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Rapid developments and advancements in the field of nanotechnology by every
passing day continuously add up engineered nanoparticles in our existing system
which itself has a remarkable contribution in the pharmaceutical sciences, biofuel
industry, plant biotechnology, electronics, nanomedicine, cosmetics, and various other
domains. In this review article, we pronounce on the importance of nanoparticles in the
development and growth of plants, highlighting their advantageous and detrimental
side impacts. These impacts have been evaluated utilizing cytogenic studies on plants,
by researching the influence of carbon nanotubes on plant growth and by studying the
gene delivery procedure deploying mesoporous silica nanoparticles as transporter
or as biomolecule delivery vehicles. On the other hand, when the concentration of
nanomaterials remains unchecked, then nanomaterials would undoubtedly produce
toxicity up to a dangerous level. It may show negative effects like decreased plant
growth, adverse effects on human health and environment, reduced chlorophyll
synthesis etc. Nanoparticles may pose harmful and beneficial effects on plant health
which may vary from specie to specie along with the NPs concentration and its type
used.

Introduction

Nanotechnology is an innovative captivating and advancing

utilized in food, bioengineering, materials, medicine and chemicals,

discipline of science. Innovations and developments in the field
of nanotechnology might unfold new usages in the discipline of
agriculture and plant biotechnology. It endorses enhanced research
in many fields. Recent breakthroughs in the field of nanotechnology
bestowed high-tech platforms and information for many usages in
defense sectors, medical science, electronics, and aerospace [1].
It is acknowledged that nanomaterials impart several exclusive
magnetic, mechanical, optical, chemical and physical attributes
that bestow numerous pros and sanctions them to be extensively

and in many other areas. Owing to accomplishment of use of
nanotechnology in these fields, curiosity has been raised in
introducing this technique of nanotechnology in food systems
and agriculture [2]. The engineered nanomaterials are capable to
pierce into the leaves and cells of plants, and they ca also transfer
chemicals and DNA into the cells of plant [3-5]. This attribute of
nanotechnology confers novel prospects in biotechnology for
alteration in particular genes and gene expression in the certain
plant cells. Recently, there has been an escalation in usage of
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nanoparticles in biofuel industry, biotechnology, plant production
for non-edible usages and management of crops due to advent of
findings of the distinctive applications of nanomaterials on the
cells of plants and on entire plants. Though, toxicity instigated
by nanoparticles to living beings and their influence on the
environment is one of the vital concerns that has to be attended to

direct studies on efficacious usages of nanoparticles [6].

The aquatic and terrestrial ecosystems may be adulterated by
the substantial production of engineered nanoparticles for various
uses according to the latest studies [7]. The modifications in
structure and physiological attributes and substantial size reduction
of artificial nanoparticles may bring about arbitrary effects on
humans, animals, and plants [8-10]. Nanotechnology has huge
aptitude to bestow a prospect for the plant science researchers and
scientists of other disciplines to exploit novel tools for penetration
of nanomaterials into plant cells that might ameliorate present
roles and supplement new ones [11]. In this review article, we
will elaborate on the contemporary advancements in plant science
that emphasizes on the probable harmful and helpful functions of
nanoparticles (NPs) contributing to the development and growth in

plants and as biomolecule delivery vehicles.

Cytogenetic Studies in Plants Involving Nanoparticles

Numerous areas such as medicine, electronics and cosmetics
involve the use of NPs [12]. Queries that how the employments
of NPs may influence the environment regardless of its apparent
advantages still exist. NPs become part of the environment during
production, use or disposal in-deliberately because of its vast use-
age. Toxic effects are discovered in plants and other organism
due to excessive production of NPs [13]. As a consequence of
this phytotoxicity in crop plants human health can face excessive
threats via the food chain [14]. Regardless of the fact, phytotoxicity
caused by NPs in plant have been witnessed by various researchers
[15-17]. Surface charge, pH and the environment size have also a
huge role on the toxicity of NPs [18-20]. There are four groups into
which the engineered NPs are divided: Carbon-based materials,
Dendrimers, Composites and Metal-based materials [21]. NPs
impinges the growth of higher plants, for example, corn, cucumber,
and soybean when grown in soil treated with nano- scale alumina
(nano-Al,0,) exhibits the inhibition of root elongation [22] Table 1.
Phytotoxic characteristics of various NPs on several plant species
are investigated through various reports, such as the reduce leaf
growth and transpiration was observed in maize seedlings when
cultivated in soil treated with TiO, [20].

Table 1: Harmful role of nanoparticles on plant growth and physiology.

Plant Nanoparticles Function References
Zea mays ALO, Inhibition of root elongation Yang and Watt et al. 2005.
Oryza sativa Cu0 Reduction in shoot weight and length Shaw et al. 2013.
Cucumis sativus CuO Decrease rate of growth and development Kim et al. 2013.
Oryza sativa swonts | Reductioninnumber of bydrogen bonds between water Kattietal. 2015
Lepidium sativum CNTS Inhibition of seed germination Shaw etal. 2013.

Figure 1: Role of Ag NPs in cytotoxicity and genotoxicity, morphology, and physiology of plants.
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CuO NP is preferred by the researcher more than NPs for medical
usages owing to its biocidal and antibacterial characteristics
[23-25]. Eminent toxic effects with durable existence after 72 h
of the treatment is shown by Cu NPs when incorporated in algae
contradictory to its bulk [26]. Mung bean and wheat when cultivated

on agar with Cu NPs, resulted in decreased shoot dry matter and

Herbicide

seedling length enhancement [27]. Figure 1. Hydroponically grown
cucumber plants show a substantial upsurge in the production of
ROS, enzyme peroxidase (POD), catalase (CAT) and super dismutase
(SOD) that further enhances the phytotoxic effect of Cu NP [28-30].
Figure 2.

Particles as
a Fertilizer

anoparticles
Application for

Sustainable

Pesticide

Figure 2: Application of nanoparticles in the areas of herbicides, fertilizers, disease control, insecticide, and pesticide for

sustainable agriculture.

Beneficial Aspects of Nanoparticles, their Instigated
Phytotoxicity and Harmful Effects on the Environment

Being a novel science, nanotechnology is an uppermost
trending field in the scientific society owing to the vast utilizations
and employments of nanoparticles (NPs) in numerous research
areas and industries. NPs have been employed in diverse fields like
cosmetics, electronics, and medicine [31-35]. There are vulnerable
queries on environmental effects of NPs that are extensively used
in daily life, regardless of the evident gains offered by NPs. During
disposal, utilization and production, NPs are excessively liberated
into the environment due to their broad use [36-39]. Escalated
concentrations of NPs create detrimental impacts on living things

counting plants [40-42]. Phytotoxicity pose harms to the health of
humans via food chain afterwards [43]. There is not much inclusive
knowledge in spite of various research displaying phytotoxicity
in plants by NPs [44-47]. NPs having both useful and harmful
bearings on the plants have been described. For instance, peas
demonstrated stimulated growth of roots in contrast to control
plants when applied with Zn, NP [48,49]. TiO, and SiO, augmented
the fertilizer nutrient and water absorbance in soybean (Glycine
max) through enhancing the activity of nitrate reductase which
influence antioxidant system [50] Figure 3. Spinach growth has
been exhibited to enhance by increased nitrogen metabolism and
photosynthesis using a specific amount of TiO, NP [51]. On the
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contrary, treatment with powders of nanoscale alumina (nano- [55-57]. Mungbean and wheat plants cultivated on agar plates were
Al0,) caused impediment of root enlargement in carrot, cucumber,  used to analyze phytotoxicity caused by CuNP. They were found to
cabbage, and corn [52-54]. Treatment of corn seedlings with TiO,  diminish the growth rate of shoot and seedling [58].

NP demonstrated lowered growth of leaves and transpiration rate

]
/ (a) Under normal \
conditions
— Chlorop] e

By-products

Ag NP
¢ transfer

\

=

Enzymatic Antioxidant

Suppression of
Pathogen and
hormonal
stimuli

Oxidation of Mitigation in Metal &
e ] _ =)
\

Note: (O,: singlet oxygen, (O,.-): superoxide, H,0,: hydrogen peroxide, (HO.): hydroxyl radical, (SOD): superoxide dismutase,
(CAT): catalase, (APX): ascorbate peroxidase, (MDA) monodehydroascorbate, (DHA) dehydroascorbate).
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dependent oxidase

Figure 3: Signaling crosstalk of Ag NPs application in plants.

a) Under normal environments peroxisomes, chloroplasts and mitochondria generate byproducts which produce ROS
including Single oxygen, superoxide, hydrogen peroxide and hydroxyl radical.

b) Under stress environment oxidative stress is created in plant cells treated with Ag NPs. Huge damage is inflicted by the
generation of ROS principally by transferring electron that results in cell death.

¢) Plant utilizes its defense mechanism to elude the generation of ROS. When plants are treated with Ag NPs, enzymatic
antioxidants SOD, CAT and APX are stimulated and safeguard plants from oxidative stress. SOD give Fe, Mn and Cu-Zn that
modify the deleterious O,.- into a less harmful H,0O,. CAT convert H O, in H O and O,. APX convert H,O, in water (H20) by
oxidizing ascorbate into MDA and DHA. d) When Ag NPs are applied in Arabidopsis, it results in gene upregulation that
elevate the expression of genes coding for Peroxidase, SOD, Cytochrome, P-450 dependent oxidase and eventually diminish
the metal and oxidative stress. Conversely, applying Ag NPs also result in gene downregulation and diminish gene expression
levels of those genes that assist in pathogenic and hormonals stimuli.
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Although CuNP have numerous usages, they may also confer
undesirable effects to the environment. Largely, the harmfulness
of the NPs is determined by pH, surface charge and size of the
environment [59]. Moreover, Kim described the phytotoxic
influence on hydroponically cultivated plants of cucumber treated
with CuONP with a 50 nm size. The plants displayed a prolific
enhancement in ROS enzymes; superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) [60] Figure 2. In different
research, CuONP considerably lessened the development and
growth of plants of cucumber grown on soil-plant microcosm
[61] Table 1. While earlier studies suggested that supplementary
investigation is necessitated to study the CuNP phytotoxicity on
various plants.

Favorable and Unfavorable Attributes of Silver
Nanoparticles, their Transport and Accretion in
Arabidopsis Thaliana

Nowadays, there are several products of nanotechnologies
that are available in market. Their large availability and usage in
commercial market products raises alarms about their significant
influence on health of humans, animals, and ecosystems. As these
products are engineered, their health results have significantly
been observed in wastewater and it has also been noticed that
these particles are released from some products [62]. Engineered
nanoparticles vary in size form 1-100 nm and they are pollutants
which exhibit ambitious physio-chemical properties e.g., large
surface area and confinement of surface [63]. Ambitious physio-
chemical attributes of engineered nanoparticles might result
in varying environmental noxiousness and behaviors [64-66].
Toxicity of engineered nanoparticles depend upon surface
confinement and thus can be lowered by altering functions of
surface. Dissolution plays role in altering determination of toxic
engineered nanoparticles in case of metal nanoparticles. Plant
specific toxicity of TiO, nanoparticles in seedling of maize was due
to lowered hydraulic conductivity which result from obstruction
in pores of root cell walls [67]. In case of metallic nanoparticles,
there are no cases of attempts being made to discriminate metallic
nanoparticles present on tissues of plants. Of all the nanoparticles,
silver nanoparticles are usually used in industries such as fabrics,
food, medical dressing etc. as silver nanoparticles consist of some
properties that are antimicrobial in nature [68]. Some silver
nanoparticles that are used in environmental case studies are
monovalent silver (Ag*) and elemental silver (AgO) [69]. It was
assumed that monovalent silver was the source of silver toxicity, but
the results were indecisive. Toxicity caused by silver nanoparticles
have been researched thoroughly in animals [70-76]. However, very
less is known about toxicity caused by silver nanoparticles in plants
[77]. As plant are sessile in nature, their roots absorb not only
water and nutrients but also pollutants and contaminants from an
ecosystem.

Therefore, questions arise in mind that how silver nanoparticles
will be transported in root system and can they be harmful to
plants in turn causing damage to humans and animals as these
are the last consumers of plant and derivative products. Silver
nanoparticles exhibited phytotoxicity in Lemna paucicostata and
Lolium multiflorum [78-80]. Copper nanoparticles are observed
to cause phytotoxicity in bean and wheat [81], whereas zinc oxide
nanoparticles were found attached to surface od root and their
transportation in plant body was not observed [82]. Arabidopsis
thaliana is a plant which has a very short life cycle i.e., 6-8 weeks
and is considered a long day flowering plant, therefore, its small
size makes it more feasible for study. Genome size of Arabidopsis
is very small and consist of 157 mega base pairs [83-86]. When
genome of Arabidopsis was developed in year 2000 in program
Initiative 2000 [87], it has been studied by various scientist for
research in plant biology [88].

The Arabidopsis Information Resource was founded in year
2001 [89]. The benefit of studying Arabidopsis is that its findings
can be practiced in many other crops that may also have a different
or bigger size of genome e.g., soybean which has a genome of 100
megabase [90-92], maize which size of genome is 2500 mega base
[93] and can also be practiced in plants whose genomic data is not
available e.g., cucumber. Arabidopsis life cycle is finely studied and
characterized, and its reproductive and vegetative stages are well
known [94]. Due to these benefits, Arabidopsis is usually used to
study the influence of nanoparticles [95]. Therefore, to determine
the influence of silver nanoparticles on the plants and plant derived
products, more research is required on transportation of silver
nanoparticles in biomass of plants and on regulation of genes [96].

Impact of Various Nanomaterials on the Seedling Growth
and Germinations of Seeds

the

Nanotechnology and Nanoscience was observed which allows

Currently, huge development in discipline of
us to develop engineered nanoparticles having different shapes,
forms, and sizes [97]. As nanoparticles were using on huge scale,
an interesting connection between agriculture and engineered
nanoparticles was created which is quite striking by using them as a
source of fertilizer and to cope with environmental hazards as well
as for vibrant agriculture [98-100]. Modern study on nanoparticles
indicates that plant shows different physiological responses during
germination due to ENPs but considerable variations between
nanoparticles and plants were reported which effect root growth
and seed germination capability. For instance, in order to increase
seed germination in fennel TiO, nanoparticles will be deployed
[101]. If 400 and 1600 mg L-1 of nanoparticles of ZnO is used it
will boost up the germination level of cucumber [102-105]. T able
1. According to Lahiani et al states that soybean, barley, and maize

germination could be enhanced by using MWCNTs [106] Table 2.
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While on the contrary shoot weight, seeds germination and shoot
length of rice is decreased by using CuO NPs [107] Figure 1, in mud
Lepidium sativum seed germination would also been inhibited by
using CNTs Table 1, Pennisetum glaucum germination efficiency is
increased by using Ag NPs [108] Table 2. In contrast to this, modern
study stated that NPs effect plant’s growth but does not influence

the germination. E.g., number of wheat roots will by decreased
by using graphene as it does not influence seeds germination in
wheat [109]. Root elongation of maize was inhibited by using CuO
nanoparticles although it does not influence seed’s germination of
maize [110].

Table 2: Beneficial effects of nanoparticles on plant physiology and growth.

Plant Nanoparticles | Application Method Concentrations Results References
Foliar treatment and Elevated biomass accumulation,
Pisum sativum TiO2 o 0.25 percent protein chlorophyll, and nitrogen Yang et al. 2006
seed priming .
concentrations
Pennisetum glaucum Ag NPs Seed treatment 20,50 mg/L Enhancement in seed germination | Parveen etal. 2015
Cucumis sativus Zn0 Seed treatment 400-1600 mg/L Increased germination by 10% Rosaetal. 2013
Solanum lycopersicum MgO Soaking 7-10 pg/mL Tolerance aﬁ:{fl:csé;)scterlal wilt Imada et al. 2016

Note: (MWCNTs: Multi-walled carbon nanotubes)

Role Of C,, Fullerenes and Multi-Walled Carbon
Nanotubes in Plants

The domain of nanotechnology is flourishing continuously.
It is assessed that the market value of nanotechnology would
probably exceed $3000000 in 2020 [111]. One of the main reasons
of this upturn is gaining knowledge about inimitable physical and
chemical properties at nanometer scale which allow us to make
enquiries, increase development and improve their application by
drawing a line between nanometer scales and their bulk products
efficiently. Of the total commercially accessible products like
cosmetics, plastics, surgical instruments, and fabrics engineered
nanomaterials were using most commonly [112]. As engineered
nanomaterials were being used on a significantly large scale as well
as due to their improved usage it is certain to release them in the
environment. But still scientific community agree upon this fact
that we are still short of information about nanomaterial especially
its effects on the environment which leads to the development of
econanotoxicology and nanotoxicology domains as we are unbale
to build a framework which monitor risk or toxicity related concern
in the ultimate onsumer’s product [113-116]. For food processing
or production and in agriculture, engineered nanoparticles were
using which is prominent problem. Engineered NPs were developed
in agriculture to

(i) Generate minimum waste

(i) Water and energy will be saved in sufficient amount as
agricultural products will give us high yield and available to us
before its actual maturity.

Main objective of this technique is to present cheap, well-

organized, sustainable, and benign agricultural practices [117].

We are still facing short of information about nanomaterials
used in agricultural system especially their outcomes as their use
causes contamination in food chain and influenced the human
health in varieties of ways [118-120]. Inorganic nanostructure
does not reach the level of carbon nanomaterial, one of the main
reasons is that we can easily produce them as well as bring changes
due to their distinctive chemical and physical properties [121].
According to Miralles et al if we want to improve germination and
roots elongation of alfalfa and wheat MWCNTs will be very helpful,
but the problem arises during uptake and transfer of MWCNTs to
different parts [122]. For appropriate plant growth and cell division
genes expression play a very crucial role, therefore Khodakovskaya
and his colleagues studied and comes to know exactly the same
thing and also defined that MWCNTs have the potential to
escalate the growth rate in tomato plants and tobacco cells [123].
Nonetheless, many researchers illustrated that for numerous
plant species carbon nanomaterials are injurious [124-126].
Common relationship between inorganic modification, organic
chemicals and engineered nanomaterials in agricultural system
is still hidden. Carbon nanomaterials have an ability to make a
strong bond with inorganic and organic substances owing to their
hydrophobic nature and big surface area [127-130]. The probable
relationship can be complicated it may limit efficiency of pesticides
which give rise to economic issue, or it may increase contaminants
accumulation which yield in food safety issues. In cottonwood
82% increase in trichloroethylene uptake was observed by Ma and
Wang by applying C,, [131]. Kelsey and White discovered that C_,
exposure had negligible influence on the weathered DDE accretion
in the soil by earthworm and pumpkin [132].
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Deploying Nanotechnology for Elevating the Levels of
Plant Growth and Crop Protection

Currently, beneficial, and important inventions are introduced
in agriculture so that enhancing difficulties related to food security
and production via sustainable means can be overcome [133-
138]. With escalating population of the world excessive food is
required, these innovations are pivotal elements in achieving
this by utilizing various other resources simultaneously such as
synthetic and natural resources. As there are several problems
emerging in the field of agriculture the only solution for these
problems in general is, nanotechnology. Researchers are interested
in utilizing nanotechnology for diminishing the rift in molecular
or atomic structures and material with huge size. Important
research related to nanotechnology are conducted to highlight its
use in agriculture in past twenty years [139-141]. To enhance the
production of various crops, fruits and vegetables fertilizer played
a significant role, but in-addition to the benefits there are some
lethal disadvantages of using fertilizers extravagantly. When used
excessively fertilizers decreases the availability of good land for
producing crops by amending the chemical nature of soil. As less
agrochemical use-age is the demand of Sustainable agriculture
therefore it is mostly preferred for securing various species which
are about too extinct and to save environment [142]. The capability
of Agri-inputs to help regulate the site aimed nutrient availability is
enhanced remarkably by reducing the agriculture inputi.e., utilizing
nanotechnology for achieving a striking production of crops.

Enhanced crop production and excessive plant protection is now
attainable certainly because of the aid provided by nanotechnology.
As the major constrain in crop production is climate change and
the fragility of ecosystem so to overcome these problems, we have
to adopt nanotechnology enabling the plants to excessively adapt
the continuous changes in water content, alkalinity, temperature,
salinity, and the accumulation of toxic metals causing environmental
pollution [143]. Moreover, the human command on health of plant
and soil is maintainable only by introducing precision farming which
is made possible sable only by utilizing and devising nano sensors.
These nano sensors are used for examining the soil conditions,
environmental pollution, seepage of agrochemicals, various
diseases Figure 3 and for measuring the crop growth [144]. A wider
specific area which is significant for maintainable development
of agricultural system is attainable by nano-material engineering
which is the modern research track as it is assist the innovation of
agriculture fields with advanced technology is. Modern industrial
agriculture is facing various problems and the only solution to them
is nanotechnological inventions related to agriculture which can
diminish these obstacles by introducing diminutive technological

fixes [145]. Hence nanotechnology is the only replacement we have

against the orthodox technologies for coordinating the strategies of
management as well as for diminishing the ambiguities.

Plant Growth Amelioration Using Carbon Nanotubes

It is noteworthy that low dosage of specific nanomaterials
stimulates physiological processes in plants. In case of spinach,
an optimum concentration of TiO, nanoparticles augmented the
plant growth by effecting rate of photosynthesis [146]. In ryegrass
[147] and onion, cucumber [148] the root growth was boosted
by carbon nanotubes. Multiwalled carbon nanotubes (MWCNTs)
are showed to stimulate the gene expression which are crucial for
the cell division and plant development [149-150] and ameliorate
the growth in tomato [151]. Conversely, single walled nanotubes
(SWCNTs) have the ability to pierce the cell walls and plasma
membranes in tobacco plants [152]. This piercing trait of NPs has
incited curiosity in the expectation of using NPs delivery systems in
plants [153]. DNA can be transmitted into plants by penetrating the
cell walls by utilizing gold-capped mesoporous silica nanoparticles
(MSNs) and exercising bombardment method [154]. Herbicides can
be provided to the plants using nanocapsules. This practice is likely
to provide increased penetration across the tissues of plant and
allow measured and perpetual herbicidal release [154-156] Figure
3.

The use of nanoporous silica beside urease enzymes allow
the better regulation of ammonia release from urea fertilizer
[157] Figure 3. In another case, a plant growth regulator (NAA) is
liberated precisely using zinc-aluminum-layered double- hydroxide
nanocomposites [158]. Robust uptake and diffusion of carbon
nanotubes has been exhibited using C, (fullerene) in rice [159].
Whereas some researchers found out that the carbon nanoparticle
fullerene (C,)) had a minor influence on the functioning and
anatomy of the microbial community in soil [160]. Growth of
young tomato seedlings has been elevated by inducing single
walled carbon and multi walled carbon nanotubes in a nanotube
supplemented medium [161]. The tomato plants acquiring CNTs
show more height and give double times the fruit and flower per
plant in contrast to plants grown in controlled environment and
procuring activated carbon [162]. Subjection of tomato seedlings
to escalated negative surface charged, well-dispersed and efficient
CNTs exhibited paramount increase in growth [163]. The tubular
structured crystalline CNTs with surface thickness of only about 25
nm in contrast to relatively larger non-crystalline activated carbon
materials may boost surplus uptake and synergy with biological
system [164].

Root growth is boosted by carbon nanotubes (CNTs) as they
enhance the global histone acetylation in meristem region in the

roots of rice by modulating the related genes [165]. The cell walls in
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rice root contains multi-walled CNTs while Intercellular spaces in
rice roots comprises of Single-walled CNTs (SWCNTs) [166]. SWNTs
and MWCTs modulate various processes such as the photosynthetic
rate and chlorophyll contents are enhanced by regulating the
related gene as well as the development and leaf growth is
modulated at a specified concentration of 20 mg/L [167]. The
escalation of antioxidant enzyme activities and gibberellin content
in addition with the reduction in abscisic acid both are performed
by single walled and multiwalled CNTs [168]. In rice, the hydrogen
bonds between DNA nucleobases and water are reduced by Single-
walled CNTs [169] Table 1. In contrast to the control, treatment
with 500 mg/kg C60, MWCNTs and rGo extensively escalates the
concentrations of IAA, BR, and gibberellin acid 4 (GA4) in the roots
of plant [170]. GO nanosheets hinders the growth of roots, contents
of plant endogenous hormone and cell wall synthesis [171].
Several mechanisms depend on CNTs such as the cell interactions
depends on different types of CNT related variables like impurities
[172], size [173-175], functional group densities [176], duration
of exposure [177] conjugated surfactant [178], and concentration
[179]. In addition to the membrane hyper-polarization, apoptosis
[177], oxidative stress [180], and aggregation of cells [181] is
elicited by CNTs.

The visual image of nanomaterials in tissues and cells of plants
the accurate delivery of chemicals and DNA into plants can be
performed because the initiative work with NPs has facilitated the
proficient DNA and chemicals transfer into the plants [182] and the
visualization of nanomaterials in the tissues of plants [183] and
cells [184]. However, there are several factors still to be appraised
such as the risks of nanoparticles released into the environment
incidentally. The protoplasts extracted from plant tissues have
physiological activities identical to that of an infant cell as well as
they maintain their cell differentiation and identity according to
various studies [185]. To study several stress responses systems in
plants for cell biology and genetic engineering, protoplast is used as
amodel system [186-188].

Gene Delivery in Plants Via Mesoporous Silica
Nanoparticles as Transporters

The usage of nanomaterials in biological and medical research
has acquired great curiosity lately. Several kinds of inorganic
nanoparticles with distinctive chemical and physical characteristics,
counting semiconductors, metals, metal oxides, silica, and carbon-
based materials, are manufactured for transfer or tracking functions.
Amongst these, mesoporous silica nanoparticles have acquired
consideration recently [189,190]. MSNs have enriched textural
properties, counting a large pore volume and surface area (>1000
m? g'), tunable pore size (2-20 nm) and simply functionalized
surfaces. MSNs usages have been exhibited in numerous biomedical
fields, like protein and enzyme transfer [191-193], RNA or DNA

transfection [194-196], in stimuli-responsive transfer of drug [197-
199], multi-practical theranostic agents [200] and cell markers for
bioimaging (MRI and fluorescence) [201]. The reaction of living
targets to MSNs counting biocompatibility, biodegradability and
cytotoxicity have been researched in mammal cells.

Conversely, in plant sciences, cell walls of plants inhibit
the usage of nanoparticles contrasting the mammalian system.
Presently, greater proportion of research emphasize over the
phytotoxicity caused by nanoparticles [201-203] and the impact
of nanoparticles on the plant development. In plant sciences,
regardless of inadequate research, it has been narrated that cell
of plant may uptake extremely little nanoparticles, amid them
being CdSe/ZnS quantum dots, single and multi-walled carbon
nanoparticles, carbon-coated magnetic nanoparticles and anatase
TiO,alizarin red S nanoconjugates. The tiny nanoparticles reach
the cells via different modes in plants, like making new pores, ion
channels, attaching to a carrier protein etc [200]. However, it has
been displayed that the devoured nanoparticles might function
as transport vehicles for the whole plant according to some
studies. There are a small number of research demonstrating the
nanoparticles-mediated transfer of biomolecules into the plant
cells [194-200].

Cells of plants that lack a cell wall are referred to as protoplasts
and thereby nanoparticles macromolecules can be engulfed using
endocytosis. Unluckily, many of the studies utilized suspension of
culture cells as objects exclusive of subsequent investigation of
the usage of differentiated tissues. Conversely, the separation of
protoplast is a laborious method, and it is complicated to develop
transmuted protoplasts and cultured cells into the whole plants.
Mechanical forces, like ultrasound or biolistic method are the main
basis of present practices counting nanoparticles for piercing the
cell wall obstructions for transferring biomolecules into plants.
An ultrasonic method is principally deployed for culture cells,
nonetheless, itis uncomplicated to operate and less costly. Lately, by
utilizing the gene gun method, gold-capped MSNs are displayed to
transport chemicals, protein, and DNA to the cultured or extracted
cells. Still, nanoparticles coated with the biomolecules just aim at
the plant surface tissues and bombardment method is relatively
expensive. The lower activity rate of endocytosis and impediment
of cell walls constrains the usage of nanomaterials in plant cells. A
biomolecule transferring method using nanoparticles could assist
plant biotechnology exponentially, as a method like this endows a
less costly and uncomplicated procedure to attain many resolutions
in high throughput research, particularly after these nanomaterials
penetrate the whole plants suddenly.

However, tillnow, merely calcium phosphate and poly dendrimer
nanoparticles have demonstrated that these nanoparticles can
be procured into the cells of plants through uncomplicated
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culture techniques, and they function as transporters without any
additional assistance for transferring genes except for cell-piercing
peptides, of non- nanomaterial-based particles [203]. Yet, according
to these findings, the process of nanoparticles uptake, impact of
the nanomaterials on the target cells following the uptake, and the
subcellular dissemination of nanomaterials inside the cells were
not directed.

Usages of Nanotechnology in Crop Protection and Growth

Currently, beneficial, and important inventions are introduced
in agriculture so that enhancing difficulties related to food security
and production via sustainable means can be overcome. With
escalating population of the world excessive food is required, these
innovations are pivotal elements in achieving this by utilizing
various other resources simultaneously such as synthetic and
natural resources. As there are several problems emerging in
the field of agriculture the only solution for these problems in
general is nanotechnology. Researchers are interested in utilizing
nanotechnology for diminishing the rift in molecular or atomic
structures and material with huge size. Important research related
to nanotechnology are conducted to highlight its use in agriculture
in past twenty years. To enhance the production of various crops,
fruits and vegetables fertilizer played a significant role, but in-
addition to the benefits there are some lethal disadvantages of
using fertilizers extravagantly. When used excessively fertilizers
decreases the availability of good land for producing crops by
amending the chemical nature of soil. As less agrochemical use-
age is the demand of Sustainable agriculture therefore it is mostly
preferred for securing various species which are about too extinct
and to save environment. The capability of Agri-inputs to help
regulate the site aimed nutrient availability is enhanced remarkably
by reducing the agriculture input i.e., utilizing nanotechnology for
achieving a striking production of crops.

Enhanced crop production and excessive plant protection is now
attainable certainly because of the aid provided by nanotechnology.
As the major constrain in crop production is climate change and
the fragility of ecosystem so to overcome these problems, we
must adopt nanotechnology enabling the plants to excessively
adapt the continuous changes in water content, alkalinity,
temperature, salinity, and the accumulation of toxic metals causing
environmental pollution. Moreover, the human command on health
of plant and soil is maintainable only by introducing precision
farming which is made possible sable only by utilizing and devising
nano-sensors. These nano-sensors are used for examining the soil
conditions, environmental pollution, seepage of agrochemicals,
various diseases and for measuring the crop growth. A wider
specific area which is significant for maintainable development
of agricultural system is attainable by nano- material engineering
which is the modern research track as it assists in the innovation

of agriculture fields with advanced technology. Modern industrial
agriculture is facing various problems and the only solution to them
is nanotechnological inventions related to agriculture which can
diminish these obstacles by introducing diminutive technological
fixes. Hence nanotechnology is the only replacement we have
against the orthodox technologies for coordinating the strategies of
management as well as for diminishing the ambiguities.

Transport and Translocation of Fluorescently Labeled
Mesoporous Silica Nanomaterials in Plants

Nanotechnology is a fast-developing area and usages of
nanomaterials in medicinal and biotic examination has involved
numerous investigation collections to target vital investigation
matterslike addressed tissue engineering, diagnostics, drug delivery
and ecological remediation. There exist diverse kinds of mineral
NPs through exceptional structures, as well as metaled, metallic
oxides, silica, semiconductors, and carbon-based resources testified
for distribution and chasing purposes. Between these, mesoporous
silica nanoparticles (MSNs) have influenced as a prolific bio-
molecule distribution automobile in the systems of mammals e.g.,
mesoporous silica nanoparticles (MSNs) attained consideration
for the usages in carrier vehicles, particularly in animals, where
they are used in drug delivery for treating cancer [191]. MSNs are
procured into acidic lysosomes of the cells by utilizing endocytosis.
They are harmless to the living cells, which makes them a prevailing
drug transport aspirant [193]. Furthermore, MSN pores are capped
by compatible molecular porters to ensure that an internalized
carriage can efficiently extend to the particular target. Amid the
porter’s reaction to external or internal stimulus, a perpetual
and regulated release structure is attained like initiation of light,
changes in temperature and pH, competitive binding, and activation
of redox.

Theknowhow and usages of MSNs on quantification, sub-cellular
localization and uptake mechanism in the plants are narrated
sporadically as compared to numerous findings on the uptake
pathways and their appliances as a bio-molecule transport cargo
in mammalians. Numerous non-porous NPs have been validated for
their uptake and noxiousness together in mammalians and plants,
however, they are less versatile in contrast to MSNs. The greater
proportion of experiments were conducted on protoplasts without
call walls, calli and extracted cells cultured in fluid suspension.
Conversely, Chang and his associates demonstrated transport
of DNA into the endodermis and cortical cells of the roots of
Arabidopsis thaliana utilizing 100 nm MSNs, however, in the midair
plant parts, no validation of expression of genes was described
[197]. MSNs own many distinctive traits which make them suitable
biomolecule vehicles for tiny molecules. These include lower
degradability and elevated biocompatibility under physiological
environments, luxury of surface functionalization, high surface
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area, big volume of tunable pores, chemical and physical stability
Scarcity of information of these nanoparticles concerning transport
and translocation within the plants has confined the potential to
exploit the distinctive characteristics of MSNs as a transport vehicle
in plants. Protoplasts and plants grown in-vitro were regarded
as an excellent standard system for examining and grasping the
transport of MSNs operationalized with DNA and proteins before
running trials for assessing extensive distance MSNs delivery, as
demonstrated persuasively by various studies.

The cells deprived of cell walls are referred to as protoplasts
and therefore biomolecules, like nanoparticles, might be procured
by the cells through endocytosis. Though, altered culture cells and
protoplasts of suspension are challenging to regrow into whole
plants and the protoplast extraction is a wearying procedure.
Mechanical forces, like ultrasound or biolistic method are the main
basis of current practices involving nanoparticles for piercing the
cell wall impediments for transporting biomolecules into plants An
ultrasonic method is basically employed for culture cells, however,
it simpler to operate and less costly. Lately, by using the biolistic
method, gold-capped MSNs are exhibited to transfer chemicals,
protein, and DNA to the cultured or extracted cells [201-203]. In
spite of that, nanomaterials coated with the biomolecules purely
aim at the plant surface tissues and bombardment method is

expensive.
Conclusion and Future Prospects

For many years, non-artificial nanomaterials have occurred in
the environment, and they produce fewer toxic effects among plants,
humans, and animals. Lately, the determination of toxicity caused
by NPs in plants is an extremely necessitated research discipline
all over the world. Nanoparticles facilitate the enhancement of
growth and development in plants. Though, some recent findings
have unveiled a few harmful properties of nanoparticles in living
organisms. From this review paper, it is noticeable that engineered
NPs are capable to bring about hazardous effects in the living
systems and environment. In several countries, laws and regulations
have been issued to evade or reduce the potential jeopardizes of
engineered nanoparticles. Wider studies are imperative in the
discipline of nanotechnology to recognize and evade hazardous
nanoparticles. Furthermore, emergent nanomaterials ought to be
put to thorough toxicity testing. Biosynthesized nanoparticles are
preferable for usage. We can ascertain their phytotoxicity levels
through regulating their concentration and size. Nanoparticles
have exponential capability to ameliorate development and
growth in plants in the future through escalating photosynthetic
activity, augmenting uptake of water and nutrients. Though, there

is a necessity to augment the use of nanomaterials in agriculture

through evolving target-specific and environment friendly
nanoparticles to enhance physical parameters, growth of plants
without harming the environment.
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