for silicon nanoparticle (SiNP) synthesis

Recently, researchers’ interest in nanobiotechnology has paved
the way towards discoveries in the field of biology.*® SiNPs being
small, with an average diameter of approximately 7 nm and
wide absorption surface area (~400 m®), can easily pass through
the bio-membranes compared to crystalline bulk-Si.>* SiNPs are
being commercially synthesized from metals and metal oxides
using different techniques such as sputtering, lithography, laser
ablation, mechanical milling, sonication, milling, UV irradia-
tion, sol-gel technique, reverse micro-emulsion, Stober's
method, atomic condensation, spray pyrolysis, aerosol process,
bio-reduction, and flame synthesis.***" These techniques are
categorized into two major approaches, viz. top-down approach
(physical method) and bottom-up approach (chemical
method).*** In the top-down approach, the dimension of the
original size of Si is reduced with the help of physical methods
such as special size reduction techniques. The bottom-up
method (chemical approach) uses a common route to synthe-
size SiNPs from an atomic or molecular scale. Even though the
top-up approach is simpler, it is not widely used because of the
imperfection of the surface structure, whereas the bottom-down
approach is widely used to synthesize SiNPs.>* Apart from
physical and chemical methods, biological methods are also
used to synthesize SiNPs, which come under the bottom-up
approach* (Fig. 1). Biological methods such as plant-
mediated or green synthesis and microbial synthesis are cost-
efficient and eco-friendly.*

Most commonly used techniques for the synthesis of SiNPs
include green synthesis, microbial synthesis, Stober's method,
micro-emulsion, sol-gel synthesis, and flame
synthesis.***” Green synthesis (plant-mediated synthesis) is one
of the simplest and cheapest methods for the synthesis of SiNPs
from plant tissues such as leaf, root, fruit, husk, and bark.>”**
For example, Adinarayana et al.*® explored this method to
synthesize SiNPs from Equisetum arvense through a microwave-
assisted facile green route. Furthermore, microbial synthesis
involves the synthesis of SiNPs from microbes such as bacteria
and viruses. For instance, the bacterium Actinobacter*® and
tobacco mosaic virus (TMV)* produce Si or SiO, on the nano-
scale and have been used for the synthesis of SiNPs.

Stober et al.** introduced a chemical method to produce
spherical SiNPs with sizes less than 50 nm to 2000 nm, and this
method involved the hydrolysis of alkyl silicates followed by
condensation of Si(OH), in alcoholic solutions. This method is
commonly used to synthesize non-porous SiNPs and meso-
porous SiNPs (MSNs). In the microemulsion method, oil-in-
water micelles or water-in-oil reverse micelles are formed
which are stabilized by surfactant molecules that act as

reverse
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Fig. 1 Simplified flowcharts of major approaches for silicon nano-
particle (SiNP) synthesis.

nanoreactors for SiNP synthesis.*” Inside the nanoreactors,
SiNPs are formed from Si precursors by hydrolysis and
condensation. This method is usually employed to synthesize
core-shell SiNPs, non-porous SiNPs, MSNs, and hollow meso-
porous silica nanoparticles (HMSNs).? Another standard
method for the production of SiNPs is flame synthesis,** which
involves the decomposition of Si precursors in high-
temperature flame. This method faces troubles in controlling
the particle size, phase composition, and morphology of SiNPs.
In contrast, this is a widely used method to produce commer-
cially available SiNPs. In contrast to flame synthesis, the sol-gel
technique can control particle size, morphology, and size
distribution by monitoring reaction parameters.’® In this
method, pure silica particles are synthesized through hydrolysis
and condensation of Si(OR), or inorganic salts in the presence
of an acid or base.?® Hence, these advances in the methods and
techniques for SiNP synthesis have led to the production of
SiNPs on a commercial scale, as well as effective utilization of
SiNPs in the fields of agriculture, biology, and medicine.

Green synthesis of SiNPs: practicality

Previously, we have mentioned that different methods are used
for the synthesis of SiNPs, viz. synthetic and biological.
Although the SiNPs synthesized using a synthetic approach are
superior to those synthesized by the biological approach,
synthetic approaches are neither environmentally friendly nor
cost-efficient. In this regard, green synthesis of SiNPs is
considered eco-friendly as well as cost-effective.”® In the case of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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green synthesis of SiNPs, plant extracts and biological waste
material are used as precursors.”**” Also, different types of
microorganisms such as fungi,* bacteria,* and diatoms*® can
be used for the synthesis of SiINPs. Agro-wastes such as sugar-
cane bagasse,* ash of agro-waste,*” and the waste from rice such
as straw and husk are widely used in various studies for the
green synthesis of SiNPs.*®

The use of different plant-based materials and agro-wastes
for the synthesis of SiNPs has been considered as the best
option as far as cost-effectiveness and environmental safety are
considered. In this context, many studies have documented the
green synthesis of SiNPs from fly ash, plant extracts, and agro-
wastes including rice husk, sugarcane bagasse, and corn cob
husk (see Table 1). In most of the studies, SiNPs are synthesized
in two steps that involve the extraction of sodium silicates by
using NaOH treatment followed by a sol-gel method which
involves the formation of silica gel by neutralizing inorganic
salts such as sodium silicates in the presence of HCL.*® Adi-
narayana et al.’® synthesized SiNPs from Equisetum arvense by
pyrolyzing the extract at high temperature in a microwave oven
and obtained SiNPs with an average diameter of 2-3 nm along
with fluorescence activity. Similarly, Bose et al.*” synthesized
SiNPs from rice husk. In this case, powdered rice husk mixed
with NaOH is heated in a microwave oven (2.45 GHz, 600 W) for
an hour to synthesize SiNPs, which were used as sustainable
fluorophores for white light emission. In a study conducted by
Adebisi et al.* a modified sol-gel method was used for the
preparation of SiNPs from maize stalks. This method involves
acid treatment, calcination at 700 °C, modified sol-gel, and
post-filtration treatments. Besides improving plant health,
SiNPs have also been used for the detection of Fe(ur) ions,*® as
an antimicrobial agent,*® as feedstock for silicon production,*
and as nano-composites that can be used in dental filling and
drug delivery.*

Important characteristics of SiNPs

Silicon nanoparticles (Si-NPs) consist of 46.83% Si and 53.33%
oxygen.*® Moreover, SiNPs are inert to pH variations, less toxic,
optically transparent and some of them are degradable.> These
particles possess the largest range of accessible sizes and can be
synthesized from different processes.’> However, the size of
SiNPs can be modified by varying reaction parameters such as
mixing speed, ammonia or sodium hydroxide concentration,
and the rate of tetra-ethyl-orthosilicate addition.*> SiNPs have
a large surface area and intrinsic surface reactivity which make
them highly feasible for modification with chemical introduc-
tion.” The most important characteristics of SiNPs include ease
of synthesis, small size, large surface area, large pore volume,
tunable surface modification, and high stability, which make
them some of the best candidates for drug delivery. Further-
more, the fabrication of SiNPs is simple, scalable, and cost-
effective. Besides, they show excellent biocompatibility, less
toxicity, and are “Generally Recognized As Safe” (GRAS). Addi-
tionally, the size of nanoparticles plays a vital role in toxicity, so
the small size of SiNPs makes them comparatively non-toxic in
nature.>

Nanoscale Adv., 2021, 3, 4019-4028 | 4021
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Table 1 Details of major studies demonstrating green synthesis of silicon nanoparticles (SiNPs)®
S.
no. Substrate Nanoparticles' shape/arrangement Size Characterization Reference
1 Coal fly ash Amorphous mesoporous SiNPs 190-250 nm and pore size 3.5 to 4.5 XRF, XRD, FESEM, TEM, porosity 116

nm analyzer, FT-IR, TGA
2 Fly ash Amorphous, aggregated spherical 20-70 nm FT-IR, Raman spectroscopy, XRD, 47

SiNPs

3 Sugarcane Amorphous, spherical SiNPs
bagasse

4 Cynodon dactylon Amorphous, spherical SiNPs 7 to 80 nm

5 Bamboo Crystalline, porous SiNPs

Around 30 nm

Around 200 nm

FESEM-EDS, TEM, AFM
FT-IR, XRD, SEM and 23
Micromeritics analyzer
UV-vis spectroscopy, FT-IR, DLS, 35
XRD, SEM, TEM, EDAX
SEM, TEM, XRD 22

6 Rice husk Biogenic porous SiNPs 25 to 30 nm XRD, SEM, TEM, SAXS 48

7 Sugarbeet bagasse Spheroid shaped SiNPs 38 to 190 nm SEM-EDS, TEM, DLS, FT-IR, XPS, 117
Raman spectroscopy

8 Sugarcane waste Amorphous, mesoporous SiNPs <1 to 100 pum XRD, XRF, SEM, TGA, FT-IR, particle 118

ash size analyzer

9 Maize stalk Amorphous 30 nm XRD, SEM, EDS, TEM, TGA, FTIR, 49
Raman spectroscopy

10  Corn cob husk Spherical shape 40 to 70 nm SEM, STEM, EDX, FT-IR 119

“ X-ray fluorescence (XRF); X-ray diffraction (XRD); field emission scanning electron microscopy (FESEM); transmission electron microscopy (TEM);
Fourier-transform infrared spectroscopy (FTIR); thermogravimetric analysis (TGA); atomic force microscopy (AFM); Dynamic Light Scattering (DLS);
energy dispersive X-ray spectroscopy (EDAX); small-angle X-ray scattering (SAXS).

Based on the structural morphology, SiNPs can be divided
into four types, viz. non-porous, mesoporous (MSNs), hollow
mesoporous (HMSNs), and core-shell SiNPs. Non-porous SiNPs
are a solid colloidal material that can be synthesized by base-
catalyzed hydrolysis of a Si source and can be used for the
delivery of cargos through conjugation or encapsulation. In
contrast to this, MSNs have a pore size of around 2 to 20 nm and
are widely used for drug delivery.*>*® Hollow mesoporous SiNPs
(HMSNSs) are spherical-shaped and have a large hole in the
center, and they can be used for loading antigens to activate the
immune system.*” Core-shell SiNPs are spherical silica particles
having solid cores and mesoporous shells.*® The shape and size
of SiNPs play an important role in their use and activity. The
most common shapes of SiNPs are nanospheres and nanorods.
Nanorods can be further divided into short rod nanoparticles
and long rod nanoparticles. The porous structure of SINPs may
also be different in different SiNPs. According to Selvarajan
et al.*? three types of porous structures may be present in SiNPs,
viz. hexagonal pores, radial wrinkled pores, and worm-like
pores.

SiNPs: mode of application and worries

In plants, SiNPs are applied by three different modes, namely
foliar, soil, and seed priming. In the case of foliar application,
SiNPs (in the liquid form) are sprayed on the shoot tissues (leaf
surfaces), which are then subsequently absorbed via leaf
epidermal cells or stomata® (Fig. 2). Following the uptake of
SiNPs, a binary film is formed at the epidermal cell wall which
imparts a structural color to the plants.*® SiNPs can also be
applied directly to the soil/nutrient solution, and the effective-
ness of this method depends on soil characteristics such as pH,
texture, salt content, and the duration of agrochemical release
by the NPs (Fig. 2). However, the foliar application of SiNPs has

4022 | Nanoscale Adv, 2021, 3, 4019-4028

been observed to be less effective compared to the soil-
application of SiNPs.®* This might be due to the reduced
uptake of Si-NPs by leaf tissues compared to root tissues.®
Roots release many exudates which form a complex with the

I
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of SiNPs in roots
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Fig. 2 Diagram showing the mechanism of uptake and transport of
SiNPs in leaf and root tissues. In the leaf tissue, SiNPs penetrate
through the cuticle and then enter the leaf mesophyll via passing
through the epidermis layer, and from the leaf mesophyll tissue they
enter the vascular tissues. In the root, SiNPs are taken up by root hairs,
subsequently, they pass through the epidermis and cortex by following
the apoplastic and symplastic pathways, and finally reach the xylem
and phloem, and then they are further transported to the upper parts
of the plant system.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NPs which subsequently bind to membrane transporters or
carrier proteins and pass through ion channels, aquaporins, or
are endocytosed.®

Besides these two methods, SiNPs can also be applied by
seed priming. Recent studies have demonstrated that seed
priming with SiNPs has significantly improved the growth and
productivity in different plant species such as wheat*® and
tomato.® However, many authors suggested that NP application
by seed priming is of greater importance compared to other
techniques such as soil and foliar application.®**” Seed priming
provides controlled hydration until the germination process
starts, and stimulates a particular physiological state of plants
before the sowing of seeds.®® Despite the availability of these
three different modes of SiNP application to plants, very little
information exists regarding the effectiveness of these three
approaches. There is limited or almost no comparative study

View Article Online
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demonstrating the efficiency of these methods of SiNP appli-
cation in plant growth. Hence, efforts have to be made to
elucidate the relative efficiency of these three methods in the
plant growth of different plant species to harness the true
potential of Si-fertilizers in crop improvement.

Until now, most of the studies have documented either the
beneficial effects or ineffectiveness of SiNPs on plant growth®
(Table 2). However, there are only a few studies that have re-
ported the toxic effects of SiNPs on plants.®”” These studies
suggested that the toxic effects of SiNPs are mostly due to pH
changes in the growth media resulting from the addition of
SiNPs. For example, Slomberg and Schoenfisch” showed that by
excluding the changes in pH by SiNP addition, the toxic effect of
SiNPs on Arabidopsis growth was completely alleviated. Simi-
larly, Rui et al.*® also suggested that the SiNP-induced change of
pH in growth media is responsible for their toxic effect on

Table 2 Details of studies showing beneficial effects of silicon nanoparticles (SiNPs) on plant growth and stress tolerance in Si accumulators,

non-accumulators and intermediates®

Size of SiO,-NPs

Positive effects on plant growth/stress

Accumulator/non-accumulator/

S.no. Plant species  used tolerance intermediate Reference
1 Banana 20-35 nm Drought and salt tolerance Accumulator 120
2 Barley 20-30 nm Drought tolerance Intermediate 121
3 Basil 20-30 nm Salt tolerance Intermediate 122
4 Coriander 20-35 nm Heavy metal tolerance Intermediate 123
5 Cucumber 10 nm Drought and salt tolerance Intermediate 124
6 Cumin 10-20 nm Drought tolerance Intermediate 125
7 Faba bean 40 nm Salt tolerance Non-accumulator 126
8 Faba bean 10 nm Enhanced seed germination and growth ~ Non-accumulator 127
9 Faba bean 10 nm Salt tolerance Non-accumulator 128
10 Lentil 20-30 nm Salt tolerance 129
11 Maize ~170 Arsenic and oxidative stress tolerance Accumulator 83
12 Maize 5-15 nm Aluminum tolerance Accumulator 130
13 Mango 5-15 nm Salt tolerance Accumulator 101
14 Oat 20-30 nm Multiple trait improvement Intermediate 65
15 Pea ~170 Chromium tolerance Intermediate 79
16 Potato 50 nm Salt tolerance Non-accumulator 131
17 Pumpkin 12 nm Salt tolerance Intermediate 132
18 Rice 230.4 nm Fluoride tolerance Accumulator 133
20 Rice 20-30 nm Heavy metal tolerance Accumulator 134
21 Rice 30-40 nm Cadmium tolerance Accumulator 135
22 Rice 30-40 nm Arsenic tolerance Accumulator 77
23 Rice 30-60 nm Salt tolerance Accumulator 76
24 Strawberry 10-20 nm Salt tolerance Non-accumulator 136
25 Sugarbeet 20-30 nm Drought tolerance 137
26 Sunflower 20-30 nm Seed germination Non-accumulator 96
27 Tomato 20 nm Salt tolerance Non-accumulator 95
28 Tomato 5-15 nm Salt tolerance Non-accumulator 138
29 Tomato 5-15 nm Weed protection Non-accumulator 92
30 Tomato 5-15 nm Arsenic tolerance Non-accumulator 91
31 Tomato 5-15 nm Root-knot nematode resistance Non-accumulator 139
32 Tomato 5-15 nm Salt tolerance Non-accumulator 140
33 Tomato 5-15 nm Salt tolerance Non-accumulator 138
34 Wheat <50 nm UV-B stress tolerance Intermediate 104
35 Wheat <50 nm Cadmium tolerance Intermediate 28
36 Wheat <50 nm Cadmium tolerance Intermediate 141
37 Wheat <50 nm Cadmium tolerance Intermediate 142
38 Wheat <50 nm Heat tolerance Intermediate 143
39 Wheat <50 nm Plant growth and physiological traits Intermediate 144

“ Silicon-dioxide nanoparticles (SiO,-NPs).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cotton. Based on the above studies, it can be concluded that by
adjusting the pH of the growth media, Si-NPs can be considered
either beneficial or ineffective for different plant species.
However, concrete evidence is still required to fully understand
the beneficial, non-beneficial, or toxic effects of SiNPs on
different plants.

Bulk-Si vs. SINPs: what are their similarities or differences in
plants

The unique properties of nanomaterials have attracted consid-
erable attention in the fields of agriculture and environmental
safety. The differences in physical and chemical properties of
SiNPs relative to their bulk counterparts are due to their smaller
size, higher surface area/weight ratio, and structure.”>’> SiNPs
possessing a smaller diameter and highly reactive surface-to-
volume ratio can easily pass through leaf stomata and pores
of cell walls.” Besides, they are considered more effective than
other Si forms because of their higher density in reactive areas.”
Hence, it is a prerequisite to elucidate how differently SiNPs
interact with the environment. Recently, Nazaralian et al.”
compared the effects of SiNPs and bulk-Si and demonstrated
that SiNPs were more effective for Si uptake, translocation and
accumulation, lignification of cell walls, and stress enzyme
production and gene expression in fenugreek. In addition,
some recent studies have also documented that SiNPs showed
better results in plant growth and mitigation of abiotic stresses
than the bulk-Si.”*”® These authors suggested that differences
in outcomes might exist due to the extraordinarily unique
properties of SiNPs compared to bulk-Si.

Si-fertilizers in bulk form have reduced solubility and low
bioavailability, and hence are not directly utilized by plants.** In
contrast, SiNPs possess higher bioavailability than traditional
Si-fertilizers, and these NPs can penetrate leaves and cell wall
pores very easily and are immediately absorbed by plants. Sur-
iyaprabha et al.** observed that the rapid uptake of SiNPs rela-
tive to bulk-Si provided higher seed coat resistance in maize
plants. The rice plant, being a Si-accumulator, deposits higher
Si in cell walls, and does not allow the heavy metal to enter
cells.”>** This has been demonstrated as an important mecha-
nism utilized by the rice plant for providing tolerance against
heavy metal stress.®” Recently, the effects of SiNPs and bulk-Si
application on arsenate and oxidative stress were compared in
maize crops where SiNPs were shown to have higher potential
for reducing the arsenate stress.** Similar findings were also
reported in rice by Liu et al. 2015.%* They suggested that this is
because of the higher bioavailability of Si from SiNPs than that
from bulk-Si which leads to alleviation of metal stress.

From the above information, it is clear that there are
differences in the uptake, translocation, and accumulation of
SiNPs and bulk-Si through different routes of absorption and
transport. Although a few studies have provided evidence for
the involvement of both the symplastic and apoplastic pathways
in the transport of SiNPs, little is known regarding the differ-
ences or similarities in the uptake and transport pathways
between SiNPs and bulk-Si in different plant species. Hence,
research efforts are needed to provide clear information
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regarding the routes/pathways followed by SiNPs and bulk-Si in
their absorption and transport in plants.

Efficacy of SiNPs in diverse crops: accumulators vs. non-
accumulators

Based on Si accumulation in their shoots, plant species have
been classified as Si-accumulators, non-accumulators, and
intermediates.®® In general, accumulators such as rice and
sugarcane can accumulate 10 to 15% Si (by weight), whereas
non-accumulators viz. tomato and sunflower possess >0.5% Si.*®
To this end, intermediates such as cucumber can accumulate Si
between 0.5 and 1.5%. However, this difference in Si accumu-
lation among these different categories of plant species results
from distinct mechanisms involved in the uptake and transport
of Si.” In general, Si absorption in accumulators, intermediates,
and non-accumulators occurs through active, passive, and
rejective mechanisms, respectively.®” For example, most
monocots/accumulators (such as rice, wheat, ryegrass, barley,
maize, and banana) use an active process for the absorption of
Si. In contrast, cucumber (intermediate) follows the passive
mechanism for Si absorption.” However, some non-
accumulators such as tomato and faba bean use the rejective
approach, which excludes Si from their roots.*® Besides, accu-
mulators, such as rice, possess efficient Si-transporters and
specialized silica cells for the increased uptake and accumula-
tion of Si. The non-accumulators usually do not possess silica-
cells, and many dicot families have been documented to have
lost the Si-transporter AQPs.*® Although, several studies have
shown that the application of Si in the bulk form provides
a beneficial effect not only for high Si-accumulating plants such
as rice and sugarcane, but also for poor accumulators such as
tomato, cucumber, strawberry, and orange.>*> However, the
beneficial effects derived from conventional Si fertilizers on
plant growth and stress tolerance were comparatively higher in
Si-accumulators than in low/non-accumulators.>® This has been
suggested to be due to a higher ability of Si-accumulators to
accumulate more Si in their tissues relative to non-
accumulators.”®

In contrast, recent studies have also shown the benefits of
SiNPs in the enhancement of growth and stress tolerance in
non-accumulators as well as intermediate plants (Table 2). For
example, the application of SiNPs has been reported to signifi-
cantly increase tolerance in different plants against various
biotic and abiotic stresses, for instance, providing resistance
against arsenic stress,** parasitic weed,” root-knot nematode,**
fungal disease,” and salt stress.”” These studies have demon-
strated that SiNP-mediated enhancement of plant stress toler-
ance results mainly from their positive effects on
photosynthesis, antioxidant defense systems, ROS scavenging,
and oxidative damage.?”*>** The positive effects of Si have been
recently explained to result from its beneficial influence on
nutrient homeostasis and carbon metabolism.**®” Similarly,
pre-sowing treatment of SiNPs significantly increased the
germination of sunflower seeds.?® To this end, SiNPs have been
demonstrated to positively affect the growth and stress toler-
ance of Si-accumulators such as rice’'* (Table 2) and
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sugarcane.'* The higher efficiency of SiNPs than bulk-Si in non-
accumulators has been suggested to result from different
pathway mechanisms adopted in the uptake and transport of
SiNPs. SiNPs have a lower size and surface-to-volume ratio and
hence do not need transporters for their absorption; they can
easily pass through the pores of the cell wall and leaf
stomata'®>'** (Fig. 2). There might be similar pathways involved
in the uptake and transport of Si-NPs in accumulators and non-
accumulators, which in turn will lead to higher accumulation of
Si equally in both these categories of plant species, ultimately
resulting in equal Si-derived benefits. Besides, many authors
have observed higher efficiency of SiNPs in accumulators
compared to bulk-Si.*"**** Hence, different studies in diverse
plant species, viz. accumulators, non-accumulators, and inter-
mediates, have demonstrated that SiNPs have great potential
for positively influencing plant growth, especially under various
biotic and abiotic stress conditions (Table 2).

Safety concerns associated with nanoparticle (NP) application

Toxicity of nanoparticles (NPs) to living organisms (plants and
animals) is the major issue concerning their practical use in
different fields such as agriculture, textile production, medi-
cine, and sciences. NPs are unique in terms of their particle size,
shape, dispersity, and charge, and these factors determine their
toxicity. Nano-range particles (<100 nm) have been observed to
be more toxic than larger-sized particles with the same chemical
composition.'” Adhesion of NPs to plant roots was found to
interfere with water and mineral transport resulting in phyto-
toxicity.'® Since NPs are produced from bulk materials, their
entry into terrestrial and aquatic ecosystems has been antici-
pated.’®” NPs could enter the food chain through various routes
including nutrients, pesticides, or environmental pollutants.'*
These NPs can enter living organisms via dermal, respiratory,
and digestive tract routes depending on their physico-chemical
properties, and can access vital organs.'” Many researchers
believe that the observed toxicity of NPs to plants is based on
plant-NP physical interactions. Alteration of the root surface
and clogging of root openings by NPs are some of the hypoth-
eses believed to result in reduced hydraulic conductivity and
nutrient uptake. %"

To date, only limited studies have been carried out to
understand the toxicity effects of metal oxide NPs such as Fe;0,,
Ce0,, SiO,, TiO,, and ZnO on a few crop plants.'* It has been
revealed that all plants treated with NPs do not exhibit toxicity
effects, and these studies have also documented positive or no
consequences in plants treated with NPs.'**™''* However, SINP
application to plants is considered safe, since silica is widely
distributed in plant tissues such as leaf epidermis and root
endodermis. But there are some reports which have docu-
mented the negative impacts of SiNPs on plants. For example,
Si-NPs of size 50 nm and 200 nm caused decreased growth in
Arabidopsis.” Similarly, plant height and biomass were
reduced in Bt-cotton by the application of SiNPs.®® The root
meristem cells of Allium cepa at a SINP concentration of 100 pg
mL ™" showed significant DNA damage.'* Therefore, SiNPs of
a particular size and standardized concentration may prove
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beneficial to plants, while improper size or too high concen-
trations may result in severe toxic effects. Besides, the effect of
Si-NPs varies among plant species. Hence, it is of great interest
to elucidate the detailed role and mechanism involved in SiNP-
mediated regulation of plant growth in different species.
Moreover, all the factors (size, concentration, surface area,
physicochemical properties, plant species, plant age, and NP
stability) need to be critically considered to get the maximum
benefits from SiNPs in agriculture. SiNPs may also help in
restricting the use of agrochemicals, pesticides, and chemical
fertilizers responsible for large-scale pollution.

Conclusion

Nanotechnology is an emerging area of interdisciplinary
research in several fields such as agriculture, medicine, and
pharmaceuticals. Recently, SiNPs applied to crop plants as
nano-fertilizers have been observed to substantially improve
plant growth under multiple stress conditions. Among the
different methods used for SiNP synthesis, biological methods,
viz. green and microbial synthesis, have emerged as cost-
effective and environmentally safe approaches. Studies have
demonstrated that SiNPs are more efficient than bulk-Si as
a fertilizer for plants. It has been confirmed that SiNPs showed
similar performance for the enhancement of plant growth
under stress conditions in both accumulators and low/non-
accumulators, which was in contrast to the case of bulk-Si.
However, the mechanism and other aspects related to the
positive effect of SiNPs on plant growth need to be understood.
Undoubtedly, increased attention and efforts to understand
SiNP-mediated enhanced plant growth under stress conditions
will yield favorable and sustainable results for future agriculture
and global food security.
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