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Emerging Trends of Nanoparticles
in Sustainable Agriculture: Current
and Future Perspectives

Kanika Khanna, Nandni Sharma, Puja Ohri, and Renu Bhardwaj

Abstract Nanotechnology in agriculture is emerging at an escalating rate, owing to
its excellent properties in plant growth and development. In the present era where
climate change is most commonly observed, the global patterns of agriculture are
observing unprecedented challenges. For achieving food quality and yields, nano-
engineering is a novel tool that maintains sustainable crop production. Due to the
disastrous effects of chemical fertilizers, there is a need to switch to safer alterna-
tives. Nano-technology enables safe crop production by improving efficiency and
reducing losses. This technology has been predominantly entered into wider areas of
fertilizers and pesticides for synthesizing agrochemicals based-nanoparticles.
Because of their critical and direct/indirect approach in management and regulatory
inputs (herbicides, pesticides, fungicides, etc.), nanotools like nano-biosensors also
support avant-garde agriculture farms. Therefore, plant biology and nanotechnology
together have a great impact on the environment due to their innovative character-
istics in agriculture, to meet the urgent needs of food with environmental sustain-
ability. In this chapter, we have mainly focused on nanoparticle interactions among
plants, their uptake, mobilization, and metabolic actions. Moreover, the bioactive
compounds in plants possess many functions that are also modulated by
nanoparticles. Therefore, nanoparticles function as elicitors in the plant’s secondary
metabolism. We have envisaged the multidisciplinary actions of nanoparticles with
plant nanotechnology, biotechnology, genetic engineering and pushed it towards
agriculture sector, as well as plant research. In particular, we have depicted the role
of nanoparticles in enhancing bioactive compounds of plants, thereby improving
crop productivity through boosting the nutraceutical and nutrients of plants. Here,
we have also reviewed the nanoparticle abilities toward plant protection and stress
management against numerous adverse conditions. This chapter will enable the
researchers to understand the nanotechnology blend in agriculture, thereby
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designing the specific nanoparticles according to the agriculture needs as well as
standards for promoting sustainable agriculture.

1 Introduction

Agriculture is the main source of livelihood in various developing countries, and
nearly two-thirds of the world’s total populace is dependent on it. The enormous
agricultural demand leads to huge pressure for formulating novel agricultural tech-
niques that enhance the yield and productivity of the crops by lessening the impact of
chemical fertilizers on soils. The fertilizers are imperative for enhancing the agri-
cultural yields, though their excessive levels alter the soil ecology and area for crop
production. For meeting the rising demands of food, agriculturalists tend to use
chemical-based fertilizers, and it has become an integral factor in farming systems.
These are mainly classified into three types such as nitrogenous, phosphate, and
potassium fertilizers. But certain complexities and other climatic or edaphic factors
cause the mineral elements to immobilize within the soil, thereby hindering its
availability and uptake by plants [1]. Consequently, their utilization creates signif-
icant drift on human as well as environmental health [2]. The indiscriminate usage
and improper maintenance have made our focus oriented toward biofertilizers from
chemical-based fertilizers. However, the use of farmyard manure, animal waste,
compost, etc. has been promoted that stimulates the production in appropriate
proportion. Sustainable agriculture necessitates the minimal usage of agrochemicals
to protect and conserve them for posterity. To tackle the challenges for sustainable
agriculture and food demand in agriculture, various technological advancements and
novelties in the past few years should be explored [3]. The most important concern
here is to make more efficient use of these fertilizers by substituting nanoparticles
(NPs). Nanotechnology has the potential for providing an effective strategy for
agricultural problems. It is a great solution to bridge the gap between bulk materials
and NPs. Decades ago, noteworthy research on nanotechnology has been carried out
with a special emphasis on agriculture [4]. NPs have remarkable physicochemical
properties with minute size, larger surface area to mass ratio, reactivity, ionizing
power, chemical stability, enhanced absorbability, pH resistance, and thermal sta-
bility. Owing to these abundant characteristics, nanomaterials combined with fertil-
izers enhance the potential growth and development of the plants.

Nanofertilizer using efficiency is escalated by penetrating the NPs into agrochem-
icals via different modes or methods such as encapsulation, ionic charges, hydrogen
bonding, absorption, entrapment into nanomatrix, etc. [5]. Sidewise, there are
numerous sectors for globally commercializing the NPs fertilizers. For example,
other factors like NP absorption capacity, behavior in soil, root/shoot uptake,
chemical stability, xylem/phloem loading and unloading, and interaction with
other biomolecules such as protein, RNA, and DNA, respectively, also play a critical
role [1]. Interestingly, the NPs improve the plant productivities by enhancing the
agricultural inputs for facilitation of site-targeted regulated delivery of nutrients, to
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ensure the minimal usage of agri-inputs. Indeed, nanotechnology has reformed as an
avant-garde technique in plant protection, and its popularity is increasing on an
exponential phase with a surety for higher production levels. Besides, the important
aspect in agriculture practices is to induce plant adaptation toward changing climatic
conditions such as temperature, water deprivation, salinity, freezing, water logging,
and heavy metal pollution without hampering the ecosystem [6, 7]. Furthermore, the
formulation of nanosensors in farming for proper monitoring of crops, soil activities,
pathogens, invasion of agrochemicals, and environmental pollutants ensures sus-
tainability in terms of soil and plant health. Subsequently, it maintains quality and
safety assurance for successfully mediating sustainability and environment systems
[8]. Nano-engineering is a cutting-edge technology that enables the formation of
high-technological aids and offers broad areas of research for agricultural systems.
Henceforth, nanotechnology coordinates with sustainable agriculture practices with
innovations and fixing various problems and concerns regarding modern agriculture.
The present chapter summarizes the types, applications, and role of nanotechnology
in agriculture for maintaining sustainability and standards.

2 Sources of Nanoparticles

2.1 Natural Sources of NPs

NPs occur naturally in all “spheres” of our planet, covering the biosphere, atmo-
sphere, lithosphere, and hydrosphere. These particles are formed by various photo-
chemical, chemical, thermal, mechanical, and biological processes occurring either
separately or in amalgamation [9]. The natural occurrence of metallic NPs and their
sulfides/oxides in hydrothermal vents, ore deposits, waters, wastewaters, and mining
regions is largely controlled by the environmental conditions, such as the tempera-
ture, pH, light, oxic/anoxic conditions, and the characteristics and concentration of
the naturally occurring organic matter [10]. The NPs present in the hydrosphere and
the atmosphere occur at concentrations of up to 106–107 particles/mL and impose a
major effect on biota because of their close association and contact with the biota.

The major processes resulting in the formation of natural NPs are entirely
inorganic including nucleation, mechanical, thermal, and biological processes.
Nucleation and inorganic phases in the hydrosphere, atmosphere, and the lithosphere
occur purely based on inorganic reactions or may also originate from organic matter.
Reactions occurring in hydrothermal vents and surface water often contribute to NP
release into the environment and may advance via photochemical, thermal, and
nonthermal processes. The presence of Fe(II) facilitates the development of
ferrihydrite NPs, stabilized by silicon ions. Similarly, different NPs containing Cu,
Mn, Ba, Cr, and Pb are also formed in chilly CO2 seeps. The mechanical processes
involved in NP formation include aeolian erosion resulting from desert winds,
unvegetated farmlands, deforested lands, and the particles emanating during events
like earthquakes. Biomass combustion such as the forest fires, mainly occurring in
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the equatorial regions of the earth, exemplifies the involvement of thermal processes
in the generation of NPs [11]. And lastly, biomineralization, carried out by microbes,
generates inorganic nanomaterials through various biological processes. Such inor-
ganic particles include silicon and iron-based nanominerals, magnetite, calcium
phosphate, and calcium carbonate [12].

2.1.1 Volcanic Eruptions and Forest Fires

The ash emitted by volcanic eruptions frequently reaches above 1400 �C and
possesses a complex composition of liquid and solid particulate matter lifted in the
atmosphere by hot gas currents. After ashes diffuse in the atmosphere, the temper-
ature of the gas lowers down, and its composition changes, resulting in the accumu-
lation of particles [13]. Volcanic eruptions result in the release of a gigantic amount
of fine particles and aerosols with sizes of up to micrometers to nanometers, into the
atmosphere. Ash clouds formed from volcanic eruptions contain an array of
polydispersed nano- and microparticles with sizes ranging between 100 and
200 nm. About 30 million tons of NPs are emitted in the form of ash in a single
volcanic eruption. Chemically these particles are composed of iron and silicate
compounds which are easily suspended in the air. Volcanic eruptions also release
bismuth oxide NPs in the stratosphere. These particles remain suspended in the air
and may result in respiratory disorders once inhaled [14]. Volcanic ash on reaching
the upper troposphere and stratosphere can readily spread worldwide affecting
different regions of the globe for years. In the upper atmosphere, the nanoparticulate
debris of the ash blocks and scatters sun radiation. While some effects of volcanic
ash are seen throughout the world, the maximum levels of nanomaterial released are
present in areas within 10 km of the volcano [15].

Lightning and anthropogenic activities are largely responsible for grass and forest
across the globe. The smoke and ash released by these fires can extend over larger
areas and increase the number of nanosized particulate matter, thus distressing the
ambient air quality. In the inorganic sphere, fire is one such chemical process that
eventually results in the formation of nanoscopic particles [14]. Numerous fires are
known to occur throughout the world, in North America, Europe, Asia, Africa,
Brazil, and Australia [15]. The fire smoke carries soot and black carbon in huge
quantities as Asian brown clouds have been deposited over the Himalayan glaciers.
The deposited particles have resulted in amplified absorption of heat from the sun,
thus accelerating glacial melting. Many reported cases of forest fire reveal transpor-
tation of micro- and nanosized particulate matter through ash and smoke and are held
responsible for respiratory ailments in animals and humans. Smoke containing
nanosized particles can worsen cardiopulmonary problems in patients [16].
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2.1.2 Water Bodies

Oceans and seas, covering the largest area on the surface of the earth, emit sea salt
aerosols in huge amounts. These aerosols are created by evaporation of water and by
ejection of waterdrops into the atmosphere by waves. The size of these particles
ranges from 100 nm to up to several microns. Water bodies can also form NPs
through precipitation resulting from evaporation and temperature changes in patients
[16]. The water of Lake Michigan contains large amounts of calcium carbonate
which remains dissolved in cold water, for most of the year, but when summer is
about to end, the temperature of the water increases considerably, thus reducing
calcium carbonate solubility in the lake water. This results in the precipitation of
calcium carbonate out from the water, generating clouds of nanosized particles
[14]. Inorganic sulfide, i.e., HS─ and H2S, is an essential component of the biogeo-
chemical sulfur cycle occurring in mining water, hydrothermal vents, and sediments
under anaerobic conditions. Sulfur and metals present in the ocean are often emitted
from hydrothermal vents, and they can readily react with one another, serving as a
source of metal-containing sulfide NPs [11].

Also, the drinking water from underground sources and freshwater streams
contains nanoscopic and microscopic materials, chemically originating from
CaSO4 and CaCO3 along with elements like iron oxides. Nonetheless, physical
and chemical processes, like weathering, precipitation, and dissolution of carbonates
influenced by CO2, intermediate hydrocarbonate (HCO3�) formation, and the daw-
dling iron oxide precipitation, can readily generate nanosized particles [14, 15].

2.1.3 Dust Storms and Cosmic Dust

Deserts on the earth’s surface are the largest permanent major source of NPs, and the
dust storms originating from them are responsible for the long-distance migration of
not only mineral dust but also anthropogenic pollutants, which are lifted in the
atmosphere by the air currents [13]. Nearly 50% of the atmospheric aerosols in the
troposphere are originated from deserts. The particle size produced by dust storms
varies between 100 nm and several microns. Satellite imagery reveals the dynamics
of dust migration on large scale across continents, demonstrating that the NPs
generated in one region of the globe by important environmental events affect
regions that are present thousand kilometers away. For instance, the dust storms
stirring up during spring in the Gobi desert every year strongly influence the air
quality in North America and Asia [15]. However, the composition of the dust varies
with a specific place and the human actions in the adjoining areas from where the
wind currents generally cross.

Throughout the universe, different kinds of nanomaterials are present which are
sorted, mixed, and tailored into various forms. Electromagnetic radiations, dramatic
temperatures, pressure gradients, shock waves, and physical collisions help in
stimulating and generating NPs in outer space [16]. Astronomical observations
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along with direct analysis of stardust during space expeditions and meteorite collec-
tions affirmed the presence of a vast array of carbon, nitride, oxide, silicate, carbide,
and organic nanomaterials as major stardust components [17]. The presence of
nanosized diamond in Murchison meteorite exemplifies the origin of nanoparticulate
matter in planetary structures other than the stars. The lunar dust when compared to
terrestrial is fine grain and comprises substantial amounts of magnetic NPs that often
cling to astronauts’ suits which have electrostatically charged surfaces [15].

2.1.4 Biogenic Production

Nature provides an insight into the synthesis of nanomaterials. Biological systems
act as “bio-laboratory” or “bio-factory” for the fabrication of metal oxide particles
and pure metals at nanometer scale employing a biomimetic approach [10]. Many
uni- and multicellular can generate nanoparticulate inorganic matter through intra-
and extracellular processes. In microbial environments, NPs are constantly being
formed indirectly via redox reactions related to metabolic processes [11]. On expo-
sure to inorganic salts such as those containing Ag+, Au3+, S2�, and SeO3

2�, certain
bacteria like Pseudomonas aeruginosa, Stenotrophomonas, Serratia, and
Thiobacillus species employ an oxidizing or reductive detoxification pathway
which forms nanosized elemental particles [14]. Nanobacterium synthesizes a cal-
cium phosphate shell around itself, resembling an inorganic particle. The size of the
shell ranges between 20 and 300 nm [15]. Fungi also contain enzymes that can
synthesize NPs of different shapes and sizes. They have been known for generating
various NPs such as silver, gold, and even alloys [16].

However various organisms can also naturally produce NPs. Plants utilize the
macro- and micronutrients present in soil/water for their development and growth
leading to the amassment of these minerals in nano-forms. Small insects and animals
use nanostructures for protection from predators. In some insects, the lightweight
wings are protected by nanowax coatings. Even humans possess organs, e.g., bones,
primarily constructed by nanosized structures. Enzymes, antibodies, proteins, and
DNA are also composed of nanostructures [16]. It is apparent from the aforesaid that
NPs are generated in the form of aerosols, colloids, and dust, as constituents of
sediments and soils, chemical or hydrothermal deposits, mineral nuclei, and lamel-
lae. In most cases, NP formation occurs through a combination of different pro-
cesses, e.g., weathering is a mechanical process that combines with precipitation or
dissolution, and colloid formation in volcanic activity and rivers results from
explosive eruptions expelling tephra along with rapid cooling of fumes. Based on
chemical composition, naturally occurring NPs include an array of elements such as
metal hydroxides/oxides, metal alloys, silicates sulfides, halides, carbonates,
etc. [18].
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2.2 Anthropogenic Sources

Anthropogenic NPs are created by humans and often lead to incidental exposure.
Man-made NPs are intentionally or unintentionally released into the environment
due to mechanical and industrial practices. These anthropogenic NPs are heteroge-
neous in nature and fall under two categories. The first category of NPs displays
undefined chemistry and does not have a predetermined size. This includes com-
bustion particulates, welding fumes, coal fly ash, and diesel exhaust. The second
category includes the engineered NPs which exhibit a specific size, ranging between
1 and 100 nm, and are pure particles displaying controlled surfaces. These include
carbon nanotubes, fullerenes, dendrimers, quantum dots, silver and gold NPs, etc.
[9, 19]. The man-made particles are either produced by stationary or mobile sources,
and their generation may or may not be deliberate.

Accurate estimation of the annual discharge of NPs in the environment is
impossible. However, there is a strong increase in their production volumes every
year. The exhaust gases produced from diesel engines contain huge quantities of NPs
resulting from incomplete fuel combustion. Similarly industrial processes, liquid or
solid waste from manufacturing units, gas boilers, oil, and coal account for the
unintentional release of tons of NPs. The advancement of nanotechnology and
industrial processes has led to the manufacturing of NPs on large scale, and their
use in related products results in the unavoidable release of these engineered NPs
into the air, soil, and water, both knowingly or unknowingly [9].

2.2.1 Mobile Sources

Due to urbanization and industrialization, automobile exhaust is the major source of
atmospheric NPs. Among different kinds of automobile exhaust, diesel engines
release particles in the environment with sizes range between 20 and 130 nm,
whereas gasoline engines release particles of 20–60 nm size. Besides, carbon
nanotubes and fibers are also liberated during the diesel combustion process as
by-products. Over 90% of the carbon NPs that occur in the atmosphere are an
outcome of diesel fuel combustion [16]. These particles are hydrocarbons or sulfates
generated by nucleation reactions. The accumulation mode NPs from diesel exhaust
are mainly sooty carbonaceous aggregates. NPs from diesel exhaust are primarily
composed of lubricating oil and unburned fuel. Also, sulfuric acid which accounts
for a small percentage plays a crucial role as nuclei providing for condensation of the
organic particles. The nanosized diesel exhaust comprises about 95% unburned
lubricating oil. In diesel engines, the lower emission standards often decrease
particle mass emissions, but the concentration of NPs tends to increase due to the
reduced availability of surfaces providing for condensation. Both leaded and
unleaded gasoline engines emit particles with an average diameter of about 45 nm.
Liquid petroleum gas is considered a cleaner fuel. However, in comparison to
unleaded gasoline, it leads to more emission of NPs [20]. Thus, the pollution caused
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by vehicles is the main root of nanoparticulate contamination in the urban
atmosphere.

2.2.2 Industrial and Stationary Sources

A spectrum of industrial settings has an immense potential to create ultrafine
particles, yet to be investigated, including milling, printing, plasma cutting, powder
coating, cooking, and baking. The ultrafine particles released during industrial
processes include fumes produced by hot processes like welding and smelting,
fumes from incomplete fuel combustion processes, and bioaerosols. Industrial setups
mainly provide favorable conditions such as high temperature, the occurrence of
vaporizable material, and large temperature gradient along with rapid cooling
processes [20]. Ultrafine-sized particles from gas, coal, and oil-fired stationary in
the size range of 15–25, 40–50, and 70–100 nm are generated on combustion of
natural gas, sulfur-containing bituminous coal, and No. 6 fuel oil, respectively. The
composition of used fuel largely determines the production of the end product.
Industrial effluents contain carbon nanotubes, silver-, gold-, zinc oxide-, and tita-
nium oxide-based nanoparticles normally, which are released among the wastewater
effluents as well as through the chimneys. Once released into the environment, these
NPs are deposited in sediments, landfills, soil, and water bodies [21].

2.2.3 Engineered NPs

Currently, many consumer products contain NP ingredients, such as paints and
sunscreens (nanostructured zinc oxide and titanium dioxide), tire additives (carbon
fibers, fumed silica and nanotubes), polishing slurries and lubricants (nanosized
silica), and detergents and shampoos (nanosized alumina). With the advent of
nanotechnology, the usage of NPs is considerably increasing [20]. These particles
are often synthesized employing chemical, physical, biological, and hybrid methods.
Nanomaterials such as titanium oxide NPs, carbon NPs, and hydroxyapatites occur
in sporting goods, cosmetics, toothpaste, and sunscreens [16]. Through several
pathways, these NPs present in consumer products enter the environmental sur-
roundings either mechanically from the product or upon their disposal
[20]. Bundschuh et al. [21] proposed that engineered NPs gain entry into our
surroundings through three emission scenarios, i.e., (1) discharged during fabrica-
tion of nano-enabled products and raw material, (2) release during usage, and
(3) release during waste handling of products containing NPs. These emitted
nanosized particles ultimately deposit in surface water bodies and on land
[18]. ZnO NP, primarily used in electronics, medicine, and cosmetics, amass in
sediments, urban and natural soil, and landfills. Similarly, 90% of carbon nanotube
production accumulates in landfills, soils, sediments, and air [20]. However, at times,
certain kinds of NPs are intentionally released into the environment for their
application. Examples include nanosized metal particles for dechlorination of
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groundwater, nanoenergetic explosives/materials and highly obscured nanoflakes,
and application of nanopesticides and nanonutrients in agricultural fields [22].

2.2.4 Miscellaneous Sources

Besides the abovementioned sources, several human activities are responsible for the
formation of NPs. Cigarette smoking releases a complex of about 100,000 com-
pounds in the atmospheres that are nanosized, ranging between 10 and 700 nm
[15]. Cooking practices like frying contribute to an indoor source of ultrafine
particles. It has been reported by Wallace et al. [23] that >90% of the particulate
matter produced during cooking was contributed to the ultrafine fraction exhibiting a
primary and secondary peak at 60 nm and <10 nm, respectively. Heating elements
of an electric stove or even a gas burner result in ultrafine particle generation at
concentration levels of 1.1� 105 cm�3. Candles, incense, mosquito coils, residential
wood, coal combustion, and tobacco smoke also add to indoor NP levels
[20]. Micro- and nanoparticulates of size smaller than 10 μm are often released in
the environment upon demolition of large buildings. Along with the building debris,
respirable asbestos fibers, glass, lead, and various toxic particles belonging to the
nanometric scale are released from household materials at the demolition site
[16]. NPs are employed in the fabrication of an array of products that are used on
regular basis. Their production, usage, and disposal lead to continuous emission of
these particles into the atmosphere.

3 Types of Nanoparticles

The NPs synthesized by a biological source such as microbes prove to be highly
effective in terms of their applicability [24]. The NPs are characterized and designed
in various shapes and sizes in contrast to other sources. Owing to its eco-friendly
nature, low cost, and high effectiveness, the microbial sources are considered to be
the best resource for manufacturing metal NPs. Various types of NPs have been
discussed below.

3.1 Silver NPs

Silver NPs are frequently applied in the biomedical field (drugs/coatings, bandages,
and implants), agriculture, clothing, water purification, and as antibiotics. They
possess antimicrobial potential with high efficiency. Musarrat et al. [25] reported
AgNPs synthesis of around 5–27 nm by Amylomyces rouxii strain KSU-09, screened
from Phoenix dactylifera. They confirmed that water extracts of 72-h suspended
mycelia facilitated the generation of stable, monodispersed, spherical NPs from
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1 mM silver nitrate. The results were confirmed by UV-visible spectroscopy, AFM,
XRD, and TEM. The fungal proteins present in the extracts revealed by infrared
spectrum attributed toward NP stability. The bioreduction process of NP synthesis
involves enzymes that are known to transfer electrons from donors to positively
charged metal ions, thus stabilizing the end product. Certain Bacillus
sp. synthesizing AgNPs enzymatically control the size of the NPs. α-amylase
enzymes generated by these bacteria are held responsible for the same [26].

Synthesis of AgNPs extracellularly by microbes often involves a mechanism
mediated by nitrate reductase [27]. Fungi like Fusarium oxysporum, Verticillium,
and Aspergillus flavus have been employed for the synthesis of AgNPs in solutions
or surfaces of fungal cells and even in the form of a film [28]. Moreover, Mishra et al.
[29] reported that Stenotrophomonas sp. BHU-S7 could extracellularly
biosynthesize spherically shaped AgNPs with an approximate diameter of 12 nm.
They suggested that extracellular enzyme nitrate reductase, which appeared in the
cell supernatant, facilitated the transfer of electrons to Ag+ ions leading to the
formation of AgNPs. Besides, they also proposed the role of carbonyl groups of
certain enzymes and proteins in stabilizing the NPs by attaching them to the NP
surfaces.

Cell-free culture supernatants of various bacteria such as Phaeocystis antarctica,
Bacillus cecembensis, Pseudomonas meridiana, Pseudomonas proteolytica,
Arthrobacter gangotriensis, Arthrobacter kerguelensis, and B. indicus can also
biosynthesize stable AgNPs in the size range of 6–13 nm. The biosynthesis and
stability of AgNPs often depend upon pH, temperature, or the bacterial species from
which the supernatants are collected [30].

3.2 Gold NPs

In medicine, NPs offer an alternate choice to antimicrobials, since they do not lead to
multidrug resistance in bacteria. Gold NPs (AuNPs) hold promising deals in the field
of antimicrobials, tumor therapy, diagnostics, and targeted gene delivery systems. In
general, AuNPs exhibit negligible cell membrane permeability, except cancer/tumor
cells that show enhanced uptake, permeation, and retention effect. When AuNPs are
capped with proteins, their uptake is enhanced even more, since the protein cap not
only stabilizes the NPs in their colloidal state but also provides a docking site for
drugs’/genes’ delivery [31]. Besides, gold NPs are biocompatible and nontoxic and
have unique catalytic, optical, and biomedical properties [32].

In addition, cell-free extract of Rhodopseudomonas capsulata can synthesize
gold NPs. This bacterium secretes a cofactor NADH along with NADH-dependent
enzymes. The bioreduction of gold ions activates by electron transfer from NADH
via NADH-dependent reductase acting as an electron carrier. After receiving the
electrons, gold ions get reduced to Au(0) leading to the generation of gold NPs.
Varying the concentration of HAuCl4, different shapes of NPs can be obtained. Low
concentration of Au ions in the aqueous solutions (pH of 7) generate spherical gold
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NPs, whereas higher concentrations (pH of 4) generate networked gold nanowires.
The diameter of these gold nanowires ranged between 50 and 60 nm [33]. Basu et al.
[34] reported the extracellular synthesis of protein-coated polydispersed AuNPs by
mycorrhizal, edible fungi, Tricholoma crassum within a size range of 5–25 nm and
possessing different shapes. Spectroscopic analysis revealed that at higher pH, blue
shift of absorption maxima was observed indicating inhibition of enzyme reaction
involved in NP synthesis. However, substrate concentrations, temperature, and
precursor concentrations largely determined the amount of AuNPs. The produced
NPs even displayed antimicrobial activity against pathogenic organisms such as
E. coli, A. tumefaciens, and M. oryzae. At higher doses, these particles induced
apoptosis in eukaryotic cells, confirming its putative role in cancer therapy.

Even biomolecules obtained from different microbial species have also been
employed for NP synthesis. Protein extracts of Deinococcus radiodurans generated
AgNPs by providing functional groups like –SH, –NH2, –OH, and –COOH as
binding sites that facilitate the bioreduction of Au3+ to AuNPs. Furthermore, these
proteins also encapsulated the newly formed AuNPs, as capping agents, to prevent
them from aggregating, thus stabilizing the NPs [26].

3.3 Magnetic NPs

Magnetic NPs possess exclusive micro-configuration, superparamagnetic properties,
and tremendous coercive force and, therefore, show broad application in the field of
biomedicine, DNA analysis, gene therapy, and cancer treatment [28]. Gram-negative
magnetotactic bacteria synthesize magnetic NPs of varied morphology and often
occur in fresh and marine water sediments. These bacteria can synthesize
magnetosomes, which act as magneto receptions. Magnetotactic bacteria can pro-
duce membrane-bound, intracellular magnetite, greigite, and pyrrhotite
[12, 35]. They can synthesize magnetic nanoparticles made up of iron sulfides
(FeS), iron oxide (FeO), or both intracellularly. Fe(III), an oxidant present in natural
and contaminated areas, influences the geochemistry of aquatic sediments by
increasing the concentration of dissolved iron, manganese, phosphate, and trace
metals. Sulfate-reducing bacteria can readily produce magnetic iron FeSNPs that
adsorb radioactive metals because of their increased surface area and thus can be
used for bioremediation [28, 30]. Because of the superparamagnetic nature of Fe and
FeONPs, they are extensively used in the biomedical field (tissue repair, cell
labeling, magnetic resonance imaging, and drug delivery) [10].

Magnetic Fe3O4-NPs can be intracellularly generated by Magnetospirillum
magneticum using FeCl3 precursor. The magnetosome organelles of
M. magneticum, present intracellularly, play a pivotal role in the creation of these
NPs. Ferritin, a globular protein complex, encapsulates the magnetosomes, thus
enabling the storage of Fe in bacteria in nontoxic soluble form. This protein
attributes to the generation of Fe3O4NPs and their nucleation [26]. Bhargava et al.
[36] were able to achieve FeONPs employing Aspergillus japonicus strain AJP01.
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The fungus could hydrolyze the precursor (iron cyanide) salt solution, under suitable
conditions releasing ferric and ferrous ions. These ions co-precipitated under the
influence of fungal proteins and underwent controlled nucleation, ultimately leading
to the formation of FeONPs. Analysis of TEM, SAED, EDS, and X-ray diffraction
results verified the mycosynthesis of these cubical shaped crystalline NPs respec-
tively (60–70 nm).

Iron(Fe)-reducing thermophilic bacteria can also substitute metals like cobalt,
nickel, uranium, manganese, and chromium into biosynthesized magnetite crystals.
Different bacterial species, such as Desulfovibrio sp., Thermoanaerobacter
ethanolicus, Magnetospirillum sp., and Pelobacter sp., and fungal species like
Verticillium sp. and Fusarium oxysporum are reported for their high efficiency in
producing magnetic NPs involving different metals [12, 30]. Certain
non-magnetotactic bacteria such as Leptospirillum ferrooxidans, Ferroplasma
thermophilum, and Acidithiobacillus ferrooxidans produce only a few
magnetosomes, thus exhibiting a weak magnetic field. These are present in fresh-
water, seawater, trash, sulfur springs, and soil and are also employed in the produc-
tion of magnetosomes owing to their easy mass cultivation [12].

3.4 Zinc NPs

Zinc oxide NPs (ZnONPs) and zinc sulfide NPs (ZnSNPs) have recently gained
popularity in the scientific world because of their photocatalytic, electronic, optical,
and antibacterial properties and dermatological properties and are extensively used
in photocatalysis, memory resistors, chemical sensors, and photovoltaics.
One-dimensional ZnONPs are recognized as major photonic materials in the UV
region because of their huge exciton binding energy, broad direct band gap, and high
surface-to-volume ratio. ZnO nanopowder also finds its commercial application in
products including ceramics, glass, plastics, cement, lubricants, paints, rubber,
pigments, foods, batteries, personal care products, fire retardants, etc. [37].

Aeromonas hydrophila, a reproducible bacterium, can synthesize ZnO NPs
following a simple low-cost procedure. These particles have a size of approximately
57 nm and are spherical to oval in shape as confirmed from atomic force microscopy.
The crystalline nature of these particles was revealed by X-ray diffraction. At the
concentration of 25 μg/mL, these ZnONPs exhibited strong antifungal and
antibacterial activity against Aspergillus flavus and Pseudomonas aeruginosa,
respectively [38]. Moreover, Malarkodi et al. [39] reported the formation of ZnSNPs
by Klebsiella pneumoniae from zinc sulfate. The spherical NPs of 65 nm size are
generated extracellularly in the presence of zinc sulfate. The structural (XRD) and
morphological (SAED and TEM) analysis along with spectroscopic techniques
(FTIR and UV-Vis spectrophotometer) affirmed the role of bacteria in the stabiliza-
tion of ZnS NPs. These NPs also exhibited strong fungicidal and bactericidal activity
against Candida albicans, Streptococcus sp., and Lactobacillus sp.
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3.5 Selenium and Tellurium NPs

Selenium because of its semiconducting and photo-optical properties finds its
application in electronic circuit devices and photocopiers [30]. Also, Se compounds
are used in anticancer therapy since they can lower the risk of cancers like mammary,
prostate, liver, lung, and colon cancers. Researchers have suggested that the redox
potential, the concentration of Se compounds, and chemical species are crucial for an
anticancer response. Generally, high dosages of Se compounds exhibit substantial
anticancer activity, but such high doses pose toxicity concerns. Se nanostructured
particles offer an alternative for removal of Se toxicity and have been employed in
cancer treatments owing to their anticancer activity along with lesser toxicity in
comparison to organic and inorganic Se compounds [40]. Stenotrophomonas
maltophilia can easily transform selenite (SeO3

�2) into elemental Se and accumulate
granules in cell cytoplasm or extracellular spaces. In addition, Enterobacter cloacae,
Desulfovibrio desulfuricans, and Rhodospirillum rubrum can reduce SeO3

�2, both
intercellularly and extracellularly, to selenium NPs exhibiting different morphol-
ogies like fibrillar, granular, and spherical [30].

In another report by Dwivedi et al. [41], monodispersed, spherical, and stable Se
NPs (average size 21 nm) were biosynthesized employing bacterial isolate of JS-11
strain of Pseudomonas aeruginosa. The bacteria displayed considerable tolerance to
SeO3

�2. The supernatant of the bacterial culture at 37 �C exhibited the potential to
reduce colorless and soluble and colorless selenite into red elemental insoluble
selenium nanospheres (Se0). Phenazine-1-carboxylic acid, a metabolite secreted
from strain JS-11, and NADH and NADH-dependent reductases (redox agents)
were responsible for this biomimetic reduction. The authors suggested the use of
red-colored Se0 nanospheres as a biosensor for assessing nanotoxicity assessment.
Similarly, Ahmad et al. [40] reported the bioreductive ability of Streptomyces
bikiniensis Ess_amA-1 strain for the biosynthesis of Se nanorods. The strain in the
presence of selenium oxide displayed a time-dependent color change from gray to
red, of the liquid culture medium in which it was grown. The appearance of red-brick
color after 48 h of incubation indicated the biogenic ability of the strain in reducing
selenite ions into elemental Se (Se0) insoluble form. The yield of Se nanorods was
about 7.74 mg/100 mL of culture medium. The strain produced aromatic amino acids
that helped in the adherence of biological macromolecules on nanorods’ surfaces.
These biological molecules are attributed toward reduction, nucleation growth, and
stabilization of the biosynthesized Se nanorods as revealed by FTIR spectroscopy.

Different fungal isolates of Aspergillus were screened for their capacity to reduce
potassium tellurite into elemental tellurium and generate NPs (TeNPs) in the pro-
cess. Aspergillus welwitschiae (KY766958) was reported to be the most efficient
species depending upon their enzymatic production of NPs. DLS, TEM, and FTIR
techniques characterized the produced TeNPs and revealed that the spherical and
oval particles that were formed had an average size of about 60.80 dnm. TeNPs
showed antimicrobial activity against pathogens, Staphylococcus aureus and
Escherichia coli, when applied at 25 mg/mL concentration. Exposure of the fungus
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in culture medium to γ-irradiation enhanced TeNP production [42]. Similarly,
Sulfurospirillum barnesii and Bacillus selenitireducens can also produce NPs within
size <50 nm and 10 nm diameter [27]. Generally, tellurium resistance in microbes
requires either reductive precipitation or volatilization of tellurite. Generation of
TeNPs involves NADH-dependent tellurite reductase which is liable for tellurite
detoxification [26].

3.6 Cadmium NPs

Cadmium sulfide nanoparticles (CdSNPs) are well-known wide band gap semi-
conductors, and because of their optical properties, they are employed as
fluorophores. Owing to their smaller size, generally 1–10 nm, they are also referred
to as quantum dots. These cadmium nanocrystals are regularly used in laser tech-
nology, optoelectronics, and biomedicine [43]. Microbes like Moorella
thermoacetica, Klebsiella aerogenes, Schizosaccharomyces pombe, Candida
glabrata, Coriolus versicolor, and Flagellospora curta synthesize cadmium sulfide
NPs [26, 30].

Klebsiella pneumoniae strain MAA in the presence of cadmium sulfate reduced
sulfate into sulfide, readily synthesizing spherically shaped CdSNPs after 24-h
incubation period of the bacterial biomass with CdSO4, as observed from
the appearance of white color in the reaction mixture [39]. The authors outlined
the mechanism involved in the synthesis of these NPs and suggested that firstly the
sulfate ions present in the extracellular nutrient medium are taken up by the bacteria
and in the presence of ATP sulfurylase get reduced to adenosine phosphosulfate,
which is then phosphorylated into 30phosphoadenosine phosphosulfate. Next,
30phosphoadenosine phosphosulfate gets reduced, resulting in the formation of
sulfite ions in the presence of enzyme phosphoadenosine phosphosulfate reductase.
The enzyme sulfite reductase reduces these sulfite ions to sulfide ions. The sulfide
ions thus formed a couple with inorganic cadmium ions present in the extracellular
environment and forms NPs of CdS.

3.7 Palladium NPs

Palladium (Pd) is considered a scarce natural resource that has increasing demand in
industrial applications. Pd0 NPs (PdNPs) can be biorecovered by Enterococcus
faecalis, electron donor, and sodium formate. Successful Pd2+reduction led to the
generation of PdNP, 10 nm, either inside the cell or at the membrane surface, as
revealed by TEM. The process occurred under optimal conditions of at 40 �C
temperature, pH 3.0–3.5, with 25 mM sodium formate concentration, 1.2 g/L
bacterial biomass, and 210 mg/L Pd2+ respectively [44].
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4 Applications of Nanoparticles

The synthesis of metal-based and inorganic NPs has augmented the development of
interlinkage of new fields/disciplines of science. The development and designing of
affordable novel techniques for the production of NPs have provided a fascinating
field of study and also address the escalating human needs in terms of health security
and environmental problems. In modern times, industries utilize nanomaterial, and it
is progressively being adopted anonymously and will soon replace the toxic and
harmful chemicals used during traditional times. This is possibly due to NPs and
their nanocomposites offering a comparatively better alternative [35]. Microbially
synthesized NPs offer applications in various fields like medicines, agriculture,
bioremediation, biosensing, catalysis, etc. and are briefly discussed in this section.

4.1 Biomedical Applications

Nanotechnology in medicine and healthcare has emerged as a promising deal, owing
to its deployment in gene and drug delivery, biosensors, treatment of human
diseases, detection of pathogens, tumor destruction, DNA analysis, and various
phagokinetic examinations finds its applications in plethora of fields. The microbe-
synthesized metallic NPs hold immense potential in their usage in formulating
antimicrobial agents, in drug delivery, in imaging/diagnostics, and in biosensor
development [45].

4.1.1 Nanomedicine

Microbial NPs exhibit strong antimicrobial activities. NPs attach to the cell mem-
brane and penetrate the cell by communing with DNA, thus obstructing DNA
replication and also even attacking pathogenic respiratory processes. In certain
cases, they cause structural damage to the cell membranes resulting in pit formation
accompanied by degradation and deterioration of the cellular components, ultimately
leading to their death [46]. AgNPs obtained from Bacillus cereus, an endophytic
bacteria, display bactericidal properties against certain pathogenic bacteria’s such as
Klebsiella pneumonia, Escherichia coli, Salmonella typhi, Pseudomonas
aeruginosa, and Staphylococcus aureus [47]. It is suggested that silver ions (Ag+)
of the AgNPs get discharged and adhere to the thiol (–SH) group present on the
pathogen’s cell membrane and interrupt its function, thus displaying antimicrobial
potential [48].

Spherical-shaped AuNPs, produced from the protein extract of Streptomyces
platensis, display inhibitory response against S. aureus and B. subtilis. Gram-
positive bacteria possess a thick peptidoglycan layer to which the NPs adhere and
disrupt the bonds in the cell membrane, thereby gaining entry into the
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microorganism [10]. Fungi-generated AgNPs show bactericidal activity against
Gram-negative/-positive bacteria. They adhere and invade bacterial cell walls and
modulate signaling pathways in the cells by dephosphorylating major peptide sub-
strates present on tyrosine residues. Extracellularly synthesized AgNPs, using
Trichoderma sp. and Fusarium oxysporum, can be integrated into materials like
textiles. The fabrics implanted with AgNPs are antibacterial and can safely be
employed in hospitals to minimize/prevent infection of certain pathogenic bacteria
like Staphylococcus aureus [45]. Copper oxide NPs synthesized by Bifurcaria
bifurcata, brown algae, also exhibited significant antibacterial activity against path-
ogenic bacteria, Enterobacter aerogenes and Staphylococcus aureus [49]. Besides,
certain cobalt NPs obtained from Bacillus thuringiensis display larvicidal activity
against dengue- and malaria-causing vectors, Aedes aegypti and Anopheles
subpictus, respectively [50].

Nanomedicine has been effectively employed for the detection of tumors, site-
specific drug delivery, and cancer treatment [51]. The biologically biosynthesized
NPs, because of their intrinsic benefits, can readily cross biological barriers and
assist molecular interactions without distressing healthy cells. Biosynthesized
AgNPs affect apoptosis induction and endocytic activity of cancer cell lines. The
efficacy of particles is reported to be directly proportional to the endocytic activities
of the cancer cells. Silver NPs formed by Cryptococcus laurentii demonstrated
effective antitumor activity against cancer cell lines [52]. Platinum NPs
biosynthesized by Saccharomyces boulardii exhibit anticancer activity against
MCF-7 and A431 cell lines [31]. Selenium nanorods with an average particle size
of 17 nm, synthesized by Streptomyces bikiniensis Ess_amA-1 strain, induced cell
death of MCF-7 and Hep-G2 human cancer cells at a lethal dose (LD50%) of 61.86
and 75.96 μg/mL, respectively [40]. Similarly, selenium nanorods and gold NPs
have also been successfully employed against cancer cells, owing to their ability to
stimulate mitochondrial apoptosis, DNA impairment, and cytokinesis detention in
cancer cell lines [46]. PEG-coated gold NPs maximize tumor damage in comparison
to TNF-α (tumor necrosis factor-alpha), a cytokine with anticancer activity [10].

4.1.2 Targeted Drug Delivery

An important application of NP is the targeted or localized delivery of biomolecules
and drugs in the cells and tissues. These nanosized particles, acting as delivery
vehicles, protect the biomolecule or the drug from degradation, successfully trans-
port them to the targeted cells/tissues, and sustainably release the delivered mole-
cules. Besides, a significantly higher cellular uptake efficiency of the bioactive
molecules is observed for NPs in comparison to microparticles [53]. NP drug carriers
such as AgNPs are often referred to as drug conveyors and, owing to their minute
size, can easily bypass the skin’s rigid epithelial junctions and blood-brain barrier
that often impede drug delivery at the preferred target site. Due to the high surface/
volume ratio, these nanocarriers exhibit enhanced biodistribution and pharmacoki-
netics of the therapeutic agents, thus minimizing toxicity at the desired site. They not
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only enhance the solubility of hydrophobic compounds but also make them pertinent
for parenteral administration [54]. Additionally, these NPs augment the stability of
therapeutic agents such as oligonucleotides and peptides. Toxicokinetics can easily
be controlled in cases where the drug readily conjugates with NPs either by encap-
sulation or by linker molecules. Toxicity of the drug carrier systems is lowered
ensuring the drug’s therapeutic effects in the patients [46].

Magnetic NPs such as magnetite (Fe3O4) and maghemite (Fe2O3) are biocom-
patible and are extensively used in site-specific cancer treatment, guided drug
delivery, stem cell manipulation and sorting, DNA analysis, and gene therapy and
MRI scanning [28]. Rhodococcus pyridinivorans-synthesized ZnO NPs laden with
anthraquinone, displayed cytotoxicity towards HT-29 colon carcinoma cells in a
concentration-dependent manner, thus revealing its role during drug delivery carrier
for cancer treatment [37]. NP-targeted drug delivery systems are anticipated to
significantly cut down the dose of anticancer drugs with low toxicity, better speci-
ficity, and enhanced efficacy [28].

4.2 Biosensors

NPs exhibit optical and electronic properties and thus find their application in
biosensing techniques. They are frequently used for sensing different biological
analytes such as DNA, proteins, and small molecules like glucose. In biosensing
techniques, specific receptors bound to the NP surface interact with an explicit
biological analyte, and this recognition event is then translated into a detectable
magnetic, optical, or electrochemical signal [53]. Ag-Au alloy NPs biosynthesized
from yeast cells are used for fabricating an electrochemical sensitive vanillin sensor.
This vanillin sensor can successfully determine vanillin content from vanilla tea and
vanilla bean samples, suggesting its practical application in vanillin tracking systems
[28]. AuNPs are utilized as biosensor labels, for curing hyperthermia, for determin-
ing glucose content in glucose injections fabricated commercially, for staining
biological tissues, and for estimating biomolecules [54]. In comparison to macro-
scale biosensors, the NP-based biosensors exhibit low detection limits and increased
sensitivity, endorsed to NPs’ high surface to volume ratio which results in greater
density of specific receptors/unit volume of NP [53].

4.3 Catalytic Applications

Owing to their larger surface area and certain special characteristics, NPs have found
their application in improving reaction rates, either as reductants or as catalysts.
Magnetic NPs are employed for improving rates of microbiological reactions. Cells
of Pseudomonas delafieldii coated with Fe3O4 magnetic NPs are used for
dibenzothiophene desulfurization [28]. The PdNPs synthesized by Enterococcus
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faecalis could readily catalyze the complete reduction of chromate [44]. Certain
biologically synthesized NPs can readily remove pollutants like heavy metals,
pesticides, synthetic dyes, etc. from the environment by acting as catalysts. Palla-
dium NPs obtained from bacterial biomass are used as a catalyst to produce
hydrogen, using hypophosphite as substrate [26]. AuNPs biosynthesized using
Trichoderma sp. cell-free extract (20–30 nm) along with anisotropic planar shapes
are useful in optoelectronics and photonics [45]. Fe3O4 NPs can proficiently adsorb
crystal violet dye, a model pollutant, thus offering an alternative for the removal of
water pollutants. PdNPs from Chlorella vulgaris act as a catalyst in Mizoroki-Heck
cross-coupling reaction [10].

4.4 Agriculture

Nanotechnology aims at improving agricultural practices by escalating input effi-
ciency and reducing production losses. NPs provide a broad surface area for
pesticides and fertilizers. Besides, nanomaterial-based agrochemicals facilitate
targeted delivery of mineral elements along with augmented crop protection
[55]. Nanonutrient/nanopesticide application to plants in the form of aerosol sprays
is considered superior as compared to traditional sprays. Also, the loss of
nanonutrient/nanopesticide during spray is lesser (15%) as compared to natural
sprays (33%). Using particles of 20 nm or less is generally considered more
beneficial [9]. Inorganic NPs like ZnO, SiO2, TiO2, Cu, CaO, MnO, MgO, and
AgNPs play a pertinent role in plant protection against pathogens and pests
[55]. Owing to distinct properties such as sensitivity and performance, NPs can
also be used as biosensors for detecting crop pests and physiological stresses like
drought stress and soil analysis, thereby, employing global positioning systems
using field satellite images. NPs display excellent transduction properties owing to
which they are explored for agricultural products. Several nanoscale carrier mole-
cules can thus be utilized for delivery of herbicides, pesticides, fertilizers, plant
growth regulators, etc. in small amounts and improved and extended management in
the agriculture sector [45].

5 Nanoparticle-Plant Interactions

Plants are the fundamental and most important biotic component of the ecosystem.
They play an imperative role in maintaining equilibrium via the transportation of
nutrients across the food chain and food web of the ecosystem. These biotic
components work in coordination with other abiotic components of the ecosystem
like water, soil, etc. These abiotic components make a path for different components
like nanoparticles (NPs) via specified routes [56]. So, there are different ways
through which NPs interact with the plants like direct application, accidental release,
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and presence in the soil as contaminants in the soil or atmosphere. A schematic
overview of plant-NP interaction is given in Fig. 1. After reaching the soil-plant
zone, NPs interact with plants in a non-partial manner, thus influencing the physi-
ological processes of plants and enhancing the food security and thus ultimately the
management of agronomy fields. But researchers have also documented the toxic
effects of NPs on the environment and its components. The toxicity of NPs depends
directly on their interaction with the specific substrate where they have been applied.
In a nutshell, the phytotoxicity of NPs is based on their uptake, transport, and
accumulation in plants.

5.1 Uptake and Translocation Mechanism

The researchers have reported two methods of NPs exposure to plants, i.e., root
exposure and exposure to the vegetative part, especially leaves.

5.1.1 Uptake of NPs Through Root

During the encounter of NPs with plants, NPs enter the plant cell by crossing the cell
wall and cell membrane of the root epidermal cells, and this penetration is followed
by a cascade of events that ultimately results in the entry of NPs to the vascular
tissue. Once inside the plant tissue, NPs take up either symplastic or apoplastic
modes of transportation to migrate from one plant part to the other. With the help of

Fig. 1 Model depicting the uptake and transportation of NPs in plants
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apoplastic mode of transportation, NPs invade the vascular system of the plant and
ultimately to the other parts of the plant.

Whereas, in case of symplastic transportation, NPs move through plasmodesmata
and cell sieves. In both, modes, water, and nutrient molecules also play a significant
role [57]. After passing via the symplastic route, NPs can move to other parts of
plants and perform their functions (Fig. 1) [58, 59]. However, the whole process of
uptake and translocation of NPs is considered to be size-specific [60]. It has been
reported that the basic criterion for entering into the plant tissue and cell is the size
that NPs exhibit. As per the studies, penetration and translocation of NPs having
sizes 40–50 nm are smooth [61]. Besides size, other factors play a critical role in the
uptake and accumulation process like the chemical composition of NPs, their
morphology, and type of coating material [62, 63]. Furthermore, the type of plant,
environmental conditions, microflora, etc. also serve as important factor that can
affect the uptake of NPs.

5.1.2 Uptake of NPs via Foliar Spray

In the case of uptake via foliar spray in plants, the primary hurdle is the waxy
protective layer present in the leaves, i.e., cuticle which prevents excess water loss
and also controls the exchange of solutes [57]. Researchers have reported two
possible pathways through which the NPs can penetrate the waxy cuticle, i.e.,
polar solutes can penetrate through the hydrophilic pathway, and nonpolar solutes
can enter via lipophilic pathways that include permeation and diffusion
[58, 64]. Moreover, the studies have also revealed that the uptake of hydrophilic
substances can also occur through stomatal apertures. But in the case of stomatal
uptake, the major influencing factors are the morphology of leaf and size and density
of stomata [65]. After entering the apoplast of the leaf, the most possible route that
NPs follow must be the conductive tissue or the vascular system, usually phloem,
because in phloem, the flow of substances is from top to bottom, i.e., from shoot to
root (Fig. 1). Thus, the NPs translocated during the foliar spray may be exudated into
the phyllosphere and influence the microbial community in the phyllosphere.

Researchers have well documented the role of NPs as potential abiotic elicitors.
The NPs are known to induce bioactive metabolites in plants [66]. Furthermore,
researchers have constantly examined the potency of NPs in modulating the expres-
sion of genes encoding biomanufacturing of the secondary active metabolites [67]. It
has been reported that apart from inducing secondary signaling cascade, NPs also
induce the level of various ROS in the plant cells, which further triggers oxidative
stress and thus influences the levels of primary and secondary metabolites [68]. Sev-
eral studies that document the role of NPs in secondary metabolite production in
plants are enlisted in Table 1.
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5.2 Nanoparticles and Plant Genetic Engineering

Genetic engineering in plants has enhanced the quality of crops as well as the
fundamental biology of plants [89, 90]. But the presence of cell walls in plant cells
acts as a hurdle in the delivery of foreign genetic material to the nucleus of the target
cell. For this purpose, gene gun and Agrobacterium-based transfer mechanisms are
widely used. But there are some disadvantages of using these methods like gene gun
technology that can have destroying impact on the tissue and the Agrobacterium-
based transformation in host-specific. So, there must be some other safe method that
can be used for delivering purpose, and one such method is nanoparticle-mediated
gene transformation (Fig. 2) [91]. This method has been used commonly in the case
of animal cells. And now the researchers are experimenting with nanoparticle-based
genetic engineering in plant cell culture too. Silicon carbide-mediated transfer of
DNA in cotton plants is one such example [92]. Another successful genetic trans-
formation using magnetic nanoparticles (MNPs) has also been reported in the case of
cotton plants. During this transformation, the reported gene, GUS (β-glucosidase),
was complexed with MNP, and the complex thus formed was infiltrated by the
magnetic force into pollen grains of the plant, without having any effect on the
pollen viability. Then by pollination of these magnetofected pollens, cotton trans-
genic plants with successful incorporation of exogenous DNA into the genome occur
[93]. Another study documents the application of mesoporous silica nanoparticles
(MSNs) in delivering Cre recombinase in immature embryos of maize plant that
carries Lox sites incorporated in the chromosomal DNA. After the application of
modified MSN, the lox p was found to recombine specifically, thus resulting in
successful genome editing in maize plants [94].

Fig. 2 Model depicting nanoparticle-mediated gene transfer in case of plants
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6 Nanoparticles as Frontiers in Agriculture

Nanotechnology upholds a great position in the agriculture industry due to its
extraordinary characteristics and novel strategies of nutrient acquisition, precision
agricultural practices, and pathogen recognition [95]. Research is consistently being
focused on discovering nano-structured catalysts that boost the competence of
fertilizers, pesticides, or herbicides for their minimal use. Nonetheless, through the
use of nanosensors, the farming protocols induce agricultural productivity and yield
by providing accurate information about weather, soil properties, and other factors
that enable the farmers in agricultural practices. For instance, the equipment could be
utilized for measuring the plant health before they cause any severity. These devices
may further be potent in responding to various stressful conditions and remediating
them [96]. Nanotechnology paves us with novel strategies without impairing the
environment through the usage of nanomaterials coated on chemical fertilizers or
biofertilizers to boost their effectiveness. They possess the ability to slowly and
sustainably release fertilizer that is further taken up by plants, preventing their
nutritional losses along with avoidance of non-wanted nutrient associations with
microbial communities [97]. Silicon nanomaterials coated on fertilizers form a film
over microbial cells to prevent infections along with improvement in plant resistance
mechanisms against diseases [64]. Apart from this, silicon nanoparticles improve
germination rate and promote root development in plants. Moreover, few
nanoparticles also enhance water retention ability in soil, for example, Bacillus
subtilis, Pseudomonas fluorescens, P. elgii, etc. are used as biofertilizers when
augmented with nanoparticles and enhance plant growth and metabolism [1]. All
these positive characteristics of nanoparticles make them capable to be used as
bio-nanofertilizers that are the most effective and feasible alternative of the agricul-
ture sector [98].

6.1 Nano-farming: Novel Window in Crop Production

Nanoparticle engineering is the most recent technology and innovation that deter-
mines the distinctive targeted features with utmost efficiency. It is quite evident that
nanotechnology has made its recognized place in various disciplines, yet the idea of
nanoparticles in agriculture is latest and technological advancement and research and
is still going on for its progression [99, 100]. The novel discoveries in nanoparticle
fabrication of various types, shapes, and sizes with numerous applications in med-
icine, food sciences, chemical sciences, agriculture, and environment have been
studied. Throughout history, the agriculture sector has always been benefited from
such innovative approaches [8]. Alongside, agriculture also faces abundant and
unprecedented issues or challenges such as reduction in crop productivity due to
stressed conditions or by a mineral deficiency in soil and the presence of environ-
mental pollutants. Therefore, nanotechnology has proved to offer propitious
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applications in precision agricultural practices (Fig. 3). The term precision farming
has been found to evolve in the last few years with the involvement of wireless
networking and the use of miniature sensors to monitor, examine, and regulate
agricultural practices. Especially, it is associated with site-specific regulation with
a plethora of production strategies in agriculture starting from horticulture to field
crops [55]. More recently the role of tissue engineering and engineering of
nanoparticles by using a targeted delivery system based on clustered regularly
interspaced short palindromic repeats (CRISPER)/Cas (CRISPER-linked proteins)
mRNA and sRNA for transgenic crops is a remarkable achievement in agriculture
[101, 102]. Apart from this, nanotechnology also provides an excellent approach for
coping with various environmental challenges. To illustrate, nanosensors have
broader prospects in evaluating environmental stresses along with the potential to
protect them against diseases [103]. Thus, such consistent innovations in

Fig. 3 Applications of nanotechnology in agriculture
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nanotechnology with specific features of identifying the problem and exploring them
in sustainable agriculture provide them noteworthy potential and equitable benefits.

6.2 Nanoparticle-Mediated Delivery System: New Avenue
in Sustainable Agriculture

Nanotechnology is the most prominent strategy of the twenty-first century with the
latest sustainable agricultural practices and with the power to regulate agriculture by
following conserved tactics to minimize agricultural wastes [104]. The delivery
process of agrochemicals, as well as organic molecules such as DNA or oligonucle-
otides within the plant cells, is substantial for precise farming and sustainable
agriculture [105]. While in case of traditional methods, the agrochemicals are
directly sprayed onto crops that usually result in nontargets. A very limited supply
of chemicals reaches the target site that is quite low in concentration that is required
for plant growth. This further results in chemical leaching, degradation due to
photolysis, microbial degradation, or hydrolysis [106]. While applying fertilizers
in the fields, special care should be taken toward nutrient bioavailability through
chelation, microbial degradation, evaporation, run-off, or overapplication of
chemicals [99]. During pesticide application, the efficacy could be enhanced by
spray management [107]. For successful eco-friendly agricultural methods, the
nanotechnology-mediated synthesis of fertilizers, pesticides, fungicides, and herbi-
cides is extremely important, and extra attention should be paid to this aspect
[108]. Gradually, nanotechnology has moved out of lab trials toward practical field
investigations and proved its efficacy. The main motive of controlled delivery
systems means to release the specific quantities of agrochemicals over a specific
period to get complete biological competence with minimal losses and adversities
[109]. Nanoparticles provide us the effective agrochemical delivery due to their huge
surface area, fast mass transfer, and ability to get easily attached to the surfaces
[108]. Owing to this, micronic or sub-micronic particles are penetrated within
agrochemicals by various methods such as capsulation, absorption, ionic bond
attachments, or entrapment within nano-matrix [5]. The capsulation of KNO3 by
graphene oxide usually protracts from the release of fertilizer. This process is cost-
effective and is used for large-scale production purposes [110]. The nanomaterial
coating enhances the agrochemical stability and protects them from being degraded
and released into the ecosystem that further induces its effectiveness and lowering
the agrochemical quantity.

Nevertheless, the combinatorial role of nanotechnology and biotechnology also
designs new kits of molecular transporters for gene modification and the production
of new organisms (Fig. 4) [111]. To elucidate, nanobiotechnology offers
nanoparticles, nanocapsules, and nanofibers for carrying out foreign DNA along
with chemicals to facilitate the modification of target genes. At the time of genetic
material delivery, viral vectors face many challenges due to limited host range, size
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of genetic material, and transport across cell membrane along with trafficking within
nuclei [107]. Contrastingly, the recent quantum loop in nano-biotechnology pro-
vides many advancements to replace the genetic material completely by others
[112]. Genetic engineering offers different types of nanoparticles for delivering
DNA sequences in the target plant species without causing any side effects
[113]. Additionally, the nanoparticle delivery system is useful in breeding programs
for developing resistant varieties of crops. For example, DNA-coated nanoparticles
are useful as bullets in the gene gun method for tissue and cell bombardment for
transferring desirable genes at targeted locations in different plants [111]. Moreover,
the recent development of the chitosan nanoparticle entrapped siRNA delivery
system has attained a remarkable position in the field of crop improvement that
enables target-specific control of pathogens. This is because chitosan has high
binding properties with RNA along with its penetration ability across cell mem-
branes [114]. The contemporary technological advancements in nanomaterial-
mediated delivery of CRISPER/Cas9 RNA have formed a breakthrough in genetic
engineering. CRISPER/Cas9 constitutes CRISPER repeat spacers along with Cas
proteins, which form RNA-directed defensive strategy and are being continuously
used in genome editing of plants [102]. Though, the limited delivery is still a
barricade of this application and many studies are still being conducted for under-
standing their applicability. Strikingly, nanomaterials minimize the target changes
through improvising the specificity of CRISPER/Cas systems. Like in the case of
cationic arginine, AuNPs congregated Cas9En (E-tag)-RNP delivery of RNA and

Structural 
engineering

Nanotechnology Biotechnology

Genetic 
engineering

Nano-biotechnology

Nanosensors Targeted-delivery Nanobiosensors

Fig. 4 Schematic representation of nano-biotechnology. The combination of nanotechnology and
biotechnology gives birth to nano-biotechnology, which entails the understanding of genetic as well
as structural engineering. This field has emerged as a novel for various sectors, especially agricul-
ture with the emergence of smart approaches in farming such as nanosensors, targeted delivery
systems of genetic material, and pathogen identification through nanobiosensors
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showed nearly 30% of efficient cytoplasmic and nuclear gene editing effectively,
which would have a great impact on crop production and development [115].

6.3 Nanofertilizers: Effectual Crop Nutrition

It is unequivocally sensed that crop productivity is directly proportional to fertilizers
and their efficiency. Generally, the application of mineral elements improves crop
fertility and productivity; henceforth the fertilizers are considered to be the predom-
inant prerequisites for promoting sustainable agriculture [116]. In the pool of
conventional fertilizers, the majority of chemicals leach into the soil and cause
environmental pollution, thereby affecting plant growth. However, the role of
engineered nanoparticles for sustainable agriculture has paved a new path to over-
come these uncertainties [117]. The revolution in green nano-biotechnology has
played a vital role in the global agricultural canvass where nanoparticles have
emerged as promising agents to meet the future projections of crop production.
Nanoparticles help in the alleviation of macro- and micronutrient deficiencies by
enhancing mineral use efficiencies for overcoming environmental problems of
eutrophication [118]. Nanofertilizers are unique and are mainly developed as plant
nutrients possessing higher absorption and utilization efficacy with the minimal
losses that make them best for facilitating nutrient uptake in plants. The studies
conducted by Abdel-Aziz et al. [119] observed the remarkable properties of
nanochitosan-based nitrogen, potassium, and phosphorus-based fertilizer in wheat
plants in terms of boosting their sugar levels and potential to grow in varied soils.
Similarly, peanut crops when treated with zinc oxide nanoparticles enhanced seed
germination, yield, flowering, and chlorophyll content, revealing their significance
in promoting morpho-physiological characteristics [120]. Nanofertilizers are
designed with a special intention to properly regulate the crop requirement along
with minimizing losses, for example, nitrogen fertilizers are lost by leaching or
evaporation, but their nano-formulations synchronize their release as per the crop
demand [121]. They prevent the losses through direct internalization followed by
avoidance of nutrients interacting with soils, microbes, water, or soil [55]. To
illustrate, the supplementation of porous nanomaterials like zeolites, chitosan
reduced the nitrogen loss by targeted release and enhances the uptake process of
the plant [122]. Moreover, ammonium zeolites also increase phosphate nutrients and
availability, while graphene oxide carbon nanomaterial enhances KNO3 release to
extend the release time and prevent leaching [123]. Furthermore, Sabir et al. [124]
depicted that the nanocalcite combined with nano-silicon oxide, magnesium oxide,
and iron oxide enhanced Ca, Mg, and Fe uptake along with improving Zn, Mn, and P
uptake.

Based on different characteristics, nanofertilizers can be defined as slowly
released fertilizers, magnetic fertilizers, controlled fertilizers, nano-composite fertil-
izers, and nano-device combined fertilizers, respectively [108]. They are produced
through the encapsulation of minerals with nanomaterials (produced by top-down/
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bottom-up approaches). This includes encapsulation with nano-porous material with
a thin coating of polymer and delivered as emulsions of nanoscale or surface
modification of anionic nutrients [108]. Overall agricultural yield is boosted by the
use of nano-formulated fertilizers. Studies depicted that chitosan-NPK fertilizer
enhances harvest index, crop index, and mobilization index along with overall
crop productivity and yields. Moreover, nanomaterials also enhance other facets
like root and shoot development due to their porous state that enables effective
nutrient uptake [119]. Moreover, they also facilitate complex formation with molec-
ular transporters and root exudates by generating new pores, ion channels, and
endocytosis, respectively [125]. The size of nanoparticles also affects the nutrient
ion adsorption/desorption process depending upon their surface charge to mass
ratios; therefore they ensure a balanced amount of nutrition throughout the plant
growth cycle [126]. Nanotechnology is a promising field to earn profit in agriculture
by stimulating crop productivity. They also play a vital role under nutrient-deficient
conditions by maintaining the nutrient balance for effective soil and plant health.
Like in the case of Zn-deprived soils, zinc oxide nanoparticles at lower doses
influence physiological plant processes [71, 127]. The technological and scientific
advancements have benefited human welfare, where plant scientists aimed to restore
the genomic diversities of various crops and reduce the chemical fertilizers without
compromising the crop yields as well as sustainability. In this regard, “controlled
fertilizers” are being promoted that have been engineered only to reduce pollution as
well as enhance agriculture by forming a nano-networking [128]. This considerably
works in a way where encapsulated fertilizer in a soil network is bound by hydrogen
bonds, molecular attractions, and surface tension. As a consequence, their spatial
movement allows them to be blocked by soil filtration and get attached around the
plant roots in the soil for facilitating nutrient acquisition in plants throughout their
growth phases [129]. However, further investigations are still carried out for explor-
ing such promising techniques.

6.4 Nanomaterials in Modulating Crop Production, Quality,
and Yield

Nanoscience is a novel field with enormous developments with broad nanotech
applications in agri-tech for inducing plant processes such as seed germination,
vigor index, growth, and adaptation toward varied environmental conditions. Seed
germination is a very sensitive stage of plants that induces seedling formation,
growth, and survival. Yet the germination is very much affected by environmental,
genetic, and edaphic factors [130]. NPs have, however, played an essential role in
plant growth, development, and yield. For example, the use of carbon nanotubes had
a huge impact on the germination of various plant species like tomato, potato,
soybean, wheat, garlic, etc. [131]. Also, silicon NPs, titanium NPs, and zeolite
have a positive impact on germination [130]. Another study conducted on iron and
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silicon NPs showed an improved germination rate in maize and barley plants.
Despite a handful of studies conducted on the positive role of NPs on plants, the
exact mechanism by which they stimulate growth and yield is still unclear. A very
few studies determined that NPs penetrate the seed coat to boost their absorption and
water retention for the proper function of enzymes to regulate germination and
growth [132].

Additionally, NPs, namely, zinc oxide NOs, titanium oxide NPs, iron oxide NPs,
and zinc/iron/copper oxide NPs, are reported to mediate the crop productivity and
development of plants [123, 133]. The carbon nanomaterials like fullerols show
positive effects on plants in terms of stimulating hypocotyl growth, cell division,
fruit number, size, yield, and bioactive ingredients (cucurbitacin B, lycopene, and
inulin) [134]. Moreover, the studies conducted by Yousefzadeh and Sabaghnia [135]
determined that nano-iron fertilizers induced agronomic traits of Dracocephalum
moldavica along with their oil content. Similar to this, zinc and boron nanofertilizers
enhanced fruit yield, quality, soluble sugars, and maturity index of Punica granatum
[136]. All these investigations on NPs stimulated crop yield and quality product, but
the exact underlying mechanisms are still unclear. However, it has been explained
that NPs have a higher absorption capacity to absorb nutrients and water content for
enhancing vigor index as well as enzymatic activities [137]. Along with this, the
research carried out on the regulated release of nutrients to prevent the loss of
nanofertilizers has also inferred that the availability of nutrients is essential for plants
in terms of flowering, germination, fruiting, etc. [138]. Furthermore, hydroxyapatite
NP coated on urea fertilizer controls the nitrogen release, thereby implicating their
positive impact on crops [139]. Table 2 summarizes the reports depicting the role of
NPs in mediating crop production in plants.

6.5 Nanoparticles in Stress Management and Plant
Protection

The food demand is quite challenging to be fulfilled for the sky-rocketed population
due to scarcity of resources and climate change all over the world. Climate change
means the alteration of climate over some time such as temperature, water depriva-
tion, low temperature, salinity, heavy metal pollution, etc. Hence, the matter of
concern is to enhance the adaptation of plants without harming the ecosystem to
strive to counteract environmental stressors [6]. For the accomplishment of this
approach, it is imperative to strengthen the plant’s enzymatic system, hormonal
synthesis, stress genes and proteins, and regulation of stressed conditions through a
shortening life cycle. Apart from this, NP engineering shows that nano-fertilizers are
best for crop production in extreme environmental conditions (Fig. 5).

For example, silicon oxide NPs enhance seed germination, growth parameters,
pigment levels, and proline synthesis in plants under saline conditions [158]. A
similar study conducted by Torabian et al. [159] found that iron sulfate NPs
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mediated salinity tolerance in sunflower along with stimulating other characteristics
such as leaf surface area, the assimilation rate of CO2, pigment content, photosyn-
thesis, etc. It has also been reported that silicon oxide NPs mitigate UV stress in
wheat, while nano-zeolite enhances nutrient acquisition, germination rate, and plant
growth [160]. Studies also found that the usage of NPs reduced the plant life cycle
with enhanced yield in contrast to traditionally used fertilizers. This feature proves to
be effective during agricultural practices in drought or flood-prone areas where the
short life cycle of the plant is quintessential for sustainable agriculture [119]. Several
reports encompassing the role of NPs in plants during stress tolerance against
different biotic/abiotic stressors are summarized in Table 3.

NPs are also imperative for remediating or detoxifying heavy metals. Like in the
case of Cd-stressed rice plants, silicon NPs enhanced Cd accumulation
[89, 179]. Interestingly, these NPs were effective in curbing Pb, Cu, Zn, and Cd
pollution, respectively [180]. Along with this, certain biotic agents like pathogens,
pests, and insects also impede crop production [181]. Pesticides have been used to
control this obnoxious agent, but they are against environmental health and sustain-
ability. The use of NPs successfully minimizes the pathogen attack and improves the
crop yield from such hazards. For instance, silver NPs synthesized from cotton stem
extract showed a strong potential against bacterial diseases, respectively [182]. Cer-
tain metal oxide NPs (Cu, Zn, Mg) also inhibit various soil- and plant-borne diseases
caused by pathogenic fungi such as Alternaria alternate, Fusarium solani, Botrytis
cinerea, Verticillium dahliae, Colletotrichum gloeosporioides, Phytophthora
infestans, etc. respectively [89, 179, 183–185]. The judicial use of NPs can therefore
prove beneficial in the field of plant protection with higher efficiency and accuracy.
The silver combined with chitosan NPs along with fungicide Antracol induced the
antifungal properties, and Bacillus thuringiensis comprising NPs enhances effi-
ciency and pesticide shelf life [184, 186]. Various reports of NPs in plants against
stress management are tabulated in Table 2. The probable mechanism of NP
effectively toward crops is mainly due to the NP-mediated enhanced activity of
enzymatic systems (superoxide dismutase, catalase, peroxidase, ascorbate, glutathi-
one, nitrate reductase, etc.), accumulation of metabolites (sugars, proline, amino
acids), and nutrient and water uptake that imparts the defensive properties to plants
for coping the stressed conditions [89, 179]. Microarray assay also revealed the gene
expression of different genes in response to NPs and found that genes upregulated
were concerned with oxidative stress such as cytochrome P-450-dependent oxidase,
peroxidase, catalase, superoxide dismutase. Various genes subjected to pathogenic
attack, hormones, systemic resistance, auxin regulation, and ethylene signaling were
downregulated [132]. Therefore, further research should be carried out for assessing
signaling responses and gene regulatory pathways related to NPs in plants.
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7 Conclusions and Future Perspectives

Agriculture is the only proprietor for the survival of the human race, and with the
increasing population, there is a need to establish novel techniques and strategies to
accelerate the production rate especially in developing countries. The green revolu-
tion has enhanced crop production worldwide but the use of massive chemical-based
fertilizers dilapidates the ecosystem. The use of eco-friendly methods in plant
growth promotion and maintaining the ecosystem has developed a better agriculture
pattern. The latest techniques of using agro-nanofertilizers in contrast to chemical
fertilizers have proved to be environment-friendly inputs to implement sustainable
agriculture by the use of NPs. Nanotechnology enhances crop production along with
maintaining the quality standards and proves to be an enrichment technique in
farming systems. The surfacing of NP engineering and their actions in sustainable
agriculture have revolutionized the global agriculture canvass with its novelty,
enormous growth, and effectiveness to meet the global food demands. This also
upholds the process to protect the environment from hazards, and NPs have emerged
with the assurance to regulate and conserve the environment for plant production.
NPs provide a new green revolution to the farmers by taking into account all the risks
and mitigation practices. However, there is still an enormous information lacking
about NPs in terms of their uptake, permissible limits, and ecotoxicology. Hence-
forth, many other investigations are on the way to untangle the behavior of NPs in
the soil and its fate along with their interactions in the living systems.
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Abstract The agriculture system touches all aspects of our lives, and it is the
cornerstone of a prosperous society. Sustainable agriculture becomes a priority to
fill the increasing hunger and at the same time reduce the consumption of toxic
chemicals. The agriculture sector has to deal with many issues like crop diseases,
climate change, and reduction in land area. In addition, agriculture mainly relies on
pesticides and fertilizers which have a toxic effect on humans and the environment.
The world needs to develop more sustainable solutions for agriculture by using novel
fields. Nowadays, nano-size materials are showing high applications in agriculture.
To fill the food demand in the world, nano-enabled agrochemicals could play an
important role.

1 Introduction

The agriculture system touches all aspects of our lives, and it is the cornerstone of a
prosperous society. Sustainable agriculture becomes a priority to fill the increasing
hunger and at the same time reduce the consumption of toxic chemicals. The
agricultural sector has to deal with many issues like crop diseases, climate change,
and reduction in land area. In addition, agriculture mainly relies on pesticides and
fertilizers which have a toxic effect on humans and the environment. The world
needs to develop more sustainable solutions for agriculture by using novel fields.
Nowadays nano-size materials are showing high applications in agriculture. To fill
the food demand in the world, nano-enabled agrochemicals could play an important
role [1].
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Nanotechnology is innovative science that has promising applications in many
fields such as pesticides, fertilizers, plant protection, food, textiles, geosensing
technology, paper, food, biofuel, agrochemical industries, biomass, biocomposites,
and crop cultivation. Nanoparticles (NPs) have a specific nano-size with unique
properties. Nanomaterials are stable and eco-environmental and can be used in
biopesticide formulations. Nanomaterials could protect plants and are beneficial in
agriculture and food [1, 2].

Nanomaterials have beneficial effects on plant metabolism, seed germination, and
plant growth, and they could be used to control plant diseases [3, 4]. Recently,
engineered NPs have emerged as potential candidates for improving crop yield
[5]. The small size of NPs increases their chances of interaction with phytopatho-
gens, rendering them effective against a wide range of diseases [6]. NPs could be
used in plant disease control [7] because they show enhanced property at their
minimum concentration. Unlike pesticides and fertilizers, the application of NPs
can improve nutrient utilization and plant tolerance to biotic stresses, as well as plant
growth with lesser environmental impact. The effect of NPs can also be influenced
by the size, shape, concentration, chemical composition, surface structure, and
solubility [8, 9]. Herbicides, fungicides, and pesticides can be used with
nanoparticles to improve their impact against pests and pathogens [2].

2 Nanoparticles in Delivery of Herbicides

Herbicides’ delivery by nanomaterial-based carriers is mostly focused on minimiz-
ing the toxic effect of herbicides on the environment. Nanoparticle-based herbicides
include a large variety of nanoparticles. For example, iron (II, III) oxide magnetic
NPs, hollow core-shell manganese carbonate, platy kaolinite, nano-sized tubular
hallow site, and nano-sized rice husks [10–13]. Grillo et al. [14] found that poly-
meric nanoparticles consisting of ametryn, simazine, or atrazine were less toxic,
compared to herbicide alone, during genotoxicity studies on Allium cepa cell
cultures (Table 1).

Table 1 Some specific studies using nanoparticles in herbicide delivery

Nanoparticle Herbicide Target pest References

Poly(lactic-co-glycolic
acid)

Atrazine Potato insect [15]

Polymer Metolachlor Rice, D. sanguinalis,
A. thaliana

[16]

Nano-sized rice husk 2,4-D Maize [10]

Chitosan/
tripolyphosphate/alginate

Imazapic and imazapyr
combined

B. pilosa [17]

Chitosan Diuron E. crus-galli [18]

Tripolyphosphate/
chitosan

Paraquat Mustard (Brassica sp.),
Maize

[19]
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3 Nanoparticles in Delivery of Insecticides

Nanoparticles can be used to deliver insecticides, and it was initiated in the early
2000s (Table 2). The most common target pests are Helicoverpa armigera,
Tetranychus urticae, and Spodoptera litura. Nanoparticles can reduce toxicity and
increase the solubility of insecticides. Insecticides that have low water solubility
have been loaded successfully into porous silica [25] and chitosan [26, 27]. Nano-
insecticides can increase the stability of the active compounds and maintain a
sustained release which leads to low insecticide usage. Slow release of active
compounds also reduces the toxicity of insecticides. Some studies highlighting the
potential uses of nanoparticle carriers to increase the solubility of active insecticides
have been shown in Table 2.

An issue with the use of insecticide is volatilization. This problem could be
resolved by loading volatile active compounds inside nanoparticle carriers. For
example, Oliveira et al. [28] found that toxicity was decreased in mouse fibroblast
cell lines upon treatment with botanical repellents encapsulated into zinc
nanoparticles, as compared to botanical repellents alone. Yang et al. [29] reported
that encapsulation of garlic essential oil with polyethylene glycol (PEG) resulted in
80% mortality of red flour beetles (Tribolium castaneum).

4 Nanoparticles in Delivery of Fungicides

Studies on the formulation of nano-fungicides were started around 1997 on fungi-
cidal screening into solid wood. Moreover, various research works have been
conducted on conventional fungicides and biocides having antifungal properties
with a wide range of nanoparticles (Table 3). Nanoparticle carriers like chitosan,
polymer mixes, and silica are most commonly investigated [47, 48]. Nanoparticle-
based fungicides can recover low water solubility issues and decrease volatilization
while maintaining slow and sustained release. Some essential oils have fungicidal
properties, but their rapid evaporation restricts large-scale commercial applications.
Nanoparticles stabilize these essential oils and decrease their volatilization. The use
of solid lipid nanoparticles (SL-NPs) stabilized essential oil of Zataria multiflora,
thus protecting against six fungi [49]. Similarly, encapsulation of five essential oil

Table 2 Nanoparticle as carriers of insecticides

Nanoparticle Insecticide Target pest References

Chitosan and ZnO Azadirachtin Groundnut bruchid (C. serratus) [20]

Chitosan/TPP Nicotine Housefly (M. domestica) [21]

Dendrimers Thiamethoxam Cotton bollworm (H. armigera) [22]

Sodium alginate Imidacloprid Leafhopper (jassids) [23]

Silica Chlorfenapyr Cotton bollworm (H. armigera) P. xylostella [24]
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Table 3 Nanoparticles in plant disease management

Pathogen Concentration Nanoparticle Effect References

Meloidogyne incognita,
Ralstonia solanacearum,
and Fusarium oxysporum

100 ppm AgNPs NPs found effective
against test patho-
gens and pest

[30]

Pectobacterium
betavasculorum, Rhizoc-
tonia solani, and
Meloidogyne incognita

0.20 g L�1 TiO2 NPs Beetroot diseases
reduced

[31]

Rhizoctonia solani ZnO NPs 0.50 mL L�1 NPs inhibited the
growth of bacteria
and fungi

[32]

Pseudomonas syringae,
Xanthomonas campestris,
Pectobacterium
carotovorum, Ralstonia
solanacearum, Fusarium
oxysporum, and
Alternaria solani

0.20 g L�1 SiO2 NPs NPs inhibit the
growth of test path-
ogens and also cause
nematode mortality

[33]

Bipolaris sorokiniana TiO2 NPs 40 mg L�1 NPs reduce the dis-
ease severity in
wheat

[34]

Pseudomonas syringae,
Xanthomonas campestris
pv. Vesicatoria,
Pectobacterium
carotovorum, and fungal
diseases (Fusarium
oxysporum f.
sp. lycopersici and
Alternaria solani)

0.10 g L�1,
0.20 g L�1

ZnO NPs NPs reduce disease
in tomato plants

[35]

Pectobacterium
betavasculorum,
Meloidogyne incognita,
and Rhizoctonia solani

0.50 mL L�1 ZnO NPs NPs reduce the
growth of plant
pathogenic bacteria
and fungi

[32]

Ralstonia and Phomopsis 100 ppm AgNPs NPs inhibit the
growth of bacteria
and fungi

[36]

Pectobacterium
carotovorum, Fusarium
solani, and Alternaria
dauci

100 mg L�1 SiO2 NPs NPs inhibit the
growth of bacteria
and fungi

[37]

Meloidogyne incognita,
Pectobacterium
betavasculorum, and Rhi-
zoctonia solani

0.2 mg L�1 SiO2 NPs NPs reduce the dis-
ease complex of
beetroot

[38]

Podosphaera xanthii TiO2 NPs 250 ppp L�1 NPs inhibit the
growth of the
pathogen

[39]

(continued)
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compounds individually into mesoporous silica NPs showed antifungal activity
against Aspergillus niger, in comparison to the bulk compounds [50].

Leaching is the movement of water and chemicals into the soil that is a major
issue with pesticides. The fungicide metalaxyl was loaded onto mesoporous-silica
nanoparticles (MS-NPs), and leaching in the soil was observed between encapsu-
lated metalaxyl (11.5% release) and free metalaxyl (76%) within 30 days. In water,
the release rate of encapsulated metalaxyl was higher in comparison to the soil which
highlights the importance of testing in farming conditions [51].

The slow release of fungicide compounds was achieved through encapsulation
within nanoparticles. Kumar et al. [52] confirmed that carbendazim-loaded poly-
meric nanoparticles had high antifungal activity against Aspergillus parasiticus and
Fusarium oxysporum and were safer for root development of Zea mays,
Lycopersicum esculentum, and Cucumis sativa, compared to carbendazim alone.
Similarly, nano-sized calcium carbonate loaded with validamycin showed the effec-
tiveness of nano-carrier against Rhizoctonia solani [53]. Zhao et al. [54] observed
that loading of fungicide pyrimethanil onto mesoporous silica nanoparticles reduces
the risk of accumulation in edible parts of cucumber plants.

Table 3 (continued)

Pathogen Concentration Nanoparticle Effect References

Pyricularia grisea,
Colletotrichum capsici
and Alternaria solani

100 ppm Se NPs Inhibit the growth of
tested pathogenic
fungi

[40]

P. aeruginosa ZnO NPs ZnO NPs inhibit
bacterial growth

[41]

Botrytis cinerea 1 � 10�3 to
5 � 10�3

concentration

ZnO NPs NPs reduce the
growth of B. cinerea

[42]

Botrytis cinerea 5 � 10�3 M ZnO NPs 58% inactivation of
bacteria found

[43]

Fusarium oxysporum and
Penicillium expansum

ZnO NPs 100% inhibition of
P. expansum

[44]

Colletotrichum
sublineolum

Si 2 mmol L�1 Si can reduce
anthracnose by 20%

[45]

Pythium ultimum,
Magnaporthe grisea,
Colletotrichum
gloeosporioides,
Xanthomonas campestris
pv. vesicatoria

100 ppm Nano Si-Ag The nano-sized sil-
ica-silver possesses
antifungal activity

[46]
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5 Nanoparticles: Carriers of Pesticides

Chitosan, silica layered double hydroxide nanoparticles (LDH-NPs), and solid lipid
nanoparticles (SL-NPs) have been used as common carriers for pesticides. Silica
nanoparticles (SiNPs) can be used as an influential delivery vehicle. Silica
nanoparticles have the potential to develop agro-products for pest management
[55]. Mesoporous-silica nanoparticles (MS-NPs) carry the pesticide into the interior
to protect the active compound, thus ensuring a controlled release of the active
compound.

Solid lipid NPs are solid at room temperature and could carry lipophilic active
molecules [56]. Moreover, SL-NPs provide a controlled release of several lipophilic
active compounds, due to a decrease in their mobility inside the matrix [57].

Chitosan has the property to adhere to the epidermis of leaves which may increase
contact time and facilitate the uptake of molecules [58]. Chitosan contains highly
reactive amine and hydroxyl groups which allow ionic interactions, modifications,
and reactions, facilitating improvement of chitosan properties [59].

Layered double hydroxide nanoparticles (LDH-NPs) are present in the form of
hexagonal sheets which contain active molecules in their interlayer space [60]. Pos-
itively charged LDH-NPs could be helpful in the transportation of biologically active
molecules across the plant’s cell wall [61].

6 Nano-encapsulation of Pesticides

In nano-encapsulation, pesticides are coated with nanomaterials of various shapes
and sizes where inner side materials are referred to as core material and outer side
materials are known as the coating nanomaterials [62]. Biodegradation, diffusion,
dissolution, osmotic pressure, and a specific pH are among the action regulators of
nanoencapsulation [63]. At present, nanoencapsulation is a novel and promising
technology that can reduce the growth of pests. Nowadays, most pesticide compa-
nies are concentrating to develop new nanoscale pesticides by applying the
nanoencapsulation technique.

The increased nanoformulations can reduce pesticidal movement, and they have
beneficial properties in pesticide formulation like solubility, stability, and improved
biodegradability [64]. They control the release of active ingredients and reduce the
number of pesticides required for disease management. Furthermore, it ensures
sustainable agriculture by minimum use of agrochemicals that may protect environ-
mental damage and nontarget hosts and also reduces crop production costs. So, NP
application is efficient in suppressing the pathogen infection and improving crop
yield. For example, halloysite is a clay nanotube that serves as carriers of pesticides.
These nano-sized tubes can extend the release period and also provide less environ-
mental effect [65].
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Li et al. [66] proposed that nano-silica is hydrophobic and can be absorbed into
the cuticle layer of the insects upon contact which causes the death of insects. To
manage the parasitic plant Orobanche sp., we apply herbicides sulfonylurea through
the soil [67]. Encapsulated herbicide release is slow; also, we can do seed coating by
applying encapsulated herbicides to avoid the multiple treatments [68]. Additionally,
we can design nanocapsules and polymeric nanocapsules with different chemical
compositions. Surfactants or oil drops can directly bind with the nanocapsule shell,
and it improved cuticle penetration. Nanoencapsulation may improve the efficiency
of herbicides that we cannot apply systemically like contact herbicides. It may result
in a reduction of the delivered toxic amount. Stimulants used for better germination
can be delivered within nanocapsules into the soil to protect them against degrada-
tion [69]. We can apply natural metabolites like mycotoxins inside nanocapsules
[70]. Nanocapsules that improve herbicides activity penetrate through cuticles and
facilitate the gradual release of the active substances. Some specific examples of
nanoencapsulation:

1. Reduction in mortality among two insect pests, Sarocladium oryzae and
Rhyzopertha dominica, was reported after treating with nano-alumina on
wheat [71].

2. For the delivery of herbicides and pesticides in crop plants [72].
3. Halloysite nanotubes can be used for encapsulating the active agents including

pesticides and herbicides [73, 74].

7 Nanoparticles: Against Plant Pest and Pathogens

Every year high yield loss in agriculture is reported due to various diseases.
Generally, chemical pesticides are used on a large scale. Pesticides harm humans
and the environment, so there is the need of time to search for an alternative for
disease management. The major challenge that agriculture faces today is to reduce
the high use of toxic agrochemicals. It is reported that these chemicals can hurt
environmental factors plus human health [75]. Moreover, large quantities of pesti-
cides may be lost during the application, due to photolysis, volatilization, and
degradation, with below 0.1% of the applied pesticides acting effectively against
target organisms [76]. More than 90% of the applied pesticides may either be lost in
the environment or not able to reach the target sites critical for successful pest control
[77]. Controlled delivery systems for pesticides proved to be a suitable alternative in
combating these issues.

Nanomaterials protect the plants via two different mechanisms:

1. By direct application of nanoparticles in crop protection.
2. Nanomaterials as carriers for delivering existing pesticides.

The methods of controlled delivery ensure gradual release of agrochemicals in
adequate and necessary quantities, to achieve maximum biological efficiency
besides minimizing the harmful effects [78].
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Nanoparticles could be delivery vehicles of pesticides. Unlike large size particles,
the nanoparticles provide more effective delivery due to high surface area, fast
transfer, and easy attachment. The active ingredient is encapsulated, adsorbed, or
attached to the nano-matrix. The release of active ingredients may be controlled.

Zinc oxide (ZnO) NPs are the third most used NPs, 33,400 tons global annual
production, and it could manage plant diseases [79, 80]. Foliar spray of ZnO NPs
improved growth parameters and reduced diseases in beetroot [32]. Silicon NPs
provide strength to prevent fungal and bacterial infections [81, 82]. Si was found
effective in inducing host resistance against pathogens and reducing disease
severity [83].

Application of TiO2 NPs reduces disease caused by phytopathogenic bacteria
[84]. P. betavasculorum and P. syringae pv. aptata pathogenic bacterial disease is
reduced in beetroot. Silver NPs could be used in disease management; they show
antimicrobial activity [85, 86]. Namburi et al. [86] found that biogenic Ag NPs
showed antimicrobial activity against Xanthomonas oryzae pv. oryzae, the causal
organism of bacterial leaf blight of rice. Ashraf et al. [87] reported antifungal activity
of Ag NPs against Fusarium oxysporum which caused wilt in tomatoes. In vitro
studies exhibited 79–98% inhibition of F. oxysporum as compared to the control.
Silver NPs prevent the growth of fungi, rot, molds, and other plant diseases [88]. Sil-
ver NPs also showed antifungal activity against Alternaria alternata,
Macrophomina phaseolina, and Fusarium oxysporum [89]. Zirconium dioxide
NPs also show antifungal, antibacterial, and antimicrobial agents [90, 91]. ZrO
NPs improved resistance against root rot disease, and application of ZrO2 NPs
suppressed the pathogen growth which could be due to its nano-size [6]. Jalill and
Numan [92] found that zirconium oxide NPs could inhibit fungal growth and could
decrease its pathogenicity.

8 Conclusion

This chapter gives an introduction to the role of nanoparticles in plant disease
management and agricultural applications. Nanotechnology provides the develop-
ment of nano-pesticides, nano-fertilizers, and nano-nutrients. In conclusion,
nanoparticles may be a good alternative for plant disease management.
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Proteomics of Plant-Nanoparticle
Interaction Mechanism

Ghazala Mustafa and Setsuko Komatsu

Abstract Plants are continuously exposed to a broad array of hostile environmental
conditions that confine plant growth and restrict the yield of crop plants. Knowledge
of the underlying molecular mechanisms of plant responses to nanoparticles stress is
especially relevant for environmental assessments. Silver nanoparticles mediated the
metabolic change from the anaerobic conditions toward the normal cellular process
in soybean under flooding stress. Aluminum oxide nanoparticles regulated the
ascorbate/glutathione pathway, thereby elevating reactive oxygen species scaveng-
ing. In the late and recovery stages, the differentially changed proteins were mainly
linked to stress, cell wall, protein synthesis, and signaling. In wheat, copper
nanoparticles improved salt stress tolerance by facilitating the method of glycolysis
and tricarboxylic acid cycle. Iron nanoparticles enhanced the growth of wheat
seedlings by regulating photosynthesis-related proteins in wheat. Though many
studies are performed to identify the impacts of nanoparticles on plant development
and growth, however, the molecular basis of nanoparticles’ effect on plants is still
unclear. This chapter will emphasize proteomics analysis of the nanoparticle’s
interaction mechanism with crop plants, particularly soybean and wheat.

1 Introduction

Nanotechnology is an emerging field dealing with the synthesis and utilization of
nanomaterials. Latest advancements in nanotechnology have transformed various
areas of science including life sciences and many others [1]. Increasing innovations
in the field of nanoscience have led to the documentation of novel approaches for the
synthesis of different types of nanoparticles that are separated into four main groups:

G. Mustafa
Department of Plant Sciences, Quaid-i-Azam University, Islamabad, Pakistan

S. Komatsu (*)
Faculty of Environment and Information Sciences, Fukui University of Technology, Fukui,
Japan
e-mail: skomatsu@fukui-ut.ac.jp

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
J.-T. Chen (ed.), Plant and Nanoparticles,
https://doi.org/10.1007/978-981-19-2503-0_3

67

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2503-0_3&domain=pdf
mailto:skomatsu@fukui-ut.ac.jp
https://doi.org/10.1007/978-981-19-2503-0_3#DOI


metal or metal oxides, carbon-based nanoparticles, dendrimers, and bioinorganic
complexes [2]. Along with the chemical synthesis, biological methods of
nanoparticles formulations are also of concern. Nanoparticle synthesis by biological
methods is gaining attention where nanoparticles are synthesized through biological
ways with the involvement of plants, microorganisms, or their byproducts
[3]. Nanoparticles prepared through biological routes are less toxic than chemically
synthesized nanoparticles.

Plants are at continuous exposure to nanoparticles which often pose biological
risks to them. Nanoparticles are the materials having special nano-size that lies
between 1 and 100 nm and identified for a long time due to their important part in
sustainable agriculture and effectively covering pathways allowing widespread
advances in plant science [4–6]. Therefore, the toxicity caused by these
nanoparticles attracted attention for its possible evaluation [7]. Nanoparticles are
synthesized by biological methods. Along with the conventional methods, the use of
biological materials acts as stabilizing agents in synthesis methods that led to the
production of eco-friendly nanoparticles [8]. Nanoparticles are effectively used for
crop improvements and tolerance against stress conditions.

The high reactivity and variety of biochemical actions of nanoparticles are
particularly dependent on their unique chemical properties, making them suitable
objects for altering different biological functions [9]. Various types of nanoparticles
are synthesized and used for growth improvement and stress tolerance
[8]. Nanoparticles improved plant growth and metabolism in a species-specific
manner even under stress conditions [10]. Based on different synthesis processes,
nanoparticles are ultimately released into the environment which causes toxicity
[11, 12]. Regardless of these worries, various studies identified the mechanisms of
their interactions with plants and the environment. Different nanoparticles (metal or
metal oxides) are known for their important roles including silver [13], aluminum
oxide [14], cerium oxide [15], titanium oxide [16, 17], zinc oxide [18, 19], and iron
oxide [20, 21]. All these studies reported the growth-enhancing effects of
nanoparticles along with protection from different abiotic stresses through the
regulation of metabolism.

2 Proteomics to Understand the Interaction Between Plant
and Nanoparticles

Nanoparticles are extensively used in the agriculture sector as favorable agents in
fertilizers, pesticides, and plant growth for sustainable crop production [22].

Nanoparticles are considered to cause genotoxic effects on plants, thereby limit-
ing their process of development and growth [23]. Along with toxic impacts,
engineered nanoparticles are key players in plant growth regulation
[24]. Nanoparticles equally caused both constructive and destructive effects on
different crop plants [7]. Growing data indicates that nanoparticles can improve
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the damaging impacts of salt stress in crops [25]. Thus, the molecular basis for the
interaction mechanism of the nanoparticles with plants needs to be explored.

2.1 Silver Nanoparticles

Silver is present as a rare element in the earth’s crust. Silver is used as a probable
antimicrobial agent because it activates reactive oxygen species generation in the
bacterial cells leading to disabled microbial enzymes [26]. As a result, silver ions are
produced which are toxic and function as bioactive molecules [27]. Silver ion
initiated oxidative injury to DNA through the stimulation of antioxidant enzymes
and reduction of the antioxidants [27]. Silver nanoparticles are utilized in different
ways in the agriculture field. Silver nanoparticles promoted the growth of Crocus
sativus through ethylene signaling blockage under flooding stress [28]. Silver
nanoparticles encouraged Arabidopsis growth because of the inhibition of ethylene
perception and buildup of reactive oxygen species [29]. Molecular investigations
revealed that silver nanoparticles also function as gene regulators in plants. Silver
nanoparticles enhanced the chlorophyll and protein amounts in Phaseolus vulgaris
and maize [30]. In rice, silver nanoparticles alter amounts of proteins correlated with
the oxidative stress tolerance along with differential regulations of cell division,
apoptosis, and transcription/degradation-related proteins [31]. In Eruca sativa, sulfur
metabolism and redox regulation-related proteins were changed on exposure to
silver nanoparticles [32]. Reactive oxygen species are aggregated under silver
nanoparticles leading to reduced plant growth.

Silver nanoparticles lowered the growth of soybean contrasted to aluminum and
zinc oxide nanoparticles. In leaves of soybean, subtilase family protein and DAHP
synthase levels were decreased which led to reduced growth under silver
nanoparticles [33]. In soybean, silver nanoparticles regulated growth under flooding
via regulation of amino acid metabolism and wax formation-related proteins
[13]. Silver nanoparticles mixed with nicotinic acid and potassium nitrate promoted
soybean growth through the control of protein quality of misfolded protein [34]. In
wheat, silver nanoparticles promoted growth by changing the plant metabolism
[35]. Silver nanoparticles interact with amino acid metabolism and metabolism
which led to enhanced growth.

2.2 Aluminum Oxide Nanoparticles

Aluminum is present as the most abundant metal on earth. Because of its toxic
features, it is considered as a main limiting factor for crop growth. Aluminum
restricts plant growth in low pH acidic soils [36]. Aluminum ions, formed from
aluminosilicates, are the cause of its toxicity [37]. Physiological investigations have
highlighted that plants can procure aluminum tolerance by two different strategies.
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One strategy to combat aluminum toxicity is blocking the ion uptake of aluminum.
The second strategy is to detoxify cellular aluminum via the creation of unhazardous
complexes by binding with organic ligands leading to their sequestration in subcel-
lular organelles in plant cells [38, 39]. In aluminum susceptible plants, higher
amounts of aluminum limit plant growth that ultimately causes crop yield reductions
[40]. Aluminum tends to bind with different functional groups inside cells, thus
damaging the cellular components [41]. Regardless of causing different toxic con-
sequences, various studies reported positive impacts of aluminum on the plants.

Aluminum oxide nanoparticle application on ryegrass, rape, and radish improved
the root elongation, while growth was reduced in cucumber, lettuce, and ryegrass
[42, 43]. miRNA expression levels were significantly altered by aluminum oxide
nanoparticles in tobacco which perform a critical function in stress response
[44]. Antioxidant enzymes remove free radicals to eliminate the deleterious effects
of aluminum oxide nanoparticles in wheat [45]. Poborilova et al. [46] suggested that
aluminum oxide nanoparticle application on BY-2 cell suspension significantly
reduces mitochondrial activity causing programmed cell death.

Aluminum oxide nanoparticles enhanced proteins synthesis, development, and
transport-related proteins in soybean [47]. Moreover, aluminum oxide nanoparticles
differentially altered proteins related to the ascorbate glutathione pathway and
ribosomal proteins [14]. In another study, proteins related to oxidation-reduction,
hormonal pathways, and stress signaling were distinctively changed in soybean
treated with aluminum oxide nanoparticles [33]. Aluminum oxide nanoparticles
enhanced growth under flooding stress by controlling mitochondrial proteins via
tricarboxylic acid cycle and membrane permeability in soybean [48]. These studies
suggest that aluminum oxide nanoparticles also have growth-promoting effects
through the regulation of oxidative and hormonal pathways.

2.3 Iron Nanoparticles

Iron is significant micronutrient for the plant, and its absence can cause prominent
growth obstruction. Iron nanoparticles are among metal-based nanoparticles which
are frequently used for biomedical and commercial purposes [49]. In agriculture,
iron nanoparticles are useful for crop betterment as an important fortifying agent.
Iron nanoparticles are reported to lessen the stress in plants via the regulation of
different metabolic reactions [50]. In Arabidopsis, iron oxide nanoparticles activate
the proton ATPase leading to increased stomatal opening [51]. Iron nanoparticles
have an important role in environmental bioremediation [52]. Iron nanoparticle at
higher concentrations is toxic while beneficial at low concentrations [53]. In wheat
varieties, iron nanoparticles differentially changed photosynthesis proteins [49]. In
wheat grain, glycolysis and tricarboxylic acid cycle-related proteins were increased
[50]. Iron nanoparticles are reported to cause mitigative properties of plants under
drought stress [54]. Manzoor et al. [21] reported that iron oxide nanoparticles exhibit
co-amelioration properties under heavy metal stress. These studies suggest that iron
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oxide nanoparticles could be effectively used against stress mitigation in different
crop plants.

2.4 Zinc Nanoparticles

Zinc regulates various cellular processes as a vital micronutrient in plants. Under-
standing the strategy of zinc uptake and transfer is important to find out the
interaction mechanisms of plants with zinc nanoparticles. Nano-zinc oxide is widely
applied in different industries for many decades. Phytotoxicity studies suggest that
the interaction mechanism of zinc in plants is highly specific [55]. Zinc oxide
nanoparticles caused cytotoxicity in seedlings of soybean at a greater concentration
[56]. Zinc nanoparticles have the ability to perform a function in the food production
sector and are further working to discover it at the molecular level. In soybean, zinc
oxide nanoparticles are reported to impart stress mitigation [33]. Proteins associated
with redox, cell organization, lipid metabolism, and stress were identified in this
study. These results suggest that zinc oxide nanoparticles can endorse plant defense
through the regulation of different mechanisms for understanding plant nanoparticle
relations and proteomic responses.

2.5 Other Nanoparticles

Recent studies highlighted the importance of nanotechnology in today’s research. In
the agriculture sector, researchers are expanding their knowledge to use these
nanosystems for the betterment of crops. Various nanoparticles are prepared through
different routes and are successfully applied on crops for improving their growth and
yield (Table 1). Metabolomic and proteomic analyses are performed on different
plants under nanoparticles stress. Salehi et al. [15] studied changes in Phaseolus
vulgaris on exposure to cerium oxide nanoparticles. Cerium oxide nanoparticles are
important metal oxide nanoparticles that are produced at larger scales due to their
abundant functions in industrial products [62–64]. Cerium oxide nanoparticles’
introduction to Phaseolus vulgaris induced differential expression of protein
biosynthesis-related proteins. Foliar spray of cerium nanoparticles modulates protein
folding and turnover in plants [15]. Titanium dioxide nanoparticles altered different
metabolic reactions including photosynthesis [24]. In spinach leaves, titanium oxide
nanoparticles reduced oxidative stress on exposure to ultraviolet light along with
enhanced enzyme activities. These enzymes potentially reduce the reactive oxygen
species [65]. Jha and Pudake [2] described titanium oxide nanoparticles as enhanced
photosynthesis which ultimately increased plant growth. Titanium dioxide
nanoparticles also reduced plant growth with varying concentrations and induced
genotoxicity [66]. These findings suggest the interaction of different nanoparticles
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Table 1 Nano-proteomics of crops reported in the last 10 years

Plant
species

Exposed
plant organ

Nanoparticles
(size/dose)

Proteomic
technique

Major proteins found/
associated pathways References

Tobacco Tissue
Callus

Carbon
nanoparticles
28–77 nm/
0–100 mg/L

Gel based
(2DE), LC
MS/MS,
iTRAQ

The majority of pro-
teins are involved in
mitochondrial func-
tions and Ca signal-
ing. Calmodulin
(CaM) and protein
expression level sig-
nificantly enhanced.
Furthermore, among
the top 20 upregulated
proteins, cytochrome
c oxidase and cyto-
chrome c are two
other increased
expressed proteins

Zhenjie
et al. [57]

Roots/
water
supplement

Silver oxide
50 nm/100 μM

Gel-based
(2-DE),
MALDI/
TOF MS

CAP, cap-binding
protein 20 (CBP20),
β-1,3-glucanase, and
Mn-SOD in roots.
Glutathione
S-transferase, glycine-
rich RNA-binding
protein, an mRNA
binding protein,
nucleotide metabo-
lism in leaf

Peharec
Štefanić
et al. [58]

Soybean 2-day-old
seedlings

Biologically
synthesized
AgNP (16 nm)

Immunoblot Differentially regu-
lated proteins were
mainly involved in
protein degradation
and stress

Mustafa
et al. [59]

Chemically syn-
thesized AgNP
(15 nm) 10 ppm

Label-free
nanoLC/
MS

21-day-old
plants

AgNPs 60 nm/
50 mg/kg Ag

Gel based
(2D-DIGE),
nanoEI-LC-
MS/MS

Nucleoside diphos-
phate kinase (NDK),
chlorophyll a-b bind-
ing protein 6A,
gamma-glutamyl
hydrolase

Galazzi
et al. [60]

Root Al2O3 NPs
30–60 nm/5,
50, and 500 ppm
(50 ppm for
proteomics)

Gel-free Proteins related to
protein synthesis,
stress, cell wall, and
signaling changed in
abundance.
S-adenosyl-L-methio-
nine-dependent
methyltransferases
and enolase might be
involved in mediating

Yasmeen
et al. [49]Nanospray

LTQ XL
Orbitrap
MS

(continued)
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Table 1 (continued)

Plant
species

Exposed
plant organ

Nanoparticles
(size/dose)

Proteomic
technique

Major proteins found/
associated pathways References

recovery responses by
Al2O3 NPs

Root/leaf Al2O3 NPs
30–60 nm/
500 ppm,
30–60 nm; ZnO
<50 nm/
500 ppm; Ag
15 nm/50 ppm

Gel-free GDSL motif lipase
5, galactose oxidase,
and quinone reductase
were upregulated

Hossain
et al. [33]Nanospray

LTQ XL
Orbitrap
MS

Wheat Seeds and
5-day-old
seedlings

AgNPs
(1, 10 mg/L)

2-DE IEF/
SDS-PAGE,
LC–ESI-
MS/MS

Proteins related to cell
defense and primary
metabolism and were
altered

Vannini
et al. [61]

Root
exposure

AgNP
15–20 nm/
5 ppm

Gel free Redox and mitochon-
drial electron trans-
port chain proteins
decreased. Glyceral-
dehyde-3-phosphate
dehydrogenase, and
glucose-6-phosphate-
1-epimerase
increased/decreased,
while phosphoenol-
pyruvate carboxylase
was decreased

Jhanzab
et al. [35]

Bean Foliar and
root

Cerium oxide
10–30 nm/
0–2000 mg/L

Gel-free
Q-TOF tan-
dem MS/MS

Enzymes involved in
protein biosynthesis
or proteases, lysine
biosynthetic interme-
diates, and glutamine
were altered

Salehi
et al. [15]

Rice Root/soil
irrigation

AgNPs
18.34 nm/30 and
60 μg/mL

Gel-based
(2-DE),
nano LC/
FT-ICR MS

Proton motive force,
oxidative stress toler-
ance, Ca2+ regulation
and signaling, cell
wall and DNA/RNA/
protein direct damage,
cell division, and
apoptosis

Mirzajani
et al. [31]

Eruca
sativa

Seedlings AgNPs (10 nm/
10 mg/L)

2DE,
nanoLC-
ESI-MS/MS

Proteins involved in
sulfur metabolism
significantly changed
and V-ATPase sub-
units downregulated

Vannini
et al. [32]
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with the plant proteins and to regulate the enzyme activities which might help the
plant to combat stress conditions.

3 Molecular Mechanisms Altered by Nanoparticles

Nanoparticles enter plants through the root system. Cell wall, as the first defense
barrier, hinders the nanoparticles’ entry allowing the particles which are tinier than
cell wall pore size [67]. Tinier nanoparticles can cross cell walls and enter the cell.
On the other hand, larger nanoparticles did not influence the metabolic pathways
directly because they are blocked by the pore size of the cell wall [68]. Nanoparticles
interfere with different cellular components which lead to alterations in metabolic/
signaling pathways. The initial response of nanoparticle interaction with plants
affects the production of reactive oxygen species, energy changes, and different
signaling mechanisms [69]. Thus, it would be interesting to explore the interaction
system of nanoparticles at the molecular levels.

3.1 Energy Regulation in Plants on Exposure
to Nanoparticles

Nanoparticles are engaged in the management of different metabolic pathways
including energy metabolism [70]. In soybean, aluminum oxide nanoparticles struc-
tured the energy metabolism that ultimately led to improved growth [33]. Aluminum
oxide nanoparticles controlled proteins linked with energy metabolism in soybean.
Proteins related to fermentation and glycolysis were altered to adjust the energy
requirements of the cell under stress conditions [14]. Different sizes of aluminum
oxide nanoparticles differentially changed energy metabolism in soybean [48]. In
soybean, one of the main proteins of the glycolysis pathway, glyceraldehyde-3-
phosphate dehydrogenase, enhanced under stress while decreased through the use of
nanoparticles [14]. Silver nanoparticles regulated the proteins related to the fermen-
tation pathway. Pyruvate decarboxylase and alcohol dehydrogenase were enhanced
under flooding while declined with nanoparticle application [71]. In this way,
nanoparticles helped the plant to combat the stress situations through the control
of energy metabolism including glycolysis and alcoholic fermentation.

3.2 Oxidative Stress

Nanoparticle-mediated manufacture of reactive oxygen species disturbs the cellular
redox metabolism causing oxidative stress which damages internal cellular elements.
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Different nanoparticles are reported to impose oxidative stress. Reactive oxygen
species interfere with different cellular components which lead to mitochondrial
dysfunction [72]. In soybean, silver and zinc oxide nanoparticles caused oxidative
burst through the accumulation of superoxides inside the cell [33]. Thioredoxin
family proteins managed the thiol-disulfide exchange reactions that could lead to the
redox status of target proteins. Plant quinone reductases help in the detoxification of
free radicals. The abundance of quinone reductase was reduced in soybean treated
with silver and zinc oxide nanoparticles [33]. Aluminum oxide nanoparticles raised
the accumulation of thioredoxin family protein that protected the cell against oxida-
tive stress [33]. Aluminum oxide nanoparticles lowered the buildup of ascorbate/
glutathione pathway protein that led to increased oxidative stress in soybean [48]. In
another comparative study, the chemically synthesized silver nanoparticles
decreased oxidative stress in soybean under stress [59]. Silver nanoparticles boosted
the accumulation of peroxidases in soybean leading to increased reactive oxygen
species scavenging activity [59]. These outcomes imply that nanoparticles regulate
the abundance of proteins related to the oxidation-reduction process which led to the
oxidative burst inside cells.

4 Nanoparticle Perception and Method of Action Under
Stress Conditions

Plants are susceptible to changing ecological conditions including biotic and abiotic
which results in a reduction of different biological functions. Despite the extensive
information available to understand the consequences of stresses on plants, differ-
ences in the stress response strategies at the proteomic level are still required to be
identified. Response mechanisms of the plant to stress condition are accelerated by
redox reaction cascades including various biological mechanisms that are controlled
by enzymes and proteins. The inequality in the quality and quantity of protein
variations under stress conditions is critical for genuine diversity of protein richness.

4.1 Nanoparticles’ Interaction with Soybean

In soybean, different nanoparticles are used for the mitigation strategies against
flooding stress. Silver nanoparticles reduced the harmful effects of stress by regu-
lating the cleansing of cytotoxic products. Moreover, silver nanoparticle-treated
soybean faced reduced oxygen deprivation stress and helped metabolic transfer
from anaerobic to the regular aerobic pathway [71]. Among different sizes of silver
nanoparticles, 15 nm boosted the soybean seedling development under flooding
through wax formation and amino acid synthesis proteins regulation [13]. Positive
alleviation of flooding stress effects is further enhanced by the supplementation of
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nicotinic acid and potassium nitrate via control of protein quality of poorly folded
protein in the endoplasmic reticulum [34]. In a comparative analysis, biosynthesized
silver nanoparticles promoted soybean growth, through protein degradation-related
proteins and ATP contents, compared to the chemically synthesized silver
nanoparticles [59]. Silver nanoparticles regulated energy pathways under flooding
stress and help soybean to mitigate the harmful impacts of stress (Table 2).

Aluminum oxide nanoparticles are progressively employed in different agricul-
tural products [73, 74]. Aluminum oxide nanoparticles controlled the metabolism for
energy production and cell death to enhance the growth of flooded soybean. Protein
synthesis/degradation, glycolysis, and lipid metabolism-related proteins predomi-
nantly responded to aluminum oxide nanoparticles [71]. Size-dependent effects of
aluminum oxide nanoparticles depicted that 30–60 nm nanoparticles boosted the
growth of soybean under flooding stress through energy metabolism. On the other
hand, 135 nm aluminum oxide nanoparticles increased the mitochondrial membrane
permeability indicating the membrane leakage that ultimately led to cell death
[48]. During soybean recovery from flooding stress, aluminum oxide nanoparticles
regulated the protein synthesis, development, and transport-related proteins that
helped the plant to recover from drastic impacts of flooding stress [47]. Bringing
together these findings, the results indicate that nanoparticle application enhances
soybean survival under stress mainly through the adjustment of energy metabolism,
mitochondrial function, and lipid oxidation (Fig. 1).

4.2 Nanoparticles’ Interaction with Wheat

In wheat, silver nanoparticles altered the accumulation of primary metabolism- and
cell defense-related proteins in shoot and root [61]. Silver nanoparticles strengthened
protein synthesis- and photosynthesis-related proteins while lessened proteins
related to signaling, glycolysis, and cell wall [35]. Iron nanoparticles regulated
growth in the shoot of drought- and salinity-tolerant wheat varieties through the
alteration of photosynthesis-related proteins [49]. Photosynthesis- and the protein
metabolism-associated proteins were lessened in wheat varieties treated with iron
nanoparticles. Iron nanoparticles enhanced the growth of wheat through enhance-
ment in photosynthesis-related protein [49]. Copper nanoparticles regulated glycol-
ysis and tricarboxylic acid cycle and thus enhanced tolerance of wheat toward stress.
Iron nanoparticles increased the proteins related to glycolysis, starch degradation,
and tricarboxylic acid cycle and thus improved the stress tolerance [50]. Exposure of
copper nanoparticles recovered growth of wheat seedling that could be associated
with improvement of energy-related protein abundance in wheat. These results
suggest that nanoparticles’ interaction with wheat intervened in the photosynthesis
and the tricarboxylic acid cycle.
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5 Conclusion and Future Perspective

Nanotechnology has gained a very important place in today’s world due to its unique
applications in different sectors including agriculture. However, the inadvertent
deliverance of artificially synthesized nanomaterials to the environment elicited
worldwide concern. Significant regard is given to nanoparticle synthesis methods,
delivery, and fate in the environment. As related to their conventional physicochem-
ical methods, biosynthesis of nanoparticles with the help of plants and microorgan-
isms is an environment-friendly method. Silver, aluminum, iron, and zinc
nanoparticles differentially regulated molecular mechanisms of crop plants and
help in stress tolerance. Silver and aluminum oxide nanoparticles regulated the
energy metabolism in soybean under stress and thus helped plant to relieve harmful
impacts of stress. In the late and recovery stages, the proteins are linked with stress,
signaling, protein synthesis, and cell wall. In wheat, copper nanoparticles improved
salt stress tolerance by assisting the tricarboxylic acid cycle and glycolysis. Iron
nanoparticles improved the growth of wheat seedlings through photosynthesis-
related proteins. Keeping in view all these findings, more comprehensive investiga-
tions integrating different omics, genomics, proteomics, transcriptomics, and
metabolomics could be advantageous to discover the plant-nanoparticle interaction
mechanisms in detail.
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Importance of the Secondary Metabolites
and Biological Parameter Modification by
Metallic, Oxide, and Carbon-Based
Nanomaterials Over Forage Plants
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Ramón G. Guevara-González, and Karen Esquivel

Abstract Nowadays, agricultural changes have been proposed due to more com-
mon oxidative stress and nutrient imbalance presented in plants. Also, a new
challenge must be overcome by the production areas that are expanding into
inadequate crop growth regions to fulfill food security targets to meet the needs of
the continuously increasing human population. Evidence showed along the past
decade that the use of nanostructured materials (NMs) and especially metallic
nanoparticles (NPs) and carbon-based nanomaterials could work as nanofertilizers
showing promising results by measuring the morphological affectation in stem and
leaves’ sizes as well as chlorophyll content, secondary metabolite content (total
phenolic, flavonoids), and antioxidant capacity by DPPH radical assay.

In this chapter, it has recapitulated recent results and progress made toward the
effect of diverse nanomaterials on the secondary metabolism of forage plants and
future research directions to explain the roles of the morphology, chemical species,
surface area, crystallinity, and concentration of the NMs to support public accep-
tance and safe use in the agricultural area, to be able to ensure sustainable growth in
crop production in various fields.
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1 Introduction

1.1 Forage Plants

Forage plants refer to the plants eaten by livestock, poultry, and wild animals; these
include grasses, legumes, and browse [1]. Grasslands used mainly for grazing
livestock cover more than 30% of the land area [2]. Forage plants are considered a
natural strategic axis in maintaining global ecosystems and fundamental support in
raising livestock worldwide [3]. The nutritional value of fodder is affected by the
amount and accessibility of metabolic and anabolic products, including cell compo-
nents and cell wall minerals, as well as the phenological state of the plant, climatic
factors, overexploitation, variety or cultivars, etc. [4–6]. In this sense, in various
regions of the world, the value of forages is recognized not only as food for
livestock, and measures have been established for their protection.

However, in other regions, these measures do not exist, which causes an
overexploitation of grazing, excessive logging, generating soil erosion, and a
decrease in productive capacity, reflected in a decrease in arable area and supply
of forage for several years [7, 8]. At the same time, fodder in the past was considered
an essential element of the animal feed ration in all production areas. The adoption of
industrial indoor grain-fed production systems generated a scarcity in developing
countries on the nutritional value of forage plants [5]. However, various studies
indicate that feeding supplemented with forages provides higher nutritional quality
to livestock and therefore higher protein quality and amino acid profiles [9, 10] for
the consumer. For this reason, the feed was reused as an additional dietary supple-
ment to provide fiber, proteins, amino acids, and minerals to create and produce
domestic herbivores [5, 11].

On the other hand, the demand for food has increased with population growth
[12], and the area of agricultural production is limited [13] coupled with global
changes such as climate change and management of the earth; in that sense, the
generation of sustainable agriculture is the key to guarantee the supply of food and
food security in future climatic conditions for future generations [14]. In this sense,
forages are necessary to balance necessary compounds for the agricultural and
livestock sectors. The use of technology or nanotechnology that provides tools to
improve the quality and quantity of forage is of utmost importance.

1.2 Nanomaterials and Their Uses in the Agriculture

Nanomaterials are objects with at least one of their dimensions (length, width, depth)
in the nanometric scale, which for the area of nanoscience is defined as 1–100 nm.
These structures can be classified into multiple structures depending on the dimen-
sions present in the nanoscale [15]. Among these classifications, we find the
nanomaterials 0D, 1D, 2D, and 3D. The nanometric objects in 0D are those in
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which none of their dimensions is outside the scale already mentioned. Within this
classification, we find materials such as quantum dots, nanospheres, and
nanoparticles. The 1D classification encompasses materials whose one dimension
exceeds the nanoscale, such as nanotubes, nanorods, and nanowires. Materials with
two larger dimensions (2D) encompass structures such as sheets, thin films, and
coatings, and in the 3D classification, the tree dimensions exceed 100 nm. Structures
found in this classification are nanocomposites, powders, sets of nanotubes or
multilayers, and MEMS [15–17]. These classifications can be observed in Fig. 1.

Nanomaterials can also be classified by their chemical composition, the most used
categories being organic materials, metallic materials, metallic oxides, semiconduc-
tors, and carbon-based materials [15], as presented in Fig. 2.

Each of these materials finds interesting applications in an infinity of fields, due to
that the nanoscience has given the possibility of finding new properties in materials.
These discoveries are within the area of agriculture. The different types of
nanomaterials already mentioned above find multiple applications that allow the
plants to be elicited, which is the process in which a material can modify the
secondary metabolism of a plant for promoting the synthesis of molecules of interest
[18–22]. Other applications are as pesticides, fertilizers, and sensors.

1.2.1 Nanofertilizers

The use of standard fertilizer can amend deficient soils. However, the chemicals can
alter soil quality over time since they are persistent on soils causing environmental
pollution and affecting post-crop productions and microbial communities.
Nanofertilizers can solve the problems caused by the traditional chemicals where
nutrients can be delivered by slow release to the soil, helping to prevent diseases
[18], regulating growth, and water release and retention. Most of the

Fig. 1 Nanomaterial classification by dimension
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nanoformulations used consists of emulsions or encapsulations. However, some
nanoparticles of metal oxides have been found effective in micronutrient delivery
due to the release of metal ions to the soil media [23].

1.2.2 Nanopesticides

Lately, traditional pesticides have generated many problems in the aspect of envi-
ronmental pollution. The chemicals traditionally used to eliminate pests have served
as substances that have slowly contaminated soils and waters. Their low efficiency
and selectivity make a large part of the applied product that affects other organisms
that are not part of the main objective of the pesticide, also compromising other
organisms [24]. Many pathogenic organisms that affect crops have developed
resistance to pesticides, making them even less effective for treating and preventing
pests [25]. The disadvantages that nanomaterials propose to solve focus on the
construction of products with high efficiency and selectivity whose effects on the
environment are reduced compared to traditional products. That said, many formu-
lations have been investigated using nanomaterials that are effective for treating
insect pests and preventing diseases caused by pathogens such as viruses, bacteria,
and fungi, promoting the survival of the crop [26].

NPs have proven to be effective in treating different pest species such as
Callosobruchus maculatus or commonly called pulse beetle which affects cowpea

Fig. 2 Nanoparticle
classification by chemical
composition
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grain storage. Zinc oxide nanoparticles (NPs) coated with Pongamia pinnata leaf
extract, which has pesticide activity, delayed the development of C. maculatus at
larval and pupal stages at a concentration of 25 μg/mL. Furthermore, 100% mortality
was achieved at the same concentration. Also, it was found that several enzymes in
the beetle were decreased, affecting its development [27].

1.2.3 Nanofungicides and Nanobactericides

Some bacterial strains and fungal communities can decrease crop production by
producing various diseases which are detrimental to plant health. These organisms
are commonly treated with chemical products that can affect non-targeted organisms
due to lower selectivity, so modern pesticides are being substituted with more
selective and secure products to protect humans and organisms present in crops
[25]. Some of the mechanisms involved in pathogen elimination rely on membrane
disruption, DNA damage, and production of reactive oxygen species ROS
[28]. More research on nano-fungi and bactericides is shown in Table 1.

1.2.4 Protection Against Environmental Stresses

Some of the actual losses in forage crop productions are due to environmental factors
called stress factors. They can be divided into two groups: abiotic and biotic stress.
The first classification involves environmental factors such as salinity, light expo-
sure, wind, extreme temperatures, drought, and flooding, for mentioning some
examples. Living organisms generate biotic stresses, for example, pests, competitor
species, bacteria, and fungi [34].

Table 1 NP applications for treating pathogenic diseases

NPs Plant Disease Effect References

TiO2 Wheat
rust

Wheat rust Antifungal response against Ustilago tritici
(wheat rust)

Irshad et al.
[29]

ZnO Rice Leaf blight NPs suppressed leaf blight disease
expression

Ogunyemi
et al. [30]MnO2

MgO

Ag - Wheat
Fusarium
head blight

NPs caused DNA and protein leakage due
to morphological deformities

Ibrahim et al.
[31]

ZnO Pearl
millet

Downy
mildew

NPs caused inhibition of spore germination
and reduction of 35% of the disease after
foliar treatment. NPs treated seedlings
showed enhanced content of defense
enzymes

Nandhini et al.
[32]

Ag Wheat Yellow rust NPs help to reduce yellow rust in wheat Bano and
Ummat-ul-
Habib [33]
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For fighting against stresses, the plants modify their primary metabolic routes to
create compounds proceeding from the secondary metabolic routes. These com-
pounds have unique features that can protect crops and improve survival [35]. Also,
these compounds have special features for plants. Many of these are used as
pharmacologic products, colorants, or pigments, among others [36]. Nowadays,
NPs are used for enhancing the production of several metabolic compounds
(Fig. 3), but the NP exposure to living organisms carries several nanotoxicological
criteria. When NPs are used for secondary metabolic production, work needs to be
done to find the adequate conditions of exposure and physicochemical characteris-
tics to obtain the best result without affecting plant health [34].

1.2.5 Seed Priming

Seed priming involves deregulation of the water uptake during the seed develop-
ment; researchers have found that priming techniques allow improving the develop-
ment of plants, improving their grow quality, and reducing the time taken for
germination, making the crop more adaptable to different environments compared
to untreated seeds; this can be done with multiple approaches like wetting, humid-
ification, or presoaking [37].

The priming process can be done in solutions containing specific solutes like
KH2PO4, KCl, NaCl, and CaCl2, micronutrients, or bacteria, that seed develop-
ment needs, thus improving certain plant qualities like defense against abiotic and
biotic stresses [38]. New priming techniques involve the use of nanomaterials where
metals and metal oxides have been demonstrated to improve germination, growth,

Fig. 3 Induction of secondary metabolites by NPs and their application in protection against
environmental stresses

90 L. Páramo et al.



yield, and quality [39]. Nanomaterials for seed priming can deliver nutrients at
specific sites for their more efficient utilization in seed development processes
[40]. As said before, there are several methods for priming seeds. The simplest
method involves soaking the seed in water which is called hydropriming. A solution
containing inorganic salt is called halopriming. Solutions containing nanomaterials
are called nanopriming. Hormopriming involves using growth regulators, matrix
priming involves using low and high temperatures, and bio-priming requires organic
materials [41]. Nanomaterials are also capable of activating genes improving plant
stress tolerance. In nanopriming, most of the nanomaterials (NMs) dispersed in
water are retained on the seed wall with the capability of a certain fraction of NMs
to be translocated into the seed interior (Fig. 4). The NMs’ coating helps seeds
against pathogens that affect seed health [42]; more research on nano-seed priming is
compiled in Table 2.

Although several NMs are beneficial for plant development, enhancement, and
protection, the toxicological aspect of the NMs and their interactions with the living
organisms must be taken care of. The detrimental effect has been observed when
nanoparticles are applied into crops environment, not only to the plant but also
beneficial bacteria and organisms that are involved in crop development [24].

NMs are new materials whose toxicology is not yet fully understood, since their
effects depend on their physicochemical characteristics like size, surface charge, and
morphology [53]. The lack of safety concerns toward the use of NMs makes them a
new type of environmental contamination that, in the future, will affect several living

Fig. 4 Nano-seed priming and its benefits
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organisms [54]. To understand NMs’ interaction with plants and other types of
organisms, a new area of nanotechnology has emerged, which is nanotoxicology.
Although some NM treatments have improved several aspects in plant development,
managing higher concentrations, modifying NM characteristics, and the exposure
method could negatively affect the crops [55].

Some of the adverse effects observed with NMs’ application in crops are the
penetration of the cell walls, alteration of plant metabolisms, generation of reactive
oxygen species (ROS), changes in plant morphology, and, finally, plant death
[56]. The nanotoxicology research allows us to understand the mechanism of the
NMs, know how to reduce or diminish their ecological impact, and create safety
protocols to assure correct manipulation and use of these materials to protect humans
and other living organisms.

Table 2 NPs used for nano-seed priming in forage crop species

NMs
Seed
species Effect Ref

Fe3O4 Sorghum Increased chlorophyll a, b, carotenoids, and RWC after
500 mg/L treatment, highest increase in plant biomass
obtained with primed seeds over salinity treatment, priming
alleviated salinity stress in plants.

Maswada
et al. [43]

Si Wheat Increased shoot length and grain weight, improved photo-
synthesis and chlorophyll content; electrolyte leakage (EL),
malondialdehyde (MDA), and H2O2 were decreased,
improved antioxidant enzyme content

Hussain
et al. [44]

Ag Pearl
millet

Improved growth and biomass, enhanced flavonoid and
phenolic content, improved antioxidant enzyme activity,
and salt stress ameliorated by seed priming

Khan et al.
[45]

CeO2 Horse
gram

Effective seed germination achieved with nano-CeO2 and
Se-CeO2, NPs at 300 ppm accelerates seed germination

Antony
et al. [46]Se-

CeO2

Fe2O3 Chickpea Low NP concentration enhances seedling growth, while
higher concentrations inhibit growth

Pawar et al.
[47]

ZnO Corn ZnO increases germination, root length, and dry biomass Esper Neto
et al. [48]

Fe3O4 Corn NPs promoted beneficial responses for seedling growth
compared to other Fe sources

Esper Neto
et al. [49]

Ag Pearl
millet

20 mM concentration improved chlorophyll, carotenoid,
photosynthetic rate, stomatal conductance, and transpiration
rate. Ag NPs positively influence antioxidant enzymes
under salt stress, increase Cl uptake in roots

Khan et al.
[50]

ZnO Wheat Increased root and shoot length, improved photosynthetic
efficiency

Kalal and
Jajoo [51]

Mn3O4 Corn Improved seedling growth, higher germination vigor, dry
biomass, and length

Esper Neto
et al. [52]
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2 Nanomaterials and the Secondary Metabolism in Plants

The term metabolite refers to intermediate and end products of enzymatic reactions
of biological pathways of the primary or secondary metabolism in living organisms.
Primary metabolites are compounds associated with essential cellular functions and
cellular functionality, e.g., basic sugars, carbohydrates, amino acids, lipids, nucleo-
tides, and small organic acids. They are considered indispensable for the viability of
an organism under any condition as they are directly involved in growth, develop-
ment, reproduction, respiration, and photosynthesis [57–59].

Secondary metabolites are naturally occurring bioactive compounds that are not
considered part of the primary plant life processes. However, they play a fundamen-
tal role in protection against insects, parasites, herbivores, phytopathogens, and other
adverse environmental variables [35, 60, 61]. They have a short-term existence, and
their absence does not cause direct death but threatens the plant’s defense system
against biotic and abiotic menaces [59, 62, 63]. Plants generate a wide variety of
secondary metabolites such as alkaloids, anthocyanins, flavonoids, quinones,
lignans, steroids, and terpenoids, commonly used as medicines, agrochemicals,
flavors, fragrances, dyes, biopesticides, and food additives to promote health due
to their properties for disease prevention and treatment [35, 57, 61]. The production
of secondary metabolites is insufficient since it composes less than 1% of the dry
weight of the plant [64, 65]; therefore, several tactics have been applied to increase
the productivity of these compounds by exposing the plant to stressful
conditions [61].

According to the hormonal curve of each plant model, stress can be divided into
discomfort (bad stress, which leads to developmental deficiencies and ultimately to
plant death) or eustress (good stress that leads to activation of secondary metabo-
lism) [35, 57]. Hormesis is a term used in medicine to apply toxins in low doses [66]
but has been applied in horticultural practices. Components of the environment that
induce stress in plants can be divided into biotic and abiotic, which have the potential
to be supplied artificially to activate plant conservation responses that lead to
increased production of secondary metabolites. In recent decades, various
approaches have been proposed for this process called elicitation with various
types of metabolism-inducing factors or elicitor compounds [35, 67].

The main intention of elicitation is to enhance the production of secondary
metabolites due to the relationship between the elicitor and biochemical pathways,
mainly with adverse outcomes on biomass development such as morphology,
although augmenting some plant quality traits, aroma, taste, or color. However,
responses to secondary metabolite induction rely upon the plant model, elicitor
concentration, and stimulation time [35, 68]. Therefore, the impact of elicitation
methods cannot be generalized since results have indicated that the dose response is
not mainly linear [57, 67, 69]. Novel elicitation using abiotic factors includes
electromagnetic radiation, sound, volatile compounds, nutrient privation, metals,
salt soil pollutants, and nanomaterials.
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The concept of nanotechnology, consolidated in the 1980s, deals with the crea-
tion, use, manipulation, control, and characterization of structures, devices, or
materials with at least one quantity in the range from 1 to 100 nm
[70, 71]. Nanoparticles have unique physicochemical characteristics such as large
surface area, high reactivity, controlled pore size, and particle morphology, suitable
for new horticultural applications [72].

The use of nanomaterials in horticulture has been a controversial issue. The
adverse effect of these components has been studied on several organisms since
the liberation of wastes carrying nanomaterials has become a menace to the envi-
ronment since they cause contamination to the air, water, and soil [73]. However,
using this type of material as an elicitor for increasing the secondary metabolites in
plants has become an essential issue in the scientific community. Nanoparticles can
be focused on specific cellular organelles in plants to release herbicides and nano-
pesticide fertilizers or allow gene manipulation and expression for enhancing plant
metabolism [72, 74].

Fertilizing is a fundamental activity for crop production involved directly in plant
development. Unavailability to plants of the applied fertilizers is a common problem
caused by many variables, such as leaching, degradation by photolysis, hydrolysis,
and decomposition [72]. In this way, nanotechnology and nanomaterials have lined
new methods for minimizing nutrient losses in fertilization through nanofertilizers or
nano-encapsulated nutrients, which make possible an enhanced target activity by
releasing nutrients on-demand as plants grow [72, 75, 76].

The size of structural components of plants allows this technology to allocate
through the organs of plants efficiently. In the same line, the size of cellular
components is equivalent to nanoparticles, allowing them to effortlessly permeate
cells, which unfavorable biological effects have been widely studied. However,
depending on the material and dose, the exposure might cause beneficial effects on
the plant performance [35, 77, 78]. For example, stomata are turgor-operated valves
that govern water loss and CO2 uptake during photosynthesis and which guard cells
are relatively small and considerably variated in size between species [79].

The dimensions of the outer limits of their cell walls may vary according to the
stomatal aperture, from under 10 to almost 80 μm in length and from a few
micrometers to about 50 μm in width. Also, considering that the total percentage
of possible pore area (with apertures of 6 μm) for a leaf is similar for most species
which can reach as much as 5% when the stomata are very wide open, but usually,
the value remains below 2% [79, 80]. That is why the NMs can easily pass through
the different plant systems.

Likewise, bordered pits, the cavities in the lignified cell walls of the xylem ducts,
are fundamental elements in higher plants’ water transport systems. The pit mem-
brane allows water to pass between the xylem ducts. However, it limits the spread of
embolism and vascular pathogens in the xylem, acting as a security valve in the
plant’s hydraulic system [81]. Observations using particle perfusion techniques
provide maximum membrane porosities of 5–420 nm for different species of angio-
sperms, although it should be noted that these values are generally <100 nm [81–
83]. Moreover, at a cellular level, pores of the primary cell wall are pathways for
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penetration of molecules into the cell, consisting of a polysaccharide-protein struc-
ture with a size ranging from 3.5 to 20 nm [84–86].

In the same way, the transport of molecules from cell to cell is possible through
plasmodesmata, cytoplasmic channels with 20–50 nm in diameter, which usually let
the pass of particles, around 3 nm [55, 85]. In chloroplasts, the import of proteins is a
prerequisite for photosynthesis and, consequently, plants’ growth and development,
where this process is feasible through the translocation of proteins from the outer and
inner membranes of the chloroplast, which are responsible for importing about 95%
of each of the chloroplast proteins from the cytoplasm and are highly conserved
among all land plants [87], and they are considered to have a pore size greater than
2.56 nm [87, 88].

Despite its toxic potential, which has been thoroughly studied, new results
indicate positive effects on plant development and physiology, depending on the
nature of the nanomaterial, dose and time of exposure, the plant species, and growing
conditions. In this chapter, the application of metallic and oxide nanoparticles and
carbon-based nanomaterials in forage plants is presented as an elicitation method to
increase secondary metabolites in forage plants with an essential role in the produc-
tion of horticultural crops.

3 Metallic Nanoparticle Effects Over Forage Plants

Pearl millet seed priming with silver NPs showed a beneficial effect on salt stress
tolerance. In another study, pearl millet was exposed to Ag NPs during their growth
in pots with different salinity concentrations at different doses of Ag NPs. The study
found that the presence of NPs helped reduce the salt ion content in plants and
primed seeds. The ionic balance was maintained between sodium and potassium
ions. Antioxidant enzyme activity was improved by reducing the adverse effects
caused by the salinity stress. Pearl millet crops increased yield, height, and photo-
synthetic activity [50]. Another study with pearl millet and Ag NPs in concentrations
of 2, 4, and 6 mM increased ROS production reducing growth, root, shoot length,
and fresh and dry biomass. Ag NPs’ toxicity was compared with AgNO3 treatment,
showing that NPs have a lower phytotoxic level. However, due to a blockage in the
electron transport chain, NPs and silver nitrate exposure caused changes in antiox-
idant enzyme activities and reduced photosynthetic pigment contents [89].

NPs’ accumulation in the soil due to contamination is also a big concern. Li et al.
[90] studied the effects of Ag NP exposure in soybean and rice where the phytotoxic
levels of the metal NPs were assessed; results showed that a foliar exposure caused
an increase of Ag content up to 17–200 times compared to root exposure.

Even though the root exposure led to lower Ag accumulation levels than those
observed in leaves, the root exposure caused the higher biomass reductions, increas-
ing malondialdehyde and H2O2 content. Storage of NPs in cell walls was also
observed after leaf exposure, where cell wall-trapped NPs showed changes in size
distribution compared to the initial sizes.
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These results demonstrate the negative side of the exposure of NMs to plants
where risk protocols need to be improved for healthy protection when NPs are used
in agronomical fields [90]. Translocation of root to shoot was also observed for
alfalfa crops treated with zero-valent iron; interaction with OH radicals caused cell
wall loosening, which was reflected in an increase in root length; chlorophyll content
was also increased by the NP treatments [91].

Not only can nanomaterials act against pests that affect crop development, but
also the NMs work as a protection against diseases caused by pathogens such as
bacteria or fungi. It can be alleviated using materials that have antimicrobial prop-
erties, such as silver nanoparticles or metal oxides like the semiconductors such as
titanium dioxide (TiO2) and zinc oxide (ZnO) [92].

The materials with antimicrobial properties are producers of reactive oxygen
species (ROS), molecules capable of affecting the development of bacteria,
disrupting cell walls leading to cell death [93]. The application of these
nanomaterials for protection against diseases can be used from the seed stage,
which allows increasing the life of the seeds and protecting them during their
development. Maity et al. [94] investigated forage sorghum exposed with multiple
metallic oxide nanoparticles and silver nanoparticles. It was possible to observe that
silver nanoparticles, including metallic oxides, influenced specific development
characteristics such as germination, stem, and root size. Apart from these observed
effects, the nature of the silver nanoparticles added an antimicrobial factor. The
effects of improvement in germination were observed at low concentrations, where,
at the same time, this was lost at higher concentrations.

The use of nanoparticles can improve abiotic stress defense; as shown with Ag
NPs at 5, 10, and 15 ppm, salinity stress can be alleviated in grass pea crops. The
interaction between plant and nanoparticle leads to improved germination, shoot,
and root length, which was initially reduced by the presence of different levels of
salinity [95]. Recent metallic NP effects on forage species are compiled in Table 3.

4 Metal Oxides’ Effects Over Forage Plants

Seed priming has shown positive effects when using metal oxide NPs, as seen in
fodder maize where the lowest concentration (20 and 40 mg/L) showed promising
results increasing several parameters like the number of plants, height, biomass, and
yield when increasing to 40 mg/L. NPs increased chlorophyll content and nitrogen
and phosphorus availability [103]. ZnO NPs can also help plants against abiotic
stress such as salinity which affects soil, nutrient availability, and plant development.
When cowpea and okra crops were exposed to several seawater concentrations,
plants showed a reduction of root and shoot length. After the exposure with ZnO as a
foliar spray, the measured parameters improved compared to NPs’ untreated plants.
As told by the author, the positive effects observed in crops could be due to the
release of zinc, a vital micronutrient involved in several metabolic processes in
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plants, such as enzyme activity, cell division and development, nutrient metabo-
lisms, and photosynthesis [104].

Chickpea, which can be used as a forage cultivar for feeding ruminants, showed
that when exposed to iron oxide NPs capped with leaf extract at 1, 5, 10, and 15 mg/

Table 3 Effects of metallic NPs over forage crop species

Nanomaterial Concentration Plant Effect Ref.

Copper
nanowires

80 and 280 mg
Cu/kg

Alfalfa Increased iron and zinc content in
roots, increased number of micro-
organisms involved in nutrient
uptake, copper nanowires can be
considered as a potential
nanofertilizer

Cota-Ruiz
et al. [96]

Cu-chitosan Maize Antioxidant enzyme activities
were increased by the presence of
Cu-chitosan NPs, increasing plant
defenses, plant height, stem diam-
eters, and root length, and chloro-
phyll content was also increased
when maize was cultivated in pot;
plant growth and protection
against disease were also pro-
moted due to the release of copper

Choudhary
et al. [97]

Ag NPs and
antimony (III)
exposure

Soybean Antimony uptake improved by the
presence of silver NPs and pig-
ment content, and enzyme activity
was altered

Weicheng
et al. [98]

Mn, Cu, Zn,
Ag, and Fe
colloidal
solution

120 and
240 mg/L

Soybean Seed and foliar application
improved yield, and NPK fertilizer
utility increases using a colloidal
suspension of nanoparticles

Batsmanova
et al. [99]

Ag 20, 200, and
2000 mg/kg

Wheat Phytotoxicity upon NP treatment
decreased biomass, plant height,
and grain weight, reduction in
micronutrient content and arginine
and histidine amino acids

Yang et al.
[100]

Fe, Cu, and
Co

Fe and Cu
(25–250 mg/
L)

Soybean Enhanced germination yield was
obtained with Fe and Cu NPs at
50 mg/L, leaves’ growth was
faster after 39 h of germination in
Co NPs treatment, all NPs treat-
ments enhanced cell division
under optimal concentrations

Hoe et al.
[101]

Co
(0.05–2.5 mg/
L)

Ag 0, 25, 50, and
100 ppm

Soybean NPs caused increased seed germi-
nation, root and shoot length at
50 ppm, while at 25 ppm, chloro-
phyll carotenoids and proteins
increased while all other concen-
trations decreased those
compounds

Sharif et al.
[102]
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L helped different types of chickpeas for generation in callus and root induction as
well as shoot.

This effect observed helped crops to be protected against infections. Iron oxide
NPs were also translocated into the regenerated roots increasing the iron content.
The smaller nanoparticles can dissolve iron easier into roots serving as an essential
micronutrient involved in several crop development processes [105].

NPs can also be coated for improving the material interactions with increasing
crop biocompatibility, thus obtaining more beneficial results. Iannone et al. [106]
exposed alfalfa and soybean crops with magnetite NPs coated with citric acid. The
NPs were added in solution to the crop pots. The results obtained show absorption
and translocation in several organs of both crops due to paramagnetic signals
measured in crop tissues. The presence of NPs also increased shoot weight and
chlorophyll content. As presented by the author, magnetite nanoparticles coated with
citric acid have no phytotoxic effect on both crops improving their status after
exposure [106]. Red clover crops exposed to TiO2 and cerium oxide (CeO2) NPs
showed no affectations in plan biomass. Shoot/root ratio, nitrogen fixation levels,
and the number of flowers were also not affected [107].

The plant can exudate compounds through the root to modulate specific interac-
tions with the media surrounding the roots. These exudates can have the ability to
interact with NMs when they are present in the soil, as seen with CuO NPs
interacting with maize roots. The exudates inhibited NP aggregation and promoted
dissolution. Copper accumulation in root tissue was also observed when 20 mg/L
was added into the media [108]. Recent studies relating the effect of metal oxides on
forage crops are detailed in Table 4.

5 Carbon-Based Nanomaterials’ (CBNs) Effects Over
Forage Plants

All nanomaterials made of carbon atoms are called carbon-based or carbon
nanomaterials. In addition, its unique characteristics have generated significant
interest, contributing to the development of procedures for large-scale industrial,
technical, medical, environmental, and agricultural applications, constantly increas-
ing the commercial use of this technology [129]. Carbon is an interesting ingredient
in a wide variety of designs, often with different characteristics. The list of known
carbon allotropes has been expanded, primarily due to the discovery of many new
forms of low-dimensional carbon, which comprise novel materials frequently clas-
sified as carbon nanotubes (CNTs), fullerenes, graphene, and carbon dots [129–
132]. Several works have been written describing the classification and characteris-
tics of carbon-based nanomaterials ([129] broadly describe this technology). In this
chapter, the effect of this technology on important horticultural crops is the main
objective.
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Table 4 Effects of metal oxide NPs on forage crop species

Nanomaterial Concentration Plant Effect Ref.

Cr2O3 0.01, 0.05,
0.1, and 0.5 g/
L

Soybean Shoot and root bio-
mass were reduced,
NPs caused damage
to the photosyn-
thetic system,
reducing the photo-
chemical
quenching, and NPs
caused chloroplast
thylakoid structure
damage, reducing
electron acceptors’
activity

Li et al.
[109]

ZnO 0, 10, 100, and
500 mg/L

Wild oat and
wheat

Plumule length was
increased by
100 ppm ZnO treat-
ment in wheat, NPs
caused, and
increase in germi-
nation rate and per-
centage in wild oat

Zeidali et al.
[110]

AgO, CeO, CuO,
MoO3, SiO, TiO, and
ZnO

500 or
1000 μg/mL

Soybean
exposed to
Fusarium
virguliforme

NP treatment
restored nutrient
content at the same
level as healthy
control increasing
defense mecha-
nisms against path-
ogen although NPs
did not inhibit path-
ogen presence as
viewed in the
in vitro assays

Peréz et al.
[111]

Fe3O4 0, 50 and
500 mg/kg

Maize No effect in plant
biomass and chlo-
rophyll content was
observed during
NPs’ exposure, Fe
accumulation was
higher in roots
compared to leaves,
the highest concen-
tration caused an
increase in dehy-
drogenase enzyme
activity

Yan et al.
[112]

TiO2 0, 100, and
250 mg/L

Maize Hydroponic expo-
sure of NPs and
cadmium showed

Lian et al.
[113]

(continued)
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Table 4 (continued)

Nanomaterial Concentration Plant Effect Ref.

that TiO2 through
root exposure
increased cadmium
uptake, increasing
the phytotoxicity
compared to foliar
exposure; chloro-
phyll content and
dry plant weight
were reduced, com-
pared to root expo-
sure; foliar
application of NPs
helped to reduce
shoot cadmium
content reducing
the phytotoxicity
through enzymatic
and metabolic
alterations

CeO2,
polyvinylpyrrolidone
(PVP)-coated CeO2

100 mg/kg Soybean culti-
vated at the dif-
ferent soil
moisture con-
tent (55, 70,
85, or 100%)

Biomass was not
affected by NPs at
55%, while the rest
of the treatments
increased in fresh
weight, and all of
the treatments
increased dry
weight. No total
chlorophyll content
differences were
determined for all
treatments,
although the effect
of NPs on photo-
synthesis was
dependent on mois-
ture content

Cao et al.
[114]

TiO2 (0, 5, 10, and
20 mg/L)

Maize Increasing NP con-
centration reduced
chlorophyll, shoot,
and root biomass
while positively
affecting macro-
and micronutrient
content except for
iron increasing
nutrient concentra-
tion with increasing
NP dose

Daghan
[115]

(continued)
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Table 4 (continued)

Nanomaterial Concentration Plant Effect Ref.

TiO2 250–1000 mg/
L

Soybean Soybean growth
was inhibited due to
the adsorption to
root surface causing
physical damage,
reducing cell via-
bility, root hair
number, and fresh
and dry weight

de Melo
et al. [116]

CuO Soybean Antioxidant bio-
markers were
altered by the pres-
ence of CuO at dif-
ferent sizes (25, 50,
and 250 nm),
showing depen-
dence on NP size,
the smaller NPs
highly inhibited
seed yield

Yusefi-
Tanha et al.
[117]

ZnO Maize Maize seeds primed
with ZnO NPs
showed improved
germination and
growth parameters
compared to normal
priming

Itroutwar
et al. [118]

NiO 0, 200, and
400 mg/L

Soybean An increase of NP
concentration
caused augmenta-
tion of enzyme
activity in catalase
and ascorbate
peroxidase

Tohidiyan
et al. [119]

Fe2O3 15, 30, and
60 mg/pot

Soybean Both types of NPs
incremented the
chlorophyll content
and plant biomass,
higher iron content
in the shot was
obtained with foliar
exposure compared
to the soil, foliar
exposure also stim-
ulated nitrogen
fixation

Yang et al.
[120]Fulvic acid-coated

Fe2O3

Foliar or soil
exposure

Y2O3 0–500 mg/L Maize No effect on germi-
nation was
observed, root

Gong et al.
[121]

(continued)
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Table 4 (continued)

Nanomaterial Concentration Plant Effect Ref.

elongation was
inhibited, increas-
ing the concentra-
tion of NPs
increased the con-
centration of perox-
idase and catalase in
shoots, NPs also
altered carbohy-
drate metabolic
pathway and amino
acid synthesis

La2O3 5 mg/L Maize NPs had phytotoxic
effects on maize,
affecting and
decreasing shoot,
root biomass, and
chlorophyll content

Liu et al.
[122]

ZnO Sorghum Grain yields
increase at a low
NPK level

Dimkpa
et al. [123]

MnFe2O4 62.5,
125, 250,
500, and
1000 mg/L

Barley NPs promoted fresh
plant weight at low
concentrations, NPs
were translocated
from root to leaves

Tombuloglu
et al. [124]

CuO CuO (5, 10,
15, and
20 mg/L)

Berseem, Cow-
pea, Sorghum,
and Oats

Antifungal activity
against seed micro-
flora, enhanced
seed germination,
root length, shoot
length, and dry
weight

Manjunatha
et al. [125]

ZnO ZnO

ZnO 750, 1000,
and 1250 mg/
kg of seed

Oat and
berseem

ZnO NPs enhanced
seed germination at
low concentrations
and a reduction in
root and shoot
length was caused
at higher doses. All
NPs enhanced ger-
mination at the
lowest
concentration

Maity et al.
[126]TiO2

CuO

Hematite 500–8000 mg/
kg

Maize Enhanced maize
growth at 500 mg/
kg, increased lipid
peroxidation and
superoxide

Youssef
et al. [127]

(continued)
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CBNs cover around 40% of all engineered nanomaterials used for agricultural
applications [133]. The interaction between plant organelles and nonbiological
nanostructures is a novel topic studied since it brings the potential to deliver
organelles with new and improved functionality [74]. Several experiments using
CBNs have been performed in horticultural crops where the secondary metabolism
and other critical biological parameters have been evaluated.

López-Vargas et al. [134] studied the effects on growth and biochemical com-
pounds of tomato (Lycopersicon esculentum) seedlings in an experiment with five
concentrations of CNTs and graphene.

The López-Vargas et al. experiments results in adverse effects in vigor variables,
with a decrease in root length (39.2%), hypocotyl biomass (33%), plant height
(29%), stem diameter (20%), fresh shoot biomass (63%), fresh root biomass
(63%), and dry shoot biomass (71%) with CNTs (1000 mg/L), however, the root
biomass was increased up to 127%. With graphene, the content of chlorophyll-a and
chlorophyll-b (111%), vitamin C (78%), β-carotene (up to 11-fold), phenols (85%),
and flavonoids (45%), as well as the H2O2 content (215%), increased. In this context,
carbon-based nanomaterials can interact with the primary and accessory pigments in
the photosynthesis process and the allocation of nutrients within the plant. CNTs
present in the soil can move into the plant to access the cells of the leaves and finally
reach the chloroplasts [74].

The ability of plants to harvest light energy has been improved by placing CNTs
in the chloroplasts. This technology could work as artificial antennae allowing
chloroplasts to take advantage of green and near-infrared wavelengths, considering
that red, blue, far-red, and UV-A are the wavelengths that most plants use for
photosynthesis [68, 72, 74, 135]. An increase of the chlorophyll content in plants
is directly related to the ability to capture light energy and, therefore, the efficiency in
producing carbohydrates needed to create and accumulate biomass [134]. Moreover,
Liu et al. [136] established that CNTs act as a molecular carrier in the cell walls,
stimulating metabolism and crop growth.

Contrary, other investigations have established that they accumulate inside the
cell, causing adverse consequences by blocking nutrient transport, especially in the
roots, producing retardation in the plant growth [136, 137]. As for stress induction,
this technology has been found to generate oxidative stress, modifying plants’

Table 4 (continued)

Nanomaterial Concentration Plant Effect Ref.

dismutase activity
4000 and 8000 mg/
kg, NP aggregates
were found inside
vacuoles

Fe3O4 125, 250, 500,
and 1000 mg/
L

Barley Increased chloro-
phyll, soluble pro-
tein, and dry weight

Tombuloglu
et al. [128]
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physiological and biochemical responses as they increase the production of reactive
oxygen species [138]. CBNs can work as an elicitor, causing the upregulation of
various genes and changing the signal transduction patterns involved in secondary
metabolite biosynthesis, such as phenols and flavonoids [139].

Continuing with tomato, González-García et al. [140] evaluated the effect of
CNTs and graphene in different doses applied via foliar or drench, resulting in
beneficial effects in all the measured variables with both materials and both appli-
cation methods, where the best results presented an increase of 87% in root biomass,
120% in ascorbic acid, 65.5% in glutathione, and 56.8% in the antioxidant capacity
by the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical with CNTs via drench.

An increase of 196% in the activity of the APX enzyme and 281% in the activity
of the phenylalanine ammonia-lyase (PAL) enzyme was observed with CNTs
application via foliar. An increment of 72% in chlorophyll-a, 39% in chlorophyll-
b, 74% of the phenols content, 28.6% in flavonoids, 127% in the GPX activity was
observed with the application of graphene via drench, and 135% in the catalase
activity with graphene via drench. And finally, an increase of 19.4% in the protein
content for both CNTs and graphene materials was observed when the treatments
were applied via foliar.

Furthermore, González-García et al. [141] evaluated the effect of CNTs in tomato
crops infected with Alternaria solani, a fungal disease that causes severe damage and
substantial yield losses, reporting a reduction of 44% in the severity and an increase
of 5% of ascorbic acid, 11% in the net photosynthesis rate, and 20% of the flavonoid
content. Moreover, in the uninfected crop treated with CNTs, there was an increase
of 14% in plant biomass, 11% in the GPX activity, and 18% in fruit production,
leading to a 21% increase in fruit yield. CBTs can act as elicitors, playing an
essential role in plant growth regulation because they trigger the biosynthesis of
indoleacetic acid and abscisic acid and the expression of marker genes for cell
division and cell wall elongation [142, 143]. In addition, this technology has been
shown to increase the activity SOD, POD, CAT, and APX enzymes, which results in
the buildup of proteins in the roots, increasing resistance to pathologies [144]. Fur-
thermore, ascorbic acid acts as a critical substrate for detoxification and stable
maintenance of ROS in chloroplasts, peroxisomes, mitochondria, and cell
cytosol [145].

In addition, antioxidant enzymes defend cells from modifications caused by
oxidative reactive species since they neutralize those radicals [146]. Among these
enzymes, APX helps to diminish the oxidative state of chloroplasts [145]. GPX and
CAT are responsible for eliminating ROS and catalyzing the reduction of H2O2 to
prevent cell damage [147]. Finally, PAL participates in the phenylpropanoid path-
way, necessary in the antioxidant defense system [148]. These enzymes are pre-
cursors of the biosynthesis of phenolic compounds, which increases the antioxidant
capacity of plants and enhances protection against pathogens, improving tolerance
against biotic and abiotic stress [35, 57, 149].

However, it should be emphasized that the responses displayed depend on the
concentration of CNMs used. A hormetic response is seen in most experiments,
where low concentrations can cause eustress (beneficial effects) but high
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concentrations cause the opposite effect, called distress. This hormetic reaction is
constantly observed in plants as it is a dynamic adaptive response of complex
biological systems to various stress inducers [67, 150].

Younes et al. [151] studied the effect of graphene nanosheets on pepper (Capsi-
cum annuum L.) and eggplant (Solanum melongena L.) in 2 years of crop (Year
1 and Year 2), finding an increase of 21.8% and 23.1% in plant length, 41.6% and
41.4% in number of fruits per plant, 80.4% and 81.2% in fruit yield, 144% in
chlorophyll-a, 132% in chlorophyll-b, 143% in carotenoids, 124% in phenols, and
100% in flavonoids for eggplant and an increase of 21.43% and 22.8% in plant
length, 87.78% and 79% in number of fruits per plant, 121% and 119% in fruit yield,
126% in chlorophyll-a, 134% in chlorophyll-b, 42% in carotenoids, 53% in phenols,
and 95% in flavonoids for pepper.

However, a contrary effect was found by Hao et al. [152] with mesoporous
carbon in rice (Oryza sativa L.). Where produced a negative effect in all treatments
with a decrease up to 70% in the root length, 57.1% in shoot length, 33% in fresh
root weight, and 45% in fresh shoot weight and suppression of the brassinolide (BR),
indole propionic acid (IPA), and dihydrozeatin riboside (DHZR) phytohormone
concentrations. Phytohormones regulate various cellular processes in plants. They
function as chemical messengers to communicate cellular occupations and coordi-
nate specific signal transduction pathways throughout the abiotic stress response
[153, 154].

BR, IPA, and DHZ are essential to plant hormones that mediate plant growth,
metabolic processes, stimulation of cellular division, and generation of branches and
stem and promote leaf elongation and stress tolerance [155–157]. CBNs can induce
phytotoxicity, affecting the balance of phytohormones, including BR, JA, and ABA
[158, 159]. Nanomaterials can induce excessive amounts of ROS and can manipu-
late the expression of genes, resulting in changes in levels of phytohormones
[160, 161].

Carbon dots are new fluorescent materials characterized by a diameter below
10 nm, becoming a promising alternative because of their composition and
biocompatibility [162].

Wang et al. [163] described the effect of carbon dots in mung bean sprouts (Vigna
radiata), reporting positive effects with an increase in the carbohydrate content
(up to 21.9%), total fresh biomass (up to 14.9%), root vigor (36.1%), stem length
(up to 18.3%), electron transportation rate of the photosystem 1 (PS1) of leaves
(8.8%), chlorophyll content (14.8%), and general photosystem activity (10.4%),
compared to control.

In the same line, Park and Ahn [164] assessed the effect of multi-walled CNTs
(up to 2000 mg/L final concentration) in carrot (Daucus carota L.) seedlings,
reporting a significant enhancement in the total chlorophyll concentration in the
leaf tissue by 25–30%, but the seedling growth decreased by 10%. And in the same
specie, Siddiqui et al. [165] evaluated the effect of foliar spray of graphene oxide
solution reporting a significant increase in root dry weight (36%), shoot dry weight
(50.7%), plant fresh weight (15.8%), total chlorophyll (27%), carotenoid (18%), and
proline (7.6%).
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In contrast, Zhang et al. [166] evaluated different doses of graphene in roots and
shoots of wheat (Triticum aestivum L.) plants, reporting an inhibition in the forma-
tion of root hairs, inhibition of long-term biomass production, and as the chlorophyll
content. The PSII (photosystem II) activity was reduced but found a hormetic
response with a rise in the activities of the enzymes SOD and POD and promoted
root elongation up to 287%, which they explained might be attributable to the
increased levels of ROS and a change in the hormone-mediated pathways of auxin
and abscisic acid (ABA) that might also play a vital role in graphene-induced root
cell elongation as described by Cheng et al. [142]. Moreover, Vochita et al. [146]
studied the effects of graphene oxide in seedlings of the same species, reporting an
increase of 7.11% in root length, 11.21% in the SOD activity, 4.65% in the CAT
activity, and 6.50% in the POD activity but a decrease up to 22.48% in chlorophyll-
a.

Likewise, Li et al. [167] evaluated graphene oxide (GO), GO quantum dots
(GOQDs), and reduced GO (rGO) in wheat grains resulting in a decrease of
14–22%, 8–14%, and 22–28% in globulin; 11–25%, 16–17%, and 22–24% in
prolamin; 15.1%, 8.7%, and 24.1% in the ratios of the amide II to I; and 22–34%,
24–31%, and 25–36% in the total starch, composed primarily of amylopectin and
amylose, but a significant increase in soluble sugar accumulation, by 23–36%,
19–25%, and 19–35% for GO, GOQD, and rGO, respectively. Starch is the main
carbohydrate stored in crops. It is crucial to crop quality and nutrition [168, 169].

A decrease in the total starch content of plants is estimated to be a mechanism
used by plants to withstand stress. It involves the remobilization of contained starch
to release energy, sugars, and derived metabolites [169]. The accumulation of
soluble sugar (e.g., sucrose, glucose, and fructose) is an indispensable adaptive
mechanism for responding to abiotic environmental stresses [170].

Even though carbon-based nanomaterials boost industrial advancement, there are
concerns regarding possible environmental emissions. Interactions between released
nanomaterials and live species, as well as their incorporation into food chains, have
yet to be determined with yet unknown consequences [129]. It is critical to know
with certainty the toxicological effects that nanostructured systems can have on plant
organisms, regardless of their origin, whether as a product with a particular purpose
for agriculture or their entrance into the environment owing to contamination [34].

The research mentioned in this chapter showed that both positive and negative
effects could be observed with the application of CNMs, following a hormetic curve
where small doses may cause eustress and high doses may cause distress. It was clear
that this depended on the application route, dose, type of material, and exposure
times [134].

To react to the continuously changing environment, plants have evolved complex
internal and interplant signaling channels with different architectures. Plant
nanobionics describes the interface between living plants and nanotechnology,
where structural merits of plant organs and organelles have inspired the creation of
plant-derived structures through bio-interfacing with nanoparticles [171].

Plant nanobionics engineering can help to develop biomimetic materials for light-
harvesting and biochemical detection with regenerative properties and enhanced
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efficiency [74]. This new scientific field can contribute to the specific study of the
effect of nanomaterials on plants, investigating how to produce beneficial effects on
the primary and secondary metabolism and assuring that adverse effects will not be
produced in the health of people that consumes those crops.

6 Conclusion

The application of nanotechnology in the agricultural sector has generated positive
and promising prospects, which can be used to comply with food safety, producing
safe and adequate food for consumption. Nanostructured materials have revolution-
ized the agricultural sector, as documented in forage plants. The use of metallic
nanoparticles (NPs) and carbon-based nanomaterials increased the concentration of
secondary metabolites, helping to counteract various types of stress (biotic and
abiotic). Also, it has generated modification of the morphology of the plant, photo-
synthesis, and plant-substrate-microorganism interaction, as well as an increase in
the concentration of nutrients used by various types of animals, including those for
human consumption. However, although there is strong evidence of positive results
from the use of nanostructured materials in forage plants, more studies should be
generated in this regard since the effect of the nanoparticles and/or nanomaterials
used is variable depending on the type of nanostructured material used, the concen-
tration, type, and time of application, as well as the variety of forage plant to be used.
These studies will allow us to know with greater certainty the type of nanostructured
material that provides ecological, toxicological, and food safety in favor of general
well-being.
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Polymer-Based Nanoparticles (NPs):
A Promising Approach for Crop
Productivity

Fatima El Amerany , Fatima Zahra Aboudamia, Iman Janah,
Moha Taourirte, and Mohammed Rhazi

Abstract Recently, the production of nanoparticles (NPs) has become a new and
pioneering approach that can be exploited in several areas such as medicine,
agriculture, cosmetics, engineering, and environmental fields. The wide applicability
is due to their particular physicochemical properties, like small size with the big
superficial area, and high electronic properties. Regarding agricultural fields, differ-
ent kinds of NPs were applied. Among the successful nanomaterials that were used
to promote plant growth and productivity of crops, there are polymer-based NPs
(i.e., polysaccharide NPs, protein NPs, and lipid NPs). These nanomaterials were
used as a plant growth promoter and nanostructured carriers of antioxidants, phyto-
hormones, fertilizers (NPK), volatile organic compounds, and agrochemicals (her-
bicides, fungicides, and so on). Although there has been remarkable progress in the
development of polymer-based NPs to induce vegetative growth and the quality of
fruits and vegetables as well as to cope with environmental stresses, their mecha-
nisms remain unclear. Therefore, the present chapter will address three important
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points: (1) the effects of polymer-based NPs on plant physiology and fruits, (2) their
mechanisms in protecting plants from biotic and abiotic stress, and (3) how they
affect beneficial microorganisms (arbuscular mycorrhizal fungi and rhizobacteria).
The application of NPs in sustainable agriculture is a promising solution instead of
agrichemicals, which are unsafe to the ecosystem. The investigation of this novel
approach could be an efficient application in plant pathology and crop productivity.

Keywords Sustainable agriculture · Nanoparticles (NPs) · Crop production · Plant
protection

1 Introduction

Nanotechnology has been defined for the first time by the US Environmental
Protection Agency [1] as the discipline of studying and managing either substances,
atom arrangement, or procedures that function at a scale less than 10�7 m, where
unique physical properties make novel applications possible [2]. This science is a
pioneering field of interdisciplinary research that includes several fields such as
physics, electronics, chemistry, biology, and medicine. In the nonagricultural field,
this term is related to materials science and biomass conversion technologies, by
applying colloidal particles between 10 and 1000 nm in size [3]. In addition, it has
found several uses in the agricultural fields, such as nanofertilizers, nanopesticides,
nanobiosensors, or as environmental remediation agents [4]. The application of
nanomaterials (NMs) in agronomy wants to substitute the use of chemical substances
by smart delivery of compounds, to reduce the depletion and the loss of fertilizers’
nutrients, and to raise yields by providing an adequate amount of water and nutrients
[5]. Recently, with the circumstances of climate change such as high temperature,
drought, lack of arable land, salinity, water scarcity, frequent flash floods, urbani-
zation, and high demand for food, the application of nanotechnology for the agri-
cultural countries could be a good solution to increase the farm productivity, to
control the nutritional needs of the plant, and to minimize the use of fertilizers with
the costs of agricultural production and environmental pollution [6]. In the NMs,
particle dimension and their form, pore volume, and raggedness are physical char-
acteristics that precise the surface-to-volume ratio, which in turn influences other
features especially the charge or the fee energy per unit area [7]. Recently, the
manufacture and creation of nanoparticles (NPs) have grabbed considerable atten-
tion because of their faster impact with a lower dose, their faster penetration through
membranes, and their great potential in the different application fields, especially
agriculture [8]. Nowadays, enormous innovative NP products were produced. Some
of them were synthesized naturally by plants or microbial species (i.e., Limnothrix
sp. and Lyngbya majuscula), such as gold and silver NPs, while others were
developed by a human for multiple uses [9–11]. Three kinds of NPs (i.e., metal,
polymeric, and semiconductor NPs) have been engineered to ensure a slow release of
fertilizers, phytohormones, and active compounds, to encapsulate microorganisms,
to trigger signals, as well as to increase plant growth, its development, its resistance
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against phytopathogens, and the yield [12–15]. Polymeric NPs are particles made
from a class of multitalented materials such as poly-sugars (i.e., alginate, starch),
polypeptides (i.e., gelatin), or lipids (i.e., beeswax) [16]. These materials have been
extensively used in agriculture because of their diverse features like biodegradabil-
ity, not a hazard to the environment, biocompatibility, as well as adsorbing ions
[17]. Moreover, polymer-based NPs have additional features, essentially large
surface area, high reaction activity, and surface modifiability, which allow them to
be used for several purposes than raw material or metallic and semiconductor NPs
[18, 19]. Recently, different methods were developed for the production of poly-
meric NPs depending on the type of polymer used, its molecular weight, its dose, and
the goal of their application [20]. Ultimately, they have been appraised as a crucial
element for the development of sustainable agricultural practices due to their positive
impact on the environment as well as their beneficial outcome on many fruits and
vegetables; however, in some cases, their application shows neutral or negative
effects depending on plant species, application mode, and soil composition. The
purpose of this chapter is to present the latest advances in the production of polymer-
based NPs as promising approaches of nanotechnology, as well as the major results
regarding their application on plants’ and fruits’ production.

2 Polymer NPs: Types and Preparation Methods

The polymeric NPs could be nanocapsules or nanospheres in shape; this difference
was explained in the study of Yoo and Park [21] where they mentioned that the
nanocapsules are characterized with a polymeric cavity structure and inner hydro-
phobic phase (Fig. 11.1a), while nanospheres are described as an organized solid
matrix with the polymeric chains (Fig. 11.1b). Several kinds of natural or synthetic

Fig. 11.1 Schematic illustration of (a) nanospheres and (b) nanocarpsules applied in agriculture as
polymeric NPs
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polymers could be a source of polymer-based nanoparticles (NPs) by top-down or
bottom-up methods.

The most functional natural nanopolymers that are widely used in agriculture are
chitosan, alginate, pectin, cellulose, starch, lignin, polyaspartic acid, and beeswax
[22–24]. Their use is related to their low cost, simple and mild preparation methods,
stiffness, eco-friendliness, and low toxicity, and they can be applied by spray or as a
soil drench.

2.1 Chitosan NPs

The N-deacetylation of chitin leads to obtaining chitosan, a natural and plenty
polysaccharide worldwide. This biopolymer can be derived from different sources
like the exoskeleton of crustaceans [25], fish scales [26], insects [27], and fungi
[28]. The deacetylation of chitin could be chemically or biologically. The study of
Ohya et al. [29] gave rise to chitosan NPs for the delivery of antineoplastic agents
like 5-fluorouracil. Over the years, researchers have developed new methods based
on varied parameters such as stability retention time, size, and drug-loading capacity
[30]. Chitosan NPs could be obtained using various methods such as emulsification;
precipitation, in addition to ionic or covalent crosslinking; or amalgamation between
the two last methods. The primary method reported for the formulation of chitosan
NPs is emulsification and crosslinking based on the interaction between an aldehyde
group of the crosslinker and the amino group of chitosan. To carry out this method, it
is essential to prepare an emulsion formed from a mixture between an aqueous
solution and an oily phase. In the study of Jameela et al. [31], glutaraldehyde
crosslinker agent is mixed with toluene, and Span 80 is used as a stabilizer. Briefly,
after homogenization of the phases intensively, NP beads were formed after
crosslinking. Centrifugation could be used to separate easily NPs from the emulsion
with multiple washing steps. Finally, the obtained NPs undergo vacuum or freeze-
drying (Fig. 11.2).

The physicochemical features of chitosan play an important role in the precipi-
tation method, i.e., the non-solubility of this biopolymer in alkaline media will
facilitate the formation of precipitates. In brief, the realization of this method
requires the preparation of an alkaline solution from which the chitosan will be
blown using a compressed air nozzle forming droplets, followed by filtration or
centrifugation to separate, filter, and purify the particles. Finally, the obtained
particles undergo intensive washing by altering between hot and cold water as
shown in Fig. 11.3.

The principle of the ionic crosslinking method depended on the conglomeration
of chitosan with negatively charged macromolecules or the presence of a
crosslinking agent. The most common crosslinker used in this method is
tripolyphosphate. This method is recognized as the ionic gelation process because
there is a formation of gels due to ionic linkage as highlighted in Fig. 11.4.
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Chitosan NPs play an important role as nanocarriers that ameliorate the stability
and the delivery of active compounds [32]. The application of chitosan in agriculture
as NPs is advantageous because a small dose has a great effect. In addition, its
biological properties give them the possibility of being applied without any risk to
humans or the environment [33].

2.2 Alginate NPs

Alginate is a natural hydrophilic polysaccharide extracted from the rigid layer of
various species of brown algae. Alginate is characterized by a linear block polymer

Fig. 11.2 Preparation of chitosan NPs by emulsification and crosslinking method

Fig. 11.3 Chitosan NPs’ preparation by precipitation method
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of β-D-mannuronate and α-L-guluronate units; their rate will influence its physical
characteristics and orients its industrial application [34]. Alginate (NPs) could be
found as alginate nano-aggregates or alginate nanocapsules. The complexation of
alginate is easily done by adding a crosslinker agent like calcium from calcium
chloride or by mixing it with chitosan as polyelectrolyte [35]. The other method for
the preparation of nano-alginate is based on adding alginate to an oil emulsion
solution [36].

2.3 Pectin NPs

Pectin is a biocompatible and negatively charged polysaccharide that consists of α-D-
galactopyranosyluronate units [37]. Several studies have shown the possibility of the
formation of NPs based on pectin. Nanospheres of pectin were formed by adding
Ca2+ and CO3

2� ions [38] or glutaraldehyde as crosslinking agents [39]. In the
agricultural field, calcium pectinate NPs were formulated as water reservoir, and
their application could resolve the problem of scarcity of water in drought-stricken
countries [40].
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2.4 Cellulose and Starch NPs

Cellulose is the largest ubiquitous polysaccharide in the world. This linear polysac-
charide is a repetition of glucose units linked with β-D-(1 ! 4) linkages. Starch is
widely spread in plant tissues, as glucose units linked with α-D-(1! 4) and/or α-D-
(1! 6) linkages [37]. According to the literature, these two famous polysaccharides
have shown their feasibility of being in the form of NPs in the agricultural field. The
study of Zhang et al. [41] highlighted a facile synthesis of cellulose NPs with high
yield. In addition, many studies reported the preparation of cellulose NPs as
nanowhiskers [42–44], i.e., the study of Gu et al. [45] mentioned a simple method
of preparation of cellulose NPs via an ultrasound-assisted etherification and a
subsequent sonication process. On the other side, the study of Hasanin [46] reported
the possibility of the extraction of starch NPs from potato peel waste via simple
alkali extraction followed by ultrasonic treatment.

2.5 Lignin NPs

After cellulose, lignin is the most spread and renewable organic material on the earth
extracted from biomass [47]. This biopolymer is characterized by its irregularity and
complexity, containing three phenylpropanoid compounds (sinapyl, coniferyl, and
coumaryl) [48]. The insolubility property of lignin in water restricts its applications.
However, recently some papers have been shown the possibility of preparing
aqueous lignin NP dispersions [49, 50], and it has also been reported to have the
ability to improve the water absorption of materials [22]. Spherical lignin NPs were
prepared using a simple method by dissolving the non-hardwood in tetrahydrofuran
[51]. In addition, Yearla and Padmasree [52] have fabricated dioxane lignin NPs by
nanoprecipitation method from the solid wood dioxane lignin and nonsolid wood
alkali lignin.

2.6 Polyaspartate NPs

Polyaspartate (PASP) is a biodegradable functional and hydrophilic material. This
biopolymer is often used in wastewater treatment due to its high potential of metal
chelating via the carboxyl and amino groups [53]. PASP is developed as a nanoprobe
for the detection of iron ions [54]. In addition, another study highlighted a new
nonstoichiometric polyelectrolyte complex NPs based on chitosan and PASP
sodium salt [55].
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2.7 Beeswax NPs

In 1960, gas-liquid chromatography determined the components of beeswax [56];
this material as other lipids formed from a mixture of several classes of components
composed from a series of substances with a long chain varying by two carbon
atoms. Beeswax NPs are considered solid lipid NPs (SLNs); these kinds of NPs were
introduced in 1991. Their good tolerability, biodegradability, physical stability,
macroscale production efficiency, and feasibility to include in their lipid core the
lipophilic drugs have attracted big attention in different fields. In the same sense, a
study focused on the feasibility of preparing SLN by employing beeswax and
carnauba wax to incorporate ketoprofen [57].

3 Effects of Polymer-Based NPs on Plants

3.1 Application of NPs as a Growth Promoter

Plant growth promoters are all substances produced by plants to regulate their
biological processes and to ensure their safety. Even though a little amount of
these substances trigger major plant physiological and biochemical changes, in
some cases, they can have a neutral or an inhibitory effect, depending on the target
part of the plant and the moment of their biosynthesis. Therefore, an exogenous
application of natural or synthetic plant growth promoters at the most suitable
growth stages will ensure rapid growth [58].

Few reports showed that polymer-based NPs can act as a plant growth promoter
and induce seed germination and vegetative growth [59]. For instance, chitosan NPs
promote the growth of biophysical properties of coffee plants in greenhouse condi-
tions by increasing the pigment content, mineral and water assimilation, and respi-
ration rate [60]. Also, a low dose of chitosan NPs increases the germination and the
growth of wheat compared to bulk chitosan [61]. Due to the different properties of
NPs, their interaction with the plant allows morphological, genetic, and physiolog-
ical changes. Several factors can affect the NPs’ effect on the plant such as surface
covering, chemical composition, and reactivity. Regarding alginate NPs, the study of
Sharma et al. [62] showed that these NPs play an important role as water reservoirs,
which mixing them with plant’s soil exhibits better growth compared with the
control. This study proved that alginate NPs could be a good material to ensure
agricultural sustainability due to their high water retention capacity. For pectin NPs,
the study of Abdelrahman et al. [63] depicted large information about the stimuli-
responsive formulation made from mesoporous silica NPs-NH2-Pectin, a delivery
system for agrochemicals into plant cells. In addition, nanocellulose is known also to
be applied in agriculture due to its surface dimension, high width-to-length rate,
great transparency, and high toughness [64]. In the same sense, cellulose NPs can
also be used as a nanocarrier system of macronutrients (i.e., nitrogen) and to release
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slowly for 2 months [65]. Moreover, lignin NPs (LNPs) have been successfully
applied in the agricultural field as biostimulants of maize [66]. It has been found that
the maize seeds treated with LNP revealed important physiological and biochemical
responses such as an increase in seed germination rate, radical length, and the
content of photosynthetic pigments and flavonoids. The benefic effect of nano-
biopolymers in the agricultural field is related to the high potential of those bioma-
terial properties including mechanical, thermal, barrier, and physicochemical prop-
erties [67]. As reported in the literature, few experiments have studied polymeric
NPs’ effects on plants grown in normal conditions (without stress or biostimulants
presence). Therefore, further studies should shed light on the beneficial and adverse
effects of NPs on cell growth, metabolic responses, and gene expression.

3.2 Application of NPs for Controlling Environmental
Stresses

Plants are sessile living organisms, which makes them very sensitive to sudden and
slow changes in their living environment. These adverse environmental conditions
are coming from living and nonliving factors of an ecosystem such as fungi,
herbivores, bacteria, insects, salinity, drought, heavy metal, as well as low and
high temperatures. These stresses could affect the different aspects of the plant
through disruption of metabolic pathways and physiological and biochemical activ-
ities as well as the induction of cell dysfunction [68]. These changes vary depending
not only on the type and period of stress but also on the stage of the plant [69]. To
sustain life and to overcome the adverse effects of stress, plants must evolve a wide
range of defense mechanisms such as reducing the stomatal aperture, producing
phytohormones, changing gene expression, accumulating osmolytes, and scaveng-
ing the ROS system [70–73]. These mechanisms might improve plant tolerance
against environmental constraints and protect cells from oxidative damages
[74]. Nevertheless, when stress is severe and unmanageable by plants, an effective
approach must be taken into consideration to control stress. The application of
nanotechnology techniques has already been considered, in regard to improving
the growth and protection of plants. It has been proven that NPs acting as
biofertilizers, biopesticides, or microbicides could help plants deal with different
environmental stresses and improve their productivity [75–77]. Moreover, the appli-
cation of NPs under environmental stresses has a regulatory effect on plants [78–
80]. The positive effect of NPs has been observed on several plants such as broad
bean [81], rice [82], tomato [83], wheat [84], cowpea [85], and cumin [86]. Numer-
ous investigations exhibited that the impact of NPs on plants could be phytotoxic
[87, 88] depending on the nature and dose of NPs [89]. Nevertheless, polymer-based
NPs which are known for their low toxicity would be the promising approach that
could maintain green agriculture [90]. Chitosan-based NPs are bio-elicitors and
nontoxic with high permeability and high film-forming capacity [91], which possess
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various physicochemical characteristics and biological activities. To date, there are
only a few reports that showed the effect of polysaccharide NPs on plant defense and
protection. Thus, in this section, we will review the effects of chitosan NPs as an
eco-friendly mechanism which enhance plant tolerance to some environmental
stresses such as salt, drought, heavy metal, and biotic stress.

3.2.1 Role of Chitosan-Based NPs in Plants Exposed to Salt Stress

Salinity is regarded as one of the major nonliving factors hindering plant growth and
productivity [92]. The excess of Na+ and Cl� ions in irrigation water or soil could
cause many metabolic disorders such as oxidative stress, nutrient imbalance, and
ionic toxicity [93]. Thus, chitosan NPs’ application has shown great potential in
mitigating adverse effects of salt stress (Table 11.1).

For example, Sheikhalipour et al. [95] suggested that the treatment with
20 mg L�1 of selenium functionalized using chitosan NPs enhances the shoot height
(19%), root length (13%), leaves’ fresh weight (16%), root fresh weight (12%),
leaves’ dry weight (24%), and root dry weight (13%) under 100 mM of salt stress,
compared to control. The growth-promoting effect of chitosan-based NPs might be
due to the stimulation of the biosynthesis of some phytohormones such as auxin and
gibberellins which are involved in plant growth [110]. Also, Sen et al. [96] showed
that proline, sugar, and protein content were substantially increased by the applica-
tion of nano-chitosan under salt stress. The accumulation of osmoprotectant com-
pounds in the cytoplasm plays a critical role in osmotic adjustment in plants
(Fig. 11.5). This accumulation is maybe due to the increase in the synthesis of
these compounds or reduction of their degradation in response to saline conditions.
Analogous responses have been denoted by Hassan et al. [98], which added that the
increase in the number of osmoprotectant compounds is mainly due to the increase in
the level of both enzymatic antioxidants, such as glutathione S-transferase (GST),
and nonenzymatic antioxidants (phenolic compounds, ascorbate (ASA), caroten-
oids, flavonoids, and glutathione (GSH)) (Fig. 11.5). Furthermore, the use of
chitosan NPs induced the expression of superoxide dismutase (SOD) and jasmonic
acid genes, which activate the antioxidant system [111]. In this way, the unpleasant
effects of saline stress could be decreased or avoided.

3.2.2 Effect of Chitosan-Based NPs in Plants Exposed to Drought Stress

Drought stress is the major environmental problem that humanity is facing today.
During water deficiency, closing stomata is the first reaction done by the plant to
limit water loss. But, if it lasts for a long time, it could drastically reduce agricultural
yield by more than 50% [112]. Overall, drought stress could affect the morpholog-
ical, physiological, and nutritional characteristics of plants [113]. The use of
chitosan-based NPs can mitigate its adverse effects (Table 11.1 and Fig. 11.5).
Leung and Giraudat [114] reported that chitosan application could induce hydrogen
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Table 11.1 Different results regarding the nano-chitosan impact on plant growth and its metabo-
lism under environmental stresses

Plant species

Polymer-
based NP
treatments

Type of
stress Impacts References

Maize
(Zea mays L.)

Nitrogen
monoxide
delivering
chitosan NPs

Salt stress –Amelioration of Photosystem
II activity, chlorophyll content,
and plant growth

[94]

Stevia
(Stevia
rebaudiana
Bertoni)

Selenium-
chitosan NPs

Salt stress –Increase of plant growth,
photosynthetic performance,
and antioxidant enzyme activ-
ity
–Reduction in electrolyte leak-
age and the content of H2O2

and MDA

[95]

Mung bean
(Vigna radiate
L.)

Nano-sized
chitosan

Salt stress –Improvement of plant devel-
opment
–Increase in photosynthetic
pigment
–Reduction in H2O2 and MDA
content

[96]

Bean
(Phaseolus
vulgaris L.)

Chitosan NPs Salt stress –Promotion of seed germina-
tion
–Increase in the level of chlo-
rophyll a and b, CAT, proline,
RWC, carotenoids, and anti-
oxidant enzymes

[97]

Periwinkle
(Catharanthus
roseus L.)

Chitosan NPs Salt stress –Accumulation of CAT, APX,
and glutathione reductase

[98]

Periwinkle
(Catharanthus
roseus L.)

Chitosan NPs Drought
stress

–Enhancement of plant growth
–Induction of CAT and APX
enzyme activity
–Raise in the content of alka-
loid and the expression of
deacetylvindoline-4-O-
acetyltransferase,
geissoschizine synthase, per-
oxidase 1, and strictosidine
synthase genes

[99]

Sugarcane
(Saccharum spp.)

S-Nitroso-
glutathione
chitosan NPs

Drought
stress

–Increase in photosynthetic
rates and root/shoot ratio

[100]

Cotton
(Gossypium L.)

Nano-
chitosan-
NPK

Drought
stress

–Increase in stem length and
number of fruiting nodes per
seedling
–Improvement in the number
and weight of open bolls, seed
ratio, and lint percentage

[101]

(continued)
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Table 11.1 (continued)

Plant species

Polymer-
based NP
treatments

Type of
stress Impacts References

Wheat
(Triticum
aestivum
cv. Pishtaz)

Chitosan NPs Drought
Stress

–Increase in leaf area, the con-
tent of relative water and pho-
tosynthetic pigments, activity
of catalase and superoxide
dismutase, and rate of photo-
synthesis
–Improvement of yield and
shoot and root biomass

[84]

Tomato
(Solanum
lycopersicum L.)

Chitosan NPs Cadmium
stress

–Reduction in MDA content
–Improvement in the content
of enzymatic and
nonenzymatic antioxidants and
osmoprotectants

[102]

Moldavian balm
(Dracocephalum
moldavica L.)

Chitosan-
selenium NPs

Cadmium
stress

–Reduction in MDA and H2O2

levels
–Improvement of agronomic
traits, photosynthetic pig-
ments, and chlorophyll fluo-
rescence parameters
–Increase in the level of pro-
line, phenols, essential oils,
and antioxidant enzyme
activities

[103]

Thorn apple
(Datura stramo-
nium L.)

Chitosan NPs Cadmium
stress

–Increase in peroxidase and
polyphenol oxidase activities

[104]

Tomato
(Solanum
lycopersicum)

Copper-
chitosan NPs

Pathogenic
fungi

–Inhibition of mycelial growth
–Delay in spore germination

[105]

Tomato
(Solanum
lycopersicum L.)

Chitosan NPs Wilt disease
(Fusarium
andiyazi)

–High antifungal activity
–Upregulation of PR proteins
and antioxidant genes

[106]

Chick pea
(Cicer arietinum
L.)

Chitosan NPs –Fusarium
oxysporum
–

Pyricularia
grisea
–Alternaria
solani

–Promotion of the growth of
chickpea seedlings
–Inhibition of the growth of
phytopathogens

[107]

Maize
(Zea mays L.)

Copper-
chitosan NPs

Curvularia
leaf spot

–High activity of plant defense
enzymes such as phenylalanine
ammonia-lyase (PAL) and
polyphenol oxidase (PPO)

[108]

Wheat
(Triticum
turgidum L.)

Chitosan NPs Fusarium
head blight
disease

–Reduction in the density of
hyphal branches and number of
colonies formed

[109]
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peroxide (H2O2) production in the guard cells which therefore increased the levels of
abscisic acid leading to inhibiting the opening of stomata. Furthermore, a recent
study has shown that the application of chitosan NPs at 90 ppm on wheat signifi-
cantly increased leaf area, SOD and catalase (CAT) activities, and chlorophyll
content [84]. The increase in chlorophyll content under water stress conditions
could be linked to the induction in the endogenous level of cytokinins, a stimulator
of chlorophyll synthesis, or to the release of mineral elements from chitosan such as
nitrogen which is an essential component in the tetrapyrrole ring of chlorophyll.
Furthermore, foliar spray of 0.1% chitosan nanoemulsion has induced changes in the
photosynthetic apparatus of pearl millet [115]. These changes might be referred to
the increase in the number of chloroplasts; the improvement of the activity of
RuBisCo, which is a key enzyme of photosynthesis; and the limitation of CO2

diffusion into the leaf, which therefore caused stomatal closure. In addition, Silveira
et al. [100] reported that S-nitrosoglutathione filled into chitosan NPs effectively
alleviated the detrimental effect of water stress on sugarcane plants. Also, the
potential role of chitosan NPs in protecting plants under drought stress could be
due to their ability to delay the release of nitric oxide.

3.2.3 Impact of Chitosan-Based NPs on Plant Exposed to Heavy Metal
Stress

The pollution of water or soil by heavy metals causes a crucial environmental
concern worldwide. The increased level of heavy metal negatively affects soil
quality, plant growth, as well as human living [116]. Cadmium is one of the most
toxic heavy metals because it is characterized by its high mobility in plant cells
[117]. It could disrupt plant metabolism and cell membrane structure and function,
dysregulate phytohormones’ biosynthesis and signaling, reduce photosynthetic effi-
ciency, and lead to membrane lipid peroxidation [118, 119]. Different studies have
demonstrated that chitosan NPs could alleviate cadmium toxicity effects
(Table 11.1). The translocation of cadmium ions from roots to leaves could be
reduced by chitosan application; thereby plant growth is enhanced. The effect of
chitosan could be due to its large number of active amino and hydroxyl groups,
which chelate Cd2+ ions and store them in vacuoles and other organelles to maintain
heavy metal homeostasis [120]. Also, the application of chitosan-selenium NPs
could be an effective tool against the adverse effects of cadmium because they
protect cell membranes and decrease H2O2 and malondialdehyde (MDA) content
[103] (Fig. 11.5).

3.2.4 Impact of Chitosan-Based NPs on Plants Exposed to Biotic Stress

Regarding biotic stresses, plants can defend themselves and minimize damages
occurred from herbivores’ attacks and pathogen disease through multiple defense
mechanisms. Among them, there is the building of a rigid cell wall structure to limit
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the invasion of microorganisms inside the plant cells and the production of lignin,
toxic chemicals such as α-tomatine, and pathogen-degrading enzymes or making
symbiotic relationship [121–125].

To prevent the loss of agricultural products, farmers are focusing now on the
cultivation of plants with genetic disease resistance or applying the plant resistance
inducer like NPs (Table 11.1 and Fig. 11.5). In tomato, Chun and Chandrasekaran
[106] depicted that chitosan NPs have antifungal activity against phytopathogenic
fungi, and this is probably due to the activation of plant defense genes such as
chitinases and glucanases. Likewise, Cu-chitosan NPs were successfully controlled
by Alternaria alternate, Macrophomina phaseolina, and Rhizoctonia solani which
their growth was reduced by about 89.5, 63.0, and 60.1%, respectively, in compar-
ison to the control [106]. Also, another study showed that the application of a very
low dose of chitosan NPs (0.1%) could inhibit spore germination (up to 87.6%)
[106]. Furthermore, their application on finger millet leaves has delayed the blast
symptom expression by about 64% [107]. This protection could be due to either the
activation of the defense response in plants or the inhibition of fungal RNA synthe-
sis. Although chitosan is effective against bacteria [126]; however, to our knowl-
edge, there are no data about the antibacterial potential of nano-chitosan. Thus, it
might be interesting to study their ability to protect plants from harmful bacteria (i.e.,
Pseudomonas syringae pv) and their mechanisms on defense phytohormones, plant
metabolome, and defense enzymes.

3.3 Application of NPs with Biostimulants

Over the past three decades, several innovative agricultural methods and techniques
have been proposed to improve agricultural production and to reduce the use of
agrochemicals which have adverse effects on the ecosystem. Among the promising
innovation approach that respects the environment, there is the use of biostimulants
[127]. They are generally substances and microorganisms which when either primed
seedlings and seeds or applied to a growing substrate could modify all plant
processes (physiology, biochemistry, and molecular responses) [127]. Indeed, the
application of biostimulants offers potential benefits, such as the improvement of
seedlings’ development, yield, and nutrient assimilation, the acceleration of
flowering and fruit set, as well as the increase of plant tolerance to environmental
stresses [128, 129]. Biostimulants could be divided into two main groups: i) bene-
ficial microorganisms, such as plant growth-promoting (PGP) fungi,
endomycorrhizal fungi (AMF), and PGP rhizobacteria (PGPR), and ii) substances
from plants and animal materials, such as chitosan, alginate, and humic acid or
organic materials like vermicompost, compost, and seaweed extracts that are rich in
organic and amino acids as well as phytohormones [130]. Recently, several scientific
researchers have tested whether the effect of biostimulants on plants could be
promoted by adding either chitosan NPs, alginate NPs, or fullerene NPs.
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3.3.1 Beneficial Microorganisms

In the earth, various fungal and bacterial strains could colonize the rhizosphere and
plant tissues for a mutually beneficial exchange. For example, some of them could
suppress pathogenic microorganisms through competition for food, while others
could fix the atmospheric nitrogen via root nodules; increase the uptake of nutrients
that are limited in the soil and those that are inaccessible by plants, such as
polyphosphates, via mycelium; as well as produce secondary metabolites (volatile
compounds, phytohormones, polymers) that could either control cell functions and
metabolisms or prime plants for defense responses [131–133].

Recently, there has been a major increase in the synthesis of metal NPs
[134]. Most of these synthesized NPs were used to fertilize soil without altering
the growth of the microbial community. Additionally, some antagonistic microor-
ganisms that belong to the PGP fungi class, such as Trichoderma viride and
T. harzianum, can naturally synthesize chitosan NPs and silver NPs, respectively,
with a very low average size, around 25–89 nm [135, 136]. However, the mecha-
nisms leading to the biosynthesis of polymer-based NPs by T. viride remain
unknown. Some studies have demonstrated that the biosynthesis of these NPs
would require the presence of pathogens, such as Sclerotinia sclerotiorum
[137]. Upon sensing the cell wall of pathogens, Trichoderma strains could secrete
NADA co-enzyme and NADA-dependent enzymes (nitrate reductase) which are
important for NP biosynthesis [137, 138].

Moreover, the application of chitosan NPs, with a diameter size between 50.748
and 141.772 nm, in combination with T. viride has increased plant disease resistance
and reduced maize late wilt caused by Cephalosporium maydis [139]. This reduction
was related to the increase in the activity of acid phosphatase enzyme.

As far as we know, no study had studied yet the impact of chitosan NPs produced
by Trichoderma spp. on their growth as well as whether the exogenous application
of these NPs affects the action mechanisms of these fungi. Moreover, some studies
reported that chitosan could interact with Trichoderma spp. in different ways,
depending on the dose applied. Zavala-González et al. [140] have reported that the
growth rate of T. pseudokoningii, T. harzianum, and T. koningiopsis was around
22–53%, 68–81%, and 100%, respectively, under the application of 0.5 mg mL�1 of
chitosan to different growing media. Additionally, when a high dose of chitosan (1 to
2 mg mL�1) was applied, the growth of T. koningiopsis strain was not affected
because its cell wall had a lower level of linolenate (C18:3) and a high level of
stearate (C18:0), in contrast to those chitosan sensitive, like T. harzianum, which had
a high level of polyunsaturated free fatty acids [140–142].

Chitosan NPs may have positive or negative effects on AMF growth as well as
their impacts on plants. The effect of chitosan NPs on mycorrhizal symbiosis could
be related to various factors including size, concentration, and crosslinker used for
the preparation of NPs, physicochemical properties of soil, and fungal species
[143]. El-Gazzar et al. [139] reported that chitosan NPs (0.1 g mL�1) applied to
seeds increased the frequency and intensity of Glomus mosseae colonization as well
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as the number of arbuscules, therefore controlling late wilt. However, El Amerany
et al. [144] reported that foliar spraying of leaves with chitosan NPs (250 mg L�1 to
1000 mg L�1) reduced mycorrhization rate as well as the transcript level of fungal
biomass (RiBtub) and AM-specific phosphate transporter (SlPT4) genes, and there-
fore, tomato plant biomass and flowering of mycorrhizal plants were as well
affected. The failure of the mycorrhizal network was supposed to be related to the
down expression of an acidic isoform of the chitinase (Chi3) gene that is important
for fungal growth.

Regarding PGPR, some studies demonstrated that chitosan NP application has
strengthened the activity of Bacillus spp. and Pseudomonas aeruginosa due to the
increase in the level of enzymatic indicators of soil health (dehydrogenase, fluores-
cein diacetate, alkaline phosphatase, nitrogenase reductase, nitrous oxide reductase,
nitrite reductase, nitrate reductase), the growth (seed germination, leaf area, stem
height, root length) of Zea mays and Bidens pilosa, as well as the accumulation of
plant metabolism (alcohol, add ester, hydrocarbons) [145, 146]. Additionally, Atalla
et al. [147] reported that the use of Cu-chitosan NPs, with a diameter size of 220 nm,
in combination with fermented maize wastes by Pseudomonas fluorescens and
T. harzianum reduced maize diseases. The production of antimicrobial protein,
such as α-amylase and β-amylase, by beneficial microorganisms under
Cu-chitosan NPs application, was demonstrated to be the most important metabolites
involved in reducing disease severity. Moreover, chitosan NPs could be used as
herbicide (imazapic and imazapyr) nanocarrier to reduce their toxicity on plant
development; however, the encapsulated herbicides could alter the growth of ben-
eficial bacteria [146].

Polymer-based NPs are used not only for the encapsulation of substances but also
nano-enclosing of beneficial microorganisms. For example, alginate-silica NPs were
used for enclosing either Pseudomonas fluorescens VUPF5, Bacillus subtilis VRU1,
or their metabolites (i.e., auxin), and these nanoformulations had a positive impact
on shoot number and length, root architecture, and fresh weight of pistachio
[148, 149].

A summary that shows polymer-based NP effect on different beneficial microor-
ganisms was illustrated in Fig. 11.6.

3.3.2 Substances and Organic Materials

Despite the outstanding results that have been achieved through the application of
beneficial microorganisms, in terms of improving yield and soil fertility, however, in
some cases, their application is not feasible in the presence of harmful or competing
microorganisms and because of the inappropriate soil conditions, such as high level
of phosphate, as well as a slow population development [150, 151]. Thus, emerging
interest has been focused recently on providing an organic amendment like compost
which could be produced in a huge quantity through the controlled fermentation
(or composting) of different kinds of organic wastes (plant residues, animal manure,
and urban, municipal, and industrial waste) and for the shortest period [152].
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The production of compost has dual benefits. It could solve the problem of the
deposition of a large number of unwanted residues as well as be an amendment for
improving crops’ traits. The agronomic effects of compost are due to its richness in
nutrients; phytohormones (i.e., indole acetic acid); simple compounds of low struc-
tural complexity, such as phenols, quinones, carboxylic acids, and ethers; and the
presence of bacterial and fungal groups [153, 154]. The richness of compost makes
them able to improve water and nutrient retention capacity, plant growth and its
development, and disease suppression [155]. Also, its components can interact with
other biostimulants, therefore affecting their impacts on plants. For instance, some
studies showed that fullerene (C60) NPs could absorb humic acids in the presence of
Ca2+ [156], while El Amerany et al. [151] showed that compost components could
bind the amino groups of chitosan and this combination has increased shoot and root
biomass, leaf area, stem development, chlorophyll fluorescence, and nutrient uptake
(i.e., N, P, Mn, Mg, Na, Ca, Si, Fe, and Zn) of tomato plants. In regard to chitosan
nanoscopic morphology, Ibrahim et al. [157] showed that chitosan NP (40 ppm)
application in combination with vermicompost (6 tons/feddan) has increased plant
height, branch and capsule number, herb fresh and dry weights, volatile oil level, and
mineral nutrient (N, P, and K) content of black cumin (Nigella sativa L).

3.4 Effects of Polymer-Based NPs on Fruit Development
and Quality

Fruit production is a critical phase for any fruiting crop species. It depends on several
stages including flower formation, anthesis, fertilization, fruit set initiation, growth,
maturation, and ripening. To get high fruit quality with freshness and long shelf life,
scientists are trying to find methods or chemical additives that could trigger positive
effects on the plant system [158–160]. Among these methods, they are the use of
polymer-based NPs that have proven their effectiveness on plant growth perfor-
mance. Chandra et al. [161] showed that chitosan NPs’ application to shoots has
induced the transcript level of β-1,3-glucanase gene that involves in increasing plant
protection against harmful microorganisms and ameliorates plant development and
physiology which include cellular division, flower production, seed maturation, and
pedicel abscission. This is in concurrence with the acquired results by Behboudi
et al. [84]. Recently, new formulations based on chitosan NPs containing phytohor-
mones or inorganic elements were tested on shoots, roots, and seeds, to see whether
they could impact fruit growth and its quality. For example, Kumaraswamy et al.
[162] reported that applying SA-chitosan NPs to either seeds or leaves of maize was
an effective approach that reduced flower alteration and yield loss caused by
Fusarium verticillioides, while other studies showed that priming seeds and leaves
of maize with either Cu-chitosan NPs, Zn-chitosan NPs, or chitosan-silicon NPs has
increased grain yield by about 29%, 51%, and 187%, respectively, in comparison to
non-treated plants [108, 163, 164]. Promotion in the number of spikelets and grain
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yield was also observed after foliar spray of chitosan NPK NPs and chitosan NPs
containing N-acetyl cysteine on wheat (Table 11.2).

Also, the study carried out on tomatoes showed that priming seeds with chitosan
(or chitosan-alginate) NPs containing GA3 has a positive effect on fruit productivity
[171]. Fruit number was induced by about 60% under the application of chitosan
NPs containing GA3, and fruits’ fresh weight was increased by about 28% after the
application of chitosan-alginate NPs containing GA3, in comparison to control. The
difference in effect could depend on the divergence in physicochemical features of
polymers, chitosan, and alginate, which influence the duration of GA3 release. Santo
Pereira et al. [171] demonstrated that the release of GA3 from chitosan NPs was
faster than from the chitosan-alginate NP system. During the bud formation phase,
the exogenous application of GA3 could stimulate flower bud development and
flowering-associated gene (squamosa promoter-binding protein-like (SPL) and sup-
pressor of overexpression of CO1 (SOC)) expression as well as increase flowering
quality and the level of endogenous hormones such as GA and IAA [180, 181]. Also,
its application during flower opening and fruit production could increase the devel-
opment of fruit (size, growth, and setting) and its nutritional composition (sugars,
flavonoids, anthocyanins, phenolic compounds, and antioxidants) [182]. Thus, the
initial release of GA3 from chitosan stimulated flower formation, and therefore fruit
number is induced; however, the induction in fruit biomass under the application of
chitosan-alginate NPs could be explained by their release of GA3 during fruit growth
and ripening. Even many reports showed to what extent can the application of
polymer-based NPs, during seed germination to fruit maturation, be effective on
agricultural productivity, but there is no study regarding their effect on fruit quality.

The totality of agricultural products intended for human consumption does not
reach its recipients due to losses during the so-called “postharvest” which is a phase
that includes stages between harvest and processing of products for food. This phase
can affect the quality of climacteric fruits as well as the ripening of those
non-climacteric fruits. To decrease the unfavorable effects of chemicals and envi-
ronmental stresses on the quality of fruits during storage, the coating was applied. It
is used as a passive or as an inactivate barrier to regulate transpiration and volatile
compound loss [183]. During the twelfth and thirteenth centuries, a monomer such
as wax was the first film used on fruits [184]. Then, new and transparent materials
have been developed to be used for short-term storage. Nowadays, different kinds of
polymer-based NPs are used to maintain the quality of bananas, grapes, raspberries,
persimmon, mango, sweet cherries, strawberry, and guava (Table 11.2). Coating
fruits with chitosan NPs could maintain the color and the firmness due to delaying
the maturation process and the microbial growth (Fig. 11.7 and Table 11.2). Also,
their incorporation in hydroxypropyl methylcellulose films could prevent water and
aroma loss and protect fruits from oxidative reactions and mechanical damage [185].

Moreover, the incorporation of various compounds such as amino acids (i.e.,
phenylalanine), unsaturated fatty acids, polysaccharides (i.e., xanthan gum), syn-
thetic additive (i.e., propylene glycol and polyethylene glycol), and mineral ions
(i.e., Ag+) into polymer-based NPs improves their efficiency and functionality
(Table 11.2). Releasing these compounds (or ions) from the coating materials onto
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the surface of fruits increases the level of antioxidant (i.e., ascorbic acid, sugars,
phenolic compounds) and antioxidant enzymes (SOD, CAT, and peroxidase ascor-
bate (APX)) and stops unwanted reactions, especially discoloration and enzymatic
browning (Table 11.2 and Fig. 11.7).

3.5 The Fate of Polymeric NPs

Polymer-based NPs are complex molecules that are composed of three layers: (1) the
outer layer or crust could interact and make complexes with materials, molecules,
and ions; (2) the mantle is made of a chemically different material from the core, and
this characteristic allows them to protect the encapsulated stuff; (3) the core is the
inner space responsible for establishing the encapsulation property of NPs [186].

Polymer-based NPs are unstable particles due to their ability to change rapidly or
to react with the active agent to reach a state considered relatively stable [187]. How-
ever, this interaction could lead to oxidation, ion exchange, deformation, assembly,
and aggregation of polymer-based NPs and affect their sizes, structures, chemical
composition, and their impacts on plant tissues as well soil structure and microbiota
[187]. The literature shows that the nanometer size of NPs allows them to go through
cells and react with molecules; but, as far as we know, no report has shown yet the
fate of NPs after their application either on plants or soil microbia.

The cell wall of plants is a selective and protective barrier that protects cells from
environmental factors and restricts the entry and the egress of substances. But, it is
well known that only substances of small diameter size can enter plant cells through
leaf’s stomata which makes a hypothesis that leaf guard cells could be the target of
polymer-based NPs [102]. Avellan et al. [188] hypothesized that NP uptake could be

Polymer-
based NPs
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fruits

Lessening ethylene
production

Polymeric NPs
Phenylalanine
Unsaturated fatty acids
Xanthan gum
Chitinase
Microorganism

Glucanase

Antioxidants
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Tissue repair

Oxidation controlled Microbial decay
inhibition

Defense
related
genes

H2O

O2

Fig. 11.7 Proposed model illustrating the impact of coating fruits with polymer-based NPs
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done via a plant cuticle that contains small hydrophilic pores or a stomatal pathway.
Aziz et al. [189] showed that chitosan application could enter the stomata and
translocate inside wheat plants through phloem cells. Also, Abdel-Aziz et al. [170]
proved that chitosan NPs could be taken up by plants and move between leaves and
roots through the phloem route.

Moreover, applying NPs, with a diameter size less than 50 nm, to shoots has been
shown to accumulate in younger leaves, roots, and the rhizosphere soil; but their
uptake and translocation are depended on their size and structure [188]. The accu-
mulation of NPs in leaf surface increases for smaller sizes NPs. Regarding larger
NPs, the particles efficiently cross the plant cuticle layer and then accumulate in the
mesophyll cells or plant vasculature.

Even though various studies examined the foliar uptake of NPs as well as their
mobility outside or inside plant cells, it remains unclear whether they were degraded
when they passed through cells and what form of NPs was taken up by the plant.

3.6 Conclusion and Future Perspective

It was concluded that the nature and the chemical properties of polymer NPs play an
important role regarding their impacts on the plant system. They could increase plant
growth and development, ameliorate fruit attributes and quality, stimulate fungal and
bacterial growth, and enhance plant tolerance to water, salt, toxic elements, and
pathogens. Despite many reports demonstrating their benefits on crops, there is no
certain information regarding their action mechanisms. This could be attributed to
the structure of polymer used, size of particles, or coated substances. But a clear
insight to understand their impact on plant physiology, metabolic, and gene machin-
ery are still missing. Also, given the importance of chitosan NPs on plants and
microbiota, it remains unknown how another type of polysaccharide, such as lignin,
starch, and cellulose as well as those from proteins and lipids, could affect the
agricultural products.
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Abstract A critical milestone in the discipline of nanotechnology is the progress of
trustworthy and eco-benevolent pathways for the production of diverse metallic
nanoparticles (NPs). Among all noble metal NPs, platinum nanoparticles (PtNPs)
are gaining popularity due to their biocompatibility and catalytic characteristics.
Numerous natural active biomolecules detected in plant broths, such as enzymes,
coumarins, steroids, alkaloids, polyphenols, terpenoids, flavonoids, proteins, and
vitamins, may have a role in PtNPs bioreduction, production, and stability. In
addition, several contributions have been made in the recent decade to produce
eco-accommodating synthesis processes that prevent toxic intermediates. This chap-
ter presented an insight into recent advancements in biogenically assisted PtNPs
production, characterization tools, and implications in medicine and the pharmaceu-
tical industry.
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1 Introduction

The enormous proliferation of advanced nanotechnology in daily life, such as
agriculture, energy, catalysis, food, optics, medicine, sensors, defense, cosmetics,
medicines, and textile, has been experienced worldwide, and nanotechnology is now
considered an essential need of advanced technology [1–5]. Nevertheless, synthe-
sizing materials with precise properties through synthetic strategies remains an
arduous issue. The usage of living organisms for NP synthesis has been revealed
to be a cost-effective and eco-accommodating approach. The elemental composition,
precise size, and morphologies of the NPs are altered as required by controlling the
metrics. In this modern era, eco-benevolent fabrication of NPs is emphasizing viable
chemical strategies to accomplish reliable progressive aims, and interest in
eco-benign production of NPs is rapidly expanding globally [6–11]. Considering
the state of environmental contamination [12–14], eco-benign strategies for prepar-
ing NPs must be developed to prevent the use of chemicals and minimize waste
formation [15–18]. Renewable resources and environmentally friendly solvents are
used in biogenic synthesis [19–25].

Moreover, nanobiotechnology is a concept used to describe the effective connec-
tion between modern nanotechnology and biology [1–11]. Modern
nanobiotechnology is a versatile and intriguing discipline of modern nanotechnol-
ogy that involves a divergent study segment, including biology, material chemistry,
advanced engineering, medicine, and physics [21, 22]. Because biological entities
may access more components for the production of NPs, advanced nanotechnology
has much more effective merits than the other traditional strategy. Advanced
bionanomaterials should be produced employing the rich biodiversity of related
biological entities [18].

Due to their peculiar crystalline, optical, and catalytic characteristics, platinum
nanoparticles (PtNPs) are especially useful for effective biomedical and catalytic
uses [26, 27]. During the preliminary stages of PtNPs synthesis, chemical and
physical approaches were extensively applied [28, 29]. The physicochemical
approaches ensure that the crystallographic structure of the NPs can be modified to
produce the desired topology and size [30, 31]. Despite this, nasty chemicals and
rigorous synthesis conditions eventually result in health and environmental prob-
lems. As a result, “green chemistry” is required to produce environmentally bene-
ficial materials [1, 8, 32]. As a result, plant-mediated fabrication has been included in
the manufacturing of PtNPs. For the effective extracellular production of NPs,
microbial biomass and plant broths are versatile but efficient sources [33]. Further-
more, bioactive compounds stimulate metal NP bioreduction, reducing or stabilizing
the manufacturing process [1, 22]. However, research into the biosynthesis of PtNPs
is restricted. No study has looked at the bioreductive mechanism included in the
plant-assisted fabrication of PtNPs, as well as the factors that influence it.

This chapter covers a comprehensive description of the methodologies for syn-
thesizing PtNPs and the parameters that affect the biogenic production of PtNPs.
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2 Synthesis of PtNPs

The topology, composition, size, and crystal structure of PtNPs and the existence of
a capping agent all affect their biomedical and industrial implications [26, 31, 34,
35]. The optimization of these intrinsic characteristics has demanded the develop-
ment of advanced fabrication techniques. Previously obtained data has guided the
alteration and functionalization of PtNPs for biomedical applications, illustrating
that the physicochemical characteristics and stability of the multifunctional NPs in a
biological culture perform critical involvements in deciding their harmfulness or
safety levels. Biocompatibility, carefully defined characteristics, and pollutant
processing are major obstacles to the prospective use of PtNPs as antioxidant
materials and drug carriers [35, 36]. The diverse fabrication approaches are
discussed and highlighted in the underlying sections.

2.1 Chemical Approaches

Among chemical approaches, electrochemical reduction (ECR) [37, 38], wet chem-
ical reduction (WCR) [39], chemical vapor deposition (CVD) [40], and galvanic
displacement [41] have recently sparked interest in controlling the physicochemical
features of PtNPs in chemical strategies. WCR is frequently employed because it
helps control NP characteristics. To manufacture PtNPs in solution from Pt salts, the
WCR process primarily requires reducing agents [39], and the size and topology of
PtNPs could be controlled by altering the composition of the Pt metal salt and the
experimental temperature [42]. A solid study was also given to the development of
WCR techniques to create PtNPs with higher catalytic performance. To promote the
growth of PtNPs, various shape-directing agents were utilized. Many capping
agents, surfactants, and polymers have also been utilized to improve the function
of PtNPs [43, 44].

To obtain greater control of the reaction parameters, multiphase fabrication
methodologies have also been devised, involving the employment of reducing
reagents in the gaseous state [45]. Furthermore, because of its large-scale develop-
ment, it harms the environment. Glycerol and microwave heating have been advised
to prevent adverse environmental impacts and enhance industrial scale-up [44–46].

Surface characteristics and functionalization serve a big role in the creation of
PtNPs for bioengineering implications. Therefore, synthetic strategies based on
“natural reagents,” such as sodium citrate and ascorbic acid, appear particularly
appealing because they allow for precise control of some key features for pharma-
ceutical uses, such as size, topology, catalytic properties, durability, and develop-
ment efficacy, as well as the possibility of surface functionalization after synthesis.
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2.2 Physical Approaches

Physical approaches such as aerosol-induced deposition [47], electron beam-assisted
reduction [48], flame fabrication [49], and laser ablation [50] are currently receiving
a lot of interest as a way to get around some of the shortcomings of chemical
approaches. A considerable intensity laser beam is applied as a prime source in the
laser ablation process. A laser beam could be employed in both constant and pulsed
modes. To acquire specific PtNPs qualities, this flexible technique relies on vibra-
tions, temperature modulation, and ambient pressure fluctuations [51]. This
approach of PtNPs fabrication is not well known, and its application is restricted
due to significant dilution and complexities that could cause issues with tuning the
scale, yield, topology, and size of the PtNPs [52, 53].

Another physical approach for producing PtNPs is called cathodic corrosion, and
it includes transferring a material electrode into a suspension of NPs [54]. Neverthe-
less, the latter protocol has several limitations, like insufficient profit fabrication and
shape, size, and scale tenability.

2.3 Biological Approaches

The biological approaches were suggested as alternatives to physical and chemical
protocols because they avoid using harmful toxic solvents in the reaction. In the
literature, only a few papers mention the synthesis of PtNPs. Bacteria [55],
cyanobacteria [56], fungi [57], plants [58], seaweeds [59], and biomaterials such
as aqueous honey solutions and egg yolk [60] have all been shown to have efficient
PtNPs production procedures. Several investigations have proposed the conversion
of Pt(IV) into PtNPs in sulfate-reducing bacteria [61]. Pt metal salts and protein
levels, like WCR, serve an essential involvement in regulating the size and topology
of PtNPs in the green fabrication approach. Fungi like Fusarium oxysporum and
Neurospora crassa have also been recognized as a useful “scale-up” protocol for
PtNPs fabrication [62, 63]. Moreover, metal NPs were eco-benevolently synthesized
using broths from medicinal plants with biomolecule constituents serving as capping
agents [58].

The number of research demonstrating various microorganism-mediated PtNPs
synthesis is steadily increasing. All of these techniques revealed a plethora of
low-toxic, natural, and cost-effective ways to process NPs, with the majority of
them avoiding expensive laboratory sets. However, the presence of undesired
chemicals such as microbial remnants with undesirable biological efficacy, which
need sophisticated and time-consuming refining techniques, may limit their massive-
scale use for NPs implications [64, 65]. Furthermore, while bio-assisted techniques
are intriguing, they have yet to achieve good control over the characteristics of NPs
fully. To summarize, the range of current technologies for PtNPs fabrication makes it
challenging to adopt a typical protocol for optimizing stability, biocompatibility, and
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productivity [64]. As a result, these characteristics must be addressed to obtain
biogenically produced PtNPs with the required stability and size for biomedical
purposes using green synthesis approaches.

3 Green Synthesis of PtNPs from Plant Extracts

Plant-mediated NPs synthesis has recently garnered considerable attention, and
diverse medicinal plant species have been investigated to produce NPs of various
sizes and morphologies for diverse purposes [66]. Researchers have emphasized
plant-mediated NPs synthesis above other biological approaches since the microor-
ganisms employed for NPs synthesis took a lot of effort to develop microbe’s
cultures, and maintaining these cultures is still a challenge. On the other hand, plants
are readily available and do not require any of the growing material required for
microbial growth cultures. As a result, several medicinal plant species have been
prominently exploited for NPs production, notably for biomedical uses, due to their
eco-benign nature, easy availability, cost-effectiveness, and great biodiversity [1–5].

For a particular plant-assisted fabrication of PtNPs, dried material of diverse parts
of plants is ground, filtered to discard unwanted debris, and aqua is mixed to form an
aqueous extract. At ambient temperature, a mixture of aqueous metal precursor and
plant broth is allowed to react. To synthesize PtNPs of various forms, different
concentrations and amounts of metal salt solution and plant extract can be used. The
produced PtNPs are separated from the active bioconstituents in the plant broth by
sonicating the reduced solution for some time. The solution is centrifuged and rinsed
multiple times with distilled water to eliminate any remaining contaminants follow-
ing sonication. The as-prepared PtNPs are dried, collected, and stored for subsequent
examination [72]. A protocol for plant-mediated PtNPs production is shown in
Fig. 1.

Bio-inspired fabrication of PtNPs using medicinal plant extracts with their struc-
ture and estimated size are presented in Table 1.

Diospyros kaki leaves extract was employed for the facile production of PtNPs.
UV-visible spectroscopy analyzed color changes at 95 �C [78]. The fabrication of
hexagonal and pentagonal form of PtNPs was seen at 50 �C using Fumariae herba

Fig. 1 Protocol of green fabrication of PtNPs. (Reproduced from Ref. 72)
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Table 1 Green fabrication of PtNPs utilizing diverse therapeutic plant broths with their estimated
size and topology

Name of the
plants

Part of
plant Size (nm) Shape Applications Ref.

Ajwa – 1.1–2.5 Spherical Anticancer and
antibacterial study

67

AjwaBarni – 1.1–2.5 Spherical Anticancer and
antibacterial study

68

Alchornea
laxiflora

Bark 3.68–8.77 Spherical Catalytic activity 69

Anacardium
occidentale

Leaf – Irregular rod Catalytic reduction of
4-nitrophenol

70

Antigonon
leptopus

– 5 Spherical – 71

Atriplex
halimus

Leaves 1–3 Spherical Photocatalytic and
antibacterial activity

72

Azadirachta
indica

Leaves 5–50 Spheres – 73

Bacopa
monnieri

Leaf 5–20 Spherical Neuroprotective study 58

Bidens
tripartita

– 10 Irregular rod – 74

Nigella sativa Seeds 1–6 Spherical Antimicrobial and anti-
cancer study

75

Cacumen
platycladi

– 2.4 � 0.8 Spherical – 76

Combretum
erythrophyllum

Leaf 1.04 � 0.26 Spherical Antibacterial activity 77

Diospyros kaki Leaf 2–20 Spheres and
plates

– 78

Fumariae
herba

– 30 Hexagonal and
pentagonal

Photocatalytic activity 79

Garcinia
mangostana

Fruit 20–25 Spherical Antibacterial activity 80

Gloriosa
superba

Tuber 10 Spherical Anticancer activity 81

Heterotheca
inuloides

– 7.1 – Hydrogenation 82

Jatropha
gossypifolia
Jatropha
glandulifera

Leaf 20
100

Spherical,
dodecahedron,
and cubic

Antibacterial activity 83

Maytenus
royleanus

Leaf 5 Spherical Anticancer activity 84

Mentha
piperita

Leaf 54 Spherical Anticancer activity 85

Nymphaea
alba

Flower 35 Semispherical H2O2 sensing 86

(continued)
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extract, and the fabrication took 4 h. The change in color from yellow to brown
displayed that platinum ions had been reduced to PtNPs with a median size of
10–30 nm, and the consequent peaks were seen using a UV-visible
spectrometer [79].

PtNPs were produced from Anacardium occidentale leaf extract at various pH
levels. The optimal pH range for NPs synthesis is 6 to 9. TEM images demonstrated
the production of irregular rod-shaped PtNPs. Moreover, secondary metabolites in
the leaf [70] showed that produced PtNPs had a good capability to reduce aromatic
nitro compounds. Another experiment indicated the production of PtNPs from neem
leaf, with color shifts (yellow to brown) confirming PtNPs synthesis and further
verified by UV-visible spectrum study. TEM examination reveals the fabrication of
polydisperse NPs in the 5–50 nm size range [73].

Table 1 (continued)

Name of the
plants

Part of
plant Size (nm) Shape Applications Ref.

Ocimum
sanctum

Leaf 23 Irregular Water electrolysis study 87

Ononidis radix – 20 Spherical and
hexagonal

Anticancer activity 88

Orange Peel 23 – Antimicrobial study and
p-nitrophenol reduction

89

Orange Peel 1.6–4.0 Spherical – 90

Ocimum
sanctum

Leaf 20–60 Irregular – 91

Peganum
harmala

Seed 20.3 � 1.9 Spherical Antioxidant and antican-
cer activity

92

Prosopis farcta Fruit 3.8 – Cytotoxicity study 93

Prosopis farcta Fruit 1.6–5 Spherical – 94

Psidium
guajava

Leaf 113 Spherical Anticancer and
antibacterial activity

95

Punica
granatum

Peel 20.12 Spherical Cytotoxicity study 96

Quercus
glauca

Leaves 5–15 Spherical Electrochemical study 97

Salix
tetrasperma

Leaf 12 Spherical Anticancer and
photocatalytic activity

98

Sapindus
mukorossi

Fruit
pericarp

2–19 – – 99

Taraxacum
laevigatum

– 2–7 Spherical Antibacterial activity 100

Terminalia
chebula

Fruit
pericarp

4 Cubic and
spherical

– 101

Tragia
involucrata

Leaf 10 Spherical Anticancer and
antibacterial activity

102

Water hyacinth Leaves 3.74 Spherical – 60
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The utilization of Ocimum sanctum leaves for the facile production of PtNPs at
higher temperatures was reported in a study, indicating that the higher temperature is
optimal for the swift creation of multifunctional PtNPs. As-synthesized PtNPs was
23 nm in diameter and had an uneven shape. Several phenolic chemicals, antioxi-
dants, terpenoids, amino acids, some proteins, flavonoids, and ascorbic acid are
found in Ocimum sanctum leaf extract [87]. Debility, worm plague, arthritis, dys-
pepsia, intermittent fever, scrofula, inflammation, hemorrhoids, flatulence, piles,
ulcers, leprosy, and snake poison are all treated using Gloriosa superba roots extract
[81]. Spherical NPs were produced at high temperatures. At 90 �C, Cacumen
platycladi produced PtNPs of similar size (0.8–2 nm) [76].

Another study used date extracts to synthesize homogeneous spherical-shaped
PtNPs with diameters 1.3 to 6 nm. The fabricated PtNPs were employed as an
antibacterial agent for B. subtilis and E. coli [68]. Furthermore, the leaf extract of
Atriplex halimus was used to produce PtNPs with diameters 1–3 nm in recent work.
The eco-benevolent fabrication of PtNPs was affirmed at a high temperature of 95 �C
with a rapid color shift. Atriplex halimus extract was utilized as a bioreductants and
bio-stabilizer in the effective preparation of PtNPs [72]. Furthermore, the plausible
mechanism for the formation of PtNPs using Atriplex halimus extract is depicted in
Fig. 2.

In another study, PtNPs were prepared using Ajwa, Alchornea laxiflora,
Antigonon leptopus, Bidens tripartita, Nigella sativa, Combretum erythrophyllum,
Garcinia mangostana, Heterotheca inuloides, Jatropha gossypifolia, Maytenus
royleanus, Mentha piperita, Nymphaea alba, Ononidis radix, Orange, Peganum
harmala, Prosopis farcta, Psidium guajava, Punica granatum, Quercus glauca,

Fig. 2 A plausible mechanism for the green fabrication of PtNPs utilizing plant extracts.
(Reproduced from ref. 72)
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Salix tetrasperma, Sapindus mukorossi, Taraxacum laevigatum, Terminalia
chebula, Tragia involucrata, and Water hyacinth extract [60, 67–102].

4 Applications

4.1 Antibacterial Efficacy of PtNPs

The antibacterial performance of bio-inspired PtNPs was also thoroughly examined,
yielding a promising result. PtNPs made from J. gossypifolia and J. glandulifera, as
well as PtNPs, demonstrated tremendous antibacterial efficacy against pathogenic
bacteria [83]. Date-derived PtNPs were also discovered to be highly effective
bactericidal agents against a panel of harmful microorganisms. At ambient circum-
stances, a date (Ajwa and Barni) was employed to synthesize and stabilize PtNPs,
and performance was evaluated against E. coli and B. subtilis, with PtNPs
antibacterial response being highly promising [68]. The PtNPs made from
G. mangostana fruit rind extract also exhibited potential antibacterial activity against
Bacillus sp. [80]. PtNPs were recently synthesized employing black cumin seed
extract, and their bactericidal efficacy was evaluated against a few selected
pathogens [75].

4.2 Anticancer Efficacy of PtNPs

PtNPs made by green techniques were used as an anticancer drug, and the results
were promising. At ambient temperatures, Ajwa and Barni dates were employed to
make PtNPs. Their anticancer potential was assessed in MCF-7, HCT-116, and
HePG-2 cancer cells, and their efficacy was compared to that of a regularly used
effective anticancer treatment (Doxorubicin HCl). The effectiveness of PtNPs pre-
pared by the green approach was encouraging [68]. Similarly, the toxicity of PtNPs
made fromM. piperita leaves extract was tested against the HCT-116 cell line, and it
was discovered that the PtNPs inhibited the growth of cancer cells at minimum
concentrations, with an IC50 value of 20 g/mL [85]. In addition, the anticancer
potential of G. superba tuber extract-mediated PtNPs was assessed. MTT experi-
ments revealed that monodispersed spherical NPs of 10 nm had potent anticancer
efficacy for MCF-7 cell lines. PtNPs had antitumor activity of 49.65 � 1.99
percent [81].

In addition, PtNPs were synthesized using B. monnieri leaf extract, and their
toxicity was also assessed [58]. PtNPs were recently synthesized utilizing black
cumin extract, and their anticancer efficacy was tested against HeLa and MDA-MB-
231 breast cell lines. PtNPs were found to be toxic to cancer cell lines in a dose-
dependent manner, with IC50 values of 19.83 g/mL and 36.86 g/mL,
respectively [75].
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4.3 Catalytic and Photocatalytic Performance of PtNPs

The bio-inspired PtNPs catalytic performance was also investigated and potent
capacity was noticed, i.e., the leaf extracts of F. herba were employed for PtNPs
production, and their photocatalytic performance was studied in the source of light.
In the degradation of MB and CV dyes, 30 nm PtNPs with hexagonal and pentagonal
shapes showed outstanding catalytic capabilities [79]. In another study, O. sanctum
leaf extract was employed to reduce chloroplatinic acid to create PtNPs and then
examined for hydrogen-generating capabilities. The hydrogen evolution potential of
biosynthesized PtNPs was comparable to that of pure Pt, indicating that they might
be used in the water electrolysis process [87]. The catalytic activity of PtNPs made
from dried leaves of A. occidentale was also investigated. In the reduction of
aromatic nitro compounds, PtNPs show good catalytic activity [70]. Furthermore,
in another investigation, PtNPs were made employing peel extract as a function of
starting pH, and the NPs evinced outstanding catalytic performance [89].

5 Concluding Remarks and Future Direction

PtNPs are well known as important essential players in a variety of scientific and
technological fields. They have sparked much attention in the biomedical area due to
their strange features, which suggest that they could be used as medications, nano-
vehicles, and nano-diagnostic tools for targeted drug administration. The current
literature on diverse PtNPs synthesis procedures, including physical and chemical
approaches, is discussed in this review and a detailed interpretation of biological
protocol. When weighing the benefits and drawbacks of various fabrication methods,
physical and chemical routes as traditional PtNPs are deemed hazardous and less
suited for biomedical uses. However, because of their eco-friendly and harmless
nature, the biological fabrication approach of PtNPs is now regarded as an alterna-
tive to chemical and physical protocols, thereby promoting their effective use for
biomedical uses.

In addition, we discussed the prospective medicinal properties of PtNPs as a
significant anticancer and antibacterial agent and their toxicological effects. Further-
more, looking into the possibilities of manufacturing metallic nanomaterials (such as
Pt-Cu, Pt-Au, Pt-Au-ZnO, Pt-Ag, and so on) with multifunctional modalities may
aid in the development of new ways to use PtNPs as diagnostic agents.
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Abstract Various industries, including agriculture, are increasingly interested in
inorganic nanomaterials. Their smaller size (<100 nm) and tunability give rise to
different chemical, physical, and biological properties compared with convention-
ally applied products. The study of the nanoworld with its unexplored processes and
scientific challenges led to a new generation of more beneficial and efficient tools
such as nanofertilizer and growth enhancers with either direct or gradual and well-
regulated effects. The novelty of nanoparticles consists mainly in the reduction of
inputs with the same function, for example, fertilizers in crop production, while also
improving food quality, safety within the food chain, and the overall environmental
impact. The aim of this chapter includes (1) effects of foliar application of
engineered nanoparticles (mainly metallic) as new generation agrochemicals on
plant production with (2) description of interactions in nanoparticle-plant systems,
specifically their quantitative and qualitative nutritional parameters, (3) analysis of
transfer and interaction of nanoparticles in leaves, and (4) palynological analysis in
the context of impact on pollen quality to quantify distribution, transport, bioavail-
ability, and potential toxicity of nanoparticles or their residues in field experimental
setups.

Keywords Foliar application · Metals and metal oxides nanoparticles · Field
studies · Plant production · Quantitative and nutritional parameters · Physiological
response · Palynological analysis · Environmental safety

1 Introduction

Engineered nanomaterials have been extensively studied for the last three decades.
Nanomaterials are materials that have tunable and size-dependent properties and are
defined as materials with one, two, or three dimensions below 100 nm. Based on
their shape, nanomaterials are divided into materials with one dimension in
nanometer-sized scale, for example, nanosheets; two dimensions in nanoscale
range, for example, nanorods or nanotubes; and nanoparticles (NPs) with all three
dimensions below 100 nm [1]. Recently, engineered nanomaterials have been used
in many areas associated with human life, such as electronics [2]; energy solutions
[3]; additives in metals [4]; concrete [5], ceramic, and plastic composites [6–9]; inks
[10]; and paints and coatings [11, 12]. Their catalytic and photocatalytic properties
[13–15] are utilized in various chemical processes. In medicine also, delivery
systems and biosensors have been developed using different types of engineered
nanomaterials [16]. Overall, these nanomaterials can be effectively used in medical,
cosmetic, and food products [16–18]. For example, in the food industry, they are
used in food packaging [19]. Cleaning the tap water or environmental waters,
remediation of contaminated sites, and environmental sensing are another avenues
where nanoparticles are used, or their use is heavily researched [20, 21].

The use of engineered nanomaterials, especially engineered nanoparticles
(ENPs), also captured the interest of many scientists in agricultural fields [22–
25]. The research captured interest because the ENPs showed both effects found in
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their ionic counterparts and nano-specific effects in some cases. Appropriate appli-
cation of ENPs also led to increases in the efficiency of crops to absorb fertilizer
micronutrients [22, 24]. At the same time, several different ENPs have shown
antibacterial and antifungal properties that were also utilized in other studies. In
addition, ENPs served as catalyzers that break up pesticides after their initial use is
not needed or as biosensors providing easily accessed information in situ [26]. Yet
the buildup of ENPs in soils or their other effects are not fully investigated, and
hence, we need to proceed cautiously with their application [27, 28]. Foliar appli-
cation is often used under the field conditions to supplement crops with the least
amount of ENPs with the most significant effect [29–33] and was also observed to be
effective to a greater extent than the application to the soil in certain situations [34].

Agriculture faces many challenges, such as climate change, including more
frequent extreme weather, urbanization, and declining oil and gas reserves. Problems
also lie in the high environmental burden of agriculture, especially in the ever-
increasing application of industrial fertilizers and pesticides, the reduction of biodi-
versity, and the eutrophication of ground and surface. These problems are also
compounded by an exponentially growing population, with 9.6 billion people
expected to live on Earth by 2050 [22]. Great emphasis is now placed on sustainable
agriculture and its practices to eliminate these problems. Sustainable agriculture is
essential for protecting and enhancing natural resources such as soil, water, biodi-
versity, vegetation, renewable energy, and other ecosystem services, guaranteeing a
growing population’s security. In the interests of sustainable agriculture, nanotech-
nologies are considered an innovative and promising technology that will provide
sufficient food resources for an increasing population and reduce the burden on the
environment [35, 36]. In addition, nanotechnology can improve our understanding
of plant functioning, leading to higher crop yields of the desired quality, better
nutrient utilization, and overall less use of pesticides [37, 38]. The significant
imbalance between the number of nutrients applied and plants absorbed in crop
production is reflected both in the economy of cultivation and in the adverse effects
on the environment. It turns out that with standard elements, such as N, P, and K, for
nanofertilizers, 40% of the delivered amount was sufficient in the case of
nanofertilizers when compared to the commonly used fertilizers [39]. However,
extensive studies are required on the evaluation of the effects of nanofertilizers on
plants especially due to their small size [40]. The main goal in the development of
these technologies must be the protection of human health and the environment
[35, 41]. Therefore, the use of nanotechnology in agriculture is closely tied to the
principles of precision agriculture, where the concept of crop health is essential, and
nanotechnologies enable more effective measurement of temporal, spatial, and
individual data.

Effects of ENPs on crop health and production range from improved physiolog-
ical growth parameters such as seed germination, fresh and dry weight, shoot and
root length of plants, improved photosynthetic parameters, the activity of antioxi-
dants, and improved uptake of micro- and macronutrients [42–46]. In crop produc-
tion improvements, parameters such as the production of oils, seeds, and protein, as
well as other nutritional parameters and agriculturally important phytochemicals
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such as flavonols were observed [31, 32, 44, 47]. Most of these effects were
observed in both field and laboratory studies. Also, the concentration-dependent
effects were comparable, and higher concentrations negatively affected plants
[32, 44, 48]. The improvement of the grain yields and nutritional parameters after
the foliar application were observed even for low concentrations of ENPs, for
example, 2.6 mg/L of ZnO or TiO2 NPs in field experiments. These results show
that we can reduce the amount of already applied micronutrients by using nano-
enhanced formulae or using low concentrations of growth-enhancing ENPs that do
not have commonly used ionic counterparts [31, 32]. Moreover, the foliar applica-
tion of ENPs was shown to decrease the content of potentially toxic heavy metals,
such as Cd, in grains and edible parts of crops grown on contaminated sites, and
ENPs can help to alleviate problems connected to the agricultural management of
these sites [29, 49, 50].

This chapter aims to provide up-to-date information on the application of metallic
nanoparticles on agricultural plants under field conditions and how the properties of
ENPs or the concentrations and methods of application may affect the influence they
have on the plants under these conditions. The experiments with ENPs under the
field conditions are relatively sparse. Therefore, many unknowns are connected to
potential best practices that can be utilized when ENPs are used as either
nanofertilizer, growth promoters, or protection against biotic and abiotic stresses.
Yet a lot can be surmised from more prevalent studies of either short-term or life
cycle pot experiments in laboratory or greenhouse conditions and from the best
practices when the ionic counterparts of ENPs were used similarly to the
studied ENPs.

2 Different Roles of Engineered Nanomaterials
in Agricultural Fields

The development of effective nanoscale tools in agricultural applications is based on
logical premises often solved in medical areas such as sensors and drug delivery. The
premise is that smart technology delivers an active substance to a targeted site, and
then the substance is gradually released to provide a promising effect. In the context
of agriculture and agroecology, this will ensure a better ecological balance in the
long run and offer more sustainable solutions despite gradual climate change and
environmental pollution [51]. Other agronomic benefits include reducing inputs and
thus lowering financial costs, improving soil health, and maintaining a more natural
biogeochemical cycle, which is then reflected in higher food quality and plant
production. In the broader context of conventional fertilization, engineered
nanomaterials are designed to increase the efficiency of uptake and loss to the
environment since up to 50–70% of substances of conventional fertilizers are
leached, mineralized, or transformed by microorganisms or other organisms present
in the agricultural fields [52]. This inefficiency has a wide area of environmental
impacts, including human health, local ecosystem damage to soil microbial flora, a
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proliferation of parasites, and leaching that results in eutrophication processes
affecting ecosystems downstream, i.e., freshwater and marine environments [53].

Based on these aspects, new types of nanomaterials have been developed for
agricultural purposes. Singh et al. [54] defined three broad areas of application of
nanotechnologies in agriculture: (1) application of nanomaterials for more effective
quality management of pre- and postharvest products, for example, in the protection,
improvement of their taste, maintenance of nutritional values, and possible identifi-
cation of pathogens or toxins using nano-biosensors; (2) research and development
of nanomaterials effects in laboratory and pilot plant conditions for photocatalysis,
interactions, and behavior; the bioremediation of persistent pesticides, disinfectants,
and targeted types of nano-macronutrients (such as nanocarriers and nano-cellular
materials); or visualization of pathogens and nano-biosensors; and (3) direct appli-
cation of nanomaterials in real agricultural conditions ensuring desalinization,
photocatalysis of pollutants, removal of potentially toxic elements, and sensing of
plant health, pathogens, toxicants, and levels of nutrients. Nanomaterials are also
divided based on the type of application to several categories: (1) nanomaterials for
protection against biotic stresses such as insects and pest repellants and biocides,
nanoherbicides, and nanofungicides, where nanomaterials play roles of active sub-
stances or supporting chemicals that better their attachment and efficacy or catalyze
the active substances after their intended application length; (2) plant production
with nanomicronutrient, nanomacronutrients, and nano growth promoters;
(3) nanosensors; (4) livestock food production with nutrient supplementation and
enhanced drug delivery; and (5) protection and evaluation of the collected produce
(Fig. 1).

Fig. 1 Application of nanomaterials in different fields of agriculture
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3 Application of Nanoagrochemicals

ENPs used in agricultural areas are most frequently (1) applied in germination and
early stages of plant development, (2) added to nutrient media (hydroponic solu-
tions) and incorporated directly into soils, (3) or applied in the form of a spray
dispersion, i.e., foliar application. Each of these strategies has its agronomic justifi-
cation and highlights nanotechnology’s potential. However, in general, the final
decision is based on the nature of the ENPs, environmental conditions, and other
factors to which the ENPs are applied [55]. For example, if the same concentration of
ENPs is applied on leaves, the soil, or a liquid growth medium, different types of
reactions occur within these systems, and hence, effects that take place will be
different [34, 56]. In this context, the presence and nature of ENP coatings need to
be taken into account. These coatings may be stable in soil solutions but may be less
effective under the influence of solar radiation, where they will undergo a faster
degradation process, where higher energy parts of the light spectra, namely, UV
light, are responsible. The destruction of the ENP coatings by UV light leads to
aggregation, and the strong oscillating dipole-dipole interaction is believed to be the
underlying mechanism of the destabilization [57]. In context of agricultural use of
ENPs, this aggregation may lead to slower release of the ions from the ENPs that are
supposed to supplement the plant with micronutrients or to lower absorption of
ENPs to subcutaneous tissues of plants, and thus, this process may limit their
effectiveness.

4 Role of Properties of Engineered Nanoparticles
in Crop-Nanoparticle Interaction

The interaction of ENPs with crops and their plant surfaces is theoretically linked to
the ENPs’ (1) surface properties, such as moieties attached on the surface that have
hydrophobic or hydrophilic properties, shape, charge, and energy of the surface;
(2) the chemistry and crystallinity of ENPs; and (3) the physicochemical properties
of the environment the ENPs interact with, including chemistry, input energy, such
as sunlight or other types of radiation, and temperature changes [58–61].

4.1 Surface Modification

The interaction of ENPs with crops was found to be largely dependent on the
multiple properties of ENPs. The most influential properties are the chemical
composition, size and shape, and surface properties of the ENPs. Inorganic
nanoforms are often coated with functional groups by the process of encapsulation
to alter adhesion, absorbability, transport, and targeted effect on vegetative organs,
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for example, entrance to the leaves, stems, and roots. Often, these nanoforms are
then called core-shell nanostructures or nanoparticles with surface coatings. Core-
structure or surface coating can be split into several groups based on the composition
(1) organogenic, containing organic molecules of active, industrially prepared sub-
stances, for example, pesticides and stabilizers [62]; (2) biogenic, for example, plant
extract coatings (residues after nanomaterial biosynthesis) [46, 54]; or (3) metal or
inorganic coating [63]. Industrially prepared organogenic and biogenic ENP coat-
ings often take the form of polymers, emulsions, foams, or other surfactant forms
from colloidal dispersions [46, 54]. To date, no long-term study has been directly
focused on the role of adjuvants and additives in nano-enabled pesticides or
fertilizers.

Molecules that affect surface charge are often used to adjust the ENP properties
like aggregation and attachment to solid particles in the system. ENPs with negative
charge were much more mobile in porous media than ENPs with the same compo-
sition but with surface modification with molecules with a positive charge, which
was retained to a much higher degree [64]. Surface modification often changes the
toxicity toward organisms and can lead to both lower and higher toxicity
[65, 66]. For example, when both bare and Z-COTE HP1®-coated ZnO NPs were
applied on beans through soil application, coated ZnO NPs stimulated more root
growth and increased concentration of nutrient compared to bare ZnO NPs
[67, 68]. It was also found that surface defects may improve reactive oxygen species
generation and thus have higher toxicity [69].

Biosynthesis is often used to create more benign ENPs that may have additional
effects based on the active substances present, for example, in the leaves of a plant
[70, 71]. Different types of biosynthesis were used, and biologically induced syn-
thesis with plant, fungi, or microbial extracts was used in studies [70, 71]. There is
some evidence that ENPs may benefit from synergistic effects of ENPs and their
surface-bound molecules of organic extracts [70]. In a study by Irshad et al. [29],
both solgel-synthesized and biosynthesized TiO2 NPs were applied on wheat, and
biosynthesized TiO2 NPs had a better effect on plant height, straw and grain yield,
and reduced Cd toxicity. The application of biosynthesized ENPs often leads to
better crop production with lower side effects, and thus, their qualities may be
important for the future use of ENPs in agriculture.

4.2 Size

The size of ENPs is one of the most important properties that play a key role during
crop-nanoparticle interaction. Properties such as their dissolution rate, absorption,
and translocation in plants are directly affected by the size of ENPs [72–77]. Smaller
ENPs dissolve more readily and can pass the pores of plant cell walls. The size limit
for the passage of ENPs to apoplast was reported to be 5 nm [78] or 20 nm [25]. Size
is, therefore, also crucial in toxicity toward plants since more significant dissolution
and translocation of small ENPs into plant tissues renders them potentially more
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toxic [66, 73, 79]. In ZnO NPs, the higher toxicity of smaller nanoparticles toward
fava beans was linked to their 30% greater dissolution, and reactive oxygen species
generation was similar in 25 nm- and 70 nm-sized ZnO NPs [80]. Thwala et al. [81]
also arrived at a similar conclusion with Ag NPs sized 10 and 40 nm, where the
smaller Ag NPs dissolved more readily, and their dissolution was linked to their
higher toxicity to Salvinia minima. Also, Cu NPs toxicity was found to be size
dependent when applied on Glycine max cv. Kowsar via soil application [82]. How-
ever, the smallest 25 nm Cu NPs were even more toxic than Cu2+, indicating that the
toxicity of these ENPs is related to some other mechanisms than just dissolution and
may be tied to their potential to generate reactive oxygen species, which is a size-
dependent process.

4.3 Shape

Some of the ENPs have highly tunable shape and form structures with one, two, or
three dimensions in the nanoscale (1–100 nm) [83]. For example, ZnO
nanomaterials can be synthesized in many different shapes such as (1) structures
with one dimension in nanoscale, including nanoplates, nanosheets, and nanopellets
[84, 85]; (2) structures that have two dimensions within 100 nm, such as belts,
combs, helixes, nanorods, needles, ribbons, rings, springs, tubes, and wires [86–94];
(3) nanoparticles with hexagonal, oval, pyramidal, or spherical shape [9]; and
(4) more complicated shapes with their parts having a nanoscale size, such as
urchin-like forms, dandelions, flower, and snowflakes [95–97]. Spherical
nanoparticles may have more compensated surface energies and, thus, have been
found to coagulate/aggregate at higher concentrations compared to rods and platelets
[98]. Also, nanorods were observed to dissolve faster compared to the spherical
ENPs of similar volume since they have a higher active surface that reacts with the
water solvent [99]. This may affect the interaction of ENPs with plants; for example,
hexagonal ZnO NPs were shown to have a slightly higher positive impact on the
growth of tomato plants compared with spherical ZnO NPs [100].

4.4 Chemical Composition and Crystal Structure

The chemical composition of ENPs is essential as it changes important properties,
such as their dissolution, surface reactivity, and effect on crops, since they may affect
their metabolism directly or indirectly by releasing the ions [76, 101]. Doping of
ENPs may result in a heightened ability to create reactive oxygen species. For
example, ZnO NPs doped with Mn and Co showed higher toxicity compared to
undoped ZnO NPs, and Fe-doped ZnO NPs had a similar effect [65]. However,
Se-doped ZnO NPs exhibited decreased toxicity toward Escherichia coli in a study
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by Dutta et al. [102] even though they were shown to produce a higher number of
reactive oxygen species due to Se leaching from ZnO NPs.

The crystal structure is important for ENPs that exist in more than one form of
crystal structure, and it may have a direct effect on the surface properties of ENPs
and, thus, on the interaction with plants. Also, additionally, to creating polymorphs,
some ENPs may lack a long-range order and be amorphous. Good examples of
polymorphous nanomaterials are TiO2 NPs that are synthesized as rutile, anatase, or,
less commonly, brookite [103], and they can also be synthesized in amorphous form
[104]. The highest photocatalytic activity, production of reactive oxygen species,
and, thus, toxicological effects were observed for amorphous TiO2 NPs, followed by
anatase and rutile � brookite [104, 105]. In this context, the modification of the
crystal structure of ENPs by doping with other elements is a strategy that creates
agrochemicals and nanofertilizers that can directly affect the efficiency of photosyn-
thesis [106]. For example, the modification of TiO2 NPs by doping their structure
with silver and nitrogen can increase their antimicrobial effect [107].

5 Interaction of Metallic Nanoparticles with Plants After
Foliar Application

During foliar application, several types of effects are expected depending on envi-
ronmental factors and conditions and the species, health condition, and develop-
mental stage of a plant. After application of ENPs, plants were observed to be more
resistant to pathogens [108] and contain more nutrients capable of redistribution
within the plant [31, 60] and higher content of chlorophyll [109–111]. Their overall
vitality was higher, and there was also a positive effect on crop production
[31, 32]. The mechanisms that affect the foliar application of ENPs on plant species
are shown in Fig. 2.

The properties and composition of colloidal dispersions in which ENPs are
suspended affect the adhesion to the leaf surface, absorption, translocation, transport
of ENPs, accumulation, and behavior at a specific site within the plant [60]. The
adhesion of the applied foliar colloidal solution itself depends on the proportion of
the individual components, their overall charge, hydrophobicity, or hydrophily
[112, 113]. This depends not only on ENPs’ ability to be absorbed but also on the
properties of additives in the colloidal solution and the health of the leaves.

Also, the surface of the leaf is important with its many structures such as tri-
chomes, vents, the content and composition of the waxes, and the shape of the
epidermal cells [114–116]. Because of that, faster absorption kinetics and a more
targeted effect were observed for hydrophilic ENPs against specific leaf organelles
[117]. ENPs in pure aqueous solution affect the redistribution of trichomes, or upon
absorption, they can form localized pools in the lower parts of trichomes [32]. More-
over, a synergistic or antagonistic effect can be expected depending on the com-
pounds added to colloidal dispersion. If the solution contains other readily
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bioavailable forms of macro- and micronutrients in a suitable ratio, they may have
synergistic positive effects. Unfortunately, there are not many studies on the appli-
cation of the combined effect of ionic and ENP forms to date.

Surface coating of the ENPs, or in the case of core-shell ENPs, shell, is largely
responsible for the fate and behavior of the ENPs in the environment since it is a
surface responsible for the interaction with the outside environment. When the
colloidal solutions with ENPs are applied on leaves, sunlight, mainly its UV
component of the spectrum, can damage the coating, and the interaction with plant
surface can change. Also, it should be taken into account that in the case of
biosynthetically created ENPs, the coating itself may have antimicrobial effects if
the extracts used in the synthesis are from medicinal plants containing molecules
with such properties [118]. This combination of antimicrobial effects of the ENP
coatings and ENPs themselves can prevent the emergence or manifestation of
microbial pathogens [108]. Similarly, in the case of inorganic coatings, we expect
different antimicrobial behavior in comparison with the individual effectiveness of
bare ENP alone [119]. From this point of view, the physicochemical properties
including photostability, electro-optical properties, their exposure and transition
within the ENPs, such as the production of surface plasmons in the case of Au
ENPs [120], or the formation of reactive oxygen species and simply overall effect on
photochemical centers of plant leaves are of interest when ENPs are surface modified
[109–111, 121].

One of the decisive criteria of using the ENPs is that they can be applied at much
lower concentrations when compared to their bulk or conventional counterparts to
have similar production and physiological effects [31, 32]. At higher doses, ENPs
often have antimicrobial effects. They can be applied alone or in combination with
other active substances, and they may be a more environment-friendly way of
management of pathogen weeds and pests [122]. Another influencing factor is the
chemical and physical stability of the ENPs. Stable, insoluble ENPs are often less
bioavailable to plants. For more soluble ENPs, their chemical composition plays an
important role. Currently, the trend is to apply soluble organic and inorganic ENPs
that are based on organic carbon or contain macronutrients (nitrogen, phosphorus, or
potassium), for example, modifications of apatite (containing Ca, P, also inorganic
C) [123]. Research also focuses on ZnO NPs that are dissolving on the leaf surface,
and their dissolution is enhanced by sunlight, where, in addition to photocatalytic
properties of ENPs, it is expected that the effects also come from released ionic Zn2+

and also from Zn bound to phytic acid or tricarboxylic acids [124]. When entering a
plant, Zn supports the enzymatic, metabolic, and physiological functions of the plant
[125]. On the other side of the ENP spectrum are nanoparticles such as TiO2 NPs,
where Ti is not conventionally classified as an essential element, but both Ti and
TiO2 NPs still have a positive influence on the development and health of plants
[126]. Ti in plants stimulates the activity of selected enzymes and nutrients and
partly intensifies photosynthesis that includes increasing chlorophyll content and
similar effects [127]. The proposed mechanisms by which TiO2 NPs affect the health
and growth of plants lie in their ability to protect the chlorophyll against degradation,
provide surface sites that decrease the local energy of electron transfers in

Foliar Application of Metallic Nanoparticles on Crops Under Field Conditions 181



photosynthesis, and help activate specific stress response mechanisms in plants, and
both TiO2 NPs and Ti may specifically or nonspecifically bind with certain proteins
in plant bodies [60, 128]. It was proposed that TiO2 NPs may specifically interact
with Fe and the proteins and metabolic systems the Fe is part of [127].

As mentioned briefly in the last paragraph, some research suggests that the
conversion of light quanta by ENPs, such as TiO2 NPs, to electron energy, is
activating or lowering the energy requirements of chemical processes in plants, for
example, electron transport, oxygen evolution, and chloroplast photophosphoryla-
tion [109, 110, 129]. TiO2 NPs and similar metal oxide ENPs are semiconductors,
and their dielectric properties arise from their semiconductive properties, i.e., their
bandgap energy. On the nanoscale, the bandgap energy can be manipulated by
reducing the size of ENPs, doping other elements into the crystal lattice of the
reactive surface and introducing crystal lattice deformations on the nanoparticle
surfaces [130, 131]. Moreover, other ENPs, such as electron-conducting Au NPs,
possess surface plasmons that may also enhance photosynthetic processes in plants
[132]. When adjusting the electrical properties of ENPs, we must also consider the
negligible but existing effect of the magnetic fields. For example, an effective
improvement in the quality and yield of maize (Zea mays L.) was observed when
the magnetic field was combined with Ag NPs [133]. Moreover, a positive effect on
the yield and nutrient intake of ajwain (Carum copticum L.) has also been demon-
strated [134]. Otherwise, magnetic ENPs or static magnetic fields are used in plant
sciences for microscopic visualization of plant cell tissues [135] or gene transfor-
mation strategies [136].

Current research in agriculture is concerned chiefly with the size and shape
control of ENPs and adjustment of their surface properties [101]. Modification of
these physicochemical properties follows a logic that the point of entry and imme-
diate effect on the plant are bottlenecked by the size, shape, and properties of cuticle
or the size of leaf stomata, where the upper limit of ENP entry is about 5–20 nm
[25, 78]. In this context, the hydrodynamic size is the most critical property of ENPs,
but surface characteristics such as hydrophilicity or hydrophobicity and charge of the
nanoparticle are also important. For example, the study by Hu et al. [117] suggests
that ENPs with a positive or negative zeta potential higher than 30 mV have
improved transport to lower parts of plant epidermis compared with more charge-
neutral ENPs, which were less able to penetrate the lipid bilayer.

6 Impact of Engineered Nanoparticles on the Leaf Traits

The foliar application exposes leaves directly to sprayed ENPs, and the leaf-ENP
interaction is important for the distribution of ENPs and ions released from them
throughout the plants. Spraying of the plant’s leaves by ENPs may lead to a rise in
the number of leaves per plant and overall leaves’ area [137]. In addition, depending
on the composition of the ENPs, they may have various antibacterial, antifungal, or
UV protective properties that enhance the leaf health and growth, and they can also
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supplement needed nutrients to the plant. These properties are derived either from
their chemical composition [137] or based on their photocatalytic properties [47] or
other properties related to their reactive surface. And similar to conventional sprays
or conventional soil-applied fertilizers that mostly contain ionic forms of chemicals,
ENPs have various effects on the leaf traits whether they are applied directly on the
leaf or to the root area (Table 1).

Applications of ionic forms of fertilizers or growth promoters were found to have
various effects on leaves, for example, a significant rise in the number of leaves per
plant, leaves’ area for ionic Ag applied to leaves of Phaseolus vulgaris [137],
decrease in density and number of trichomes by chelated Fe applied to roots of
Mentha piperita [139], or small, dark-brown/black spots, which were smaller than
0.5 mm in width, on the petioles and blades of the lower leaves along with dark-

Table 1 Impact of various applications of engineered nanoparticles on the leaf traits

Type of NPs
or
conventional
spray

Concentration
and type of
application Species Effect References

CuO NPs 2.5, 10, 50,
100, and
1000 mg/L

Oryza sativa L. Decreased size and lower
number of stomata, increased
size, and higher number of
trichomes

Costa and
Sharma
[138]

Fe2O3 NPs 10, 20, and
30 μm, root
application

Mentha piperita
L.

Decrease in density and
number of trichomes

Askary
et al. [139]

GA-Ag NPs
(gum arabic-
coated silver
NPs)

5, 10, 20, and
60 mg/L,
foliar
application

Phaseolus
vulgaris
L. (Bronco and
Nebraska
varieties)

Significant rise in the number
of leaves per plant and leaves’
area

El-Batal
et al. [137]

TiO2 NPs 50, 100, 150,
200, and
250 mg/L

Mentha piperita
L.

Significant improvement in
the diameter and density of
peltate and glandular
trichomes

Ahmad
et al. [140]

TiO2 NPs 2.6 mg/L Helianthus
annuus L.

Different ratio of
nonglandular trichomes: lin-
ear glandular trichomes

Kolenčík
et al. [32]

ZnO NPs 300 and
2000 mg/L

Hordeum
sativum
distichum
cv. Travnik

Deformation of stomatal and
trichome morphology
(increased area of stomata and
trichomes treated with
300 mg/L ZnO NP, size
reduction in leaves treated at
higher concentrations)

Rajput
et al. [141]

ZnO NPs 2.6 mg/L Helianthus
annuus L.

The appearance of capitate
glandular trichomes, different
ratios of nonglandular tri-
chomes: linear glandular
trichomes

Kolenčík
et al. [32]
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brown lesions smaller than 2 mm on the lower leaves spotted in Helianthus annuus
L. after the application of Mn [142].

When both conventional forms and nanoparticulate forms were compared, their
effects were similar, but the effects’ strength was different for conventional forms
and ENPs. In a study by Askary et al. [139], where Fe2O3 ENPs were applied to the
root area of Mentha piperita via hydroponics, they had a more pronounced effect
than the iron chelate at the same concentration. The application of Fe2O3 ENPs
resulted in a decrease in density and number of trichomes of different types,
including peltate, glandular, and nonglandular trichomes. Two mechanisms were
assumed by Askary et al. [139] for reducing trichomes density: Either (1) the Fe2O3

NPs had just adverse effects on the formation of trichomes or (2) they can reduce the
effect of salt stress and, thus, the formation of certain types of trichomes that form as
a response to that stress. In another study [137], Ag NPs surface modified with gum
arabic were compared with AgNO3. The ENPs have shown a better ability to
increase the number of leaves and leaves’ area than AgNO3 in Phaseolus vulgaris
L. (Bronco and Nebraska varieties).

ENPs usually have positive effects on leaves at lower concentrations and negative
effects at high concentrations. For example, 2000 mg L of ZnO NPs caused size
reduction of leaves [141]. Similarly, CuO NPs at concentrations above 50 mg/L
reduced the number of thylakoids per granum and distorted the thylakoid mem-
branes in Oryza sativa, and swelling of the intrathylakoidal space was noted at
1000 mg/L. Also, above 10 mg/L, a decline in size and a lower number of stomata
were found along with a bigger size and higher number of trichomes after CuO NPs
treatment [138]. However, they can increase the number of leaves per plant and
overall leaves’ area at lower concentrations [137]. Reduction of certain structures of
leaves was also observed, and in many cases, it is not yet fully understood if the
effects are benign toward the plants or not [139]. The application of TiO2 NPs to
leaves at a concentration of 100–150 mg/L was found to be optimal for Mentha
piperita [140]. At 100 mg/L, increase of 62.5% and 77.8% was recorded for the
peltate and glandular trichome density and diameter, respectively. An increase in
peltate and glandular trichomes is a way of increasing the production of essential oils
in Mentha piperita [140]. A deformation of trichome and stomatal morphology was
found in Hordeum sativum distichum cv. Travnik after ZnO hydroponic root appli-
cation [141]. Also, a high concentration of ZnO NPs disorder thylakoids, expand
interthylakoidal gaps, heightened the size of starch granules, and injure the outer and
inner membranes of chloroplasts in leaves. The analysis by cytomorphometry
identified a decrease in the number and size of plastoglobules and chloroplasts per
cell of the leaf.
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7 Metal and Metal Oxide Nanoparticles Affect Plant Yields
and Nutritional Parameters

From the point of view of plant production and agricultural yields, we can consider
ENPs made of several metals, such as ZnO, TiO2, Ag, Fe2O3, CeO2, and MoO3,
effective [25, 143]. Most of the ENPs affect the yields and health of the grown crops
positively at suitable concentrations. The effect of ENPs on crops is both in the
improvement of quantity, i.e., higher yields, and the quality of the product with
increased content of essential nutrients and elements (Fig. 3). A summary of some of
the effects of different inorganic nanoparticles on plants is given in Table 2.

7.1 Quantitative Improvements in Plant Yields

The advantage of ZnO NP fertilizers is their ability to apply them up to 10 times
lower concentrations when compared to traditional ZnSO4 fertilizer while producing
the same or similar effects [154, 155]. The influence of ZnO NPs on crop production
parameters in field conditions is relatively well developed for crops such as wheat,
corn, or rice. Rizwan et al. [147] noted that in field conditions, ZnO NPs had affected
positively the quantitative parameters of winter wheat, and Rizwan et al. [153] found
similar positive effects in maize. The impact of zinc-based ENPs on millet, most
often in the form of ZnO, was primarily observed in laboratory studies. Nandhini
et al. [156] confirmed the positive influence of ZnO NPs, especially on the germi-
nation and emergence of millet. Only a few studies on the effect of ZnO NPs on

Fig. 3 The application of ENPs has effects on qualitative and quantitative parameters of yield
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Table 2 Effects of different ENPs on yield and growth parameters of crops

Type
of
NPs Concentration Species Effect References

Ag 0 and 44 mg/L Solanum
lycopersicum

Increased height, shoot length, and
plant biomass

Noshad et al.
[144]

Ag 0 and
2000 mg/L

Triticum
aestivum

Decreased height, grain weight, and
plant biomass

Yang et al.
[145]

CeO2 0, 100, 200,
400, and
800 mg/L

Helianthus
annuus

Accumulation of Ce in sunflower
roots, very low translocation to the
aboveground parts of the plant, and
negligible effects on production
parameters

Tassi et al.
[146]

Fe3O4 0, 5, 10,
15, and 20 mg/
L

Triticum
aestivum

Increased height of plants, length of
spikes, the weight of spikes, shoots,
roots, and grains

Rizwan et al.
[147]

Silica
NPs

0, 250, and
1000 mg/L

Arabidopsis
thaliana

Size-dependent uptake by roots; no
toxicity even at higher doses

Slomberg
and
Schoenfisch
[148]

TiO2 0 and 750 mg/
L

Oryza sativa Increased length of shoot and roots
and higher yield of grains

Zahra et al.
[149]

TiO2 0 and 400 mg/
L

Raphanus
sativus

Increased germination parameters Haghighi and
Teixeira da
Silva [150]

TiO2 0, 40, 80,
120, 160,
200, and
240 mg/L

Brassica
oleracea

Higher concentrations impacted neg-
atively the shoot length and positively
the root length.

Singh et al.
[151]

TiO2 0 and 2.6 mg/L Helianthus
annuus

Head diameter increased and the
higher weight of thousand seeds, the
weight of dry seed head, and grain
yield

Kolenčík
et al. [32]

ZnO 0, 50, and
500 mg/L

Glycine max Decreased stem and root length Yoon et al.
[152]

ZnO 0, 25, 50,
75, and
100 mg/L

Triticum
aestivum

Increased height of plants, length of
spikes, the weight of spikes, shoots,
roots, and grains

Rizwan et al.
[147]

ZnO 0, 50, 75, and
100 mg/L

Zea mays Increased length of shoots, leaves’
number, and dry weight of shoots and
roots

Rizwan et al.
[153]

ZnO 0, 15, 62,
125, 250, and
500 mg/L

Triticum
aestivum

Significant enhancement of seedling
growth and seed germination activity

Singh et al.
[54]

ZnO 2.6 mg/L Setaria
italica

Increase of plant height and seed head
length

Kolenčík
et al. [31]

ZnO 2.6 mg/L Helianthus
annuus

Increase of head diameter, the weight
of dry seed head, the weight of thou-
sand seeds, and grain yield

Kolenčík
et al. [32]
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millet in field conditions have been published to this date. Kolenčík et al. [31]
described the positive influence of the foliar application of ZnO NPs on the foxtail
millet plant height and length at a concentration of 2.6 mg/L.

Tarafdar et al. [157], in turn, confirmed the positive effects of foliar application of
ZnO NPs on millet yields. Sunflower has been shown to respond very well to lower
concentrations, 2.6 mg/L, of ZnO NPs [32]. The foliar application was observed to
significantly increase the values of production parameters, namely, the head diam-
eter, the weight of the head, the weight of a thousand seeds, and the seed yield. Due
to the better absorption of ZnO NPs and nano-derived effects, there was also an
increase in the yield parameters of peanuts compared to both control and the ionic
form of ZnSO4, for example, 34% improvement in pod yield per plant reported in
contrast to ionic form [48]. In another study, Mahajan et al. [158] showed that the
ZnO NP at an optimal concentration at the level of 20 mg/L significantly improved
beans’ growth parameters and yield. They recorded a 42% increase in root length
and stem length up to 98% at said dose. Rezaei and Abbasi [159] found that usage of
Zn-based NPs in chelated form stimulated the production of cotton by increasing the
number and weight of capsules per plant. The addition of ZnO NPs at a concentra-
tion of 40 mg/L significantly promoted parameters affecting the yield of rice and
yield itself [160]. It is also interesting to note that the combination of Zn- and
B-based NPs increased via the foliar application the yields of pomegranate fruit
[161]. The ZnO nanoparticles can act as plant growth stimulators and increase their
yields. However, it must be said that nanoparticles, like any fertilizer, can be toxic to
the plant when incorrectly dosed. It has been found that the concentration at which
ZnO NPs are phytotoxic depends primarily on the specific plant species. Most often,
adverse effects of foliar application of ZnO NPs are occurring at concentrations
exceeding 1500–2000 mg/L [22].

TiO2 NPs can have substantial positive as well as negative effects on crops.
However, it all depends on the used concentration and growth phase when these
ENPs are applied. At suitable concentrations, TiO2 NPs are regarded to be plant
growth promoters. Zahra et al. [162, 163] confirmed the vital role of TiO2 NPs in
increasing plant phosphorus uptake and promoting growth in soil moisture defi-
ciency conditions. TiO2 NPs also play an important role in nitrogen metabolism,
which has a significant effect on the final crop yield, and it was confirmed in a study
by Kolenčík et al. [32]. The positive impact of foliar application of TiO2 NPs on the
diameter of the head, the weight of the head, the weight of a thousand seeds, and the
yield of seeds of annual sunflower was observed at a concentration of 2.6 mg/L.
Similar effects have been reported by several studies in other plants, such as barley
[164], wheat [165], and cowpea [166].

Similar to Ti-based ENPs, such as TiO2 NPs, Ag NPs can have a different nature
of actions in their nanoparticulate form compared to free ions. Ag NPs are attractive
for agronomical use primarily for their antibacterial and antifungal effects. There-
fore, it is suitable to use these ENPs in crops susceptible to bacterial or fungal
diseases, such as potatoes. Tahmasbi et al. [167] observed that foliar application of
Ag NPs at 50 mg/L increased the yield of potato tubers per plant by 86.9% compared
to untreated control, mainly due to their improved health.
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The role of Fe in plant photosynthesis is well known. Its application in the form of
ENPs significantly supports physiological development, which is also reflected in
the favorable values of yield-improving parameters and increased yields of crops.
Positive effects in soybean [168] or peas [169] have been observed after foliar
application. In both cases, there were observed increases in pods per plant and the
weight of a thousand seeds. Soybean had 48% higher yields than control when
500 mg/L of Fe-based NPs were applied on its leaves at three plant growth stages
[168]. Peas were also positively affected by the same concentration of Fe-based NPs,
where 1000 seed weight and number of seeds per pods were 196.3% and 21.5%
higher than control, respectively [169]. Similar effects of Fe-based NPs have been
observed in maize [170]. The application of magnetite NPs supported the yield and
growth parameters of mung beans.

Strategies of applying combinations of metal nanoparticles on crops are also
known: Fe and Zn [170], Fe and Mg [169], or ZnO and MnFe2O4 [171]. For
example, the combination of ZnO and MnFe2O4 significantly increased the yield
of peanuts due to better nutrient utilization and more intense photosynthesis
[171]. Similarly, Drostkar et al. [172] reported that foliar application of Zn and Fe
ENPs had a positive effect on chickpea production, which was reflected in the
positive impact on parameters connected to higher yields and higher yield.

ENPs created with other elements have also been used in crop production. The
positive effects of Mo-based NPs are also known. Manjili et al. [173] reported their
positive influence on peanuts via foliar application. They improved plant height and
branching, number of pods per plant, the weight of thousands of seeds, number of
seeds per plant, seed size, and seed yield. The chelated form of Mo nanoparticles was
used in this study.

7.2 Qualitative Improvements in Plant Yields

Inorganic ENPs such as Zn- and Fe-based NPs affect the quality of field crop
production most significantly. In plants, Zn has an important function in root growth
and absorption of essential nutrients, notably N, required for the synthesis of proteins
[174]. Several studies [54, 147, 153] in field conditions confirmed that ZnO
nanoparticles positively affected the quality parameters of winter wheat production
and winter corn. Studies also confirmed similar positive effects by Kolenčík et al.
[31] on foxtail millet and Kolenčík et al. [32] on sunflower. The millet had an
increased content of total nitrogen, oil, starch, and grain dry matter. However, the
crude protein content decreased [31]. In sunflower, a significant increase in oil
content was observed after the application of ZnO nanoparticles [32]. Both crops
had a ZnO nanoparticle concentration of 2.6 mg/L. Singh [175] and Patel [176] also
described the beneficial effect of low concentrations of Zn-based ENPs on sunflower
oil contents. Nandhini et al. [156] found that ZnO nanoparticles promoted the
activity of important millet enzymes under laboratory conditions, leading to higher
plant resistance to fungal diseases. It has been proven that plants without fungal
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infestation have a higher quality of final products [177]. In the studies by Kolenčík
et al. [31, 32], it was found that the plants treated with ZnO NPs did not suffer from
any fungal diseases and achieved a higher quality than the control variant. However,
this was not always statistically significant. Rizwan et al. [147, 153] found that ZnO
NPs positively affected the concentration of chlorophylls and, thus, the intensity of
photosynthesis of wheat and maize. Schmidt et al. [177], Bellesi et al. [178], and
Matzen et al. [179] state that a higher intensity of photosynthesis is a prerequisite for
increasing the qualitative parameters of production, such as the content of starch, oil,
dry matter, or crude protein. Higher intensity of photosynthesis is directly connected
to lower water stress [180, 181]. This is consistent with the results of the study by
Kolenčík et al. [31] as it was noted that crops treated with ZnO NPs showed lower
water stress and had a higher content of nitrogenous substances, oil, starch, and dry
matter. Similar results were reported by Kirnak et al. [182], who found that the
content of oil in pumpkin seeds increased when water stress values decreased. The
same trend was observed by Candogan et al. [183], where lower values of water
stress in soybean crops resulted in a higher content of protein and oil in its seeds.
Higher contents of proteins, starch, sugars, and oil [171] were also reported in
peanuts after the application of zinc nanofertilizers. Raigond et al. [184] reported
increased content of anthocyanin, starch, and soluble sugars in potatoes. Leaf
application of nano-chelated Zn and Fe also improved the concentration of crude
protein and carbohydrates in maize grains [170]. Furthermore, higher protein content
was also recorded in pea seeds after the application of Fe NPs compared to the
classical macroforms [169].

Growth promoters based on TiO2 NPs can also contribute to increasing the
quality parameters of field crops. There was a significant increase in carotenoids in
crops such as rapeseed, mung beans, and tomatoes [185]. It can be stated that
concentrations of TiO2 NPs (2.6 mg/L) also have the potential to increase the oil
content in oilseeds, for example, in sunflowers [32]. Other ENPs, such as Ag NPs in
fenugreek, increase the content of proteins, phenolic, and flavonoid compounds
[186]. The influence of different metal nanoparticles on the qualitative production
parameters of plants is given in Table 3.

In general, the long-term application of engineered nanoparticles in agriculture
comes with several advantages and disadvantages. Therefore, their ecological and
environmental impact is studied in several ways, including the toxicity to soil
organisms other than the plants they are applied to and their impact on the soil
[187]. However, effects to plant reproductive organs are relatively less studied, and
this field of study also needs our attention.
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8 Evaluation of Nanoparticles in the Context
of Reproductive and Environmental Safety Through
the Palynological Analysis

The reproductive phase is the most crucial period in the life cycle of the plants. It
includes processes such as the development of the flowering parts, differentiation of
the gametophytes, as well as pollination, fertilization, and embryogenesis (Fig. 4).
Some of the elements used in nanoparticles (for example, B, Fe, Zn) represent
microelements necessary for the normal development of reproductive parts [188–
191]. In the case of the supply of these elements in the form of nanoparticles, the
stimulatory or inhibitory effect on the reproductive organs and generative cells could
be achieved by a well-balanced concentration of these elements and suitable form in
the applied ENPs [192]. The surface charge of the particles and their treatment is also
important. It was proved that negatively charged Fe2O3 NPs cause a decrease in
pollen germination [193].

Particle size seems to be an essential parameter for the transport of nanoparticles
into cells. In addition to the entrance pathways through the cell wall of pollen grains,
smaller ENPs can enter the large pollen grains through the pores. The developmental
phase of the plant in which the application of ENPs takes place is also important. It is
necessary to demonstrate whether the application of ENPs on vegetative parts of
crops, especially in field conditions, sufficiently supports the morphogenesis of

Table 3 The influence of different metal nanoparticles on the qualitative production parameters of
plants

Type
of
NPs Concentration Species Effect References

Ag 0 and 60 mg/
L

Trigonella
foenum-
graecum

Increase of the content of carbon, protein,
phenolic, and flavonoid acid

Sadak
[186]

TiO2 0 and 2.6 mg/
L

Helianthus
annuus

Increase of oil content Kolenčík
et al. [32]

ZnO 400, 1000,
and 2000 mg/
L

Arachis
hypogaea

Higher N, P, Fe, Mn, and Zn contents in
both seeds and straw; higher chlorophyll,
carotenoids, total carbohydrate, total solu-
ble sugars, total proteins, and oil percent-
ages content in seeds

El-
Metwally
et al. [171]

ZnO 0 and 500 mg/
L

Solanum
tuberosum

Increase of the content of anthocyanin,
starch, and soluble sugars

Raigond
et al. [184]

ZnO 0 and 250 mg/
L

Helianthus
annuus

Increase of the content of sugars, proteins,
and oil

Rajiv et al.
[143]

ZnO 0 and 2.6 mg/
L

Setaria
italica

Increase of the content of total nitrogen,
oil, starch, and dry mass

Kolenčík
et al. [31]

Decrease of total proteins

ZnO 0 and 2.6 mg/
L

Helianthus
annuus

Increase of oil content Kolenčík
et al. [32]
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generative organs and the successful development of gametes. A positive correlation
was found between better vegetative growth and increased flower production after
ZnO application [194].

It is known that the distribution of elements in plant organs and tissues is not as
efficient, and the accumulation of substances in different parts of the plant varies;
therefore, the method of application is essential to achieve the expected effect
[34]. However, there is a lack of knowledge on in situ experiments since most of
the data are obtained from in vitro experiments [192]. Furthermore, there is a lack of
comprehensive knowledge on the impact of ENPs on the whole reproductive cycle
of the plants, from the establishment of flowers through the differentiation of flower
structures to the final development of seeds and fruit.

The application of ENPs affects the onset and time of the flowering process. In
some cases, the application of ENPs accelerates the flowering process. An earlier
flowering process was noted after applying Ag NPs in tulip Tulipa gesneriana [195]
and lily Lilium cv. Mona Lisa [196]. The same effect was observed when ZnO NPs
were applied on onion, which reduced the number of days required for the flowering
process [194]. However, in the other species, ENPs may have the opposite effect.
Flowering time was significantly delayed after exposure of plants to carbon
nanotubes in tomatoes [197]. The delayed flowering process of Arabidopsis thaliana
after the application of Ag NPs was caused by a changed photoperiod, autonomous,
and vernalization pathways [198]. However, the application of ENPs may not affect
flowering time. CeO2 NP did not cause any abnormalities in flowering time in the
bean [199]. The prolongation of flowering time of ornamental plants is a desirable
aim. A longer flowering process was observed after the application of Ag NPs in two

Fig. 4 Impact of the nanoparticles on the reproductive parts of plants
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cultivars of lily, even if the bulbs were soaked in ENP solution [196]. The timing of
the flowering process is also important from the perspective of the pollination
conditions.

The impact of ENPs on the number of flowers is directly related to the fruit set.
Spraying Ag NPs at 3 mg/L increased flower percentage as well as fruit yield in
Prunus persica [200]. Similarly, the treatment of onion with ZnO NPs caused a
higher number of flowers and seeded fruits per umbel [194]. An increase in the
number of flowers in lily Lilium cv Mona Lisa was achieved after applying Ag NPs
[196], and ZnO NPs increased the number of flowers in tomatoes [201]. The
application of ENPs has a significant effect on flower formation. It turned out that
TiO2 NP foliar application helped to form flowers in tomatoes at considerably low
concentrations, but plants growing in treated soil produced a similar number of
flowers at higher concentrations.

The improvement of flower characteristics is economically important, especially
for ornamental plants. TiO2 NPs positively affected morphological traits such as
flower diameter and fresh flower weight in widely cultivated species Petunia hybrida
[202]. Similarly, Ag NPs affected positively the width and length of petals in Lilium
[196] and improved the quality of cut flowers in tulip Tulipa gesneriana [195]. The
opposite effect was observed in A. thaliana when the application of Ag NPs caused a
decrease in flower and calyx size as well as petal viability. Both the pistil and
stamens were also adversely affected [198]. The response to the concentration of
applied ENPs may be variety specific. A positive effect on the flower characteristics
of the Lilium cv Mona Lisa was achieved at 50 mg/L Ag NPs while in cv Little John
at 100 mg/L [196].

Although there are no apparent phenotypic changes in flower structures, the
disturbance in gamete development within the reproductive organs can occur
[193]. The normal development of male and female gametophytes is a crucial factor
in successful generative reproduction. The haploid phase is a particularly sensitive
indicator of various environmental changes [203, 204]. Disturbance during sporo-
genesis and gametogenesis due to adverse conditions results in undeveloped or
degenerated gametophytes unable to participate in the formation of generative
diaspores. From this point of view, the male gametophyte is more sensitive to
various negative effects. Therefore, pollen is used as a bioindicator of environmental
pollution [205]. The increasing use of ENPs in various areas of industry and
agriculture requires increased attention to the impact of these particles on plants,
especially on the reproductive organs of the crops grown for seeds or fruits.
Therefore, it would be appropriate to test the impact of nanoparticles on the model
and sensitive species and subsequently verify it on the crops. The species
Arabidopsis thaliana is the most used object in plant biology. It was observed that
ENPs inhibited pollen development [198], and Fe2O3 NPs increased the pollen
abortion of this model species [193]. It seems that these findings could be applied
to the other group of plants, including crops. It was found that disturbance during
microsporogenesis after the application of CeO2 NPs in beans led to irregular
chromosome pairing, formation of laggard chromosomes, development of abnormal
or degenerated tetrads, and collapsed or degenerated microspores. Pollen grains of
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the beans were degenerated or undeveloped, and the shape of the pollen grain was
variable [199]. Likewise, different types of pollen aberrations were detected in peach
after application of Zn-based NPs [200], as well as kiwifruit Actinidia deliciosa var.
deliciosa pollen affected by Pd NPs [206].

An important indicator of pollen quality is the size and structure of pollen grains.
The Ag NPs increased substantially the size of pollen in peach [200], and selenium
NPs with supplementation at 3 mg/L increased the pollen size in tomatoes
[197]. However, higher doses of Se NPs reduced not only the size of the pollen
but also the density of the pollen grains in microsporangium, drawing attention to
their potential toxicity [197].

The effect of ENPs on the male reproduction phase can also be manifested by
changes in the microscopic and submicroscopic structure of pollen grains. Although
pollen grains are coated with a very resistant lipid wall of sporopollenin, after contact
of the ENPs with the surface of the pollen, the exine of the pollen could be damaged.
It was found that Ag NPs caused extensive alterations in the muri and lumen of the
exine pollen grain in Peltophorum pterocarpum [207]. Fullerenes adhered to pollen
grains and damaged the plasma membrane of Cryptomeria japonica,
Chamaecyparis obtusa, and Camellia japonica [208]. Changes in the ultrastructural
level of the kiwifruit Actinidia deliciosa pollen grains such as plasmalemma invag-
ination, vacuolization, and degenerative changes were observed after the application
of Ag NPs [206]. For the same species, Pd NPs showed deeper cell penetration into
cytoplasm and vacuoles [206]. In addition to the uptake of ENPs through cell walls,
there is the possibility of small NPs penetration (5–10 nm) via germinating pores,
especially with large pollen grains.

The most important indicator of the pollen grains quality is the viability of pollen.
Current findings suggest that the positive or negative influence of ENPs on pollen
viability depends on the type of nanoparticle, the concentration or size of the
particles, the method of preparation, and the method of application. In addition,
ENPs affect various stages during pollen germination, such as the emergence of the
pollen tube, germination rate, and length of the pollen tube.

Application of Fe2O3 and Ag NPs decreased the pollen viability in model species
A. thaliana [193, 199]. In addition, the accumulation of Ag NPs in the proximity of
the germination apertures in kiwifruit [206] and blockage of germ pore of the pollen
in Peltophorum pterocarpum [207] disrupted the emergence of the pollen tube and
caused a substantial decrease in pollen viability.

Adhesion of ENPs to the surface of pollen grains hurts pollen germination. Fine
ZnO NPs adhered to lily pollen grains and decreased germination rate. The contin-
uous absorption of zinc from ZnO NPs by pollen grains and pollen tubes was
observed; thereby, it was increasing its intracellular concentration and inhibiting
pollen germination [209]. Fullerenes captured on the surface of the exine had the
same effect on the pollen germination of Camellia japonica [208]. Graphene oxide
decreased pollen germination and tube elongation at concentrations over 50 mg/L in
tobacco Nicotiana tabacum and Corylus avellana [210]. It appears that the effect of
ENPs on pollen may be specific to different species. For example, graphene oxide
ENPs induced acidification of the media, which is the primary toxicity mechanism
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causing the impairment of pollen performance in C. avellana but not in N. tabacum
[210]. The acidic properties of graphene oxide ENPs were manifested at 100 mg/L.
Low doses did have any effect on the viability of tobacco pollen, yet they doubled
the frequency of bent tubes after disruption of the intracellular pH homeostasis.

The decrease in pollen viability is usually due to the increasing concentration of
ENPs. It was observed that increasing concentrations of Ag NPs reduced pollen
germination and tube growth in Peltophorum pterocarpum and impaired pollen
performance more severely at the stage of the emergence of the pollen tube. The
negative effect also showed a decreased pollen tube growth rate and shorter length of
the pollen tubes. The cause of the pollen tube growth disturbance was a lower
amount of Ca2+ in the apex pollen tube [207]. A similar effect on pollen viability
and performance in Actinidia deliciosa pollen had an application of the same type of
nanoparticles. Ag NPs decreased pollen viability, and tube elongation was much
more sensitive to Ag NPs than just the tube emergence [211]. Also, Pd NPs
decreased significantly the pollen viability in kiwifruit. In this case, inhibition of
pollen germination, cessation of pollen tube emergence, and elongation were due to
the perturbation in redox balance and loss of endogenous calcium [206].

In some cases, positive effects of nanoparticles on pollen germination were
reported. Commercial Ag NPs showed a significant increase in pollen viability
without any aberrations in peach [200], and a positive effect of organic
nanofertilizers Lithovit (CaCO3, MgCO3, Fe) and Nargo (N, P, K, Mg, Zn, Fe,
Cu, Mo, B, Ca, Se) on in vitro pollen germination and pollen tube elongation
manifested in higher pollen viability in peas [212].

A lot of ENPs obtained by organic synthesis appears to have a positive effect on
pollen germination. For example, Au NPs green synthesized with Terminalia arjuna
extract increased pollen germination in onion Allium cepa and Gloriosa superba
[213, 214], and nettle-derived carbon nanosheets had no inhibitory effects on
tobacco pollen germination [215].

Knowledge of the impact of ENPs on pollen viability in field crops is very rare. In
this context, it was found that CeO2 NPs decreased germination in bean plants
[199]. In addition, most of the data come from controlled greenhouse or laboratory
conditions. Also, most palynological experiments were performed by pollen germi-
nation on artificial media with added ENPs. Therefore, it will be necessary to focus
on field experiments to verify the mechanism of impact of the nanoparticles in
complex conditions. The first mention is that CeO2 NPs increased pollen germina-
tion, and their foliar spray protected pollen germination under drought conditions in
Sorghum bicolor. The mechanism responsible for this positive effect is the antiox-
idant properties of NPs, which reduce oxidative stress from drought [216].

Effective pollination is crucial to achieving a high-quality yield of most crops.
ENPs released into the environment can be a potential risk to pollinators
[217, 218]. In particular, ENPs that adhere to the pollen surface of entomophilic
species affect pollen performance and can be transported on the bodies and in the
digestive tracts of pollinators and cause contamination of bee products. This path-
way poses a risk of transmission to the food chain. It was found that Fe released from
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ENPs was transported on the body surface of worker bees, and Pb was found in their
digestive tract [219].

In addition to the normal development of the male gametophyte, the second
necessary condition for reproductive success is the normal development of the
female gametophyte. Disturbance during megagametogenesis resulted in the forma-
tion of the incomplete or degenerate female gametophyte. Knowledge of the impact
of ENPs on this process is absent. There is a mention of disturbance of this process in
bean plants. CeO2 NPs caused megagametogenesis disturbance in the stage of
two-celled female gametophyte due to apoptosis nuclei [199]. However, further
research on other crops is necessary. The impact of ENPs on the reproduction of
plants can be seen in Table 4.

Interaction between pollen and stigma after the impact of ENPs on these struc-
tures is insufficiently examined, and the influence on fertilization and the process of
embryo development. Some research showed that although ENPs did not affect crop
yields, the nutrient content of the grains was affected [220]. Further research on the
transmission of ENPs from seeds to offspring in crops is needed. The assessment of
food safety risks is also necessary. So far, experimental data for the model species
showed that this transport is possible [198]. Experiments with magnetofection of
pollen gave inconsistent results. Zhao et al. [221] described a new method that used
magnetic nanoparticles to deliver DNA into pollen grains of some dicots, which was
not confirmed in monocots [222].

9 Conclusion and Future Perspectives and Development

Plant growth and health are of utmost importance as far as agriculture is concerned.
Inexpensive alternatives to conventional fertilizers that can reduce the number of
applied materials are needed. Nanofertilizer and growth promoters have a great
potential for success in this area. These ENPs offer an effective strategy to prevent
malnutrition via increased uptake of micronutrients to edible plant parts and their
better yields. However, further research is needed to fully utilize their potential in
large-scale agricultural applications that will be in line with the environmental goals
of soil protection and climate crisis mitigation. Further extensive studies are urgently
required to fully comprehend the scale and various aspects that are related to their
potential to improve agriculture since field experiments with ENPs are sparse. Many
ENPs are photoreactive when applied to leaves. Dosage of ENPs and high solar
exposure may boost antioxidant systems in leaves at appropriate concentrations.
Still, they may also overwhelm the defense systems and result in leaf damage at
higher doses. ENPs exhibit the potential to significantly improve agricultural yields
even at relatively low concentrations without significant risk to the consumers or the
sprayed plants.

Future experiments with ENPs will need to address their specific influence by
comparing the applications of ENPs with their ionic counterparts and the specific-
ities of ENP application to find the best practices that provide the highest yield at the
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Table 4 Impact of NPs on reproduction of the plants

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

Ag 10 nm Actinidia
deliciosa

Decreased pollen via-
bility and performance,
early changes in cal-
cium content, specific
ultrastructural alter-
ations, imbalance of
redox status, damaged
pollen membranes,
inhibited germination
disruption of both the
tube elongation process
and pollen tube emer-
gence, pollen grains
dark and shrunken
(at 20 mg/L), anoma-
lous ultrastructures
accumulated beneath
the inner cell wall of the
membranous structures
at 20 mg/L, plasma-
lemma invagination,
vacuolization, and large
empty cavities in pollen
grains

Speranza et al.
[211]2 and 20 pollen

0, 5, 10, 15, and
20 mg/L

Ag 12.5 mg/kg Arabidopsis
thaliana

Decreased expression
of floral integrators,
delayed flowering time,
inhibition of pollen
development, flower
and calyx size decrease,
decreased petal viabil-
ity, stamen and pistil
adversely affected,
decreased pollen via-
bility, thinner and
shorter pods, decreased
weight and length of
pods, reduced pod pro-
duction, small and
unfilled seeds, inhibi-
tion of pod growth, and
reduced seed number in
pods

Ke et al. [198]

(continued)
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Table 4 (continued)

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

Ag 0, 25, 50, 100, and
150 mg/L

Lilium “Mona
Lisa”

“Mona Lisa” Salachna et al.
[196]

Lilium “Little
John”

Positive effect on
morphological param-
eters, enhanced fresh
weight of bulb
(23.6–50.5%), the ear-
lier flowering process
by 2 or 3 days, and
longer flowering time.

Soaking bulbs:
Increased flower pro-
duction, accelerated
flowering, and
increased number of
flowers without affect-
ing the flower
longevity

“Little John”

Soaking bulbs: Stimu-
latory effect on
flowering, greater
fresh weight of bulbs
(40.6–56.5%),
increased flower pro-
duction with longer
tepals, and accelerated
flowering by 2–4 days

Ag 5, 10, 20, and
25 mg/L

Peltophorum
pterocarpum

Increasing concentra-
tions reduced pollen
germination, tube
growth, impaired pol-
len performance at the
stage of the emergence
of the pollen tube,
changes in overall
morphology of the pol-
len grains, extensive
changes in the muri and
lumen of exine and
blockage of germ pore,
decreased rate of pollen
tube growth, decreased
length of pollen tubes,
and a lower amount of
Ca2+ in apex pollen
tube

Dutta Gupta
et al. [207]

(continued)
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Table 4 (continued)

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

Ag 2, 2.5, and 3 mg/L Prunus persica
“Florida Prince”

Increased flower per-
centage, fruit physical
and chemical charac-
teristics, and fruit yield.

Mosa et al.
[200]

Zn 0.5, 1, and 1.5 mg/
L

Different types of pol-
len aberrations during
Zn NPs treatment
(stickiness in content,
ultrastructural changes
in the exine and inte-
rior walls of pollen
grains, increase in
ultrastructural
changes, partially or
fully degenerated con-
tent, and shrunken
pollen content with a
big gap in capacity).

Ag NPs increased pol-
len viability without
any aberrations and
increased the pollen
size and pores.

Ag 25, 50, 100, and
150 mg/L

Tulipa
gesneriana
“Pink
Impression”

Earlier flowering,
increased length and
fresh weight of cut
flowers, no effect on the
postharvest longevity
of cut flowers, a higher
number of daughter
bulbs, enhanced fresh
weight of daughter
bulbs, shortened pro-
duction cycle,
improved quality of cut
flowers, and stimula-
tion effect at 50 and
100 mg/L

Byczyńska
et al. [195]

Au Size 10–20 nm Allium cepa Increments in the fre-
quency of mitotic index
(most significant at
1000 μM), increased
mitotic index of A. cepa
root tip cells, no cyto-
toxic effect in cell
cycle, no endocytosis,
and increased pollen
germination in G.
superba

Gopinath et al.
[214], Alharbi
et al. [213]

0, 100, 500, and
1000 μM

Gloriosa
superba

(continued)
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Table 4 (continued)

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

CeO2 250–2000 mg/L Phaseolus
vulgaris

Disturbance during
microsporogenesis at
the chromosome
pairing stage, formation
of laggard chromo-
somes, collapsed and
degenerated micro-
spores, abnormal and
degenerated tetrads,
degenerated and
misshapen pollen, and
decreased germination.

Salehi et al.
[199]

Megagametogenesis
disturbance in the
stage of two-celled
female gametophyte

CeO2 10 mg/L Sorghum bicolor Increased pollen germi-
nation. Foliar spray
improved pollen ger-
mination (10%) under
drought conditions.

Djanaguiraman
et al. [216]

Fe2O3 3 and 25 mg/L Arabidopsis
thaliana

3 mg/L increased in the
abortion of pollen and
reduction in pollen
viability

Bombin et al.
[193]

Pd 5–10 nm Actinidia
deliciosa
“Tomuri” male
genotype

Pd NPs altered kiwi-
fruit pollen morphol-
ogy (shape, wrinkled
appearance, largely
undulated exine, anom-
alous changes in pollen
ultrastructure, damage
of plasma membrane),
immediate accumula-
tion of NPs behind the
wall, primarily in the
proximity of the germi-
nation apertures, deeper
cell penetration of NPs
(in cytoplasm and vac-
uoles), decrease in pol-
len viability, inhibition
of pollen germination
and cessation of pollen
tube emergence, per-
turbation in redox bal-
ance, and decrease and
loss of endogenous
calcium

Speranza et al.
[211]0.1–0.4 mg/L

(continued)
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Table 4 (continued)

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

Se and
NaSe

0, 3, and 10 mg/L Solanum
lycopersicum

The size and density of
pollen grains affected
in a dose- and material
type-dependent man-
ners, decreased density
of pollen grains in pol-
len sacs, the size of
pollen grains increased,
and reduction in both
the size and the density
of pollen grains

Neysanian et al.
[197]Foliar application

TiO2 0, 5, 10, 15, 20,
and 40 mg/L

Petunia hybrida Best flower diameter in
5 ppm and positive
effect on morphological
traits (flower diameter,
fresh flower weight)

Kamali et al.
[202]

TiO2 0–1000 mg/L (kg) Solanum
lycopersicum

TiO2 foliar application
improved flowering at
low concentrations.
Soil-treated plants—a
similar amount of
flowers at the higher
concentrations

ZnO ZnO increased the
number of flowers, and
the foliar application
was more effective.

Higher accumulation
of NPs—retarded plant
growth and
development

ZnO 10, 20, 30, and
40 mg/L

Allium cepa Reduced number of
days required for
flowering, a higher
number of seeded fruits
per umbel, higher num-
ber of flowers and
seeded fruits per umbel,
higher seed weight per
umbel, and 1000 seed
weight

Laware and
Raskar [194]

ZnO 100 mg/L Lilium
longiflorum

Fine ZnO adhered to
pollen grains. A
decrease of the germi-
nation rate of pollen

Yoshihara et al.
[209]

(continued)
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Table 4 (continued)

Type of
NPs

Size of
NPs/concentration Plant species Flower parts/effects References

Fullerenes F1 C60/C70 (20%
C70 + 1% higher
fullerenes)

Cryptomeria
japonica

Fullerenes adhered to
pollen grains (F1 more
than F2),
autofluorescence of all
species decreased, ger-
mination ratio of
Camelina japonica
pollen grains with F1
adhesion decreased by
one-third, viability
reached 90%, and
adhesion of F1 to pol-
len grains caused dam-
age to the plasma
membrane.

Aoyagi and
Ugwu [208]

F2 (C60 99%) Chamaecyparis
obtusa

Camellia
japonica

GO 25, 50, and
100 mg/L

Nicotiana
tabacum

Decreased pollen ger-
mination and tube
elongation at GO con-
centrations higher than
50 mg/L by 20% and
19% in N. tabacum and
68% and 58% in C.
avellana.

Candotto
Carniel et al.
[210]

GBMs 3 and 9 nm Corylus avellana Adhesion to the pollen
grains and the pollen
tube surfaces in both
species.

GO did not affect the
viability of N. tabacum
pollen yet doubled the
frequency of bent
tubes.

At 100 mg/L,
GO-induced acidifica-
tion of the media is the
main toxicity mecha-
nism causing the
impairment of pollen
performance in C.
avellana.

0.2% Lithovit Pisum sativum
“Pleven 4”

Positive effect on
in vitro pollen germi-
nation and pollen tube
elongation, higher pol-
len viability, and sig-
nificantly highest
values had Nargo.

Georgieva et al.
[212]0.05% Nargo

(continued)

Foliar Application of Metallic Nanoparticles on Crops Under Field Conditions 201



lowest used concentrations. Furthermore, more studies into their use when applied at
low concentrations where their plant growth and health improvements are combined
with the economic viability of the application are also needed. One of the avenues to
decrease the risk of ENPs is their green synthesis with chemicals produced by
bacteria, algae, fungi, or plants. However, only a few studies compared such effects
with inorganically synthesized ENPs. Studies on multiple generations of plants
should be undertaken to assess the potential safety risks in the long term or in the
future. One of the crucial strategies to evaluate the impact on the environment after
the agricultural application of ENPs in the study of reproductive and environmental
safety through the palynological analysis and more emphasis should be put on this
research in the future.
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Phytotoxic Effects of Nanoparticles
and Defense Mechanisms in Plants

Muhammad Adil, Amar Nasir, Noor Muhammad Khan,
and Arbab Sikandar

Abstract Nanoparticles have drawn considerable attention on account of their
unique physicochemical characteristics and valuable applications in various sectors.
Nevertheless, the rapid development and widespread utilization of nanotechnology
may cause the inevitable dispersion of nanoparticles into the environment and
potential ecotoxicological consequences. Contrary to relatively more common
nanotoxicological investigations on humans and animals, the phytotoxicity of
nanoparticles still requires substantial investigation. Being the end recipients of
environmental contaminants, plants are not only affected directly but also determine
the ecological fate of nanoparticles and the nature of exposure for higher species.
Therefore, elucidating the interaction between nanoparticles and plants is critical for
highlighting the environmental impact of nanotechnology. This chapter describes
the phytotoxic potential of nanoparticles emphasizing the uptake, translocation,
accumulation, toxicological and detoxification mechanisms, phytotoxicity assess-
ment assays, toxicity-affecting factors, and spectrum of detrimental effects in plants.
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1 Introduction

Nanotechnology constitutes an emerging discipline of science and nanoparticles
have a variety of applications, particularly in the agricultural, biomedical, engineer-
ing, and industrial sectors [1, 2]. However, nanoparticles can enter the soil, air and
water through wastewater, sewage sludge and landfills during the processes of
synthesis, handling and application [3–6]. Agricultural application, surface runoff,
rain erosion and atmospheric deposition are the major pathways for the entry of
nanoparticles into the soil. The high reactivity and unique physicochemical profile of
nanoparticles are attributed to considerable differences from their bulk counterparts
in terms of size, structure, surface characteristics and shape. The constant interaction
of plants with water, air, and water facilitates the uptake, storage and transfer of
nanoparticles.

Although most of the nanoparticles are known to induce phytotoxic effects in the
form of morphological, biochemical, physiological, or genetic perturbations, plants
also possess certain innate defense mechanisms to tackle these stressful conditions
[7, 8]. However, plant cells are subjected to apoptosis when the extent of phytotoxic
damage exceeds the capacity of inherent detoxification potential [9]. Besides dele-
teriously affecting the soil organisms and plants, the deposited nanoparticles can be
further transported by the plants to animals and humans, representing the high
trophic levels of the ecosystem [10–12]. Consequently, the toxicological interaction
between nanoparticles and plants requires thorough investigation for the assessment
of risk to environmental well-being, food safety, biodiversity conservation and
public health.

2 Methods for the Assessment of Nanoparticle-Induced
Phytotoxicity

Generally, phytotoxicity tests are conducted using certain crops including both the
Monocotyledoneae and Dicotyledoneae species [13]. Commonly recommended
species for this purpose are maize (Zea mays subsp. mays), wheat (Triticum
aestivum), cabbage (Brassica oleracea), bean (Phaseolus vulgaris), rice (Oryza
sativa), radish (Raphanus sativus), carrot (Daucus carota subsp. sativus), cucumber
(Cucumis sativus), onion (Allium cepa), tomato (Solanum lycopersicum), oat (Avena
sativa), soybean (Glycine max), lettuce (Lactuca sativa) and ryegrass (Lolium
perenne L.). Recently, characteristic model species like Arabidopsis thaliana have
also been successfully used for phytotoxic examination [14].

Phytotoxicity assays are carried out during the germination of plants for measur-
ing the germination percentage that requires the targeting of seeds by the test
solution for about 4 days [13] and at the time of growth of the seedlings, using
shoot/root elongation and dry weight as variables in order to gauge the impact of
plant exposure to detrimental substances [15]. Different media are used for the
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growth of plants during phytotoxicity testing and water is the simplest and cheapest
medium for this purpose. Besides, soft gels or agars, as well as soil are also
commonly employed [14]. Frequently evaluated parameters in this context are
germination, root/stem growth rates, leaf count and chlorophyll content [16, 17].

Microscopic examination has been described in several studies wherein
nanoparticles were mapped inside the plant cells. For instance, the presence of
selenium nanoparticles in root tissues of exposed plants has been described as bright
green spots in fluorescent microscopy [18]. Comparable findings were also recorded
in soybean plants exposed to magnetite nanoparticles [19]. Likewise, the penetration
of super magnetic oxide nanoparticles inside the cells of soybean was also visualized
under the fluorescent microscope [19]. Cell viability studies constitute an integral
approach of nanotoxicity assessment in plants by determining their viability using
vital stains like Evan’s blue, in addition to measuring cellular metabolic activity
markers including triphenyltetrazolium chloride. The dye is expelled out by viable
cell membranes but retained by the dead cells because of the existing membrane
permeability [20]. On the other hand, the performance of metabolic activity markers
depends upon the activity of mitochondrial enzymes wherein it is transformed to
peculiar red formazan products under the action of mitochondrial oxidoreductase
enzymes [21]. Likewise, fluorescein diacetate/propidium iodide dual staining also
provides a reliable outcome ensuring cell viability. Living cells metabolize fluores-
cein diacetate resulting in the emission of green fluorescence, while in nonliving or
dying cells, propidium iodide is taken up via ruptured cell membranes causing
intercalation within the DNA, emitting a red fluorescence [22]. Comet assay, a
microgel electrophoresis technique, is another approach for the interpretation of tis-
sue damage at the single-cell level [23].

In plants, generally, the levels of flavonoids and phenols undergo variation, in
response to stresses such as exposure to ultraviolet B due to drought and heavy
metals culminating in the removal of reactive oxygen species [24]. It occurs due to
the peroxidation of unsaturated fatty acids in phospholipids [25]. The reactive
oxygen species are produced by nanoparticles targeting the cell membranes resulting
in lipid peroxidation. Consequently, the DNA and proteins are denatured by lipid-
derived free radicals [26]. Malondialdehyde content is used to measure the integrity
of the membranes in plants as it has a direct correlation with the accumulation of
reactive oxygen species [11, 27].

3 Factors Influencing the Phytotoxicity of Nanoparticles

The phytotoxicity of nanoparticles depends upon their physicochemical features
(including size, concentration, surface area and stability), the type and growth
stage of target plants, culture medium and environmental factors (Fig. 1).
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3.1 Physicochemical Characteristics of Nanoparticles

Nanoparticles are relatively more harmful than their bulk counterparts on account of
high reactivity and ease of intracellular diffusion [28]. Contrary to the smaller gold
nanoparticles (3.5 nm), the larger ones (18 nm) were unable to induce leaf necrosis
[29]. However, the conversion of certain bulk substances into nanoparticles results in
the loss of phytotoxic potential. Unlike their bulk counterparts, the silver
nanoparticles were devoid of inhibitory effect on castor beans’ growth [30]. More-
over, the spectrum of phytotoxic effects also differed with the concentrations of
cerium oxide nanoparticles, nano zerovalent iron and titanium dioxide nanoparticles
[31–33]. Titanium dioxide nanoparticles exerted dose-dependent inhibitory effects
on the germination, growth, root length and biomass of exposed plants [34]. Besides,
surface modification also influences the detrimental impact of nanoparticles on
plants and polymeric coating of copper oxide nanoparticles reduced the growth of
Lemna gibba, even at smaller concentrations [35]. Furthermore, gibberellic acid-
coated silver nanoparticles exhibited prolonged phytotoxicity in comparison with
un-coated nanoparticles of silver nitrate [36]. Conversely, zinc sulfide coating
enhanced biocompatibility and reduced the toxicity of quantum dots [37].

3.2 Species and Growth Stage of Target Plants

The nature and intensity of phytotoxic insult differ among plants on account of
species-specific variations in the antioxidant defense mechanism. Besides, xylem
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Fig. 1 Factors affecting the phytotoxicity of nanoparticles
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structure and seed size have also been implicated in governing the susceptibility of
bifoliate plants to nanoparticle-mediated toxicity [38]. In contrast to alfalfa, tomato,
cucumber and corn exhibited a reduction in growth rate on exposure to cerium oxide
nanoparticles [39]. Likewise, the phytotoxic impact of nanoparticles was signifi-
cantly different on conventional and transgenic seeds [40]. Immature plants are
relatively more vulnerable to the detrimental effects of nanoparticles, owing to
lack of properly functional detoxification system.

3.3 Type and Composition of Culture Medium

The toxicity profile of nanoparticles also depends on the type and composition of the
growth medium. Accordingly, several ingredients of soil including organic matter,
nutrients and colloids are known to influence the impact of the nanoparticles on
plants. For instance, the exclusion of organic matter from soil enhanced the accu-
mulation of cerium in bean plants treated with cerium oxide nanoparticles [41]. Con-
trary to organic carbon, the pH and clay content of soil inversely affected the
phytotoxic capacity of silver nanoparticles [42]. In addition to organic carbon and
pH value, ionic strength and salt type also determine the phytotoxic effectiveness of
nanoparticles in an aqueous medium.

3.4 Environmental Factors

Changes in environmental temperature and light conditions may interfere with the
phytotoxicity of nanoparticles by altering the biochemical and physiological attri-
butes of plants. Illumination changed the phytotoxic effect of silver nanoparticles on
Wolffia globosa through the modification of protein content and photosynthetic
pigments [43]. In contrast to light conditions, increased temperature and aging
reduced the phytotoxic impact of nanoparticles [44].

4 Uptake and Translocation of Nanoparticles in Plants

4.1 Nanoparticles Uptake

Plants take up the nanoparticles primarily through two portals. One way is the foliar
entry where nanoparticles make their way through cuticles, stomata, and hydathodes
and the other is soil entry via irrigation where nanoparticles enter the plants through
wounds, roots, root tips, or root hairs [45]. Nanoparticles undergo penetration across
the cell wall and cell membrane and thereby interact with the different processes in
plants. In the first instance, nanoparticles get penetrated through the roots or parts
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above the ground such as root junctions. During the process of uptake and translo-
cation, nanoparticles encounter several physiological barriers of the plants, for
example, the cell wall. In plants the cell wall consists of cellulose, which allows
the passage of small nanoparticles and opposes the entry of larger particles. The plant
cell wall has its exclusion size limit that ranges from 5 to 20 nm, so it is presumed
that particles falling within this range can easily get across the cell wall and penetrate
the plant cell [46]. Certain nanoparticles possess the potential to generate larger
pores in the cell wall and therefore provide an enhanced passage to the larger
particles [47]. Having high reactivity and increased surface area, the nanoparticles
contained in the soil are subsequently transported into the plants by interacting with
root exudates and membrane transporters [48]. Soon after penetration across the cell
wall and subsequent uptake, the nanoparticles are transported into the cell by means
of endocytosis and ultimately distributed among the plant tissues with the help of
plasmodesmata through a symplastic pathway [49]. Nanoparticles are translocated to
the aerial parts on sneaking in the roots and ultimately accumulated in cellular or
subcellular organelles. Soil to roots adsorption of nanoparticles in plants is the first
step that occurs in bioaccumulation [50].

4.2 Translocation of Nanoparticles in Plants

The smaller nanoparticles (3–5 nm in diameter) pass through the pores easily as
compared to larger ones. After being penetrated through the cell wall, nanoparticles
are apoplastically driven via extracellular spaces to the central vascular cylinder,
permitting their unidirectional ascending movement by means of xylem.
Nanoparticles symplastically pass through the Casparian strip barrier to reach the
central vascular cylinder. It occurs through the binding of nanoparticles to certain
carrier proteins of the endodermal cell membrane using endocytosis, forming of
pores, and transport [51, 52]. The nanoparticles remain internalized in the cyto-
plasm for cell-to-cell transport process. Nanoparticles not getting internalized
become accumulated on the Casparian strip, and only those reaching xylem are
transported to the shoots and redistributed to the roots via the phloem. The taken-up
nanoparticles in plants exist in the epidermal cell wall, cortical cell cytoplasm and
nuclei. Nanoparticles not getting transported in plants through the soil, accumulate
on the surface of roots and interfere with the absorption of nutrients from the soil
[53]. Direct absorption of nanoparticles inside seeds can happen after their entry into
the seed coat through parenchymatic intercellular spaces coupled with diffusion in
the cotyledon. Moreover, nanoparticles can enter the leaves via the portals of cuticles
or stomata. Plant cuticle serves as the prime fence in limiting the stomatal transport
of nanoparticles measuring 10 nm or above, and thus, their cellular transport occurs
using symplastic and apoplastic portals into the vascular system of the plant
[54]. Passage of nanoparticles ranging from 10 to 50 nm is facilitated by the
cytoplasm of adjacent cells through symplastic route. Nanoparticles ranging from
50 to 200 nm are transferred between the cells by means of apoplastic route. The
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transit of internalized nanoparticles occurs alongside the sugar flow via phloem sieve
tubes [55]. Consequent to phloem vascular transport, nanoparticles move in two
directions and gather variably in roots, stems, young leaves, grains and fruits, owing
to the role of described organs as effective sinks for the sap [56]. The apoplastic
transport is termed as a nonselective process of minimum resistance. Majority of
water-based nutrients and nonessential metals interact with nanoparticles and facili-
tate the apoplastic portals for their translocation. The transfer and buildup of
nanoparticles in plants rely upon the physiology and structure of their cells, interface
of nanomaterials with soil, and type as well as the stability of nanoparticles.

5 Intrinsic Detoxification and Defense Mechanisms
in Plants

Plants being frequently exposed to environmental toxicants are vulnerable to phy-
totoxicity and they have evolved specialized defense mechanisms to neutralize the
injurious effects of those toxins. Detoxifications constitutes on of the most important
and common defense mechanisms present in plants. Plants are fortunate in
possessing the detoxification pathways through which the deleterious effects of
toxic substances are minimized. Scavenging of reactive oxygen species is an exam-
ple of such pathways for combating the oxidative stress induced by environmental
toxins, for example, nanoparticles. Reactive oxygen species have been implicated to
enact in the intercellular signaling pathways as second messengers, the closing of
stomata [57], apoptosis [58] and gravitropism [59]. Under equilibrium, the marked
damaging effects are not much pronounced; however, excess generation of reactive
oxygen species associated with environmental chemicals such as nanoparticles can
lead to oxidative stress. Plant cells have developed antioxidant defense mechanisms
in their cell organelles including peroxisomes, chloroplast and mitochondria, which
shields them against the toxic hazards of chemical exposure [60]. Plant antioxidant
defense systems consist of both enzymatic (such as superoxide dismutase, catalase
dehydroascorbate reductase, monodehydroascorbate reductase, glutathione reduc-
tase, glutathione S-transferases and glutathione peroxidase) and nonenzymatic anti-
oxidants including thiols, glutathione, ascorbic acid and phenolics [61].

5.1 Enzymatic Antioxidant Defense System

The enzymatic defense system is comprised of antioxidant enzymes having a vital
role against the stressors inducing oxidative stress. Superoxide dismutase is one of
the antioxidant enzymes that catalyze the conversion of highly toxic reactive oxygen
species; O2

� into less toxic O2 and H2O2. It has three different isozymes, i.e.,
superoxide dismutase-iron, superoxide dismutase-copper and superoxide
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dismutase-Zinc [62]. These isozymes are effective against reactive oxygen species,
in aerobic organisms and at subcellular levels [63]. Superoxide dismutase exerts its
potent antioxidant effect in various plant species. It is now clear that increased levels
of superoxide dismutase have been associated with a more pronounced antioxidant
response against the oxidative stress caused by reactive oxygen species and
nanoparticles-mediated toxicity [64]. The antioxidant activity under nanoparticles’
exposure was enhanced by superoxide dismutase in tomatoes, and comparable
effects have also been demonstrated in onion and rice [65].

Another antioxidant enzyme is catalase which plays an indispensable role in the
detoxification of reactive oxygen species during stress conditions [66]. It combats
reactive oxygen species by converting H2O2 into water and oxygen. Ascorbate
peroxidase is another well-known and highly potent scavenger of reactive oxygen
species, that converts H2O2 into H2O and O2. Ascorbate peroxidase has a high
affinity for H2O2 as compared to catalase. Dose-dependent catalase activity was
observed in cucumber leaves post-exposure to titanium dioxide nanoparticles while
no quantifiable variation in ascorbate peroxidase activity was observed [67]. Gluta-
thione reductase acts as an antioxidant in both enzymatic and nonenzymatic defense
systems. It is a reduced nicotinamide adenine dinucleotide phosphate-dependent
enzyme that catalyzes the oxidation of glutathione to glutathione disulfide [68]. Alto-
gether, these enzymes provide an efficient antioxidant defense against the oxidative
stress induced by nanoparticles.

5.2 Nonenzymatic Antioxidant Defense System

The nonenzymatic antioxidant system is composed of chemical substances like
ascorbic acid, thiols and glutathione, which exert their antioxidant effects through
neutralizing the reactive oxygen species. Ascorbic acid protects the cell membrane
against oxidative damage by scavenging reactive oxygen species as it possesses the
ability to transfer its free electrons in nonenzymatic and enzymatic reactions
[69]. Both thiols and ascorbic acid exert a high antioxidant activity in
nanoparticles-exposed plants. However, exposure at greater levels of nanoparticles
demonstrated a significant decline in ascorbic acid and thiols activity leading to
enhanced oxidative damage and reduced photosynthetic activity [70]. Glutathione is
an important thiol of nonprotein nature and plays its role in antioxidant defense
mechanism against the reactive oxygen species-induced oxidative stress. It is essen-
tially found in different compartments of the cell such as mitochondria, chloroplast,
peroxisomes, cytosol, endoplasmic reticulum and vacuoles [71]. The antioxidant
potential of glutathione is attributed to its ability to donate protons in the organic free
radicals and scavenging reactive oxygen species with ultimately being reduced to
glutathione disulfide. Recently, it has been reported that nanoparticles of indium
oxide and cerium oxide caused glutathione biosynthesis and sulfur assimilation gene
regulation in Arabidopsis [72]. Phenolic compounds due to their antioxidant poten-
tial can form chelates, scavenge reactive oxygen species, and minimize lipid
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peroxidation through the entrapment of lipid alkoxyl polyphenols. Carotenoids can
detoxify the reactive oxygen species and are generally classified as lipophilic
antioxidants [73]. Tocopherols (α, β, γ, and δ) are classified as lipophilic phenols,
involved in the scavenging of oxygen free radicals, lipid peroxidation radicals, and
1O2 [74]. However, the potential of phenolic compounds including tocopherols and
carotenoids against exposure to nanoparticles has been very rarely investigated, and
their role in nanoparticles-induced oxidative stress remains elusive.

6 Mechanisms of Nanoparticle-Induced Phytotoxicity

After the nanoparticles have been absorbed and taken up by the plant cells, they may
interact with the various physiological activities and disrupt the growth and repair
processess. It is assumed that nanoparticles may interfere with the regulation of
genes and oxidative mechanisms leading to oxidative burst [75]. Nanoparticles
induce oxidative damage through the generation of reactive oxygen species and
thereby lead to cell death.

It has also been established that nanoparticles further interfere with the mitochon-
dria and chloroplast, culminating in the oxidative burst of the respective cell
[65]. Damage to the cellular proteins, DNA and lipid peroxidation ascribed to
nanoparticles has also been investigated [76]. Exposure to nanoparticles increases
the levels of reactive oxygen species that leads to oxidative burst and the death of
plant cells that can be either programmed (apoptosis) or necrosis. Again, the
damaging role of reactive oxygen species is associated with the equilibrium between
the production of reactive oxygen species and their scavenging by the antioxidant
enzymes. During nanoparticle-induced oxidative stress, plants tend to increase their
production of antioxidant enzymes for the trapping and scavenging of reactive
oxygen species [77]. It is also interesting to know that exposure to nanoparticles
also gives rise to up- and downregulation of different plant hormones (phytohor-
mones). An increased cytokine level following the exposure of cotton plants to silver
nanoparticles reveals that nanoparticles interfere with the hormonal balance through
reactive oxygen species and therefore affect the growth and development of plants.

As we are aware that plants prepare their food by the process of photosynthesis, it
is imperative for their growth and repair that the photosynthetic activity operates
without any interruption. Nanoparticles cause the synthesis of reactive oxygen
species and influence the activity of photosynthetic pigments and their concentration
[78]. This provides an understanding regarding the mechanism of plant’s death due
to altered metabolism and growth pathways following exposure to the nanoparticle.
In plants, nanoparticles affect root elongation, seed germination and biomass.
Nanoparticles of iron oxide, carbon and titanium oxide adversely affected the seed
root elongation, germination rate and germination index in cucumber plants
[79]. Although nanoparticles toxicity has been extensively evaluated at different
angles, its mechanisms and effects at the proteomic levels are still not clear and offer
a gap that requires to be filled through future research.
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7 Phytotoxic Effects of Nanoparticles

Nanoparticles are capable to exert a variety of phytotoxic effects ranging from
morphological, physiological, genetic and transgenerational perturbations to pro-
ductivity deficits (Fig. 2).

7.1 Effects of Nanoparticles on Seed Germination

The germination of a seed is the initiation of the physiological process for a new life.
The outer seed coat serves to safeguard the developing embryo [80]. After cracking
of seed coat, the emerging radicle is the foremost tissue of the plant coming in direct
contact with metal particles. The seed germination and growth of many edible crops
have been reported to be badly affected by exposure to nanoparticles [81]. It has
already been explored that copper oxide nanoparticles affect the seed germination
and growth of the seedling [82]. In addition, these can severely compromise the plant
elongation and even may lead to the death of the plant.

Many of the earlier studies demonstrated the retardation of certain species of
plants like soybean (Glycine max), maize (Zea mays subsp. Mays), ryegrass, wheat
(Triticum aestivum) and barley when exposed to silver, iron, and zinc oxide
nanoparticles. Many facets of the growth of a plant have been reported to be affected
such as seed germination, biomass, shoot length, gene expression and biomass
[83, 84]. Growth suppression was noticed in Bacillus thuringiensis (Bt)-transgenic
cotton in response to silicon dioxide nanoparticle exposure [85]. Likewise, the
growth of wheat plants, grown on sand matrix, was suppressed by copper oxide
nanoparticles along with a change in the structure of roots [86]. Moreover, reduction
in the root lengths and fresh weights of Arabidopsis seedlings, as well as the biomass
and germination rate of rice seeds have also been described [87].

7.2 Influence of Nanoparticles on Plant Hormones
and Growth

Plant hormones are the products of plant metabolism and active organic materials
involved in regulating various physiological activities throughout plant growth and
coordinating reactions to encounters [88]. The composition and activity profile of the
hormones are the key determinants of phytotoxicity index. Nanoparticles consider-
ably impact the synthesis of plant hormones. Even small levels of nanoparticles can
perform significant activity as copper ions in low concentrations enhance the growth
of plants acting as microelements [89]. Besides, exposure to carbon nanotubes
reduced the concentrations of phytohormones in rice seedlings [90]. Another
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investigation [91] performed on irrigation water having copper nanoparticles
described a decrease in the lengths of shoots and root of Spinach plant (Spinacia
oleracea).

7.3 Impact of Nanoparticles on Grain Quality and Yield

Earlier studies carried out on hydroponic plants reported that environmental aggre-
gation of nanoparticles may drastically alter the quality and yield of food crops
grown on soil [92]. The effect on the quality of food crops was reported in one such
study where the protein was not influenced by silver nanoparticles in comparison to
carbohydrates except only at a much higher level (100 mg/L) of silver nanoparticles

Fig. 2 Spectrum of phytotoxic effects associated with nanoparticles
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[93]. Contrarily, zinc oxide nanoparticles enhanced the starch and protein levels,
while, reduced the copper and molybdenum content in cucumber. Likewise, rice
exposed to cerium oxide nanoparticles had less iron, sulfur, valeric acids, lauric,
prolamin, glutelin and starch than control, coupled with the reduction in the antiox-
idant properties of treated rice [94]. Furthermore, it has also been recorded that
cerium oxide nanoparticles influenced the fatty acids, amino acids, phenolics and
reducing sugars in plants [95].

7.4 Effects of Nanoparticles on Photosynthesis

The photosynthetic apparatus of the plant is struck by various toxic nanoparticles
[96] resulting in the following consequences: (a) undesired entrance and distribution
of nanoparticles in leaf tissue like mesophyll [97], (b) changed membrane physiol-
ogy of photosynthetic apparatus [98], (c) decreased production of photosynthetic
pigments [99], (d) altered cytosolic organelles and enzymes [100], and (e) modulated
activity of the photosystem. The harmful effects of silver nanoparticles on plants can
also be foreseen in the form of reduction in the chlorophyll and nutrient uptake, rate
of transpiration and hormonal changes. This disturbance affects the formation of
chlorophyll in leaves and ultimately the overall photosynthetic machinery of plant is
deteriorated [101].

It was measured that nanoparticles accumulate in the leaves of Arabidopsis plant
interfering with the thylakoid membrane structure and reducing the chlorophyll
content and consequently suppressing the plant growth [78]. Besides, the carotenoid
contents and total chlorophyll were substantially reduced in rice (Oryza sativa L.)
seedlings exposed to silver nanoparticles for one-week [102]. Serious suppression of
photosynthesis process due to the aggregation of silver nanoparticles has also been
documented in mustard (Brassica species) seedlings [103].

Furthermore, the exposure of silver nanoparticles to the leafy gametophytes
altered the thylakoid, reduced the extent of chlorophyll b, and thereby influenced
the balance of certain essential elements in Physcomitrella patens [104]. The
nanoparticles also led to a drastic decline in the transpiration rate of Cucurbita
pepo [105]. Likewise, a 10-day exposure of Lupinus termis L. seedlings to
nanoparticles caused the elongation of shoot and root, while, the fresh weights,
total chlorophyll and total protein contents got substantially lowered [106].

7.5 Cytotoxic and Genotoxic Effects of Nanoparticles
in Plants

Nanoparticles enter into the plants through a smart delivery system mediated by
attacking the genes or using DNA of specific plant organelles [107]. Their entry
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involves different pathways, one of which is via transporters [108]. For example, the
genes acting as transporters for the nanoparticles of silicon; Lsi1, Lsi2, and Lsi6 exist
in Oryza sativa (rice) roots [109]. Upon entry of the particles into the cell, a cascade
of macromolecular interactions sets in, having varied manifestations. For instance,
the upregulation of many genes like those associated with water channels and stress
has been reported. Contrarily, titanium dioxide nanoparticles damaged the genomic
DNA in Cucurbita pepo [110].

The deleterious effects of titanium dioxide nanoparticles were also observed in a
range of plants like Nicotiana tabacum, Allium cepa and Zea mays. The DNA
damage occurred at 4 mM, 2 mM, and 10 mM levels, respectively [111, 112]. More-
over, negative impacts pertinent to chromosome structures of Zea mays were also
evident [111]. Similarly, these particles have led to an increase in the number
of tubulin monomers, ultimately affecting the proteosome system in Arabidopsis
thaliana. Likewise, the exposure of rice seedlings to silver nanoparticles resulted in
the differential expressions of genes associated with the tolerance of oxidative
stress [102].

In Lolium multiflorum (Italian ryegrass), the seedlings were largely vacuolated
coupled with the damaged epidermis, and could not grow root hair with their cells on
exposure to 40 mg/L silver nanoparticles [36]. However, in a similar experiment
these particles reduced the vacuole size and led to decreased cell turgidity in cabbage
(Brassica oleracea) and maize (Zea mays) plants [101].

Besides instigating the morphological and physiological changes, nanoparticles
also exert their effects at cellular and molecular levels, and may influence the
cell structure and cell division. Likewise, the seedlings were unable to grow root
hair, cortical cells were significantly vacuolated and distorted, whereas, the root cap
and epidermis were also affected [36]. A decrease in cell size and turgidity in maize
plants exposed to nanoparticles was also recorded [113]. Similarly, the cell wall
integrity and vacuoles were damaged following the penetration of silver
nanoparticles into the plant cells [114]. Additionally, the exposure of Allium
cepa to silver nanoparticles caused a drastic decline in mitotic index and impaired
cell division, ensuing chromatin bridge, cell disintegration, disturbed metaphase,
stickiness, and multiple chromosomal breaks [115].

7.6 Transgenerational Effects of Nanoparticles in Plants

The aggregation of nanoparticles in plants can occur within various tissues including
fruits, seeds, leaves and roots. The entry and buildup of nanoparticles in seeds lead to
transgenerational effects in plants [116]. The absorption of nanoparticles by plants
not only carries the jeopardy of harming the plants but also the congregation of
pollutants and producing polluted progeny acting as a medium to transmit toxic
substances in the naïve and clear environment [11]. In the absence of extraneous
sources of exposure, nanoparticles can be transferred to plant generations via
seeds [117].
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Few beneficial effects of cerium oxide nanoparticles have also been reported by
authors on the first-generation seedlings, nevertheless, harmful effects were noticed
on the growth of second progeny. It was evident that the second progeny of tomato
plants grown from seeds obtained from parent plants with exposure to cerium oxide
nanoparticles were characterized by decreased biomass, lesser potential of water
transpiration, and a higher proportion of reactive O2 [116]. Further investigations on
the impact of cerium oxide nanoparticles using decreased concentrations (10 mg L�1

nanoparticles) of these particles during the initial life stages of the tomato plants still
showed untoward effects. The seedlings of the second progeny of the parent plants
were relatively smaller, contained lesser biomass and higher reactive oxygen spe-
cies, as recorded earlier. Albeit, the growth of root hairs and gathering of
nanoparticles were more pronounced than controls and parent generation. These
findings may help in devising future studies on the transgenerational impact of
nanoparticles in plants [116].

8 Conclusions and Future Perspectives

The interaction between nanoparticles and plants is a multifaceted phenomenon that
depends upon the physicochemical attributes of nanoparticles, the inherent suscep-
tibility of plants, route of exposure and the nature of soil or growth medium
[101]. Although, nanoparticles consisting of essential heavy metals and metal oxides
(such as manganese oxides and iron oxides) are relatively harmless for agricultural
applications [118], most of the typical nanoparticles have been linked with a variety
of deleterious effects on several species of plants. Accordingly, the underlying
mechanisms of nanoparticle-induced phytotoxicity require inclusive comprehension
before their application in the field. Nevertheless, the existing data on phytotoxic
effects of nanoparticles has been primarily obtained through controlled greenhouse
studies or laboratory experiments, and therefore, the predicted responses may differ
in field conditions [119]. Likewise, the potential role of soil characteristics and
microorganisms in nanoparticle-induced phytotoxicity cannot be determined using
hydroponic systems, synthetic soil and potting soil [118]. Besides investigating the
detrimental impact of nanoparticles on plants in soil and quartz sand, the phytotoxic
screening of nanoparticles should be extended to adverse conditions such as salinity,
drought and floods [60].

In contrast to conventional nanoparticles, the phytotoxic impact of newly
engineered coated nanoparticles has not been completely investigated so far. Even
though, the transgenerational and genotoxic effects of coated nanoparticles have
been evaluated, the estimation of threshold concentrations is still to be determined
[119]. Likewise, the interaction of weathered nanoparticles with plants and the
signaling mechanisms underlying the association of nanoparticles with reactive
oxygen species have not been fully elucidated [101, 119]. Moreover, the chronic
exposure-response relationship and resultant phytotoxic effects of nanoparticles
require consideration to facilitate the subsequent long-term risk assessment [60].
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Being smaller in size and lighter in weight, the nanoparticles are projected to
become airborne and thereby disseminate to other plants resulting in probable ill
effects [120]. The movement of nanoparticles across the different portions of plants
indicates their likely transfer to various ecological trophic levels, thereby influencing
the soil microbiota, animals and humans [101]. Accordingly, the uptake and accu-
mulation of nanoparticles by edible plants reflect serious concerns about food safety
and public health [119, 121]. Prolonged exposure of freshwater habitats to
nanoparticles may result in increased pH and salt concentration, thus affecting the
inhabiting aquatic organisms. Therefore, properly designed, life cycle-based inves-
tigations are critically needed for explicating the transfer of nanoparticles across the
food chain and evaluating their cumulative impact on the ecosystem [101].

More effective and convenient techniques should be devised for in situ analysis of
the detrimental effects caused by nanoparticles in plants. Detailed mechanistic
investigations are critically required for targeting DNA damage repair and cell
death by exposing edible and model plants to environmentally feasible concentra-
tions of nanoparticles. Plant cell suspensions can be effectively used for in vitro
nanotoxicity analyses due to high susceptibility and larger surface area for exposure.
Novel tools of microscopy and next-generation sequencing can be employed to
localize the nanoparticles in plants and explore their phytotoxic effects at genetic
and proteomic levels [46]. Besides, the species-specific and genetic-based variations
in the susceptibility of plants to nanoparticle-induced toxicity as well as the potential
role of nanoparticles in translocating pollutants also need further investigation.
Finally, effective measures are also requisite for precluding or diminishing the
phytotoxic effects attributed to nanoparticles and regulating their agro-industrial
applications [60].
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Plant Molecular Responses to Nanoparticle
Stress

Ilham Khan, Murtaza Hasan, Rehana Kausar, Junaid Shehzad,
and Ghazala Mustafa

Abstract Adverse environmental conditions such as global warming, water short-
age, flooding, and salinity are the most challenging tasks for agriculture and threaten
global food security. To address these food security issues, it is imperative to
develop better agricultural technologies as well as stress-tolerant cultivars.
Nanomaterials are now being used as a vital tool for improving the growth and
productivity of crops under abiotic stresses. Recently, managing crop stress using
nanomaterials has been utilized to lessen the negative impacts caused by salinity,
drought, flooding, and temperature. Current findings have suggested that
nanoparticles might help plants to overcome abiotic stresses at lower toxicity and
higher effectiveness as compared to their bulk or ionic counterparts. These
nanomaterials can easily penetrate plant cells and are readily taken up, subsequently
influencing various biological functions. Even though studies have shown that
nanoparticles boost the growth of crops and alleviate abiotic stress, many questions
regarding the nanoparticle-dependent regulation processes still need to be answered.
This chapter attempts to summarize the plant responses to several metal oxide
nanoparticles and their impact on gene expression and metabolite regulation. A
general mechanism through which the metal oxide nanoparticles may cause an
impact on the plant and organelle-specific response will be discussed.
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1 Introduction

Production of world food should rise by 70% to satisfy the growing demand by the
year 2050, as per FAO [1]. In the world, agronomy is believed as the primary
mainstay to produce food. Because of increasing pressure on land, for use of nano
agriculture, escalating land yield in food production is a test as the cultivating area is
going to remain consistent or even reduce [2]. With the environmental change,
abiotic stresses are the chief limitation for supporting yield production [3]. According
to one of the assessments, roughly 70% of yield decrease is directly or indirectly
affected by abiotic stresses [4]. Abiotic stress prompts a sequence of morphological,
physiological, chemical, and molecular changes that negatively affect the produc-
tivity and growth of plants. Salinity, drought, and temperature are the most predom-
inant abiotic stresses, intimidating worldwide food security.

Common breeding techniques have met with restricted achievement in further
developing the stress tolerance of crop plants including intergeneric hybridization. It
is significant to search for other strategies to foster stress-tolerant crop plants
[5]. These days, the worldwide interest is to enhance the production of food with
contained accessible resources and least yet effective utilization of compost and
pesticides to reshape current agriculture. Among the most recent innovation, nano-
technology is the most encouraging one in plant biotechnology and agriculture
[6]. Plant growth at various stages is affected both positively and negatively using
nanodevice or nanoparticles (NPs). Nanotechnology contains unique properties of
nanomaterial that make it affluent for agricultural research in crop enhancement
programs as well as mitigation to stresses [7]. NPs prompted different significant
impacts on the physiological, morphological, and chemical properties of plants.

NPs are made of components of extremely small size (up to 100 nm), and these
factors affect the properties at the cellular level. Nanomaterials (NMs) have a
moderately bigger surface area when contrasted with a similar mass of material in
larger form [8]. NPs can modify the chemical properties and make materials more
chemically reactive. NMs have a high surface-to-volume ratio that boosts their
reactivity and achievable biochemical activity [9]. In many sectors, the use of
nanotechnology has been followed such as energy production, water treatment,
health and medicine, agriculture, and food production [10]. The present status of
information regarding NMs and plants interaction at both molecular and physiolog-
ical levels, including toxicity, absorption, and cell compartmentalization, has been
checked [11, 12]. In the last 10 years, the use of NPs rises exponentially, with even
more use is expected in the future as it improves the crop yield more effectively.

There are currently some conceptions that which organs of the plant, cells,
tissues, and organelles are related to response, as well as the molecular pathways
related to toxicity (e.g., ROS production, DNA damage, protein misfolding, and so
on) [13]. In any case, given the wide scope of NMs utilized (size, shape, composi-
tion, coating) and their effects, it remains hard to focus on constant endpoints
common in response to various classes of these materials. Estimation of metabolites
or other physiological parameters indicates the biological dose and impact on
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exposure to NPs, showing indirectly or directly the effects on physiology [14]. Bio-
markers of impacts show changes at the molecular and cellular levels and indicate
the protein’s abundance or genes expression under controlled conditions. Because of
this potential, biomarkers of impacts can be conveniently applied as a tool for the
evaluation of toxicity [15]. Therefore, the present chapter attempts to summarize the
plant responses to several metal oxide nanoparticles and their impact on gene
expression and metabolite regulation.

2 Mechanism of Plant-Nanoparticle Interaction

Identifying the nature of interactions among plants and NPs is vital for evaluating
their uptake and distribution. However, not much advancement has been done
toward understanding the effect of NMs at the molecular level [16]. To understand
the molecular response and phytotoxicity of plants under NP stress, evaluation of
gene expression through transcriptomics is a potent method. NPs enter largely
through leaves and roots to plant systems [17]. After the entrance, NPs interface
with plants at the cell and subcellular levels, expediating changes to morphological
and physiological levels, which might be stimulatory or oppressive relying upon the
properties of NPs.

Chemical nature, reactivity, size, and, particularly, the NP amount present in or
on the plant define their impact on plant systems [18]. To comprehend the interaction
between plant and NP and to analyze the threats or advantages of agriculture, we
consider the positive as well as negative effects of NPs on the development and
growth of plants [19]. Specialists have utilized various strategies for NP application,
viz., seed treatment, soil application, or foliar spray, while assessing the impact of
nanoparticles on seed germination or plant development. Nonetheless, seed treat-
ment has been utilized in the larger part of the assessments, definitely because of its
practicality.

2.1 Metal Containing Nanoparticles

Interaction of NPs-crop plants and agriculture systems can have a huge impact on
human well-being [20]. Therefore, NPs in crops should be entirely researched
considering crop nutrients, molecular biology, biochemistry, and human health.
Thus, inside crop visualization of NP’s behavior is made possible through
progressed instruments. Utilizing the macerozyme (R-10 enzyme) SP–ICP–MS
gave direct data on Au NP phytoaccumulation in Solanum lycopersicum by
explaining the concentration and size of the particle [21]. Yet there is a deficiency
of detailed study on absorption, accumulation, transformation, and threats of NPs for
crops. Moreover, besides influencing the nutritional values in crops/plants, NPs are
broadly shown to have different biochemical and morphological effects [22]. These
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impacts are related to both transgenic and natural crops. Through decreased concen-
tration of phytohormones, the conferred nanotoxicity to plants might be visualized
after interaction with NPs, such as cerium and titanium NPs (Ce NPs and Ti NPs).
Further, the nutrients of the crop (fats, proteins, and sugars) are also influenced by
different NPs [23, 24]. After phytoaccumulation, the effects of NPs might be
negative, positive, or impartial on crops.

Due to the human health associations, as well as the impacts on the productivity
of plants, the uptake of NPs in consumable plants is a significant subject [25]. In
agriculture, crops uptake of several NPs has been studied. Surprisingly, a few NPs
had positive results; for instance, Ti and Cs NPs phytoaccumulated in tomato, rice,
cucumber, and soybean [26, 27]. Under iron (Fe NPs) stress, the yield of soybean
and nut seedlings and the dry weight of its pod and leaf have been improved
[28, 29]. Similarly, Prasad et al. [30] reported that Cu and Cs NPs improved the
growth of shoot and root in mung bean and improved the pod dry weight in peanuts,
respectively. Moreover, in wheat crop, Cu NP increases tolerance against stress.
Copper and iron NPs also increased the yield of wheat through physiological effects,
which were shown through enhanced content of sugar and SOD activity on prote-
omics study [31]. In plants, because of aerobic metabolism, reactive oxygen species
(ROS) are produced which acts as signaling molecules [32]. ROS have both free
radicals (OH, O2

-) and non-radical molecules (1O2, H2O2) [33]. When the level of
ROS exceeds the defense mechanism, it causes adverse impacts such as oxidative
stress in plants. The excess level of ROS can cause a threat to cells through
membrane and DNA damage and electrolyte leakage, and at last, cell death occurs
[34]. Previously reported research proposed that the phytotoxicity of metal and
metal-based NPs can cause oxidative stress in plants [35–37]. Lin and Xing [38]
reported that Zn NP phytotoxicity in ryegrass is due to the lipid peroxidation and
particle-dependent ROS formation on cellular membrane surface.

Moreover, in Lemna gibba, Ag NP phytotoxicity was caused due to a high level
of ROS production after being exposed to Ag NP stress for 7 days [39]. In general,
H2O2 (ROS) might be transformed into more lethal •OH, where no significant details
exist on the determination of •OH in plants under NP stress, and cannot be detoxified
through an enzymatic system (cellular damage unavoidable) [13]. Among all ROS,
•OH is highly reactive; hence, it can cause damage to proteins and membrane, lipid
peroxidation, and other cellular injuries by reaction with all biological molecules
[40]. Oxidative stress is intensified by the generation of lipid-derived radicals, when
the level of ROS increases, which not only disturb the normal cellular functions but
also damage DNA and proteins [41, 42]. In all living organisms, maximum damag-
ing processes are due to lipid peroxidation, and under stress conditions, membrane
injury typically acts as a signal of lipid peroxidation. Cell membrane damage is due
to MDA (malondialdehyde), which is one of the end products of unsaturated fatty
acids peroxidation [43, 44]. It has been proved that due to ROS production, lipid
peroxidation increases in plants when exposed to various stresses such as metal-
containing NPs.
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2.2 Metal Oxide Nanoparticles

In plant cells, the metal oxide nanoparticle-induced toxicity is mostly mediated by
the production of ROS [45]. In chloroplast, ROS is produced as a by-product of
metabolic pathways, responsible for the degradation of chlorophyll [46]. So under
MO-NPs, plants produce ROS due to disturbance in photosynthetic activity, which
stimulates the defense mechanisms to prevent the plants from oxidative stress
damage. Enzymes (SOD (superoxide dismutase), CAT (catalase), GPX (guaiacol
peroxidase), POD (peroxidase), and ascorbate peroxidase (APX)), MDA, and thiols
contents are usually changed in response to variation in ROS concentration [47]. 3,3-
0-diaminobenzidine (DAB) (ROS-sensitive dye) can be used to observe H2O2 accu-
mulation in Arabidopsis roots exposed to La2O3 and CeO2 NPs.

Results revealed that under NP stress, deep brown color was produced, which can
be easily seen with naked eyes [48]. Also, Zea mays exposed to CeO2 NPs (800 mg/
kg) result in the accumulation of H2O2, which is 10 times greater than the control
plants. However, the results showed that no ion leakage and lipid oxidation occurred
due to oxidative stress [49]. Variation in antioxidant and ROS responses depends on
plant species, type of MO-NPs, and exposure conditions. When cucumber plants
were treated with La2O3-NPs, at 2000 mg/L, the ROS production was higher in
stressed plants [50]. Similarly, the POD, CAT, and SOD activities were also
enhanced in Cucumis sativus under ZnO and CuO NP stress [51]. TiO2 NPs improve
the CAT activity at a concentration of 250–750 mg/kg while reducing the APX
activity at 500 mg/kg concentration in C. sativus [52]. Moreover, CeO2 enhanced the
production of H2O2 in Brassica rapa and corn but reduces it in rice plants [53–
55]. CuO NPs induced oxidative stress in rice, wheat, and soybean plants (elevated
MDA content and ROS) and improved the antioxidant enzymes activities [36, 56,
57], and reduced activity of APX in B. juncea [58]. As previously mentioned, on
plants, NPs have both positive and adverse effects. Zheng et al. [59] reported the
positive effect of TiO2 NPs on cucumber and spinach seed. The positive impact of
TiO2 depends on its different phases such as in spinach plants, anatase and rutile
TiO2 increase the formation of chlorophyll by 19% and 28%, correspondingly
[60]. TiO2 enhanced the photosynthetic activity by 30% and improved the germi-
nation of spinach seed.

Furthermore, anatase TiO2 increases the fresh and dry weight of the spinach plant
by 58.2 and 69.8%, though rutile TiO2 increased the growth of Spinacia oleracea by
63–76%. This improvement in spinach growth is due to the capability of TiO2 NPs to
convert the N (nitrogen) to NH3 [61]. In soybean, the antioxidant system and nitrate
reductase activity are enhanced by applying a mixture of SiO2 and TiO2 NPs
[62]. TiO2 NPs boost up the formation of chlorophyll and Rubisco activities to
improve plant growth [63]. ZnO NPs increase the root length of soybean while iron
oxide NPs enhanced the dry weight of its leaf and pod [28, 64]. Maize seed when
exposed to SiO2 improves its germination rate by providing better nutrients to seeds
[65]. SiO2 improves plant growth by enhancing electron transport rate, transpiration
rate, photosynthesis, and other physiological factors [66, 67]. Wheat germination is
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enhanced when under ZnO NPs [68]. NPs stimulate the growth of plants under
certain concentrations, which seems very important. Additional studies are necessary
to investigate the enhancing effects of these NPs on important crop plants. More-
over, it is important to discover the mode of action of these NPs.

3 Nanoparticle’s Role in Stress Mitigation

Nanotechnology can reduce environmental contamination and assist plants to toler-
ate biotic and abiotic stress conditions. The green-synthesized NPs from plants are
environment-friendly and economical [69]. Nanoparticle applications can assist with
minimizing the use of harsh, harmful, and expensive chemicals, normally utilized in
plant production [70]. Salinity has appeared as a worldwide interest due to constant
rises inland impacted with salt. Salinity stress involves several harmful effects on a
plant’s biochemical, physiological, and molecular features and decreases crop pro-
ductivity [71]. When compared with other metal oxide nanoparticles, ZnO is reliable
and safe. Nanoparticles regulate the ion balance to reduce the effects of salt stress.

Zinc oxide nanoparticles (ZnO NPs) have many advantages on plant production,
soil fertility, and zinc source, which is a major microelement for improving plant
protection and development [72, 73]. ZnO nanoparticles can mitigate the salinity
stress in Abelmoschus esculentus by enhancing the activity of CAT and SOD,
increasing photosynthetic contents, and decreasing total soluble sugar and proline
accumulation [74]. Similarly, in salinity stress, foliar spray of ZnO NPs improves
chlorophyll content along with the performance of E, gs, ci, and PN [75]. Rubisco,
which is directly linked with photosynthetic activity, is enhanced through NPs
[76]. Latef et al. [77] described that in lupine (L. termis), the photosynthetic
pigments, growth parameters, Zn content, and CAT activity decreased during
salinity stress as compared to control plants. Moreover, in salinized plants, the
contents of MDA, total phenols, organic solutes, sodium (Na), and ascorbic acids
increased [78], though priming seeds with Zn NPs stimulated the growth of salinized
plants by fortification in the level of photosynthetic pigments, growth parameters, Zn
content, as well as CAT, SOD, POD, and APX enzyme activities. Also, in stressed
plants, Zn NPs decrease the sodium and MDA contents [79, 80], thus increasing the
salt tolerance of lupin plants. In comparison with NaCl stress, the plants treated with
Zn NPs have high nonenzymatic activity and antioxidant enzymes. Seed priming
with Zn NPs increases Zn content and decreases the accumulation of Na, which is a
sign of salt resistance. Foliar application of cerium dioxide (CeO2) NPs on Molda-
vian balm under NaCl stress significantly enhanced the agronomic traits, antioxidant
enzymes, SPAD, and chlorophyll pigments. Also, CeO2 NPs decrease the H2O2,
electrolyte leakage, proline content, and MDA content.

While there was a significant reduction in agronomic traits and chlorophyll
contents in salinized soil, CeO2 NPs improve the defense mechanism against NaCl
stress [81]. According to Rossi et al. [82] in Brassica, Ce NPs shortened the
apoplastic barrier in roots, which enhanced the movement of Na+ to shoots whereas
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less accumulation in roots of Na+ ions. Ce also exhibits antioxidant abilities due to
the occurrence of both Ce3

+ and Ce4
+ on the surface of NPs [83]. The distinct redox

chemistry on the CeO2 NP surface provided NPs for superoxide dismutase (SOD) or
catalase (CAT) mimetic activities. Foliar spray of iron oxide (IO-NPs) considerably
enhanced the leaf area and enzymes activity inDracocephalum moldavica under salt
stress as compared to control ones [84]. Silicon is considered as one of the highly
important elements for the plant, which occurs in three forms such as solid fractions,
adsorbed, and liquid [85, 86]. Adsorbed and liquid forms of silicon contain mono
silicic acid, due to which it is available to plants and an important form of Si
[87]. Silicon NPs activate the defense and protection systems of plants, enhance
their growth and yield, and act as a specific ion scavenger [88]. Also, silicon dioxide
NPs increase the activity of antioxidant enzymes under salinity stress, act as growth
inducers in plants, and enhance the tolerance to combat abiotic stresses [89, 90]. Sil-
icon NPs have been suggested to enhance the chlorophyll pigments, reduce cell wall
damage, regulate Na+ levels, and stimulate K+ uptake in wheat (Triticum aestivum
L.) under salt stress. Si NPs might have the ability to enhance detoxification of Na+

in plants by boosting Na+ binding to the cell wall [91]. In sorghum, drought stress
reduced the yield of grains (76%) and delayed the leaf and grain head emergence.
ZnO NPs successfully alleviate the drought stress by increasing the enzyme’s
activity and can improve the grain yield (22–183%) [92]. Drought stress causes
accretion of osmolytes and malondialdehyde and changes in the structure of subcel-
lular organelles.

Thus, drought induces damage to the chloroplast, and mitochondria are lessened
through the application of Zn NPs (activate antioxidant enzymes and promote the
synthesis of melatonin) [93]. Iron is the fundamental component for the development
and growth of living creatures (plants, human beings, and animals). Iron performs a
significant role in different physiological and biochemical processes. For several
enzymes, iron асts аs а со-fасtоr that асts as саtаlyst for several biосhemiсаl
reасtiоns [94]. As compared to iron-based fertilizers, iron nanoparticles (Fe NPs)
improve the production and growth of plants [95]. For mitigation of adverse effects
of HMs stress, iron oxide NPs are more desirable due to their large surface area to
weight ratio [96]. Adrees et al. [97] reported that Fe NPs enhanced the process of
photosynthesis, crop yield, and iron concentration in wheat while decreasing the
oxidative stress because of drought and cadmium (Cd) stress. The efficiency of iron
nanoparticles depends on their concentration in soil. The mitigation effects of
IO-NPs were also investigated in rice under drought stress [98]. The results showed
that iron oxide NPs elevate antioxidant enzyme activity, biomass, and photosynthe-
sis and a decrease in ROS. Increased Zn content using ZnO NPs considerably
enhanced the expression of SOD in plant leaves and is more efficient to reduce
oxidative stress [99]. Foliar spray of ZnO NPs mitigates the chilling stress in rice
seedlings, enhancing plant growth parameters and reducing the level of proline,
H2O2, and MDA [100]. Venkatachalam et al. [101] confirmed the enhancing effects
of ZnO NPs by elevating the level of antioxidant enzymes and reducing MDA
content in leaves of L. leucocephala during oxidative stress. Other studies also
revealed a potential increase in soluble protein contents and photosynthetic pigments
by ZnO NPs.
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Cerium oxide (CeO2) NPs, because of their distinct optical, thermal, and electrical
properties, have been widely utilized in various attributes of agriculture and plant
science [102]. For example, CeO2 NPs enhanced the antioxidant enzymes and plant
growth and protect the membrane from peroxidation leakage [103]. Liable on the
size, pH, surface charge, concentration, and subcellular localization, CeO2 NPs may
act as an antioxidant or induce oxidative stress [104–106]. Ce NPs can protect the
chloroplast structure and cell wall. In low concentration, Ce acts as a catalyst in the
synthesis of chlorophyll and in ROS scavenging and helps to maintain the cell
structure [107, 108]. Thus, the application of metal NPs is a safe method to mitigate
the negative effects of abiotic stresses such as salinity and drought in different crops.

4 Subcellular Transport and Mobilization of Nanoparticles

Data from experiments confirm that the symрlаst pathway is the predominant and
efficient pathway for the transport of NPs inside plants. Symplast pathway is assisted
by a vast range of transporting protein, endocytosed pathway, interconnected parti-
cle channels, aquaporins, оr nоvel роres fоr the passage оf NPs [109]. The most
favored plant tissue is the xylem for NP assimilation and translocation alongside the
stomata and phloem. Carbon-based and designed NPs exhibited various responses in
plants for their application and passage [110]. Designed NMs аre trаnslосаted аnd
aggregated contrarily inside the leaves, triсhоmes, petioles, fruits, and stems оf
various рlаnts. In different cellular organelles, designed NMs are aggregated into
the cell wall, plastids, cytoplasm, small vesicles, and nuclei. Certainly, there is not
one trаnsроrtаtiоn meсhаnism, but а different range of mechanisms at рhysiоlоgiсаl,
biochemical, аnd mоleсulаr levels is inсluded fоr perforation and accretion оf NPs
[111]. Compared to animal cells, the cell wall of the plant is the foremost barrier for
nanotechnology.

The size of NPs and water content are the most basic parameters for infiltration
and movement of NPs in the plant cell [112]. Size is very important not only for
diffusion through cuticle and stomata of leaf but also for the movement of NPs in cell
wall matrix [113]. There are a significant number of reports that have documented
the infiltration of NPs into plants generally through young roots, tissue culture,
parenchyma cells of stem, and protoplasts [114, 115]. The translocation of NPs
from leaf to root reveals that NPs travel by the phloem transport mechanism. The
shape, application technique, and nature of plant tissues are the main factors on
which the transportation and accumulation of NPs depend. NPs in the soil go
through a series of bioconversion, which defines the toxicity and bioavailability of
NPs. The NPs interact with the roots of plants before translocation to the aerial part
and then accumulate in cellular organelles. In bioaccumulation, adsorption of NPs
through roots of the plant is the first step [116]. Moreover, the transport of NPs into
plasmodesmata of cell or other cellular organelles is also defined by the size of NPs
[117]. The accumulation and reactivity of NPs in plant structures or on the surface of
the cell are associated with its shape [118]. Additionally, the charge on NPs is

246 I. Khan et al.



imported for attachment to the cell wall, which is negatively charged, after this
hydrophobicity on the surface of plants performs a vital role in the ingestion and
translocation of NPs [119]. Du et al. [120] reported that small size NPs penetrate the
root with capillary forces or osmotic pressure or through epidermal cells of root
directly. Epidermal cells restrict the NPs with large size due to their semipermeable
nature, but some nanoparticles generated new pores in the epidermal cell wall to
enable its entrance [120]. NPs that once cross the cell wall are carried apoplastically
by extracellular spaces and move to the central vascular cylinder, facilitating the
xylem to move upward in one direction. Nanoparticles bind to transporter proteins
(in the endodermal membrane of a cell) due to pore formation, endocytosis, and
transport to cross the Casparian strip barrier through the symplast pathway.

Nanoparticles are internalized in the cytoplasm and move from cell to cell
through plasmodesmata [117]. Those NPs that are incapable of internalization
form aggregation on the Casparian strip [121]. NPs carried up by plants might be
found inside the cortical cell cytoplasm, epidermal cell wall, and nucleus. In seeds,
direct assimilation of NPs can happen by passing into the coat utilizing intercellular
spaces of parenchyma, supplemented by dispersion in the cotyledon [117]. The NPs
applied through a foliar spray can enter the leaves through cuticles of stomatal pores
[122]. The cuticular layer limits the entry of NPs to a size of 10 nm, acts as an
essential leaf barrier, enters through stomatal pores, and transfers to the vascular
bundle of plants through apoplastic and symplastic pathways.

The exchange of NPs (10–50 nm) is supported through the nearby cell-to-cell
cytoplasm (symplastic pathway). In this manner, NPs of large sizes (50–200 nm) are
moved between the cells (apoplastic pathway). NPs that are internalized are carried
through the sieve tubes in phloem along with the sugar movement. Because of
vascular transport through the phloem, NPs accumulate in fruits, root, leaves,
stems, and grains since these organs serve as effective sinks for the sap and can
move bidirectionally [117, 118]. Morphology of the leaf and its composition are
fundamental factors that influence the catching of NPs on the outer layer of the leaf.
Cell wall pore size is the main factor for NP’s entrance into the plant cell. NPs that
can penetrate the cell wall from the surface of the plant could be 40 nm to 50 nm
[123]. Zhu et al. [124] revealed that gold NPs cannot accumulate in the shoot of
Raphanus raphanistrum and Cucurbita pepo but accumulate in Oryza sativa shoots.
Besides, positively charged gold (Au NPs) are taken more rapidly.

Interestingly, negatively charged Au NPs are moved from the roots more effi-
ciently into plant shoots. According to literature, silicon dioxide (SiO2) and titanium
dioxide (TiO2) are the most stable NPs and can be found in their impeccable
speciation in plant tissues [125]. Maximum Zn accumulates in shoots and roots of
Zea mays in various forms like Zn phosphate. This might be due to absorption of
plant, Zn translocation in ionic form, and enhanced dissolution in the rhizosphere
[126]. It is also reported previously that CuO NPs are transported from roots to
shoots through the xylem and back from shoots to roots by phloem in Z. mays.
Hernandez-Viezcas et al. [25] observed the translocation of CeO2 and ZnO NPs in
Glycine max. Zn biotransformed into Zn citrus inside plant tissue, while CeO2 NPs
translocated in the form of nanoparticles.
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5 Gene Expression Analyses in Response to Nanoparticle
Stress

Determination of genes expression is an effective approach to find out how plants
respond to specific environmental stress. In various photosynthetic species like green
algae (unicellular) to vascular plants (rice, A. thaliana, or tomato), transcriptomic
studies have been performed to investigate the nano-impact [127]. Therefore, to
evaluate the nano-impact on plants, transcriptional data including a variety of species
are accessible with completely developed genomics tools. Omics advances can shift
the research on plant-NP associations from low-throughput to high-throughput
revelation [128]. Whereas data on the transcriptional impacts of NP exposure is
accessible, the outcomes are to some extent conflicting. Few investigations show a
solid impact on the transcript of genes related to stress and propose high-level
toxicity for the plant (Table 1), whereas other researchers did not discover major
changes in transcription and have reasoned that NPs are probably not going to
deliver any adverse impacts for the plant [143]. Also, a small part of plant genes is
utilized as markers for toxicological examinations, and they are generally involved
in response to oxidative stress, which is not very useful at the morphological level.

Kaveh et al. [146] investigated the response of A. thaliana when exposed to silver
nanoparticles (Ag NPs). The results show that 446 genes revealed steady expression
levels out of which 375 considerably expressed at different levels. Various genes
differentially expressed in response to Ag NPs were observed to be involved in many
processes such as cellular and metabolic processes, biological regulation, and in
response to the stimulus. Various genes that are downregulated are involved in the
cellular response to hormone stimuli and hormone signaling pathways [129]. Subse-
quently, the upregulated genes are mostly involved in response to abiotic stresses
(salts, metal ions, radiation, starvation, light, oxidative and osmotic stress). Genes
that are significantly upregulated by Ag NPs are involved in salt stress: one gene
involved in defense mechanism against biotic stress and encoding myrosinase
binding protein, three genes involved in the biosynthesis pathway of thalianol, and
one gene involved in response to wounding that encodes MLP. Other studies show
that Ag NPs reduce the expression of ACO2 and ACS7, signifying that it acts as an
ethylene inhibitor [127]. According to Landa et al. [130], ZnO and Ag NPs
upregulated the genes AT1G08830 (SOD), two peroxidases (AT3G21770 and
AT2G18150) that are produced in response to oxidative stress, and one gene
(AT3G49780) phytosulfokine-β growth factor that is involved in wounding stress.
Plants need to survive in certain conditions (e.g., new environment exploitation) for
which plants produced stress-stimulated secondary metabolites in which these
clusters are involved. Cu-Zn SOD expression levels were stimulated by treating
C. sativus plants with CuNPs [143]. The result shows that Cu-Zn SOD expression
level was enhanced sixfold in treated plants by reference to untreated plants, which
indicates the increase in ROS production and conversion of superoxide to H2O2.
Similarly, Nair and Chung [147] also reported the increase in gene expression of
SOD in P. sativum on exposure to CuO NPs. The genes upregulated and
downregulated in plants due to TiO2 (80 up- and 74 downregulated) and ZnO
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Table 1 Expression of different genes in response to NP stress and their functions

Nanoparticles Plant species Gene expression "# Function Reference

Ag NPs A. thaliana AT3G28220 "
AT1G52000 "
AT1G52040 "
AT5G48010 "
AT5G48000 "
AT5G47990 "
AT2G01520 "

Defense mechanism
Biosynthesis pathway

Bari and
Jones [129]

ACC oxidase 2 #
ACC synthase 7 #

Ethylene inhibitor Syu et al.
[127]

ZnO and Ag
NPs

A. thaliana AT1G08830 "
AT3G21770 "
AT2G18150 "
AT3G49780 "

Combat oxidative and
wounding stress

Landa et al.
[130]

ZnO NPs O. sativa OsWRKY76#
OsbZIP52 #
OsMYB30 #
OsMYB4 #
OsNAC5 #
OsWRKY94 #

Protect cells from inju-
ries due to chilling
stress

Song et al.
[100]

Hordeum
vulgare

miR156a " miR159a
"

Produce in response to
abiotic stress

Plaksenkova
et al. [131]

Brassica
napus

ARP" MYC"
SnRK2D #MAPK3"
MAPK4 "

Enhance plant growth
and stress tolerance

Hezaveh
et al. [132]

Hordeum
vulgare

HvNM1 # HvNM2 #
HvNM3 # HvNM4 #
HvNM5 # HvNM6 #

Regulate stress
response and zinc
transporter

Dong et al.
[128]

Solanum
lycopersicum

Cu-ZnSOD " GSH1
" GR1" CAT1 "

Genes related to anti-
oxidant activity

Li et al. [133]

O. sativa APX " CAT " SOD " Defense mechanism Salah et al.
[134]

O. sativa N-acetylserotonin
methyltransferase#
Peroxidase #
Caffeic acid
O-methyltransferase
"
Tryptophan decar-
boxylase "

Alleviate phytotoxicity Huang et al.
[135]

Ag NPs A. thaliana IAA8 " NCED3 "
RD22 "
ACS7 # ACO2 #

Involve in metabolism
and signaling pathways

Syu et al.
[127]

O. sativa CAT gene" APX
gene" CuZnSOD
gene#

Protection of cell from
damage

Gupta et al.
[136]

Chironomus
riparius

CuZnSOD"
Catalase"
PHGPx1 "

Produce in response to
oxidative stress and
detoxification of metals

Nair et al.
[137]

(continued)
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(660 up- and 826 downregulated) NPs are mainly stress-responsive genes, both
biotic (defense to pathogen and wounding) and abiotic (salinity, oxidative, water
scarcity) [130]. Al2O3 NPs enhanced the expression of miR397, miR399, miR395,
and miR398. These miRNAs play a vital role in mediating the stress responses in
plants to NP stress [144]. Chen et al. [148] reported the regulation of POD, CAT,
Mn-SOD, APX, and Cu-Zn-SOD in plants under ZnO NP stress. Likewise, with
melatonin application, nitro oxidative homeostasis can be achieved through the
regulation of antioxidant enzymes (GR, APX, CAT, SOD) in alfalfa [149]. Previ-
ously, Huang et al. [135] reported that NO induced in rice performs a vital role to
combat ZnO NP stress through the regulation of antioxidant enzymes and melatonin
metabolism. The genes downregulated by ZnO NPs are mainly involved in nucle-
osome assembly, translation, and microtubule-based processes. Under ZnO stress,
N-acetylserotonin methyltransferase and peroxidase genes are downregulated, while
caffeic acid O-methyltransferase, tryptophan decarboxylase, and peroxidase genes
are upregulated to alleviate the phytotoxicity induced by ZnO NPs. In Arabidopsis,
the expressions of SLR1/IAA14, AXR3/IAA17, and AXR2/IAA7 genes were
enhanced when exposed to CuO nanoparticle stress. Arabidopsis was exposed to
CuO for 96 h, which increase the expression of these genes by 6.95, 1.48, and 2.80

Table 1 (continued)

Nanoparticles Plant species Gene expression "# Function Reference

Glutathione
S-transferases "
Thioredoxin reduc-
tase 1 "

Cajanus
cajan

Lipoxygenase #
NADPH oxidase#
P5CS (stress-
responsive gene) "

Reduce the level of
ROS

Yadu et al.
[138]

T. aestivum Metallothionein
genes "

Protect cells from toxic
effects of metals

Dimkpa et al.
[139]

CuO NPs A. thaliana RHL41 " MSRB7 "
BCB " PRXCA "
MC8 "

Oxidative stress-related
genes

Tang et al.
[140]

SLR1/IAA14 "
AXR3/IAA17 "
AXR2/AA7 "

Lateral root
development

Wang et al.
[141]

SiO2 NPs Hyoscyamus h6h gene " Alkaloid production Hedayati
et al. [142]

Cu NPs C. sativus Cu-Zn SOD " Reduce oxidative stress Mosa et al.
[143]

Al2O3 NPs N. tabacum miR397, miR399,
miR395, miR398 "

Mitigate NP stress Burklew
et al. [144]

miRNA " Defense mechanism Burklew
et al. [144]

TiO2 NPs A. thaliana LHCII b " Enhance absorption of
light

Ze et al.
[145]
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times higher than the control plants, respectively [141]. These three genes are
responsible for the regulation of lateral roots [150]. Salah et al. [134] investigated
the expression of genes in Oryza sativa under ZnO NP stress. The results revealed
that significant upregulation was observed in the expression of genes (APXa, APXb,
CATa, CATb, CATc, SOD1, and SOD2) under different concentrations of ZnO
NPs. This study proposes that these enzymes served as a fundamental defense tool to
protect rice plants from oxidative stress induced by ZnO.

6 Molecular Analyses of Plants Under
Nanoparticle-Induced Stress

ROS molecules provide signals for the coordination of a wide array of cellular events
in the plant containing transduction and hormone perception [151]. For example, in
roots, ROS can lower the sensitivity of auxin by modifying Ca+ signaling
[152]. Moreover, ROS has a positive impact on ABA signaling, which performs a
significant role in root development under stress conditions [153, 154]. A significant
part of the current plant-NP interaction studies utilizes generally indifferent end
efforts (biomass, germination, and pigment content), which give out contained
guidance to grasp the interaction mechanism among plants and NPs [155]. Con-
versely, “omic”-based endpoints, for example, transcriptomics, proteomics, and
metabolomics, can give to the point and mechanistic information on plant reactions
to NP.

Reichman et al. [156] reported a transcriptome profile of changes in plants to
CeO2 NP stress. A previous study reported that Arabidopsis seedling, when treated
with Ag NPs, enhanced the expression of IAA8, NCED3, and RD22 genes encoding
auxin-inducible AUX/IAA protein, 9-cis-epoxycarotenoid dioxygenase, and
ABA-mediated dehydration-responsive protein [157, 158]. Metabolomics permits
the evaluation and identification of thousands of small molecules in NP-treated and
NP-controlled plants. Dissimilar to other omics, metabolites (low molecular weight)
are the closest connection to phenotype. Furthermore, the metabolites pool in
organisms is a lot more modest than the protein and gene pool. This innovation
can be utilized as a useful asset to comprehend the molecular response of plants that
develop under NP stress. Babajani et al. [159] reported that Se and ZnO NPs
significantly enhanced the expression of RAS (rosmarinic acid synthase) and
HPPR (hydroxyphenylpyruvate reductase) genes. In plants, secondary metabolites
contribute to plant communication and adaptation to the external environment
(Fig. 1), though variations in plants’ secondary metabolism in response to NPs are
yet unclear.

Furthermore, wheat plants treated with SeNPs alter the expression of heat shock
factor (HSFA4A, an anti-apoptosis agent) [160]. Results show the highest level of
expression under 50 mg/L SeNP-treated plants. However, after 6 days, due to an
increase in spray time, the expression of HSFA4A was reduced drastically
[161]. The most important conserved signaling pathway, MAPK cascade, is
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Fig. 1 Molecular mechanism of plants in response to NP stress. ROS produced in response to NP
stress affects MAPK cascade, which triggers different cellular pathways. These pathways regulate
the biosynthesis of secondary metabolites. Upward and downward arrows represent the increase
and decrease in metabolite synthesis. Abbreviations: ROS reactive oxygen species, ACC
aminocyclopropane-1-carboxylic acid, HCN hydrogen cyanide, KAPA keto-8-aminopelargonic
acid, DAPA diaminopimelic acid, RAS rosmarinic acid synthase, HPPR hydroxyphenylpyruvate
reductase, ODC ornithine decarboxylase, SAM S-adenosylmethionine
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involved in the managing of various сellulаr reасtiоns, such as differentiation,
propagation, programmed cell death, and several responses to stress.

Here is clear mоleсulаr-based evidence suggesting HSFА4А is а substrate оf the
MРK3/MРK6 signаling (MАРK parts) аnd links to the regulation оf рlаnt resроnses
tо abiotic stress [162]. MРK3 аnd MРK6 regulаtоr оf several defense meсhаnisms
аnd сооrdinаtоr оf numerous trаnsсriрtiоn fасtоrs are observed as the main
соntributоrs to соntrоl immunity оf рlаnt аnd сrоss-linking among stress stimuli,
hоrmоnаl signаling, аnd seсоndаry messengers, mainly Са+2 and ROS
[163]. ROS-triggered signaling pathways facilitate stimulation of different HSFs,
transcriptionally stimulating their downstream target genes. The crоss-link between
MAPK and HSFA4A signaling depicts that HSFA4A act as an H2O2 sensor
[164]. ROS-elicited signaling by SeNPs probably altered the gene expression, thus
regulating growth, stress-resроnsive genes, metabolism, and hоrmоnаl bаlаnсes.

HSFА4А enhance the cadmium (Cd) resistance in wheat (Triticum aestivum) and
rice (Oryza sativa) viа regulаting the metаllоthiоnein gene exрressiоn [165]. Addi-
tionally, in many plant species, the genes related to photosynthesis and antioxidant
machinery were changed in response to ZnO NPs [134, 166, 167]. Low molecular
mass metabolites are the end product of gene expression; hence, alteration in the
metabolomic profile of plant cells might be a potent approach to evaluate biological
activities [168]. Metabolites produced in response to stress protect the cell from
damage by altering the membrane properties and promoting plant growth under
unfavorable conditions. Interaction between Spinacia oleracea (spinach) and cerium
oxide nanoparticles (CeO2 NPs) was examined by Zhang et al. [169] through
integrating metabolic analysis. Results show that CeO2 NPs induced metabolic
reprograming that is not dose dependent. Noticeable metabolic variations occurred
in roots because of their direct contact with NPs. Foliar application of CeO2 NPs
induced severe changes in the metabolic profile of leaves [170], while the amino acid
decreases at a high concentration of NPs such as cycloleucine, methionine, trypto-
phan, l-cysteine, tyrosine, threonine, and asparagine. A decrease in glutamic acid,
which is involved in the metabolism of nitrogen, may lead to a lower capacity of
nitrogen assimilation through the glutamate synthase pathway. The transfer of
methionine to S-adenosyl-1-methionine (SAM) regulates various important metab-
olite levels, for example polyamines, ethylene, phytosiderophores, and biotin
[171]. Moreover, biosynthesis of secondary metabolites, chlorophyll, and cell wall
formation is regulated by SAM [172]. Phenylalanine acts as a precursor for various
secondary and intermediary metabolites, which perform a significant role in plant
defenses to various environmental stresses [173]. During NP stress, the phenylala-
nine is upregulated as a response to stress. Under CeO2 NP stress, metabolites such
as ribulose-5-phosphate, allo-inositol, saccharic acid, threitol, gentiobiose,
maltotriose, and oxalic acid are upregulated in a dose-dependent manner while
phenylalanine and indole lactate are enhanced to a high dose of CeO2 NPs.

Few of these metabolites, such as oxalic acid, allo-inositol, sugars, and phenyl-
alanine could act as defense and signaling molecules [174]. Other studies revealed
that exposure of C. sativus (cucumber plants) to silver nanoparticle (Ag NPs) stress
results in upregulation of phenolic compounds (antioxidant defense systems) and
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phytol. Moreover, Ag NPs upregulate tricarboxylic acid intermediates (increased
respiration), downregulate glycine and serine ratio (reduce photorespiration), and
upregulate arachidonic acids and pentadecanoic acids while downregulating
linolenic and linoleic acids (modified membrane properties) [175]. Surplus ROS is
scavenged by the biosynthesized antioxidant compounds [176]. The results imply
that the antioxidant defense system was stimulated by silver nanoparticles. This
possibly leads to the switching of cellular energy metabolism from growth to
defense, thereby increasing defense-related metabolites.

7 Conclusions and Future Perspective

Abiotic stresses negatively affect the growth and development of plants. NPs
triggered different significant impacts on the physiological, morphological, and
biochemical properties of plant species. NPs mitigate the negative effects of these
stresses by enhancing the antioxidant enzymes (SOD, APX, and GP) and photosyn-
thetic activities of these plants under stress. Moreover, the application of these NPs
decreases MDA, EL, and H2O2 levels in stressed plants. These NPs translocated
from root to shoot and vice versa through the phloem, which has both negative and
positive effects. Under NP stress, plants produce ROS that activates different
signaling pathways. These signaling pathways alter gene expression in response to
stress-regulating genes related to stress. At higher concentrations, NPs may cause
phytotoxicity that negatively affects the plants by damaging cell membrane, chlo-
roplast, and electrolytic leakage. Several secondary metabolites are also produced in
response to stress, which protects the plants from the adverse impact of NPs and
enhances their morphological and physiological properties. Therefore, it is important
to understand the complex mechanism involved in the process of stress mitigation.
To overcome the negative effects of these NPs on the environment, it is important to
engineer the properties of these NPs and their interaction with plants before their
practical usage. The network of genes responsible for the mitigation of stress is not
understood because many genes involved in the defense mechanism are unidentified
until now. High-performance proteomic and transcriptomic techniques should be
used to find the molecular mechanism and expression profile through biological
processes. Thus, it can be concluded that metabolites produced in response to NPs
can protect the plant from the negative effects of abiotic stresses by enhancing the
defense mechanism.
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Nanoelicitation: A Promising and Emerging
Technology for Triggering the Sustainable
In Vitro Production of Secondary
Metabolites in Medicinal Plants

Rabia Javed, Buhara Yucesan, Muhammad Zia, and Ekrem Gurel

Abstract To obtain larger amounts of secondary metabolites is essentially needed
by the global industrial market that is not feasible by traditional methods because
these are time-consuming and result in eradication of plant stock by
overexploitation. Therefore, in vitro culturing techniques are adopted to obtain the
maximum quantity of secondary metabolites in a minimum time. Elicitors are key
players for getting desired yields of secondary metabolites in plants. Eliciting the
in vitro cell and tissue cultures is an efficient approach for the production of
medicinally important plant secondary metabolites. Different parameters of opti-
mized micropropagation protocols are exploited to be used as elicitors for further
enhancement of secondary metabolites from medicinal plant species. The secondary
metabolites produced by the plant cells include phenolics, flavonoids, alkaloids,
terpenoids, and tannins. These metabolites are boosted under stressful conditions,
whether biotic or abiotic in origin. The potential role of nanoparticles in the
enhancement of secondary metabolic products in medicinal plants is a recent hot
topic in the field of medicinal plant biotechnology. Nanoparticles have evolved as
potent novel elicitors that significantly stimulate medicinal plant secondary metab-
olism. Various kinds of nanoparticles including metallic and metallic oxide
nanoparticles and carbon-based nanomaterials are believed to induce abiotic stress
to medicinal plants under in vitro conditions by which plant defense system is
elicited, triggering biochemical as well as physiological responses, consequently
producing enhanced and sustainable quantities of secondary metabolites. These
industrially important bioactive metabolites are beneficial for the prevention of
multiple diseases in the health-care system. Therefore, nanoelicitation should be
applied as an effective tool for ameliorated stimulation and accumulation of
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secondary metabolites. However, in some cases, after the efficient uptake and
translocation, nanoparticles produce deleterious effects causing phytotoxicity.

Keywords Nanoparticles · Elicitation · Secondary metabolites · Medicinal plants ·
Biotechnology

1 Introduction

Since herbal medicine is the primary source of medical treatment in developing
countries as reported by the World Health Organization (WHO), diverse and com-
prehensive studies on medicinally rich plants should be performed to enhance the
accumulation of bioactive pharmaceutical compounds [1]. The anticancer,
antidiabetic, anti-inflammatory, antibacterial, and antiviral properties of various
biologically active compounds have been elucidated [2]. The extracts of different
parts of medicinal plants have been extensively studied to find novel bioactive
ingredients from naturally growing herbs. The wild-grown plants don’t guarantee
sustainable production of medicinally important compounds because of geographi-
cal and seasonal changes and certain other limitations that could be avoided by
growing these plants in the customized environment of the laboratory. Moreover, the
production of bioactive compounds under natural environmental conditions is
scarce; hence, the plants are raised under optimized in vitro conditions to get higher
quantities of such value-added products. Additionally, few of such enriched plants
get endangered with time, and methods should be devised for their preservation
[3]. Therefore, medicinally valuable plants are grown via tissue and cell culture
techniques to obtain uniform metabolic profiles and desired amount of medicinal
compounds by elicitation strategy [4].

Overexploitation, slower growth of medicinal plants, and scarce secondary
metabolites production are the bottlenecks in the usage of wild plants for obtaining
sustainable pharmaceutical and nutraceutical products. This is why novel approaches
employing plant cell and tissue culture strategies are adopted [5]. Secondary metab-
olism is a defensive system that protects the plants against adverse conditions that
cause internal or external stress to different plant parts. The bioactive chemical
moieties produced to overcome different stresses are antioxidants. Different strate-
gies are employed under in vitro conditions that could evoke the formation of
secondary metabolites. The process of stimulating the secondary metabolites pro-
duction is called elicitation, and various stimulators used for this purpose are known
as elicitors that may be biotic or abiotic [6]. The abiotic triggers include environ-
mental stresses such as light, temperature, salt, and drought stress. Recently,
nanoparticles have been evolved as novel abiotic elicitors owing to their unique
physicochemical and biological characteristics [7].

Secondary metabolites, also called plant specialized metabolites, are organic
compounds having low molecular weight. These metabolites are synthesized when
the plants are exposed to different kinds of stresses. Phenolics, terpenes, and
alkaloids are the major classes of secondary metabolites. These biologically active
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compounds are mediators for the adaptation of plants in challenging environments
[8]. They not only serve as plant defenders in biotic and abiotic stresses but also are
used for the treatment of many human diseases like cancer, diabetes, inflammation,
cardiovascular diseases (CVDs), neurodegenerative disorders, and several other
infectious and genetic diseases [9]. Secondary metabolites are used for the manu-
facture of drugs against different ailments. However, many of the secondary meta-
bolic products have been utilized in various industries like the cosmetics industry,
dyes and textile industry, artificial flavoring industry, etc. [10].

This chapter provides an overview of various abiotic elicitors employed under
in vitro culture conditions ensuring homogeneity as well as more productivity and
reproducibility of desired secondary metabolites. The unique properties of different
metals, metal oxide, and carbon-based nanoparticles, making them desirable triggers
among other effective abiotic elicitors, have been defined. The proposed mechanism
for interaction of nanoparticles with plants following the plant secondary metabo-
lism elicitation, sometimes causing phytotoxicity, has been explained herein.

2 Different Abiotic Elicitors for Augmentation
of Secondary Metabolites

In vitro cultures of plants are grown in the standard medium of Murashige and Skoog
(MS), which is composed of 30 g/L of sucrose (carbohydrate source), 4 g/L of salts
(mineral source), and 8 g/L of agar (gelling agent). Medicinal plants grown by tissue
culture are exposed to changing media compositions and environmental conditions
for getting increased secondary metabolites production in defense against stressful
situations. Such manipulations are performed at different levels of tissue culture
propagation like shoot organogenesis, root organogenesis, seed germination, callus
induction, etc. [11].

Figure 1 shows a brief overview of different abiotic elicitors for secondary
metabolites production. Following is the description of elicitors, with examples,
that augment the production of specialized metabolites in different medicinal plants
grown in vitro:

2.1 Carbohydrates

Sucrose, maltose, and fructose are the carbohydrates that are an essential source of
carbon for the in vitro growth of plants. Any change in the type or concentration of
carbohydrates results in increased or decreased levels of secondary metabolites
formation [12].
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2.2 Minerals

MS medium is composed of macronutrients (major salts) and micronutrients (minor
salts) containing elements like calcium (Ca), magnesium (Mg), phosphorus (P), iron
(Fe), zinc (Zn), etc., in appropriate concentrations. The alteration of the ratio of
elements changes the composition of mineral salts from the MS medium producing a
significant influence on the plant secondary metabolites production. There could be
increased or decreased concentration or altogether removal of minerals from the
media [13, 14].

2.3 Plant Growth Regulators (PGRs)

The plant growth regulators (PGRs) that include auxins, cytokinins, and gibberellins
are signaling molecules involved in regulating plant growth, development, and
metabolism under in vitro tissue and cell culture conditions. Examples of auxins
are indole acetic acid (IAA), indole butyric acid (IBA), and α-naphthalene acetic
acid (NAA), while kinetin (KIN) and 6-benzylaminopurine (BAP) are a few of the

Fig. 1 Different types of abiotic elicitors for secondary metabolites production
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examples of cytokinins. The influence of auxins and cytokinins has been well
explored regarding cell division, elongation, differentiation, shoot organogenesis,
root organogenesis, embryogenesis, and secondary metabolism of different medic-
inal plants [15]. Gibberellins are known to produce a significant impact on plant
secondary metabolites formation. Thidiazuron (TDZ) is an important cytotoxin that
is known to play the functions of auxin [16]. Its role in in vitro callogenesis,
embryogenesis, and organogenesis has been studied. The positive combinatorial
effect of auxins and cytokinins has also been reported in the literature [17].

2.4 Light Source

Light regimes are important triggers for increasing the accumulation of secondary
metabolites in different tissue culture-grown medicinal plants. Different parameters
such as intensity, wavelength, and duration of light positively affect the plants in
regard to their secondary metabolic activities [18].

2.5 Chemicals

The chemical manipulations produce a significant influence on plant secondary
metabolites formation. The abiotic elicitors causing environmental stresses such as
salt (NaCl) and drought (PEG) stress have played a key role in the augmentation of
products of secondary metabolism. Such stimulating effect has been observed by
many previous studies [19–21]. Nanoparticles have recently been declared potent
abiotic triggers for eliciting the plant secondary metabolism.

3 The Era of Nanotechnology and Nanoparticle-Based
Elicitation of Secondary Metabolites

The nanoscale particles, i.e., having 1–100 nm size, are called nanoparticles, and the
field of study of nanoparticles is termed nanotechnology. Nanotechnology has been
revolutionizing all sectors of life involving important implications in the fields of
medicine, agriculture, pharmacy, cosmetics, electronics, engineering, dentistry, etc.
[22, 23]. However, the implications of nanotechnology in the agricultural industry
are still in the infancy stage. Nevertheless, for the past decade, nanoparticles have
emerged as promising abiotic elicitors for the modulation of specialized secondary
metabolites of economically and commercially important medicinal plants [24].

Due to the nanoparticles’ smaller size and larger surface area, they have higher
surface reactivity. Nanoparticles easily cross the cell membrane pores of plants and
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then get translocated into the cytosol where they interact with various cellular
organelles, eventually entering into the nucleus. Nanoparticles interact with different
metabolites and significantly affect the primary and secondary metabolism of plants.
The physiology (growth and development), biochemistry (primary and secondary
metabolism), and molecular biology (transcriptional changes) of plants strongly
respond to the nanoparticles’ uptake by the plant cells and tissues [25, 26]. The
parameters like mode of synthesis, exposure time, concentration, size, and shape of
nanoparticles determine the level of enhancement of secondary metabolites in
medicinal plants [27]. Only a few nanoparticles have been explored till now regard-
ing plant secondary metabolites production as described in Table 1, and many other
nanoparticles remain unexplored in this regard.

3.1 Metallic Nanoparticles

Different metal nanoparticles including gold (Au), silver (Ag), copper (Cu), zinc
(Zn), etc., have been employed in in vitro cultures of medicinal plants and have
produced good results regarding the enhancement of secondary metabolites. More-
over, the effects of different nanoparticles of bimetallic nature such as Au-Ag,
Au-Cu, and Ag-Zn in different ratios have also been reported [55].

3.2 Metallic Oxide Nanoparticles

The effects of metal oxide nanoparticles on the secondary metabolites production of
different medicinal plant species have been studied by conducting different exper-
iments. Nanoparticles such as zinc oxide (ZnO), copper oxide (CuO), aluminum
oxide (Al2O3), titanium dioxide (TiO2), cerium oxide (CeO2), etc., have been used
for this purpose [55].

3.3 Carbon-Based Nanomaterials

Nanomaterials including single-walled carbon nanotubes (SWCNTs), multiple-
walled carbon nanotubes (MWCNTs), fullerenes, and chitosan nanoparticles have
been applied to different medicinal plant species to study their impact on secondary
metabolite production [56].
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4 Uptake and Internalization of Nanoparticles

Entry of nanoparticles in plants takes place via three major routes, i.e., (1) soil,
(2) culture medium, and (3) foliar spray. In-depth studies are required for a compre-
hensive understanding of the translocation and internalization of nanoparticles once
these are taken up by the plant cells. Till now, the uptake of nanoparticles has been
analyzed by different advanced techniques of microscopy such as transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) [57]. These studies have elucidated that the nanoparticles
enter into the plant cell wall using pores found in them. The cell wall pores are
approximately 20 nm in size, and these pores are also reported to get stretched if
nanoparticles of >20 nm are to enter them. The formation of new pores in the plant
cell wall has also been documented. After crossing the cell wall, nanoparticles are
engulfed by the cell membrane by the endocytosis phenomenon, from where these
are penetrated toward the cytoplasm and different cellular organelles. Hence, these
nanoparticles interact with different molecules of cytosol and cytoplasmic organ-
elles, consequently disturbing the primary and secondary metabolism [58].

5 Mechanism of Triggering Behavior of Nanoparticles

The mechanism of triggering secondary metabolites by different nanoparticles is
very complicated due to the involvement of multiple signaling pathways and huge
cross talk between them. The origin, exposure time, dosage, way to transfer, etc.,
differ in the case of different nanoparticles. Similarly, different types of medicinal
plants respond to external triggers differently. Hence, proposing a constant uniform
model for elicitation of specialized metabolites is very difficult. However, the most
probable mechanism might involve the Ca+2 ion influx movements in response to
nanoparticles’ invasion into the plant cells after being recognized by the receptors on
the plasma membrane. Few oxidases like NADPH oxidase are responsible for
generating reactive oxygen species (ROS), and the ROS generated due to oxidative
stress result in the phosphorylation of the mitogen-activated protein kinase (MAPK)
pathway [23, 59, 60]. Then the upregulation of transcription factors controlling the
plant secondary metabolites production takes place [61]. Additionally, signaling
compounds that control stress like salicylic acid (SA), jasmonic acid (JA), and
methyl jasmonic acid (MeJA) have been reported to be involved in regulating the
specialized signaling cascades of formation of biologically active ingredients under
the situation of abiotic stress [62]. Figure 2 depicts the proposed mechanism of
nanoelicitation of secondary metabolites.

274 R. Javed et al.



6 Nanotoxicity

Many of the nanoelicitation studies have reported adverse effects to plants known as
phytotoxicity caused by nanoparticles at higher concentrations and long-term expo-
sures. Under specific conditions causing toxicity, plant physiology and biochemistry
are badly affected leading to defective primary and secondary metabolism. The
disturbance of the primary metabolism of plants has been documented, such as a
decline in sugar and chlorophyll contents. These deleterious effects are significant
challenges in the success of the nanoelicitation strategy that need to be avoided
[63]. There are numerous reports showing nanophytotoxicity; however, the exact
mechanism is still unclear. The most probable mechanism involves the
overproduction of ROS. Excess of free radicals cause oxidative burst by which
plant defense mechanism is distorted resulting in damage of vital organelles, like
mitochondria and chloroplast, and macromolecules, like DNA, proteins, lipids, etc.,
finally leading to cell death [64, 65].

Finding the optimum concentration of nanoparticles at which they work as
elicitors producing the maximum quantity of secondary metabolites in specialized
compartments of plants is a prerequisite to preventing the harmful effects of
nanotoxicity [66]. Like concentration, the size of nanoparticles is a major factor
affecting the elicitation potential. If the size of nanoparticles is reduced to a mini-
mum using capping agents, then their reactivity would get enhanced resulting in the
desirable secondary metabolites production even in lesser concentration and

Fig. 2 Proposed mechanism of nano-based elicitation of secondary metabolites
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exposure. This is because the presence of surfactants or capping agents will result in
targeted and sustained delivery of nanoparticles, which is the basic requirement for
obtaining the best results and outcomes [67, 68]. Various other factors like tissue
culture conditions should also be optimized to improve the quality along with the
amount of important secondary metabolites obtained from different medicinal plant
species [69, 70]. These conditions need to be optimized for every individual
medicinal plant species to get beneficial effects and overcome the adverse effects.

7 Conclusions and Perspectives

Nanoparticles are rapidly emerging elicitors for the industrially valuable secondary
metabolites production from micropropagated medicinal plant parts. Previous stud-
ies suggest that the lower concentrations are more beneficial as compared to the
higher concentrations of nanoparticles for the upscaling of secondary metabolites of
pharmacological significance. Hitherto, the literature has reported various optimum
concentrations of nanoparticles for the upscaling of even similar secondary metab-
olites, and this variability must be due to other involving parameters. Though the
present data has the potential to open ways for upcoming systematic studies about
the involvement of nanoparticles of various kinds employed as elicitors in medicinal
plant biotechnology, the knowledge about the nanoparticles’ interaction with plant
tissues and cells and the plausible mechanism of nanoparticles’ triggered secondary
metabolites production is obscure and not clearly defined. In the future, more studies
encompassing a combination of nanoparticles and other elicitation strategies should
be employed via in vitro culturing to evaluate more cues about the mechanistic
insights of the nanoparticles-based triggering of plant secondary metabolites. Fur-
thermore, studies encompassing molecular events associated with translocation and
elicitation mechanism of nanoparticles, molecular signaling pathways of secondary
metabolites production, and molecular footprints of phytotoxicity caused by
nanoparticles should be identified. Besides, the stimulating role of a novel class of
elicitors, i.e., nanoelicitors, should be finely described by employing the different
types of nanoparticles for elicitation of specialized metabolites that haven’t been
explored yet.
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Nanomaterials as Unique Carriers
in Agricultural Practices for Plant Growth
and Development: A State of Current
Knowledge

Amir Khan and Faheem Ahmad

Abstract In the present situation, it is critical to meet the nutritional needs of the
world’s rising population. Nearly one-third of crops are affected in conventional
farming due to pathogens infestation. Nanotechnology can change agricultural
production and improve plant growth by facilitating the cost-effective management
of natural resources and other necessary inputs. Nanomaterials (NMs) in agriculture
offer a once-in-a-lifetime opportunity to improve crop yield and preserve soil health.
Potential NMs uptake in soil-plant systems and positive and negative effects in
various crops have been observed in several studies. Because of their unique
properties, NMs have received much attention in agriculture. NMs and nanotech-
nology improve the stability and dispersion of active ingredients, reduce residual
pollution and labor costs, and maintain agricultural systems’ sustainability. Many
nanomaterials-based formulations have been extensively used for plant growth and
development, including nano-based associated pesticides and fertilizers in the mod-
ern agricultural system. Understanding the interactions between plants and NMs
opens up new paths for improving agricultural crop yield and quality. This chapter
helps readers better understand the role of NMs in plant growth and development.

1 Introduction

Agriculture serves as the principal pillar of the growing economy, supplying food for
a better quality of life. The scenario described above will be crucial for countries,
particularly the developing world, where agricultural production is the primary
source of economy and face numerous challenges in the sectors of economy,
commodity reliance, poverty, and malnourishment. A considerable agricultural
output is being achieved by utilizing present nanomaterials (NMs), which are
aimed at effective components systems, healthy plant defense strategies, organic
farming, and several other applications [1]. Recently researchers noticed that
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practically introducing based products lines to revolutionize advanced farming
techniques. NMs are highly reactive due to high surface area-to-volume ratio and
physical and chemical characteristics, delivering a concise benefit in terms of
requisite alteration in response to rising supply. With the assistance of these
cutting-edge materials, modern agriculture is converting into precision farming,
allowing for the most outcome from the resources available. Agriculture has always
been the most essential and reliable segment since it generates and supplies crude
ingredients to the feed and food industry sectors. Fertilizers are required to boost
crop yields, but they also reduce soil quality by disrupting soil nutrient balance
[2, 3]. Pesticides, fertilizers, and antibiotics are commonly applied and adequately
disintegrate. Also, pesticides cost and fertilizers are extremely huge, and this must be
monitored. The use of NMs in agriculture seeks to decrease nutrient shortages to
boost yields, decrease product amount lines used for crop safety [4], and mitigate
production costs to maximize outcomes. It has not only fundamentally changed
agriculture by implementing creative nutrients of nano-fertilizers, but it has also
aided in crop protection by developing nano-pesticides, efficient irrigation systems,
and rising plant efficiency in using the energy of the sun [5, 6]. The only way to meet
demand is to increase productivity and income per unit of limited natural resources
through efficient technological improvements.

Nanotechnology can increase agricultural production by the following ways:
(1) agrochemical nano-preparations applied as pesticides and fertilizers for crop
enhancement, (2) use of nano-sensors for identification of various diseases in crop
protection, (3) nano-devices for genetic engineering of plants, (4) diagnosis of plant
diseases, and (5) post-harvest management. NMs are materials with particle dimen-
sions of not as much as 100 nm and have exclusive properties like size-dependent
abilities, high surface-to-volume ratio, and promise optical characteristics [7]. NMs
created using environmentally friendly and green techniques can improve agricul-
ture by enhancing fertilization, plant growth regulators, and pesticides. The use of
NMs in agriculture works as an alternative to agrochemicals. Noticeably, NMs
increase crop yields by improving agricultural products’ productivity to allow for
site-targeted controlled delivery of nutrient content, confirming lesser
agrochemical use.

2 Nanomaterials for Sustainable Intensification
in Agriculture

In agriculture, nanotechnology offered numerous agri-techniques like nano-
fertilizers, nano-pesticides, and nano-sensors, which have all demonstrated mean-
ingful results for sustainable farming exercises. Such nano-inputs decreased the use
of fertilizers or pesticides amount and delivered targeted delivery of active com-
pounds. As a result, nontargeted organisms are unaffected by such nano-tools and
the environment is protected. The use of nanotechnology in agriculture and the food
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industry can fundamentally change various sectors by providing modern tools for
disease detection and treatment and increasing plant nutrient uptake capacity. Nano-
agriculture employs nanotechnology to increase plant yield, fuel, and other drives.
Nano-formulations are suggested to enhance agricultural chemical efficacy, delivery
systems, plant nutrient uptake and outcome, and food quality. The nano-fertilizers,
nano-pesticides, and nano-sensors, among other things, have changed traditional
agricultural practices into sustainable farming. It has been reported that using NMs
as an agro-based product does not affect nontargeted organisms [8]. It also improved
solubilization, increased active ingredient shelf life, and governed discharging
capacity. NMs are environmentally friendly for the experiment and are being utilized
in field conditions. Due to agri-friendly characteristics, nano-tools are ideal for
preserving ecological quality by lowering the damaging impact of synthetic
chemicals.

Furthermore, research is necessary to confirm the limit for individual metal NPs
in the crop system and maintain the supply of an excellent variety of concentrations.
Another biocompatible NMs synthesis route for agricultural applications is green
NPs synthesis. These nano-tools would also be much able to reduce the excessive
use of chemical fertilizers and pesticides.

Nano-fertilizers are a relatively new agricultural advancement. Silver, iron, zinc,
titanium, carbon nanotubes, molybdenum, and silica are some nano-fertilizers that
are established and used in different crop frameworks. NMs are added to soil as per
nano-structured fertilizers (similar to Fe, Mn, Zn, Cu, Mo NPs) or improved
transport schemes to progress absorption and efficiency of fertilizer application
[6]. Metallic NPs based on Fe2O3, ZnO, TiO2, and Cu are used as nano-fertilizers
in the soil through irrigation or foliar applications [9–11]. More prospects for using
nanotechnology in agriculture exist in the sectors of plant genetic improvement [12],
transfer of genes and drug particles to exact sites at cell level in plants, and nano-
array-based technologies for expression of genes in plants to resolve stress, as well as
the advancement of sensors and procedures for their use in smart agriculture
[13]. The majority of early research for NM-based plants genetically engineered
has been done in plant cell cultures. Magnetic NPs were used to ensure an effective,
stable genetic transformation in cotton. Mesoporous silica NPs with lox P site
integrated into chromosomal DNA was used like transporters to carry Cre
recombinase in undeveloped embryos of maize. The lox P correctly recombined
after introducing engineered mesoporous silica NPs in plant materials, attempting to
establish an effective genetic modification [14].

Weeds are the most dangerous threat to crops because they consume nutrients that
would otherwise be available to plants. Traditional methods of weed eradication,
such as hand weeding, are time-consuming and labor-intensive. Several herbicides
exist in the market that can destroy weed growth while causing crop damage and
decreasing soil fertility. Nano-herbicides are created by utilizing nano-technological
possible for active distribution of biological or chemical herbicides through nano-
size or NMs established herbicide compositions. Compared to conventional herbi-
cides, NMs-based designs might improve herbicide efficacy, solubility, and lower
toxicity. Early weed management using NP-based herbicide release systems has the
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potential to reduce herbicide resistance, preserve active substance activity, and
extend herbicide discharge over a more extended period [15]. The innovation of a
particular herbicide compound encapsulated in an NP targets specific receptors
found at the root of the aimed weed. The advanced NP inserts the weed's root system
and is translocated to undertake its action, preventing plant root glycolysis. The
focused action causes the plant to starve and thus kills it. Nano-herbicides may be a
more excellent, more environmentally favorable option for weed controllers that do
not leave toxic remains in the soil.

Nanotechnology applications in plant protection have impacted agriculture and
enhanced yields. Metal NPs of various types like nano-formulations, nano-encapsu-
lated active constituents, and nano-composites are reported for crop protection.
Several NMs were shown to have a more significant inhibition effect against crop
pathogens in the lab and the greenhouse. Nano-sensors also supplied fast and precise
evidence about soil environments or pathogen recognition, allowing for a timely
controller and crop safety, which aids farmers in reducing losses and improving their
economic condition. Because of their recognition efficacy in small quantities, nano-
sensors lessen significant crop harm by monitoring field conditions and pest attacks.

NMs are used to develop biosensors or used as “sensing materials” in crop
biotechnology, agriculture, and the food industry [16]. Various nanosensors viz.,
plasmonic nanosensors, fluorescence resonance energy transfer-based nanosensors,
carbon-based electrochemical nanosensors, and nanowire and antibody nanosensors
have been used in agricultural practices. Even though the usage of nano-sensors is
still in its early stages [17], some remarkable findings suggest the usage of NMs,
such as apparatuses for detecting and quantifying plant metabolic flux, pesticide
residues in food, bacterial and bacterial, and viral, fungal pathogens. NMs-based
biosensors seem to be very encouraging because they allow for the early screening
and precise quantification of virus, bacteria, and fungi in plants [18, 19]. We have
summarized the agricultural applications of some metal NPs in tabular form
(Table 1).

3 Nanomaterials: A New Carrier in Agricultural
Development

3.1 Sources and Synthesis

Based on their origin, NMs sources can be divided into three major categories:
(a) incidental NMs, which are generated as a by-product of industrial processes;
(b) engineered NMs, which are produced by living beings that have specific prop-
erties required for different applications; and (c) naturally produced NMs.
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3.1.1 Incidental NMs

Usual procedures that lead to the manufacture of NMs include forest fires, volcanic
eruptions, and photochemical reactions. Furthermore, detaching of skin and hair by
plants and animals, which frequently occurs in nature, contributes to the composition
of NMs. Natural measures like forest fires, volcanic eruptions, and dust storms have
produced a large amount of nano-particulate material, significantly impacting global
air quality. Similarly, human activities such as transportation, industrial operations,
and charcoal burning contribute to the emergence of synthesized NMs. Throughout
the universe, various types of NMs are sorted, mixed, and amended in multiple
systems. In the desert and terrestrial regions, dust storms are the primary source of
NMs. According to satellite images, dust storms in one province transport nano- and
micro-sized crystals and pollutants thousands of kilometers away from the start. Dust

Table 1 Applications of various metal nanoparticles in agriculture

S.
N. Nanoparticle Host crop Effect Reference

1 TiO2 Triticum
aestivum

Increased total chlorophyll and carotenoids,
improved stomatal conductance, and transpira-
tion rate

[20]

2 ZnO and Si Mangifera
indica

Improved nutrients uptake and carbon
assimilation

[21]

3 SiO2 Musa
acuminata

Enhanced chlorophyll content, improved pho-
tosynthesis, maintenance of K+ and Na+ balance

[22]

4 Fe3O3 Triticum
aestivum

Enhanced photosynthesis, Fe concentration, and
reduced cadmium concentration

[23]

5 Cu Zea mays Increased anthocyanin, chlorophyll, and carot-
enoid contents

[24]

6 CeO Gossypium
hirsutum

Decreased ROS levels [25]

7 CuO Spinacia
oleracea

Improved photosynthesis [26]

8 Ag Triticum
aestivum

Decreased anti-oxidative enzyme activity and
increased POD activity

[27]

9 ZnO Gossypium
hirsutum

Increased photosynthetic pigments and proteins;
decreased level of MDA

[28]

10 Au Brassica
juncea

Imbalanced ethylene and auxin production [29]

11 MWCNT Red spinach Inhibition of stomatal opening or induction of
stomatal closing

[30]

12 MgO Cluster
bean

Improved chlorophyll content [31]

13 Fe Watermelon Enhanced photosynthesis rate and chlorophyll
content

[32]

14 Si Lupin Enhanced germination and protein chlorophyll
content

[33]
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storms seem to be the most significant single contributor to environmental NMs.
Volcanic eruptions release a vast volume of aerosols and small elements into the
atmosphere, ranging in size from micrometers to numerous nanometres. A solitary
volcanic eruption can spew up to 30�106 tons of NPs into the atmosphere in ash
form [34]. Grass/forest fires have been a portion of the earth's natural history for a
long time and are caused mainly by lightning strikes or anthropogenic. Significant
fires can have distributed ash and smoke over hundreds of square miles, increasing
the amount of particulate matter, including NMs.

3.1.2 Engineered NMs

Anthropogenic actions that contribute to the development of NMs include simple
combustion in vehicles, coal for power generation and fuel oil [35], chemical
engineering, welding, and airplane engines [36]. Carbon and TiO2 NPs and hydroxy-
apatites are examples of NMs [37] found in various marketable cosmetics, sun-
screen, toothpaste, etc. In the city, diesel and automobile exhaust are the leading
causes of atmospheric nano- and micro-particles. Anthropogenic activities such as
cigarette smoking and building demolition lead to the dissemination of NPs into the
environment. Cigarette smoke contains a composite mix of approximately 1 lakh
chemical components in NPs varying in size from 10 to 700 nm [38]. Likewise,
nano- and micro-particulates smaller than 10 m are released into the atmosphere
[39]. Aside from construction remains, glass, repairable fibers, and other poisonous
elements from domestic resources are released as nano-sized compounds around the
demolition location [39].

3.1.3 Naturally Produced NMs

NMs are found in living organisms like fungi, bacteria, algae, and viruses to plants.
The understanding of nanostructures found in microorganisms is critical for future
usage of these organisms in agricultural applications. A wide range of NMs derived
from natural products have incredible power, light weight, transparency, and bio-
compatibility, making them the best products for coatings, packaging, medicine,
construction, electronics, filtration, transportation, and other applications. Given the
growing concerns about environmental and sustainability, NMs derived from natural
sources are gaining traction in scientific and agricultural communities. We summa-
rized some NPs synthesized in tabular form from plants, bacteria, fungi, algae, and
viruses (Table 2).

3.1.3.1 By Bacteria

Bacterial strains are broadly used as nano-factories for the production of numerous
metallic NPs. It has been demonstrated that both extracellular and intracellular
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approaches can be used. Extracellular biosynthetic pathway happens outside of the
bacterial cell using a variety of techniques, including (a) use of bacterial biomass,
(b) use of bacterial culture supernatant, and (c) use of cell-free extracts. Because it
does not require complex downstream processing, extracellular synthesis is favored
over intracellular synthesis [56]. These NPs have found use in a variety of fields,
including agriculture. Bacteria established the most significant consideration in the
area of metallic NPs biosynthesis between many microorganisms. Bacteria have the
unusual ability to mobilize and immobilize components, and in some cases, they can
precipitate metals as small as nanometres. As a result, bacteria are referred to as
bio-factories for manufacturing NMs such as silver, gold, palladium, titanium,
magnetite, cadmium, and platinum. Bacterial enzymes are used in this procedure
to catalyze a particular breakdown response and start producing NPs [57]. Poly-
saccharides, vitamins, enzymes, biodegradable polymers, and biological systems
can all be used to create NPs. Extracellular secretion enzymes benefit by manufactur-
ing many NMs ranging in size from 100 to 200 nm in pure form, free from other
materials. Numerous metal NPs, including gold [58], nonmagnetic oxide [59], and
ZnS [60], have been produced by various bacteria strains. The use of bacterial cells
in the synthesis of NPs allows for a suitable controller of size [61]. These organisms

Table 2 Biosynthesis of metal nanoparticles by various species of plant, bacteria, fungi, algae, and
viruses

S.
N. Nanoparticles Agricultural applications Reference

1 Ag Fungicidal activity against various agricultural pathogens [40, 41]

2 CuO Antifungal activity against Colletotrichum gloeoesporioides [42]

3 ZnO Nano-fertilizer reduces arsenic and cadmium content in rice [43]

4 SnO2/Pd Nano-sensor for the detection of fungal volatile organic
compounds

[44]

5 Yb2O3 Fluorescent sensor for detection of imazapyr herbicide [45]

6 CuO Biosensor for detection of Aspergillus niger [46]

7 MnO Antifungal activity against soil-borne pathogens [47]

8 Fe/SiO2 Nano-fertilizer to enhance plant growth and biomass [48]

9 Ag Inhibit the growth of Xanthomonas axonopodis
pv. malvacearum and Xanthomonas campestris pv. campestris
in vitro

[49]

10 MgO Controlled bacterial wilt disease caused by Ralstonia
solanacearum

[50]

11 Pt Effective against Colletotrichum acutatu and Cladosporium
fulvum

[51]

12 CuO Antibacterial activity of Ralstonia solanacearum on Nicotiana
tabacum

[52]

13 CeO2 Disease suppression caused by Fusarium oxysporum on
tomato

[53]

14 FeO Nano-fertilizer for root growth of pea [54]

15 Fe, Mg, and
Zn

Increased yield and essential oil of black cumin [55]
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tolerate heavy metals through various adaptations and decontamination methods and
ion efflux by vigorous membrane channels. So many factors, like, alkalinity, tem-
perature, incubation period, and substrate concentration, can influence the rate at
which bacterial species synthesize NPs [61].

3.1.3.2 By Fungi

Myco-nanotechnology is a new term that refers to the production of NPs by fungi
and their subsequent use. Fungi have several benefits over other microorganisms for
NP synthesis, including being comparatively easy to separate, having much simpler
downstream processing than bacterial fermentations, secreting huge volumes of
extracellular enzymes, having an extensive range and diversity. Fungi produce
more extracellular enzymes than bacteria, which has a more significant impact on
NM synthesis. As opposed to bacteria, fungi can be used to make more NMs because
they secrete more proteins, which subsequently increase the formation of NMs. The
catalytic effect of enzymes produced by fungi during metal NP synthesis reduces
salts to solid metallic NMs [62]. Fungi are generally regarded as the best source for
NMs synthesis compared to other biological systems due to their ease of handling,
low cost, and vast diversity.

3.1.3.3 By Plants

Plant-mediated biosynthetic pathway is a simple and low-cost method for producing
NPs. Contamination makes it challenging to maintain and preserve a microbial
culture. Plants could be used for this purpose to avoid the time-consuming steps of
maintaining cell cultures. Plant-mediated biosynthesis is a simplified and appropriate
process for making NPs on a large scale without contamination. Green NP synthesis
refers to the creation of NPs from plant extract. It is currently gaining popularity due
to the single-step involved in biosynthesis. As a result, it is a time-saving process
with no toxicants and the availability of natural capping agents [63]. Plant material is
widely existing, safe, and contains a wide range of chemical compounds. All these
factors make plants preferable to other materials for NP synthesis. When compared
to fungi and bacteria, phytochemicals require less time to reduce metal ions. It
demonstrates that plant materials are a superior choice for the biosynthesis of NMs
than bacteria and fungi. Plants are widely used in the medicinal sector for the
synthesis of NPs. The choice of phytoconstituents extracts to synthesize NPs is
also influenced by the source or origin of the biological matter. Plant extracts of
leaves, stems, latex, roots used in green synthesis of NPs. Parts of the plant like root,
stem, fruit, leaf, etc., are broadly used for green synthesis of NPs due to the high
levels of phytoconstituents they yield [64]. The nature of leaf extracts and their
concentration, temperature, pH, and interaction period have also influenced the rate
of production and quantity of the NPs [65].
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3.1.3.4 By Algae

Algae are also another significant class of living organisms that can be used in the
efficient and environmentally friendly production of NMs. Heavy metals are thought
to accumulate in algae, which could be used in the biologically active synthesis of
metal NPs. Algae are autotrophic organisms that can thrive with only a few medium
supplements. Algae cells contain various secondary metabolites and biologically
dynamic composites that act as capping mediators throughout NP synthesis,
transforming algal cells into a one-of-a-kind “nano-factory” for synthesizing several
NPs [66]. The Chlorella vulgaris alga synthesizes NPs of various forms, including
decahedral, icosahedral, and tetrahedral [67]. Numerous algae, including
Kappaphycu salvarezii [68], Fucus vesiculosus [69], Tetraselmisko chinensis [70],
Chondrus crispus, and Spirogyra insignis [71], were found to synthesize Ag and Au
NPs. Algae is widely used for the green synthesis of several metallic and metal oxide
NPs since they grow fast, are easy to handle, and their biomass growth rate is ten
times faster than higher plants. To date, various algal species are studied for the
green synthesis of different NPs.

3.1.3.5 By Viruses

Viruses hold excessive potential for accumulating and connecting nano-sized ele-
ments, permitting the development of organized NPs assemblies. Because of their
small size, monodispersed nature, and wide range of chemical groups available for
alteration, they serve as excellent support for molecular assemblage in nanoscale
strategies. Because of their capacity to correlate into preferred structures with
various morphologies, virus-based nanomaterials can be used as an engineering
component to building smart nano-objects. Viruses are an ideal framework for the
formation of nano-conjugates with noble metal NPs. Plant viruses and bacterio-
phages have recently gained popularity in nano-biotechnology due to their structural
and chemical stabilization. The ease of manufacture, absence of toxicity, and
pathogenicity in animals or humans [72] also play a key role. Viruses hold potential
for gathering and linking nano-sized elements; as nanotechnology advances, such
organized assemblies will interact with well-developed technologies such as lithog-
raphy [73]. Viral NPs can be created by takeout viruses' genetic material and
transforming them into “nano-cargoes.” The virus’s outer capsid protein serves a
valuable purpose in synthesizing NPs by providing a susceptible surface that inter-
relates with metallic ions [74].

3.2 Synthesis

In recent times, there was a surge of attention in the synthesis of ecologically friendly
NPs which do not generate hazardous sludge during manufacturing. It could be
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accomplished via biological synthesis methods with biotechnological practices
deemed harmless and environmentally for NM production as a substitute for chem-
ical and physical approaches. In the synthesis of NPs via the natural scheme, three
main steps are followed: selecting a solvent medium, an eco-friendly reducing agent,
and safety matter as a capping mediator to stabilize synthesized NPs [75]. Nanotech-
nology benefits over conventional tactics because of the accessibility of additional
compounds by the biological organization for the development of NPs. The biodi-
versity of biological machinery has been investigated to synthesize eco-friendly
NMs that can be used in various agricultural applications. Any NMs synthesis
method aims to produce a material with properties that result from their characteristic
length scale being in the nanometre range 1–100 nm. There are many synthesis
methods reported in the literature, which are divided into two main groups, namely
“Top Down” and “Bottom-Up” (Fig. 1).

3.2.1 Synthesis of NMs by Top-Down Method

The top-down synthesis produces NPs by reducing the size of a suitable starting
content. Various physical and chemical treatments are used to reduce size.
Top-down production approaches present flaws in the product's surface structure,
which is a significant restriction since surface chemistry and additional physical
characters of NPs are extremely dependent on it [76]. This method primarily
employs solid and state handling of resources; it entails breaking down bulk material
into minute elements via physical procedures like crushing, milling, and grinding.
The main challenge of this procedure is the scarcity of surface structure, which

Fig. 1 Metal nanoparticles synthesis via the top-down and bottom-up method
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influences the physical characteristics and surface chemistry of NMs. Furthermore,
processed shapes suffer from significant crystallographic loss as a result of this
method. Laser thinning [77], liquid exfoliation through mechanical strength [78],
liquid exfoliation by oxidation [79], liquid exfoliation by ion intercalation [80],
mechanical cleavage [81], selective etching [82], and ion exchange [83] are exam-
ples of top-down approaches.

3.2.2 Synthesis of NMs by Bottom-Up Method

Bottom-up approaches involve creating NPs from smaller components such as
molecules and atoms that grow into nanoscopic particles using various chemical
and biological methods. Bottom-up synthesis creates NPs from smaller entities, such
as assembly atoms, molecules, and smaller elements. Bottom-up synthesis begins
with forming nanostructured building blocks for NPs, which accumulated to yield
the final part [76]. Raw materials used in these methods can be in the form of liquids,
solids, or gases. NMs can be prepared molecule by molecule or atom by atom in this
method to produce a large quantity. This method is more commonly used to create
the majority of NMs. This method is capable of producing NMs with uniform size,
shape, and distribution. It precisely controls the chemical synthesis process to avoid
unwanted particle progress. This system is critical in constructing and processing
NMs with improved particle dimension supply and morphology and an environ-
mentally friendly and cost-effective approach for producing NPs. Combustion
synthesis [84], gas-phase methods [85], hydrothermal synthesis [86], microwave
synthesis, and sol-gel processing are just a few of the methods used to create NMs.

4 Nano-based Essential Metals

Metal NPs can be designed and synthesized through diverse functional groups, like
DNA, antibodies, peptides, RNA, and prospective biocompatible polymers, such as
polyethylene glycol [87]. This metal group includes NPs made of Zn, Cu, Fe, Mn,
and their oxides. Zn and ZnO NPs are derived and used in many agricultural
practices.

4.1 Zinc Based

Zinc is a core element of many enzymes, including alcohol dehydrogenase RNA
polymerase, superoxide dismutase, and carbonic anhydrase. It also helps in chloro-
phyll synthesis. Zn NPs have been used as a nano-fertilizer on various crops, with
positive results in optimal concentrations. Zinc NPs are metal particles that are
spherical and have a large surface area. ZnO NP is also visible in agricultural
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sprayers as an ultraviolet ray’s safeguard material [88]. ZnO contributes to
protecting photosensitive pesticides in conjunction with an organic filter and is
used straight for crop protection against crop protection UV radiation [89]. ZnO
NPs revealed positive impacts on germination, phosphorus uptake and mobilizing
enzymes, stem and root growth, and showed antifungal activities. Several studies
reported that nano-Zn prevents bacterial infection [90], fungal infections [91, 92],
and nematode infection [93]. Several laboratories have investigated the antagonistic
activity of Zn NP against plant pathogens in the same way that Ag and Cu have
[90, 92, 94].

4.2 Copper Based

Cu has long been known to inhibit fungi spore germination, but a large amount of
copper is required to achieve this effect. Cu is a constituent of several plant enzymes
and is also needed for plant development. According to [95] Cu NPs have
antibacterial action against gram-positive and gram harmful bacteria, and are also
used as a fungicide. Some researchers [96] investigated the antifungal efficacy of a
Cu polymer nanocomposite against phytopathogens. Because of Cu's well-known
antimicrobial properties and long record of controlling diseases in plants, nano-Cu is
a rational option for plant protection. Compared to the product with cupric hydrox-
ide, Cu NPs increase efficacy against pathogenic fungus [88]. CuO NPs were found
to increase ROS (Reaction Oxygen Species) production in plants [97]. Instead,
various antioxidant substances have improved in plants when treated with NP,
representing that plants' protective mechanisms have been activated [97]. CuO
NPs were found to reduce photosynthetic action by neutralizing PS II reaction
centers [98].

4.3 Carbon Based

According to some studies, carbon-based NMs are excellent components for
enhanced plant yield quality as fertilizers and products for plant protection such as
pesticides and herbicides. Their connection and impacts, however, will be deter-
mined by the characteristics of the plant and NM. Carbon-based NM can boost ROS
generation [99], and they can pass through different types of cells depending on their
size. Carbon is an essential component of lipids, proteins, and carbohydrates. Plants
use CO2 to make food and O2 by transforming sunlight through photosynthetic
activity. A variety of carbon-based NPs, namely, single-walled carbon nanotubes
(SWCNT), double-walled carbon nanotubes (DWCNT), and multi-walled carbon
nanotubes (MWCNT), and fullerenes) have been tested in precision agriculture and
were found to be effective in seed germination and plant growth. Carbon-based NPs
have both advantages and disadvantages in terms of seed and seedling germination

292 A. Khan and F. Ahmad



[100]. According to [101], the use of SWCNT can improve the germination of
barley, rice, tomato, soybean, maize, and tobacco.

Furthermore, the usage of MWCNTs aided in the uptake of water by tomato seeds
after rapid germination [102]. Again, some researchers [103] found that MWCNT
can trigger a stress-related gene in tomatoes, causing improved seed germination.
Carbon NMs have recently been shown to have antibacterial and antifungal activities
and positive effects on plant growth [104].

4.4 Manganese Based

Mn is considered as a micronutrient required for plant growth. It is essential for both
direct and indirect oxygenic photosynthesis. Plant nutritional disorders are the most
severe consequences of manganese deficiency. [105] also demonstrated that MgO
NPs efficiently inhibited R. solanacearum, which caused bacterial wilt in tobacco.
Physical damage to cell membranes and ROS accumulation were proposed as
mechanisms. [106] synthesized magnesium hydroxide NPs and compared their
antimicrobial effects to marketable pesticides such as Kocide 3000, which contains
copper hydroxide. Pseudomonas syringae, Xanthomonas alfalfae, and E. coli are all
inhibited by magnesium hydroxide NPs. [107] created MgO NPs and investigated
their antibacterial properties. On tomatoes, researchers confirmed that MgO NPs
increased systemic resistance against Ralstonia solanacearum. They also discovered
that MgO-treated roots generate ROS rapidly, upregulation of PR1, ethylene,
jasmonic acid, and systemic resistance-associated genes [50].

4.5 Titanium Based

Photochemically active TiO2 NPs have antimicrobial activities; they have agricul-
tural significance as nano-pesticides. TiO2 NPs also revealed an excellent correlation
with plant enzymatic activity, promoting crop growth when exposed to sunlight;
they enhance photosynthetic action. [108] discovered that photocatalytic TiO2 NPs
have antibacterial activity against Xanthomonas perforans (a pathogen that causes
spot disease in tomato). Nano-photocatalytic TiO2 actions may contribute to its
antifungal action. [108] synthesized TiO2/Zn NPs to prevent Xanthomonas sp. that
cause bacterial leaf spot on rose. Researchers [109] reported that nano-TiO2 showed
high antifungal activity. TiO2 NP exposure improved chlorophyll content and
biomass by activating antioxidant enzyme, after lower hydrogen peroxide and
malondialdehyde levels, increased generation of soluble sugars and proline, thereby
sustaining osmotic balance [110]. TiO2 can increase plant hydration by enhancing
the action of the nitrate reductase (NR) enzyme, which increases osmolyte gathering.
Increased NR enzyme activity results in the production of nitric oxide, which
induces the synthesis of glycine betaine and proline [111]. TiO2 NPs had enzymatic
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as well as nonenzymatic stress defense schemes in plants. Another study on medic-
inal herbs [112] discovered that providing salicylic acid, methyl jasmonate, and TiO2

NPs alleviated drought stress. The foliar application of TiO2 NP resulted in
improved plant growth, increased fruit yield, and chlorophyll content in
tomatoes [113].

4.6 Silver Based

Because of their historically known antimicrobial action, Ag NPs were investigated
for managing plant diseases. Ag NPs have received much consideration as a
potential nano-pesticide in agriculture due to their broad spectral range of
antibacterial efficacy. Furthermore, Ag NPs are found to be effective against nem-
atodes, a common soil-borne pathogen. Several metabolites found in plants or
bacteria act as reducing and capping mediators during the fabrication of Ag NPs.
[114] green-synthesized Ag NPs from turnip leaf extract demonstrated antifungal
potential against some wood-degrading fungi, including Chaetomium globosum,
Phanerochaete sordida, Gloeophyllum abietinum, and G. trabeum. Plant pathogens
like F. culmorum, Phythium ultimum, R. solani, Biploaris sorokiniana, B. cinerea,
Colletotrichum gloeosporioides, Magnaporthe grisea, Scalerotinia sclerotiorum,
and Magnaporthe grisea are reported to be controlled by Ag NPs
[115, 116]. [115] studied the impact of biologically synthesized Ag NPs against
Candida albicans, Trichoderma sp., and Phoma glomerata. Plant growth was
enhanced using Ag NP of 200–800 nm size [117], whereas Ag NP of 35–40 nm
positively influenced several crops’ growth [117]. According to recent research,
when Ag NP is combined with different composites, diverse influence on plants is
reported [118]. Ag NP has also been evaluated as fungicidal activity, and their
significant impact was observed [119]. However, their usage in agriculture is still
debatable because Ag NP is known to release silver ions as it ages, and they can also
affect biomass accumulation [120].

4.7 Silicon Based

Silicon (Si) is the second most common element in the earth after oxygen and is
regarded as a nonessential component for plants; if present, plants can benefit
adequately. Si NPs interact with plants directly or indirectly, causing morphological
and physiological alterations that deliver stress tolerance. They promote the growth
of plants, increase biomass, physiology, and anatomy, alter tissue diversity, stimu-
late defense schemes, and aid in acclimatization to environmental stresses [121]. Si
NPs exhibited anti-stress properties against drought stress in Crataegus sp. at several
concentrations; the diverse responses in seedlings depend upon concentrations.
Among these effects are increased photosynthetic capacity, membrane electrolyte
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leakage, water content, more levels of proline, carotenoids, and chlorophylls
[122]. Furthermore, under salinity stress, SiO2 NPs increased water use efficiency,
transpiration proportion, stomatal conductance, and decreased chlorophyll degrada-
tion [123]. Silica [124] also helped the expansion of diseased plants’ stress resistance
ability.

4.8 Other Metal Based

Iron (Fe) NP represents an emerging generation of ecological remediation machinery
that can deliver cost-effective resolutions to some problematic matters. Iron oxide
(Fe2O3) NPs could be used in place of Fe fertilizers in agriculture. [125] investigated
efficacy of Fe2O3 NPs as fertilizer to replace traditional Fe fertilizers. In another
study, Fe2O3 NPs after foliar spray had a significant impact on the yield of Vigna
unguiculata, Fe content in leaf, stability of plasma membrane, and chlorophyll
content [126]. According to [127], Fe NP for wheat seed treatment can enhance
germination frequency and shoot and root length. Lower concentrations of Fe2O3 NP
have helped plants and improved germination [128]. Some researchers [129]
observed an increase in germination and root length percentage in rice seeds treated
with silica and molybdenum (Mo) NP. Researchers [53] recently designed a green-
house assay to examine cerium oxide (CeO2) NP-mediated Fusarium wilt suppres-
sion in tomatoes. Experiments in the field and on the soil with wheat and rice
revealed that the use of CeO2 NP reduced grain quality [130]. Molybdenum
(Mo) NP is a significant component of the nitrogen fixation scheme in plants.
Researchers [131] found that applying Mo NP to chickpea seedlings increased
growth by two 2-3 times. According to researchers [132], gold (Au) NP used for
seed treatment of maize positively affects germination and increases seed quality
parameters. [133] produced nano-Au from the extract of lady’s finger and demon-
strated its antifungal activity against Candida albicans, Aspergillus niger, A. flavus,
and Puccinia graminis. In vitro data presented by [134] showed that nano-sulfur
inhibits Venturia inaequalis and Fusarium solani. Without affecting photosynthetic
activity at low concentrations, cadmium oxide (CdO) NPs enhanced amino acid
production [135].

5 Mechanism of Nanomaterial Uptake, Translocation,
and Action

Plants are exposed to NPs through two routes: foliar and root exposure. The cuticle is
thought to be primarily a physical border against NPs entering, since the waxy
cuticle protects the leaves of higher plants from water loss and uncontrolled
exchange of other solutes [136]. The bioavailability and toxicity of NPs are
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determined by a series of bio/geo-transformations in soil. Subsequently interacting
with plant roots, NPs translocate to the aerial side and collect in cellular or subcel-
lular organelles. The initial step in accumulation is the adsorption of NPs from the
soil through roots. The size of NP is directly related to its absorption as it is an
important factor that permits it to enter via cell wall pore spaces or stomata. Small
NPs have been observed to pierce plant roots via capillary forces, osmotic pressure,
or directly by root epidermal cells [137]. Epidermal cells of the root are semiperme-
able and comprise minor pores, limiting the passage of large NPs. Nano-pores aid
foliar entry in leaves, which facilitate NP uptake and transport within leaves.
Aquaporins have been proposed as NMs transporters inside the cell [138]; however,
their minor pore diameter, varying between 2.8 and 3.4 A� [139], marks them
unlikely as NP penetration frequencies [140]. NMs can also enter cells via plasmo-
desmata, which are particular structures transporting materials between cells
[141]. The uptake of NP by plants is influenced by numerous factors related to NP
nature, plant physiology, and NM interaction with the environment. The properties
of NP will significantly impact their behavior and, as a result, whether or not plants
will absorb them. Size appears to be among the most significant barriers to penetra-
tion into plant tissues. Some reports have been on maximum dimensions that allow
NP to move and accumulate inside cells, with 40–50 nm as a size exclusion limit
[142]. Furthermore, the type of NP and its chemical composition impact uptake
[138], and morphology is determinant in several conditions [143]. The
functionalization and coating of NM surfaces can substantially modify and affect
NM absorption and accumulation properties by plants [144]. Furthermore, the
occurrence of other organisms like fungi and bacteria affects the uptake of NPs by
plants, particularly if those microorganisms form symbiotic relationships with
plants, as mycorrhizal fungi do [145]. Prospective strategies must be developed for
tracking NMs inside plants; additionally, more critical data is required to measure
uptake and translocation of NPs within plants and as discharge in the environment.
The uptake and dispersal of TiO2 NPs studied in rice plants and found that NPs
transported long distances via the vascular scheme. Photosynthate, sugars, and
macromolecules have conventionally been able to transport downward to shoots
and roots by phloem system [146]. Overall, long-distance liquid transportation in
higher plants happens via the vascular system, consisting of the xylem and phloem.
Flow direction in the xylem system is from bottom to top (from root to shoot),
whereas flow direction in the phloem system is from top to bottom (from shoot to
root). The whole plant's vascular scheme is noncirculatory, representing substances
moving downward in phloem that do not return to their original locations via xylem
[146]. Once inside the plant, NPs can move through two types of pathways: apoplast
and symplast. Apoplastic transportation occurs in the outer plasma membrane via
extracellular places, cell walls of neighboring cells, and xylem vessels [147]. In
contrast, symplastic transport occurs within the cytoplasm of adjacent cells via
specific structures known as plasmodesmata [141] and sieve plates. The apoplastic
process is essential for radial mobility within plant tissues because it enables NMs to
attain the central cylinder of root and vascular tissues. They can move upwards to the
aerial part [148]. NPs can move through the xylem to the aerial part of the central
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cylinder by subsequent transpiration stream [148, 149]. Significant symplastic
transport is also possible, utilizing sieve tube components in phloem and permitting
dispersion to nonphotosynthetic tissues and organs [143]. In the scenario of foliar
spray, NMs must pass through the cuticle barrier, either via lipophilic or hydrophilic
way [150, 151]. Since the diameter of cuticular pores is approximated to be about
2 nm [151], the stomatal pathway has seemed to be the best possible path for NPs
penetration, with the size limit of 10 nm or greater [152]. The movement of NMs
within plants is critical because it can indicate which plant parts they could attain and
wherever they may accumulate. For instance, NPs transported primarily via xylem
rather than phloem, most possibly move from root to shoot and leaves rather than
downwards, so applied to roots to ensure good distribution in the plant. On the
opposite, foliar spraying must be used if NPs show significant translocation by
phloem. Furthermore, NMs trying to move along phloem are likely to acquire
plant organs that act as sinks. Though translocation is not always limited to a single
cell type, lateral movement of NMs among xylem and phloem is possible. The
features and nature of NMs and plant types had an important effect on translocation
and gathering in plant tissues. For instance, variances in translocation and accumu-
lation of the same NP were observed in diverse plant species, so even small
alterations in analogous NMs lead to altered outcomes within the same plant [153].

Nanoscience is a new scientific innovation platform that entails the progress of
strategies to various low-cost applications and is helpful to improve the growth and
development of plants. In this regard, numerous research shows that the use of NMs
had a positive effect on germination and plant growth. Still, fundamental mecha-
nisms by which NMs can stimulate germination remain unknown. The application of
nano-SiO2 and -TiO2 encourages the germination of seeds [154]. Research has
shown that NMs can pierce seed coats and improve water absorption and consump-
tion, regulate enzymatic scheme as a result, and increase germination and seedling
growth [155]. NMs like ZnO, TiO2, MWCNTs, FeO, Zn, Fe, CuO, and hydroxy-
fullerenes also shown to enhance the growth and development of crops while
improving crop quality in a variety of crops such as mustard, peanut, potato, tomato,
spinach, onion, wheat, soybean, and mung bean [156, 157]. Although the exact
mechanism underlying the improvement of plant growth is unknown, it might be
clarified that NMs absorb more nutrients and water, which supports the vigor of root
systems through improved enzymatic action [156]. TiO2 NMs promote plant growth
by enhancing photosynthesis and nitrogen (N2) metabolism [158]. Plant contact with
NMs caused excitation of genes associated with water channel protein and for better
cell growth by regulating cell cycle; these impacts of NMs are reflected in the form
of enhanced seed germination and plant growth [159]. Treated plants with NMs are
more resistant to abiotic stresses, and these treated plants have higher photosynthesis
rate, transpiration activity, water use efficiency, chlorophyll (Chl), proline content,
stomatal conductance, and high concentrations of carbonic anhydrase action
[123, 160]. NPs could mitigate damaging photosynthesis, which is caused by
Ultraviolet-B (UV-B) radiations. NPs also improve photosynthesis by preventing
oxidative stress, increasing Chl synthesis, Rubisco activity, energy transformation,
and light absorbance [161, 162]. Plants are protected against different abiotic
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stresses by NMs, which stimulate antioxidant enzymes' actions and gather free
amino acids, nutrients, and osmolytes. Mesoporous Si NPs enhance photosynthesis
by interacting with chloroplasts, resultant in enhanced chlorophyll content, total
protein, and seed germination. Interaction, translocation, and mechanism induced by
NPs in plants are given in (Fig. 2).

6 Nanomaterials Interaction and Physiochemical Response
of Plants

With the development of nanotechnology, more effective and contaminant-free
nano-formulations for sustainable farming are being developed regularly. The
uptake of NMs within plants is heavily influenced by the chemical properties, size
and functional groups, and coating type. Interaction and uptake of NMs cause
molecular deviations that affect plant physiology [163]. Adsorption on the root

Fig. 2 Interaction, translocation, and mechanism induced by nanoparticles in plants
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surface, integration into the cell wall, and cell uptake are all potential interactions of
NPs with plant roots [164]. Furthermore, knowledge of the interaction of NMs with
plants, whether negative or positive, is mandatory for the controlled delivery of
bioactive substances. The potential of NMs to pierce tough coating of seeds and
permit water import determines increased growth and vigor. The NPs transported to
various parts of the plant and interact with cellular mechanisms, stimulating the
growth of plants. NMs can essentially be applied to either root or vegetable parts of
plants, preferentially leaves. NPs can be passively taken up at shooting surfaces via
natural plant openings like stomata and hydathodes. [165]. NPs availability may be
influenced by symbiotic relationships between organisms, soil organic matter, and
mucilage and exudates. To better understand the dynamics of NPs-plant connec-
tions, plant anatomical, and physiological characteristics must be measured. Dam-
ages and injuries in plants' aerial and hypogeal parts also serve as feasible for NPs
internalization [166]. In the root, rhizodermis lateral root may allow easy entry of
NMs, particularly close root tip, whereas the upper portions are impermeable due to
the presence of suberin [167]. Root mucilage and exudates, e.g., which are generally
excreted in the rhizosphere, play two roles: firstly, they promote NP adhesion to the
root's surface and may enhance NP internalization proportion. Secondly, these jelly
components also stimulate NP absorption and accumulation [168]. The rate of NPs
accumulation by roots of plant is influenced by NPs’ properties and ecological
factors.

NPs gain entry plants through a variety of ways, most common of which are roots
and leaves. Different NPs have been shown to encourage the germination of seeds,
development, and growth [169]. The mechanism by which NPs application increase
germination of seeds remains unknown. Treatments with NPs increase seed absorp-
tion and moisture holding, which enhance the germination of seeds [170]. NPs have
been shown to benefit crop plants in the following ways: improve metabolites
compounds [171], enhanced root and shoot measurement [172], increased produc-
tion of fruits, and significantly increased seedlings and vegetative biomass of several
crops. Likewise, the impact of NPs on various biochemical parameters such as
improved N2 efficacy and enhanced photosynthetic activity in some chief crops,
including soybeans [173], peanuts [174]. NPs are also well-recognized for increas-
ing nutrient consumption and resistance to plants against several diseases and abiotic
stresses [175]. NPs can influence plant growth and development by altering a few
physiological processes in plants. Numerous studies show that foliar application of
metal NPs significantly increases chlorophyll content, allowing them to absorb extra
light energy and improve photosynthesis. SiO2 NP treatments significantly increased
photosynthesis rate due to higher action of carbonic anhydrase and photosynthetic
pigment synthesis [176]. Many research indicates that NPs caused toxicity above
specific concentrations, and plant toxicity evaluated their effect on germination
percentage and biomass production [177]. Zn has been used as a cofactor in some
enzymes, including catalase & superoxide dismutase, and protects plant cells from
oxidative damage [143]. We have summarized some physiological responses of
various metal nanoparticles on different host crops in tabular form (Table 3).
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7 Toxicological Impact and Health Hazards in Agriculture

Diverse research has also found that the use of metals and metal oxides in the
synthesis of nano-fertilizers and nano-pesticides had adverse and toxic effects on
plants and the environment. Metal, metal oxide, and synthetic polymers have been
discovered to be nonbiocompatible, nondegradable, and harmful at various concen-
trations, raising serious concerns about the utilization of nanotechnology in agricul-
ture. NMs persist in the environment, and their concentration rises as a result of their

Table 3: Physiological response of various metal nanoparticles on different host crops.

S.N. Nanoparticles Source of organisms Reference

By plants

1 Au Pimenta dioica [178]

2 ZnO Acalypha fruticosa [179]

3 Cu Orobanche aegyptiaca [180]

4 Pt Nigella sativa [181]

5 TiO2 Lemon peel extract [182]

6 Fe2O3 Medicago sativa [183]

7 Zn Lycopersicum esculentum [184]

By bacteria

1 Ag Bacillus subtilis [185]

2 Au Staphylococcus epidermidis [186]

3 ZnO Bacillus subtillis [187]

4 Pt and Pd Desulfovibrio vulgaris [188]

5 Pd Pseudomonas putida [189]

6 Mg Magnetotactic bacteria [190]

By fungi

1 Fe2O3 Aspergillus niger [191]

2 Ag Aspergillus terreus [192]

3 Cu Aspergillus niger [193]

4 ZnO Aspergillus terreus [194]

5 TiO2 Aspergillus flavus [195]

6 Fe3O4 Verticillium sp. [196]

By algae

1 Ag, Au Turbinaria conoides [197]

2 ZnO Sargassum muticum [198]

4 Fe Chlorococcum sp. [199]

5 CuO Bifurcaria bifurcata [200]

6 Fe3O4 Sargassum muticum [201]

By virus

1 SiO2, CdS, PbS, Fe2O3 Tobacco mosaic virus [202]

4 TiO2 M13 virus [203]

5 Nano-carriers Potato virus X [204]

6 Nano-assemblies Cucumber mosaic virus [205]
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nano-size, according to researchers. Excess amounts of NMs are toxic to people,
nontargeted lifeforms, and affect climate. NPs accumulation in plants can modify
physiological activities. In specific scenarios, reductions in photosystem quantum
yield and transpiration were also detected [206]. According to a series of studies,
NPs can affect crops by minimizing germination of seeds, reducing shoot and root
length, varying photosynthesis, inducing oxidative stress, antioxidants, and
balancing the nutritional substance of eatable crops and yield [206, 207]. Deposition
of NPs in plant tissues may also harm protein, lipid, and nucleic acid content via
hydroxyl radicals [208]. NMs promote plant growth and productivity while
protecting against biotic and abiotic stresses.

On the other hand, NMs cause cytotoxicity and genotoxicity in plants [209]. It
prominently diminished biochemical and physiological activities [210], growth
[211], and compact nutritive worth of crops [212]. Toxic effects of NMs on plants
are primarily determined by the size, concentration, and chemistry of the NMs and
the chemical properties of subcellular where NMs deposited [213]. NPs larger than
cell wall pore size stick to epithelial root cells caused mechanical damages of cells
[214], blocking pores, and reducing hydraulic conductivity, resulting in decreased
water uptake and nutrient acquisition capability [215]. The direct interaction of NPs
with the cell surface and cellular membranes induces mechanical interruption and
impacts the integrity and role of the cell membrane and walls [216]. NP accumula-
tion leads to the decline of the PSII reaction center, modification of O2 evolving
complex, downregulation of electron transport and chlorophyll composition [217], a
smaller proportion of thylakoids, lower transpiration, stomatal conductance, CO2

absorption, and photosynthetic pigments [98]. Understanding NM toxicity in crops
is still in its early stages but critical for developing innovative nanotools and
functions. With the rapid evolution of nanotechnology, there is apprehension
about the accumulation of NMs and their potential entrance into the food chain
[218]. Conventional foods have various NMs, but the use of many engineered NMs
in water, agriculture, and food may pose hazards for human service, usage, the
atmosphere, or all of them. Furthermore, a category of NPs are found to be toxic to
plants by retarding germination and root elongation. Phytotoxicity of NPs is
connected with the discharge of lethal elements from NPs, generating radicals via
NPs interaction with plant or environment.

8 Concluding Remarks and Future Directions

Considering the significant challenges we will be facing, mainly due to a growing
worldwide population and climate change, the application of NMs in agriculture can
potentially contribute as a unique carrier in agricultural practices. According to data
gathered, the influence of NPs differs from plant to plant and is dependent on the
mechanism of application, size, morphology, and concentrations. Nanotechnology
seems to have the ability to change pest management technologies and provide
solutions for agricultural applications. A piece of complete knowledge about
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properties of NMs like morphology, functional groups, and size serves as a benefi-
cial preliminary fact for selecting appropriate NMs. Agricultural nanotechnology is
encouraging options for the emerging quality output, which are being discovered. A
few specific areas of agricultural nanotechnology research may require additional
attention shortly: (1) New eco-friendly and reliable delivery methods for specific
food/feed substances, plant nutrients, and so on, (2) Nanotechnology-related (bio)-
sensors play a vital role in controlling pests and agricultural food products, (3) The
characterizations of NMs should be closely reviewed, and (4) Nano-toxicity is
critical with fertilizers; ideal dose estimation should also be inspected.
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Nanotechnologies and Sustainable
Agriculture for Food and Nutraceutical
Production: An Update

Pragya Tiwari

Abstract The recent era has seen the emergence of nanotechnology as a promising
tool in modern agriculture, projected to have a major impact in boosting food and
nutraceutical production, shortly. The recent advance in nanotechnology has made a
substantial contribution towards the transformation of traditional practices in agri-
culture, subject to the development of nanosensors, nanofertilizers, smart food
packaging methods, aiming at boosting agriculture output. The development of
promising and novel nanomaterials for enhancing crop growth and yield, quality
of food, and monitoring amidst fluctuating climatic conditions calls for the efficient
utilization/application of nanotechnologies as well as addressing the associated
challenges to a certain level. The application of nanotechnology in agriculture
highlights novel avenues in the development of diagnostics for plant diseases,
nanosensors in crop protection, animal health, and poultry, detection of food qual-
ity/contamination, application of nanofertilizers among other promising techniques
for boosting agricultural productivity. The nanotechnologies are based on
nanoparticle-mediated DNA/gene transfer in plants, aiming at the generation of
improved plant varieties, increased shelf-life, food processing/packaging leading to
technologies in biomass to biofuel production. Considering the emerging popularity
and advances in the field of nanotechnologies, how these techniques aim to expedite
and revolutionize smart agriculture in the present era forms the underlying theme of
the chapter. The multi-faceted applications of nanotechnological methods in food
and nutraceutical production, the emerging prospects, associated limitations, and the
solutions and the future directions/outcomes are further discussed.
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1 Sustainable Agriculture in the Era of Nanotechnology

In the present era, the field of nanotechnology has been witnessed as a prospective
way to boost crop productivity, leading to agricultural sustainability. The recent
advances in the development of nanotechnologies and their applications in diverse
areas have been prospective in impacting the agri-food sector, and reducing limita-
tions in agricultural practices, aiming towards better food security for the rising
global population. Statistics have suggested the rise in the world’s population to
approximately nine billion by 2050, thus necessitating the increase in global food
output to feed the rising population [1]. Agriculture forms the backbone of the
developing economies and agri-food production is of key importance. The limited
land areas for crop production as well as pharmaceuticals and biofuels production for
energy and healthcare, and dwindling natural resources account for some major
concerns.

Nanotechnological advancements hold great potential to revolutionize agriculture
and allied sectors, including fisheries and aquaculture. Nano-based agriculture
employs nanosized particles to increase crop and livestock productivity, primarily
targeting farming systems [2, 3]. The nanotechnology-based techniques have only
been recently used for promoting plant growth, plant disease detection, food quality/
trait improvement, towards targeting increased food production by “sustainable
intensification” [4–6]. Agri-food nanotechnology highlights multidisciplinary
nature, with diverse applications in biotechnology, hydroponics, livestock,
nanotoxicology, and food sectors, with agriculture comprising of a recent sector
for nanotechnological applications. The nanoscale materials are 1–100 nm approx-
imately and one dimension nanoscale (layers, e.g. thin films, graphene),
two-dimension nanoscale (nanotube), and three dimensions (quantum dots) are
employed in different areas of agriculture [1]. Furthermore, the engineered
nanomaterial comprises of specific composition and is produced to have specific
properties, different from those of their conventional counterparts. The nanoparticles
of biological origin (e.g. lipoproteins, carotenoid lycopene, ferritin, viruses) exhibit
diverse biological roles, are reproducible and biocompatible, making them ideal
candidates in biomedical applications [1]. With the development of new food
packaging products, pathogen detection by nanosensors, nanoparticles-based water
purification methods, there has been considerable improvement in food industries
[7, 8]. Figure 1 diagrammatic representation of the multi-faceted application of
nanotechnology in the environment and sustainable agriculture.

In food industries, nanobiotechnology has made great strides in monitoring food
quality through nanosensors to detect the presence of fungus/insects, genetic mod-
ification of golden rice (http://www.azonano.com/, [9]), use of nanocapsules for
genetic manipulation towards the generation of novel plant varieties [10], increasing
fruit yield and medicinal content [11] among other significant ones. The use of smart
sensors in precision farming show prospects in improving agricultural productivity
providing better management, time frame, and input reduction. Moreover, technol-
ogies comprising geographic systems, remote sensors, and satellite monitoring are
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helpful in the detection of abiotic stress and plant pests [1]. The signature initiative
“Nanotechnology for Sensors and Sensors for Nanotechnology: Improving and
Protecting Health, Safety, and the Environment” is launched by the National Nano-
technology Initiative and nanodevices show potential in fast detection of chemicals,
pathogens, diseases leading to faster actions [12].

The increasing recognition of the potential applications of nanotechnology in
agriculture and food systems has opened new avenues suggesting that novel
nanomaterials co-integrated with engineering approaches would be innovative
towards nanotechnological advances in agriculture: design/development of new
nanodevices and materials [13]. Nanotechnological interventions in agriculture
offer prospects improving food quality/yield, monitoring/control of diseases,
enhanced nutrient uptake/utilization by plants, development of safe/effective
new-generation pesticides, addressing soil/water contamination, and increasing
shelf-life of flowers/vegetables through the application of nanoparticles [14]. An
account of the existing and upcoming potential of nanotechnological interventions in
agriculture has been discussed, the recent/future trends, the need to address the
associated challenges, and prospects/scenarios form the key theme.

NANOTECHNOLOGY IN SUSTAINABLE 
AGRICULTURE

BIOFERTILIZERS
NANO 

PESTICIDES
NANOSENSORS

PLANT GROWTH 
AND STIMULATION 
IN AGRICULTURE

FOOD SECTOR 
FOOD 

PROCESSING
FOOD 

PACKAGING
PATHOGEN 
DETECTION

ENVIRONMENTAL 
BIOREMEDIATION
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PRODUCT

Fig. 1 Diagrammatic representation of the multi-faceted application of nanotechnology in the
environment and sustainable agriculture
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2 Nanotechnologies for Food and Nutraceutical Production

Nanotechnology is gaining increased momentum in diverse areas in food and
nutraceutical production, attributed to the recent advances in high performance,
low toxicity, and wider applicability of nanomaterials. The nanomaterials employed
in the food industry comprise organic (natural product nanoparticles), inorganic
(metal nanoparticles), and combined forms [15]. While gold nanoparticles are
studied as sensors, silver nanoparticles have broader applications due to their
antimicrobial activity. Natural product-based nanoparticles are used/designed as
delivery platforms and in food industries, as food components [15]. In the present
era, food nanotechnology has been widely used in different sections, including food
packaging, preservation/processing, and food additives, ensuring the safety/quality
of food items. However, the potential risks associated with the use of nanoparticles
need to be carefully examined/addressed. The guidelines on nanoparticles usage in
food has been implemented by the European Commission (EC) and United States
Food and Drug Administration (U.S. FDA), keeping with the risk assessment of the
nanoparticle size.

The wider application of nanomaterials as food additives, supplements, and
preservatives among others is subject to good design and reproducibility of
nanomaterials. Additionally, the use of nanoparticles (Zinc oxide, iron oxide, and
copper oxide) in animal feeds has been declared safe by the U.S. FDA. In food
preservation, edible coating with nanomaterials has demonstrated significant pros-
pects: freshly coated fruits/vegetables remained in good condition during storage
[15]. Furthermore, the broad use of nanoclay as the food packaging material is due to
its thermal, and mechanical properties and less cost. Gabr et al. [16] discussed that
3% nanoclay loaded nanocomposites remarkably improved the toughness and tran-
sition temperature of glass by approx. 6 �C [16]. Another study suggested that nano-
edible films (<100 μm) may be used to increase mechanical properties, such as
moisture/gas barrier, and enhance the shelf life of fresh food items [17]. The
application of TiO2 nanoparticles in several fields can be attributed to its anti-
proliferative and biocidal functions [18], including novel antimicrobials [19]. In
food industries, nanoparticles are used to increase nano-nutraceuticals and health
supplements bioavailability, towards the improvement of stability, taste, and food
texture [20]. In addition, the antimicrobial properties of nanoparticles in food
packaging maintain the safety of food for consumption and increase shelf life. In
food processing, the use of nanocapsules is gaining momentum, as additives,
nutritional supplements, nano-sized ingredients, in food [20, 21]. Although nano-
technological interventions in food and nutraceutical production are emerging rap-
idly, there is a growing concern among people regarding the adverse effects of
nanoparticles, leading to limited utilization. In the present time, it is necessary to
devise guidelines/promote public awareness facilitating the management of potential
risks, associated with the application of nanoparticles.
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3 Sustainable and Novel Nanomaterials

The use of nanomaterials in food industries has gained considerable interest, with
new/novel functions of nanoparticles opening new avenues to improve the perfor-
mance of traditional products, through diverse sectors in pharmaceutical, agricul-
tural, and industrial fields [22, 23]. The nanomaterials used in food industries are
naturally synthesized or engineered [24]. The casein micelles in milk (300–400 nm)
produced by farm animals matches with nanoscale dimensions while the engineered
nanoparticles, e.g. nano-salt are developed for reducing dietary intake [25], have
been developed. The encapsulated nanomaterial as a carrier for minerals and vita-
mins offers the most promising approach in food industries. Moreover, studies have
reported the nanomaterial-mediated delivery of food supplements, and beverages,
keeping the taste in its original state [26].

3.1 Biosynthesized Nanomaterials

The biological systems namely, microbes, plants, enzymes have shown good pros-
pects as biosynthetic platforms for nanomaterials and show distinct advantages:
during biosynthesis, biological systems act as stabilizing, reducing, and capping
agents, minimizing the use of hazardous substances, the biocompatible/less toxic
nature of synthesized nanomaterials and biosynthesis at ambient conditions reduce
the use of chemicals and energy resources [15]. Studies have shown that lipids and
proteins (having functional carboxyl and amide groups) are efficiently adsorbed on
the surface of nanoparticles, e.g. the SDS-PAGE of the proteins (extracellular)
stabilized the silver nanoparticles during its biosynthesis [27]. Furthermore, chem-
ical synthesis is performed at high temperatures, extreme pH, and high pressure
[28]. In addition, the functions of biosynthesized nanomaterials are easily verified by
the FT-IR technique and induce many biological processes [15]. Table 1 shows the
key representatives of bio-based synthesis of nanoparticles and their socioeconomic
relevance.

3.2 Bioinspired Nanomaterials

The bioinspired method aims at nanomaterials with novel functions (having similar
morphologies and functions to a biological substance) and is widely employed in the
biomedical sector [41] and other fields [42, 43]. The biosynthesis methods rely on
biological systems (e.g. plant extracts) for the synthesis of less toxic and green
nanomaterials, one such key example is Gecko-inspired adhesives—the adhesive
system is based on nanoscale fibers and uses van der Waals forces to produce
adhesion [44]. The bioinspired nanomaterials dynamically adjust their
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physicochemical properties about changes in environmental conditions. However,
challenges exist in the control of nanomaterials at high resolution, comparable to
natural biological systems [15]. The application of bioinspired nanomaterials in
agriculture/food is limited, with some significant studies on artificial bio-inspired
devices for pathogen/chemical detection, environment sensing, and delivery of
pesticides. Although being less explored, some interesting studies on bioinspired
nanomaterials focusing on agriculture and food sectors are the following: Liang et al.
[45] discussed that bioinspired mussel avermectin NPs have strong adhesion prop-
erties to crop foliage, decreasing the pesticide contamination and loss of soil. The
nanostructure showed potential storage stability, high retention of avermectin, and
release sustainably. Another key study discussed the application of bioinspired
nanomaterial in environmental sensing which showed high compatibility and sensi-
tivity to flow velocity and direction [46], highlighting significant application. It is
imperative to witness the development of bioinspired nanomaterials which
completely mimic such biofunctions, attributed to inputs from low-cost methods
and large-scale production.

Table 1 Key representatives of bio-based synthesis of nanoparticles and their socioeconomic
relevance

Biological species Nanoparticles
Agricultural
applications Reference

Fungal species

Fusarium solani Silver Antifungal activity Ingle et al. [29]

Aspergillus niger Gold Mosquito larvae
control

Bhambure et al. [30]

Rhizopus stolonifer Gold – Binupriya et al. [31]

Algal species

Chlamydomonas
reinhardtii

Silver – Rao and Gautam [32]

Chlorella vulgaris Gold Antipathogen
activity

Annamalai and
Nallamuthu [33]

Enteromorpha flexuosa Silver Antimicrobial
activity

Yousefzadi et al. [34]

Bacterial species (as probiotics)

Staphylococcus aureus Silver Antimicrobial
activity

Nanda and Saravanan [35]

Lactobacillus. casei sp. Silver Antimicrobial
activity

Singh et al. [36]

Actinobacter spp. Gold Nanofertilizer Bharde et al. [37]

Non-probiotic species

Escherichia coli K12 Gold Bioremediation Srivastava et al. [38]

Acinetobacter
sp. GWRVA25

Gold Antioxidant activity Nadhe et al. [39]

Klebsiella aerogenes Cadmium
sulfide

Antibacterial activity Holmes et al. [40]
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4 Application of Nanomaterials in Food Industries

The development of innovative nanotechnologies has made substantial contributions
to the food industry. The application of nanoparticles in the food sector, specifically
in food storage, packaging, and development of novel products has witnessed a
remarkable increase. The use of nanoparticles is aimed at improving the taste and
flavor of food, stability, the bioavailability of nutraceuticals, among others
[20, 47]. In addition, antimicrobial properties of nanoparticles may be included in
food packaging to ensure food safety and increase shelf life. Furthermore, the
application of nanoparticles leads to nano-formulated fertilizers, additives, pesticides
for agri-food applications [21]. Table 2 provides comprehensive overview of the
nanotechnological interventions in food and nutraceutical production.

Table 2 Nanotechnological interventions in food and nutraceutical production

Nanoparticles Purpose
Research
outcome Reference

ZnO2 quantum
dots

Detection of pesticides R&D Sahoo et al. [48]

Chitosan-based
coatings

Edible coating Experimental
testing

Shi et al. [49]

Fluorescent
nanosensors

Detection of toxins R&D Sun et al. [50]

Nanosilver Nanosilver food containers Approved –

TiO2 NPs Color additives Exempted from
certification

Code of Federal Regu-
lations CFR [51]

CuO2 NPs Dietary supplement Approved (ani-
mal feed)

U.S. FDA [52]

Ag-silica NPs Preservative Approved U.S. FDA [52]

SiO2 NPs Vegetable/fruit marking Exempted from
certification

Code of Federal Regu-
lations CFR [51]

Electrochemical
biosensors

Detection of L-alanine in food – Sertova [53]

Electrochemical
biosensors

Food contamination – Sertova [53]

PVF nanofibers Assessment of food safety (food
allergen/pathogens)

Approved Asadnia et al. [46]

Carbon quantum
dots

Analysis of nutritional content
of food

Approved Wang et al. [54]

Mussel
avermectin NPs

Nanocarrier-controlled release
of avermectin

Approved Liang et al. [45]

Graphene NPs Detection of food pathogens Approved Mannoor et al. [55]

TiO2 NPs Enzyme as reducing agents – Ahmad et al. [56]
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4.1 Food Processing

Nanoparticles are of great importance in food processing and are used for improving
flow properties, flavor, nutritional content, shelf life, and others. The nanotechno-
logical interventions lead to the development of food products (rich in health
contents), namely lower in sugar, fats, and salt content to reduce food-associated
diseases [21]. In addition, many micro- and nano-sized assemblies of nanoparticles
were designed and developed for food ingredients encapsulation, nutritional supple-
ments, and use as a functional food [57]. The nanoemulsion and nano-encapsulation
methods are used widely in food processing, with the engineered nanoparticles
showing good potential. Furthermore, inorganic oxide chemicals such as TiO2 and
MgO (approved by U.S. FDA), are used as a carrier of food flavor, food additives,
and anti-caking agents [15]. A key example highlights the use of TiO2 as food
additives namely in candies, cake icing, puddings, etc. In addition, nanoparticles of
iron oxide, zinc oxide, and copper oxide are recognized as safe (GRAS) by
U.S. FDA in animal feed as dietary supplements. Some recent studies showed that
encapsulated vitamins were delivered into the bloodstream with high efficiency,
while few discussed the use of nanoparticles emulsions in ice cream, which improves
the uniformity and texture [21].

4.2 Preservatives

Some nanoparticles, like TiO2 and ZnO2, demonstrate antimicrobial activity, there-
fore show good prospects in food preservation (with improved functional proper-
ties). A study by Bryaskova et al. discussed the synthesis and application of silver
nanoparticles (AgNPs) as effective antibacterials against food-borne Pseudomonas
aeruginosa, E. coli, and Bacillus subtilis [58]. In addition to the pharmaceutical
application, the study showed that promising AgNPs may be used for food packag-
ing and preservation [59]. In another study, silver nanoparticles were synthesized
(using Serratia sp. culture) and they showed potential antifungal activity against the
wheat pathogen [60]. ZnO2 nanoparticles synthesized from Catharanthus roseus
showed effective antibacterial activity against E. coli, P. aeruginosa, and
B. thuringiensis [61]. Furthermore, metal nanoparticles are mainly employed to
prevent food contamination, while the different sizes and high surface area are
some properties of nanoparticles that lead to diverse applications in the food
industry. Biosensors find relevance in food pathogen detection/food contamination,
thereby evaluation of food quality. Similarly, other nanoparticles such as silver,
gold, and titanium oxide are used commercially to control food-borne
pathogens [59].
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4.3 Color Additives

Nanotechnological interventions in the food sector provide novel avenues for man-
ufacturers to monitor the color of the products in a sophisticated manner. However,
the nanotechnology-based color additives must be approved by FDA for commercial
use. Color additives are defined as a pigment, dye, or substance that is synthesized
naturally or chemically, that adds color to food, cosmetics, or the human body
[62]. A much different range of color additives was synthesized and studied for
their prospects in the food industry. TiO2 is approved (not exceeding 1% w/w) as a
food additive [49]. TiO2 in combination with SiO2/Al2O3 has also been approved
and used as color additives in food items. Nano-sized additives/ingredients in
functional food comprise antimicrobials, antioxidants, and preservatives for
increased absorption and taste [20]. Moreover, beta-carotene, phytosterols, and
lycopene represent nutraceuticals incorporated in the carriers and used in food to
reduce cholesterol levels [63].

4.4 Nutritional Dietary Supplements

The successful application of nanotechnology to improve food products and their
functional attributes has been documented. The nanotechnological interventions in
the food industry aim at healthier food ingredients/components as well as sustain-
ability, exemplified by diverse food ranges with safe intake, good taste, and afford-
ability. The new range of food products is characterized by low-calorie content,
prolonged digestion, and the bioavailability of fortified food [64]. Several ongoing
types of research are focused on the development of functional food, aiming at
efficient delivery of nutrients, in keeping with the requirements in the body. The
development of nanocapsules and their inclusion in food for nutrient delivery is an
emerging aspect including the application of nanoparticles to enhance nutrient
absorption in food. Nanoencapsulation of nanoparticles for packaging aims at
forming nanocapsules for targeted delivery of medicines (https://just-food.
nridigital.com/). In the food industry food packaging with nanoparticles shows better
efficiency in the delivery of nutrients to cells. Moreover, nanoencapsulation of
vitamins for increased wellness has witnessed a tremendous upsurge; the commer-
cial market for vitamins has increased from £417 m in 2013, predicted to reach
£477 m by 2023 (https://just-food.nridigital.com/). The additional advantages of
vitamins encapsulation include masking of bitter flavor (during consumption) and
increased bioavailability of the vitamins. However, for the general use of
nanoparticles, it is important to understand the general impact on human health
(before use) and promote public awareness.
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4.5 Polymer Production

Nanocomposites with nanoparticles aid in improving the property of the polymer
and provide diverse chemical functions therefore used for high barrier properties
development [65]. The use of nanocomposites maintains the freshness of the food
product and restricts microbial contamination for a certain time. In carbonated
beverages, these act as barriers for gas leakage (carbon dioxide) from the bottles
[65]. Another key example is Nanoclay, a nanocomposite (with nanoparticles)
that acts as gas barriers and comprise phyllosilicates, the naturally occurring alumi-
num silicates, and classified as exfoliated nanocomposites and intercalated
nanocomposites [66]. While the exfoliated nanocomposites are layers of clay dis-
persed in a polymer matrix, the intercalated nanocomposites are defined as multi-
layer structures. Another example is the single-walled nanotubes combined with
SiO2 nanoparticles, forming effective gas barriers [67]. Some of the commercially
marketed Nanoclays are Durethan, Aegis, and Imperm [67]. Nanoencapsulation-
based Nanocoatings (nanolaminates), are used in the food industry to coat vegeta-
bles, fruits, meat products, and baked items. In addition, polymers combined with
metals have antimicrobial properties, for instance, nanomagnesium oxide [68].

5 Food Contact Packaging

There have been wider implications of food packaging with nanoparticles, in the
current scenario. With the increasing application of nanoparticles in food packaging,
concerns regarding the safety of consumption are still to achieve public approval/
acceptance. However, amidst popularity and highlighted challenges, nanoparticles-
mediated food applications are gaining widespread recognition. Some of the popular
and widespread applications of nanoparticles in food packaging comprise the
following:

5.1 Detection of Pathogens in Food

Food products are likely to get contaminated by food-borne pathogens, leading to
food wastage and the risk of food-associated diseases. Several applications of
nanobiosensors in food analysis suggest monitoring food and animal feed for the
presence of pathogens and toxin contaminants. These are also effective in the
detection of mycotoxins, toxic metabolites produced by fungi, and require selective
methods for detection [53]. Ochratoxin A (an abundant mycotoxin) contaminates
coffee, animal feeds, wines, etc., and employing biosensors for its detection has been
an efficient way to assess food quality/suitability for consumption. Recent advances
in the development of nanostructured immunosensors (antigen bound to gold
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nanoparticles) efficiently measure low levels of mycotoxins in food components
[69]. A significant example of nanosensors for the detection of food-borne pathogens
is employing poly-(dimethylsiloxane) (PDMS) chips (with specific antibodies) for
immunosensing of enterotoxin B of Staphylococcus sp. [70]. Moreover, lysozyme-
coated polystyrene nanoparticles demonstrated bactericidal function against Listeria
monocytogenes [71], showing potent activity for the control of food-borne patho-
gens. The UV-activated TiO2 nanoparticles were dispersed through EVOH films and
exhibited photo-activated biocidal properties against Vibrio parahaemolyticus,
L. monocytogenes, and others [72].

6 Nanotechnology and Nutraceutical Production

Nanotechnological interventions in the nutraceutical industry are gaining increased
momentum, enhancing the bioavailability, solubility, and biological functions of the
encapsulated food components [73]. The functional ingredients (nutraceuticals) are
the key components of many industrial products, displaying multiple properties;
however, these are utilized via different delivery systems. Moreover, the key features
of the delivery products should be protection, compatibility, transportation, and
regulated release. The primary delivery systems which are studied include associa-
tion colloids and nanoemulsions [74]. Nanoemulsions offer distinct benefits includ-
ing high kinetic stability and the ability to include lipophilic/hydrophilic compounds
into emulsion state [74]. Particularly, the nano-sized iron materials in the deliveries
composed of nutraceuticals improve the bioavailability of the food products. Fur-
thermore, the bioavailability of vitamins and other compounds like carotenoids and
curcumin is low and may be increased by using nanoformulations [73]. In addition,
nanotechnology-based systems are employed to increase the delivery of bioactive
compounds and their bioavailability. While the nanoparticles comprise food macro-
molecules namely, lipids, polysaccharides, and surfactants, composite nanoparticles
are synthesized by different combinations of these macromolecules [75]. The mul-
tiple properties of bioactive food constituents (stability and efficiency) may be
improved by food-grade nanoparticles [76]. Moreover, a combination of pharma-
ceuticals and nutrition, known as nanonutraceuticals includes the production of
dietary supplements (herbal products, bioactive constituents, etc.) employing the
nanoformulation method [15]. Nanotechnology in nutraceutical delivery offers
several advantages—nanofibers, nanotubes, nanosheets, etc., are delivered through
microemulsions, liposomes, nanosensors, microgels, and other methods [77]. How-
ever, it is pertinent to understand the benefits and potential toxicity of nanocarriers in
food components. Recent advances in fabrication and design improvement of
multiple food-grade nanoparticles have contributed to the development of efficient
delivery systems. For example, the bioavailability of the food components may be
improved by colloidal delivery-based foods, leading to increased absorption and
increased bioactivity, in addition to multiple health advantages [15].
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7 Nanotechnology in Agriculture: Nanoparticles in Plant
Growth Promotion and Stress Tolerance

Nanotechnology constitutes an important tool to promote sustainable agriculture,
projected to be a defining platform in generating socioeconomic returns. The appli-
cation of nanotechnological interventions in agriculture aims to decrease pesticide
usage and provide eco-friendly agrochemicals and novel delivery methods for crop
production. The beneficial applications of nanotechnology in agriculture include
nanodevices for plant genetic engineering, nanoformulations to reduce pesticide
usage/crop improvement, diagnosis of plant diseases, nanosensors in crop protec-
tion, and animal health [1]. The enlightening field of nanotechnology holds a good
potential to impact and accelerate biomass for the technological production of
biofuels. However, assessment and a deep understanding of the adverse/toxic effects
of nanomaterials and generating public awareness are necessary to explore
completely the nanotechnological interventions in agriculture.

7.1 Nanofertilizers

Different types of fertilizers and their development aim to boost nutrient availability
for plants, thereby aiming to boost crop productivity. The Food and Agriculture
Organization (FAO) suggested that the use of mineral fertilizers reached
48.5 megatonnes phosphate (P2O5), 38.7 megatonnes potash (K2O), and
110 megatonnes of nitrogen (N) (2016), in contrast to 2002 [78]. Although the use
of fertilizers aims to increase crop productivity, extensive usage threatens the
environment, leading to adverse implications in terms of pollution of groundwater,
poor soil quality, greenhouse emissions, and hazard to human health [79, 80]. Con-
sidering the emerging trend, the application of nanofertilizers has made a substantial
contribution by maintaining ecological balance and increasing crop productivity.
Nanofertilizers are also known as smart carriers for the nutrient composition acces-
sible to the plant parts, leading to better crop yield and fitness [81]. Encapsulation of
macro- and micronutrients within the nanoparticles may be directly delivered
through nanoemulsions [82, 83]. The application of nanofertilizers projects distinct
advantages in terms of less production cost, multiple nutrient accessibility to plants,
increasing plant fitness and yield, and reducing the usage of conventional pesticides.
Furthermore, nanofertilizers are efficient in multiple nutrient deliveries, prevent loss
of nutrients and targeted delivery to the plant parts, and thereby prevent nutrient
losses [84]. An interesting example shows that chitosan-based substances as one of
the most effective nano-agrochemicals for efficient nutrient delivery in agriculture
[85]. In addition to the above, nano-enhanced fertilizers comprise nanomaterials
comprising of silicon NPs, zeolites, TiO2 nanoparticles among others [81], and assist
plants in nutrient uptake. Table 3 provides a tabular representation of key
nanomaterial-based fertilizers and prospects in sustainable agriculture.
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7.2 Nanopesticides

Pesticides are employed in agriculture to promote plant health and productivity. The
development and use of nanopesticides in agriculture offer promise to address the
existing problems with routine pesticides [101]. Nanopesticides comprise multiple
products; consisting of organic polymers, surfactants, and metal nanoparticles as
nanoformulations [1]. The techniques adopted to improve solubility for
nanoagrochemicals employed the microencapsulation method to enhance aqueous
dispersion in the controlled release of hydrophobic pesticides [102]. The initial
studies showed that the insecticide ethiprole was encapsulated by nanospheres
comprising of poly-lactic acid and polycaprolactone. The study showed a controlled

Table 3 Commercially available nanomaterials used as fertilizers and their beneficial role in
sustainable agriculture

Nano-based fertilizers Plant species
Biological effect on plant
growth Reference

Chitosan nanoparticles Seedlings of
coffee

Promotes plant height and
leaf area/number

Ha et al.
[86]

Hydroxyapatite NPs-urea Oryza sativa Delays nitrogen release Kottegoda
et al. [87]

Nanoparticles of Cu and Zn
metals

Ocimum
basilicum

Enhanced chlorophyll and
carotenoid leaves content

Abbasifar
et al. [88]

Nano-chitosan Triticum
aestivum

Promotes shoot and root
length, crop index

Aziz et al.
[89]

Fe2O3 nanocomposites (zeolites) – Slow iron release, promotes
plant growth

Jahangirian
et al. [90]

ZnO nanoparticles T. aestivum In drought stress, increase Zn
uptake for plant

Dimkpa
et al. [91]

Urea-based nanofertilizers O. sativa High nitrogen recovery for
plant and high yield

Naseem
et al. [92]

Nanostructured alumina – Protection of seeds against
insect pests

Belhamel
et al. [93]

Silver nanoparticles Punica
granatum

Control of bacterial blight
disease

Sherkhane
et al. [94]

Copper nanoparticles Multiple
crops

Control of fungal pathogens Pariona
et al. [95]

Metsulfuron-based pectin
nanoparticles

– Control of Chenopodium
album (weeds)

Kumar et al.
[96]

Nanoencapsulated essential oil of
(Satureja hortensis L.)

– Control of different herbs Taban et al.
[97]

Graphene oxide nanobiosensors – Assessment of nitrate in water
and soil

Ali et al.
[98]

Quantum dots – Pesticide detection Kołataj
et al. [99]

Titanium nanoparticles Nicotiana
benthamiana

Control of plant virus
diseases

Hao et al.
[100]
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release of agrochemicals and enhanced penetration in the plant [103]. Another study
performed in Spodoptera littoralis (cotton leafworm) showed that nanoparticle
toxicity was similar to the formulations used commercially to control the leafworm
[104]. Nanomaterial application as additives (for active constituents) is demonstrated
by a good example: Imidacloprid formulations, synthesized from aliphatic diacids
and polyethylene glycol (via encapsulation), were effective in the management of
pests causing plant diseases. Furthermore, the commercial formulation, as well as the
above-mentioned formulation, was evaluated against soybean pests and the result
suggested better efficacy of Imidacloprid formulations, as compared to commercial
ones as well as higher plant yield [105, 106].

Several nanomaterials namely, gold nanoparticles, polymeric nanoparticles, and
iron oxide nanoparticles, are widely used as pesticides. The various properties/
functions of nanoparticles including formulations, potential functions, and charac-
teristics were studied for plant disease management [107]. Another important appli-
cation of nanoparticles was in the management of insect pests. The pest Helicoverpa
armigera was managed through employing nanotechnological interventions
[108]. Tinospora cordifolia extract in a combination of silver nanoparticles was
effective against Pediculus humanus and Anopheles subpictus and Culex-quinque
fasciatus (larvae), demonstrating significant larvicidal activity [109]. Several
examples showed the promising effects of nanofertilizers in plant disease manage-
ment. Nanopesticides include different sub-classes, namely nanofungicides,
nanoinsecticides, nanobactericides, nanoinsecticides, and nanoweedicindes,
addressing the various purposes of agricultural applications [110, 111]. While
nanoencapsulation of pesticides is beneficial to improve the active ingredient,
nanocarriers (safe, biocompatible, and environment friendly) improve the solubility
of bioactive constituents [112], improving agricultural practices to a considerable
extent. In addition, formulations of different constituents namely, lipid NP, poly-
meric NP, nanogels, carbon substances, and nanoemulsions, have been used as
effective nanopesticides in agriculture [113, 114].

7.3 Nanosensors for Smart Agriculture

In agricultural application, nanosensors are effective in the detection of different
pesticides, pathogens, fertilizers, and pH of the soil, and their regulated application
may promote crop production [115]. The use of “smart sensors” for precision
farming offers an attractive opportunity with reduced inputs, efficient management
of fertilization, and proper time use. Furthermore, NP-based delivery systems in
agriculture aim at efficient utilization of natural resources namely nutrients, water,
and chemical for better farming practices. In recent times, precision farming prac-
tices are proving significant in smart agriculture and comprise remote-sensing
systems, satellite-positioning systems, and geographic systems for the detection of
pests and environmental stresses. Other significant applications of nanosensors
include the detection of environmental pollution by nano-smart dust (tiny wireless
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sensors) [116], quality of agricultural products by nanobarcodes [117], and regula-
tion of plant hormones through nanotechnology for understanding plant root adap-
tation in soil [118]. Considering the emerging importance, nanosensors have the
potential to impact the agri-food sector and the environment with the signature
initiative “Nanotechnology for Sensors and Sensors for Nanotechnology: Improving
and Protecting Health, Safety, and the Environment” put forth by the National
Nanotechnology Initiative.

8 Current Status, Prospects, and Challenges

8.1 The Need for Legalization, Public Awareness,
and Acceptance

The present era has witnessed the significant and emerging contributions of nano-
technological interventions in the agri-food interface as well as in the environment;
however, there is a fundamental requirement in understanding the existing and
potential implications. With associated challenges in nanotechnology applications,
there is a growing need for regulation and legislation in the socioeconomic interface
as well as generating public awareness. The main procedure/guidelines for legisla-
tion include: Guidelines/suggestions by academic bodies (organizations/individ-
uals), Suggestions taken by the government and suggested by the respective head
(legislation or head of country) which is further passed or approved by the country
and enforced as law, and the respective legislation mostly includes the general/broad
aspects for industry [15]. Furthermore, when the law is enforced by regulators, a
detailed/specific guideline is implemented and usually pertains to a broader scope of
the industry. For the application of nanomaterials, certain standard protocols are
followed, which require an understanding of different properties of nanoparticles
and their implications (toxic/adverse effects). In 2003, government agencies
implemented guidelines for legislation of nanotechnology in the food industry;
according to the European Union, Registration, Evaluation, Authorisation, and
Restriction of Chemicals (REACH) was undertaken as key regulation, led by Food
and Drug Administration (FDA, USA).

8.2 Toxicity/Risk Assessment

The potential of nanotechnological interventions in the agri-food sector is immense
(food components, livestock feed, food packaging, and smart nano-systems); how-
ever, there is little awareness about the safety of these NPs in food and nutraceutical
production [1]. With the unavailability of clear information, the uncertainty
concerning the nature and potential associated risks of NPs remains. The current
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application of NPs in food additives/ingredients comprise of inclusion of NPs as
food component or in food packaging. Public opinion needs to be taken into account
regarding the development of NP-based food products and their wider implications
[119]. A global concern comprises assessing the benefits and risks of the silver NPs
application as an antibacterial agent in the food and healthcare sector. Moreover, the
absence of proper data and regulation procedures continues to affect global pro-
cedures regarding the commercial application of NPs [47].

8.3 Prospects/Directions

Nanotechnology continues to make great strides in different areas of food, livestock,
and agriculture, impacting human lives and generating socioeconomic returns. The
prospects of nanotechnological interventions are immense, with nanotechnology-
based precision farming aiming to maximize crop productivity through efficient
utilization of pesticides, water, and fertilizers by plants. Recent innovations in
product development (NP-mediated food packaging, and processing) continue to
benefit the food industry and farmers by generating new resources for food and
nutraceutical production. In addition, the development/application of nanosensors
for monitoring soil quality, plant health, and pathogen detection and
nanoencapsulation for efficient delivery of agrochemicals, nanoemulsions (antimi-
crobials) in food quality assessment highlights distinct advantages in promoting agri-
food sectors for the betterment of the global population. While maximizing the
benefits of nanotechnological interventions in multiple socioeconomic applications,
it is equally important to generate public awareness/implement guidelines for under-
standing the potential benefits and addressing the associated challenges with NPs.
The future of nanotechnology in promoting sustainable agriculture looks promising
as far as measures to safeguard the social and environmental well-being are
addressed.

Acknowledgments The author acknowledges her institution for encouragement and support.

Conflict of Interest No conflict of interest was declared.

References

1. Sekhon, B. S. (2014). Nanotechnology in agri-food production: An overview. Nanotechnol-
ogy, Science and Applications, 2014(7), 31–53.

2. Batsmanova, L. M., Gonchar, L. M., Taran, N. Y., & Okanenko, A. A. (2013). Using a
colloidal solution of metal nanoparticles as micronutrient fertiliser for cereals. In Proceedings
of the International Conference on Nanomaterials: Applications and Properties (September
16–21, 2013, Crimea, Ukraine) Retrieved April 18, 2014, from http://nap.sumdu.edu.ua/index.
php/nap/nap2013/paper/view/1097/504

330 P. Tiwari

http://nap.sumdu.edu.ua/index.php/nap/nap2013/paper/view/1097/504
http://nap.sumdu.edu.ua/index.php/nap/nap2013/paper/view/1097/504


3. Scott, N., & Chen, H. (2002). Nanoscale science and engineering for agriculture and food
systems. In National Planning Workshop (November 18–19, 2002, Washington, DC)
Retrieved April 18, 2014, from http://www.nseafs.cornell.edu/web.roadmap.pdf

4. Gruère, G., Narrod, C., & Abbott, L. (2011). Agriculture, food, and water nanotechnologies
for the poor: Opportunities and constraints. IFPRI Policy Brief, 19, 1. Retrieved May 6, 2014,
from http://www.ifpri.org/sites/default/files/publications/bp019.pdf

5. Frewer, L. J., Norde, W., Fischer, A. R. H., & Kampers, F. W. H. (Eds.). (2011). Nanotech-
nology in the agri-food sector: Implications for the future. Wiley-VCH.

6. Sonkaria, S., Ahn, S. H., & Khare, V. (2012). Nanotechnology and its impact on food and
nutrition: A review. Recent Patents on Food, Nutrition & Agriculture, 4(1), 8–18.

7. Senturk, A., Yalcın, B., & Otles, S. (2013). Nanotechnology as a food perspective. Journal of
Nanomaterials & Molecular Nanotechnology, 2, 6.

8. Boom, R. M. (2011). Nanotechnology in food production. In L. J. Frewer, W. Norde,
A. R. H. Fischer, & F. W. H. Kampers (Eds.), Nanotechnology in the agri-food sector:
Implications for the future (pp. 39–58). Wiley-VCH.

9. AZoNano.com. (2003). Nanofibers to be used in drug delivery, gene therapy, crop engineer-
ing and environmental monitoring. AZoM.com Pty. Ltd. Updated June 11, 2013. Retrieved
April 19, 2014, from http://www.azonano.com/article.aspx?ArticleID¼114

10. Torney, F., Trewyn, B. G., Lin, V. S., & Wang, K. (2007). Mesoporous silica nanoparticles
deliver DNA and chemicals into plants. Nature Nanotechnology, 2(5), 295–300.

11. Kole, C., Kole, P., Randunu, K. M., et al. (2013). Nanobiotechnology can boost crop
production and quality: First evidence from increased plant biomass, fruit yield and
phytomedicine content in bitter melon (Momordica charantia). BMC Biotechnology, 13, 37.

12. Farrell, D., Hoover, M., Chen, H., & Friedersdorf, L. (2013). Overview of resources and
support for nanotechnology for sensors and sensors for nanotechnology: Improving and
protecting health, safety, and the environment. US National Nanotechnology Initiative.
Retrieved April 19, 2014, from http://nano.gov/sites/default/files/pub_resource/nsi_
nanosensors_resources_for_web.pdf

13. Scott, N., & Chen, H. (2013). Nanoscale science and engineering for agriculture and food
systems. Industrial Biotechnology, 9, 17–18.

14. Mukhopadhyay, S. S. (2014). Nanotechnology in agriculture: Prospects and constraints.
Nanotechnology, Science and Applications, 2014(7), 63–71.

15. He, X., Deng, H., & Hwang, H.-m. (2019). The current application of nanotechnology in food
and agriculture. Journal of Food and Drug Analysis, 27(2019), 1–21.

16. Gabr, M. H., Okumura, W., Ueda, H., Kuriyama, W., Uzawa, K., & Kimpara, I. (2015).
Mechanical and thermal properties of carbon fiber/polypropylene composite filled with nano-
clay. Composites Part B: Engineering, 69, 94–100.

17. Flores-Lopez, M. L., Cerqueira, M. A., de Rodríguez, D. J., & Vicente, A. A. (2016).
Perspectives on utilization of edible coatings and nano-laminate coatings for extension of
postharvest storage of fruits and vegetables. Food Engineering Reviews, 8, 292–305.

18. Blake, D. M., Maness, P.-C., Huang, Z., Wolfrum, E. J., Jacoby, W. A., & Huang, J. (1999).
Application of the photocatalytic chemistry of titanium dioxide to disinfection and the killing
of cancer cells. Separation and Purification Reviews, 28(1), 50.

19. Duncan, T. V. (2011). Applications of nanotechnology in food packaging and food safety:
Barrier materials, antimicrobials and sensors. Journal of Colloid and Interface Science,
363(1), 1 24.

20. Momin, J. K., Jayakumar, C., & Prajapati, J. B. (2013). Potential of nanotechnology in
functional foods. Emirates Journal of Food and Agriculture, 25(1), 10 19.

21. Berekaa, M. M. (2015). Nanotechnology in food industry; Advances in food processing,
packaging and food safety. International Journal of Current Microbiology and Applied
Sciences, 4(5), 345–357.

Nanotechnologies and Sustainable Agriculture for Food and. . . 331

http://www.nseafs.cornell.edu/web.roadmap.pdf
http://www.ifpri.org/sites/default/files/publications/bp019.pdf
http://www.azonano.com/article.aspx?ArticleID=114
http://www.azonano.com/article.aspx?ArticleID=114
http://nano.gov/sites/default/files/pub_resource/nsi_nanosensors_resources_for_web.pdf
http://nano.gov/sites/default/files/pub_resource/nsi_nanosensors_resources_for_web.pdf


22. Landsiedel, R., Ma-Hock, L., Kroll, A., Hahn, D., Schnekenburger, J., Wiench, K., &
Wohlleben, W. (2010). Testing metal-oxide nanomaterials for human safety. Advanced Mate-
rials, 22(24), 2601–2627.

23. Lue, J. T. (2007). Physical properties of nanomaterials. Encyclopedia of nanoscience and
nanotechnology (Vol. X, pp. 1–46). American Scientific Publishers.

24. Magnuson, B. A., Jonaitis, T. S., & Card, J. W. (2011). A brief review of the occurrence, use,
and safety of food-related nanomaterials. Journal of Food Science, 76(6), R126–R133.

25. Rasouli, F., & Zhang, W. (2006). Nanoscale materials. U.S. Patent US20060286239 A1.
26. Bumbudsanpharoke, N., & Ko, S. (2015). Nano-food packaging: An overview of market,

migration research, and safety regulations. Journal of Food Science, 80(5), R910–R923.
27. Jain, N., Bhargava, A., Majumdar, S., Tarafdar, J., & Panwar, J. (2011). Extracellular

biosynthesis and characterization of silver nanoparticles using Aspergillus flavus NJP08: A
mechanism perspective. Nanoscale, 3, 635–641.

28. He, X., Aker, W. G., Pelaez, M., Lin, Y., Dionysiou, D. D., & Hwang, H.-m. (2016).
Assessment of nitrogenefluorine-codoped TiO2 under visible light for degradation of BPA:
Implication for field remediation. Journal of Photochemistry and Photobiology, A: Chemistry,
314, 81–92.

29. Ingle, A., Rai, M., Gade, A., & Bawaskar, M. (2009). Fusarium solani: A novel biological
agent for the extracellular synthesis of silver nanoparticles. Journal of Nanoparticle Research,
11, 2079–2085.

30. Bhambure, R., Bule, M., Shaligram, N., Kamat, M., & Singhal, R. (2009). Extracellular
biosynthesis of gold nanoparticles using Aspergillus niger—Its characterization and stability.
Chemical Engineering & Technology: Industrial Chemistry, Plant Equipment, Process Engi-
neering, Biotechnology, 32(7), 1036–1041.

31. Binupriya, A., Sathishkumar, M., & Yun, S.-I. (2010). Biocrystallization of silver and gold
ions by inactive cell filtrate of Rhizopus stolonifer.Colloids and Surfaces, B: Biointerfaces, 79,
531–534.

32. Rao, D., & Gautam, P. (2014). A facile one-pot synthesis of gold nanoparticles by
Chlamydomonas reinhardtii. Asian Journal of Microbiology Biotechnology & Environmental
Sciences, 16, 633–639.

33. Annamalai, J., & Nallamuthu, T. (2015). Characterization of biosynthesized gold
nanoparticles from aqueous extract of Chlorella vulgaris and their anti-pathogenic properties.
Applied Nanoscience, 5(5), 603–607.

34. Yousefzadi, M., Rahimi, Z., & Ghafori, V. (2014). The green synthesis, characterization and
antimicrobial activities of silver nanoparticles synthesized from green alga Enteromorpha
flexuosa (wulfen). J Agardh. Materials Letters, 137, 1–4.

35. Nanda, A., & Saravanan, M. (2009). Biosynthesis of silver nanoparticles from Staphylococcus
aureus and its antimicrobial activity against MRSA and MRSE. Nanomedicine: Nanotech-
nology, Biology and Medicine, 5, 452–456.

36. Singh, S., Singh, B., Yadav, S., & Gupta, A. (2014). Applications of nanotechnology in
agricultural and their role in disease management. Research Journal of Nanoscience and
Nanotechnology, 5, 1–5.

37. Bharde, A., Kulkarni, A., Rao, M., Prabhune, A., & Sastry, M. (2007). Bacterial enzyme
mediated biosynthesis of gold nanoparticles. Journal of Nanoscience and Nanotechnology,
7(12), 4369–4377.

38. Srivastava, S. K., Yamada, R., Ogino, C., & Kondo, A. (2013). Biogenic synthesis and
characterization of gold nanoparticles by Escherichia coli K12 and its heterogeneous catalysis
in degradation of 4-nitrophenol. Nanoscale Research Letters, 8, 70.

39. Nadhe, S. B., Wadhwani, S. A., Singh, R., & Chopade, B. A. (2020). Green synthesis of
AuNPs by Acinetobacter sp. GWRVA25: Optimization, characterization, and its antioxidant
activity. Frontiers in Chemistry, 8, 474.

332 P. Tiwari



40. Holmes, J. D., Smith, P. R., Evans-Gowing, R., Richardson, D. J., Russell, D. A., & Sodeau, J.
R. (1995). Energy-dispersive X-ray analysis of the extracellular cadmium sulfide crystallites of
Klebsiella aerogenes. Archives of Microbiology, 163(2), 143–147.

41. Yoo, J. W., Irvine, D. J., Discher, D. E., & Mitragotri, S. (2011). Bio-inspired, bioengineered
and biomimetic drug delivery carriers. Nature Reviews. Drug Discovery, 10, 521.

42. Zong, L., Li, M., & Li, C. (2017). Bioinspired coupling of inorganic layered nanomaterials
with marine polysaccharides for efficient aqueous exfoliation and smart actuating hybrids.
Advanced Materials, 29, 1604691.

43. Feng, Y., Zhu, W., Guo, W., & Jiang, L. (2017). Bioinspired energy conversion in
nanofluidics: A paradigm of material evolution. Advanced Materials, 29, 1702773.

44. Autumn, K., Sitti, M., Liang, Y. A., Peattie, A. M., Hansen, W. R., Sponberg, S., et al. (2002).
Evidence for van der Waals adhesion in gecko setae. Proceedings of the National Academy of
Sciences of the United States of America, 99, 12252–12256.

45. Liang, J., Yu, M., Guo, L., Cui, B., Zhao, X., Sun, C., et al. (2018). Bioinspired development
of P (SteMAA) eavermectin nanoparticles with high affinity for foliage to enhance folia
retention. Journal of Agricultural and Food Chemistry, 66, 6578–6584.

46. Asadnia, M., Kottapalli, A. G. P., Karavitaki, K. D., Warkiani, M. E., Miao, J., Corey, D. P., et
al. (2016). From biological cilia to artificial flow sensors: Biomimetic soft polymer
nanosensors with high sensing performance. Scientific Reports, 6, 32955.

47. Chaudhry, Q., Scotter, M., Blackburn, J., et al. (2008). Applications and implications of
nanotechnologies for the food sector. Food Additives & Contaminants. Part A, Chemistry,
Analysis, Control, Exposure & Risk Assessment, 25(3), 241–258.

48. Sahoo, D., Mandal, A., Mitra, T., Chakraborty, K., Bardhan, M., & Dasgupta, A. K. (2018).
Nanosensing of pesticides by zinc oxide quantum dot: An optical and electrochemical
approach for the detection of pesticides in water. Journal of Agricultural and Food Chemistry,
66(2), 414–423.

49. Shi, H., Magaye, R., Castranova, V., & Zhao, J. (2013). Titanium dioxide nanoparticles: A
review of current toxicological data. Particle and Fibre Toxicology, 10, 15. https://doi.org/10.
1186/1743-8977-10-15. PMID: 23587290; PMCID: PMC3637140.

50. Sun, J. C., Xiao, T., Shi, X., Li, X., Zhao, Q., Li, D., & Chen, J. (2018). Development of a
selective fluorescence nanosensor based on molecularly imprinted-quantum dot optosensing
materials for saxitoxin detection in shellfish samples. Sensors and Actuators B: Chemical, 258,
408–414. https://doi.org/10.1016/j.snb.2017.11.143

51. Code of Federal Regulations (CFR). (2018). Electronic code of federal regulations. Title 21:
Food and drugs. PART 73—LISTING OF COLOR ADDITIVES EXEMPT FROM CERTIFI-
CATION. The United States office of the federal register (OFR) and the United States,
Government Publishing Office. Retrieved from https://www.ecfr.gov/cgi-bin/text-idx?SID=
79a76b1d7e7a98ae9459d88005ab7058&mc=true&node=pt21.1.73&rgn=div5Aili

52. U.S. FDA. (2015). Color additive status list. United States Food & Drug Administration.
Retrieved August 7, 2018.

53. Sertova, N. M. (2015). Application of nanotechnology in detection of mycotoxins and in
agricultural sector. Journal of Central European Agriculture, 16(2), 117–130.

54. Wang, H., Liu, S., Song, Y., Zhu, B.-W., & Tan, M. (2019). Universal existence of fluorescent
carbon dots in beer and assessment of their potential toxicity. Nanotoxicology, 13(2), 160–173.
https://doi.org/10.1080/17435390.2018.1530394

55. Mannoor, M. S., Tao, H., Clayton, J. D., Sengupta, A., Kaplan, D. L., Naik, R. R., et al. (2012).
Graphene-based wireless bacteria detection on tooth enamel. Nature Communications, 3.

56. Ahmad, R., Mohsin, M., Ahmad, T., & Sardar, M. (2015). Alpha amylase assisted synthesis of
TiO2 nanoparticles: Structural characterization and application as antibacterial agents. Journal
of Hazardous Materials, 283, 171–177. https://doi.org/10.1016/j.jhazmat.2014.08.073

57. Augustin, M. A., & Hemar, Y. (2009). Nano- and micro-structured assemblies for encapsu-
lation of food ingredients. Chemical Society Reviews, 38, 902–912.

Nanotechnologies and Sustainable Agriculture for Food and. . . 333

https://doi.org/10.1186/1743-8977-10-15
https://doi.org/10.1186/1743-8977-10-15
https://doi.org/10.1016/j.snb.2017.11.143
https://www.ecfr.gov/cgi-bin/text-idx?SID=79a76b1d7e7a98ae9459d88005ab7058&mc=true&node=pt21.1.73&rgn=div5Aili
https://www.ecfr.gov/cgi-bin/text-idx?SID=79a76b1d7e7a98ae9459d88005ab7058&mc=true&node=pt21.1.73&rgn=div5Aili
https://doi.org/10.1080/17435390.2018.1530394
https://doi.org/10.1016/j.jhazmat.2014.08.073


58. Morais, M. G. D., Martins, V. G., Steffens, D., Pranke, P., & Costal, J. A. V. D. (2014).
Biological applications of nanobiotechnology. Journal of Nanoscience and Nanotechnology,
14, 1007–1017.

59. Prakash, J., Vignesh, K., Anusuya, T., Kalaivani, T., Ramachandran, C., Sudha Rani, R., Rub,
M., Khan, I., Elahi, F., Deog-Hwan, O., & Devanand, V. G. (2019). Application of
nanoparticles in food preservation and food processing. Journal of Food Hygiene and Safety,
34(4), 317–324. p ISSN 1229-1153, e ISSN 2465-9223.

60. Mishra, A., Kumari, M., Pandey, S., Chaudhry, V., Gupta, K. C., & Nautiyal, C. S. (2014).
Biocatalytic and antimicrobial activities of gold nanoparticles synthesized by Trichoderma sp.
Bioresource Technology, 166, 235–242.

61. Bhumi, G., & Savithramma, N. (2014). Biological synthesis of zinc oxide nanoparticles from
Catharanthus roseus (l.) G. Don. leaf extract and validation for antibacterial activity. Inter-
national Journal of Drug Development and Research, 6, 208–214.

62. Barrows, J. N., et al. (2003). Color additives: FDA’s regulatory process and historical
perspectives. Food Safety Magazine. FFDCA § 201(t), 21 U.S.C. § 321(t); see also 21 C.F.
R. § 70.3(g). Note that a colorant added to a food packaging material or other food contact
substance is regulated as a food additive, not as a color additive. Retrieved from http://www.
fda.gov/ForIndustry/ColorAdditives/RegulatoryProcessHistoricalPerspectives/default.htm

63. Mozafari, M. R., Flanagan, J., & Matia-Merino, L. (2006). Recent trends in the lipid based
nanoencapsulation of antioxidants and their role in foods. Journal of Science and Food
Agriculture, 86, 2038–2045.

64. McClements, D. J. (2020). Advances in nanoparticle and microparticle delivery systems for
increasing the dispersibility, stability, and bioactivity of phytochemicals. Biotechnology
Advances, 38, S0734-9750(18)30136-8.

65. Pandey, S., Zaidib, M. G. H., & Gururani, S. K. (2013). Recent developments in clay-polymer
nano composites. Scientific Journal of Review, 2(11), 296–328.

66. Davis, D., Guo, X., Musavi, L., Lin, C.-S., Chen, S.-H., & Wu, V. C. H. (2013). Gold
nanoparticle-modified carbon electrode biosensor for the detection of Listeria monocytogenes.
Industrial Biotechnology, 9(1), 31–36.

67. Flanagan, J., & Singh, H. (2006). Microemulsions: A potential delivery system for bioactives
in food. Critical Reviews in Food Science and Nutrition, 46(3), 221–237.

68. Pradhan, N., Singh, S., Ojha, N., Shrivastava, A., Barla, A., Rai, V., & Bose, S. (2015). Facets
of nanotechnology as seen in food processing, packaging, and preservation industry. BioMed
Research International, 2015, 365672. https://doi.org/10.1155/2015/365672. 17 pages.

69. Bonel, L., Vidal, J., Duato, P., & Castillo, J. (2010). Ochratoxin A nanostructured electro-
chemical immunosensors based on polyclonal antibodies and gold nanoparticles coupled to the
antigen. Analytical Methods, 2, 335–341.

70. Dong, Y., Phillips, K. S., & Cheng, Q. (2006). Immunosensing of Staphylococcus exterotoxin
B (SEB) in milk with PDMS microfluidic systems using reinforced supported bilayer mem-
branes (r-SBMs). Lab on a Chip, 6(675), 681.

71. Yang, H., Qu, L., Lin, Y., Sun, Y., & Jiang, X. (2007). Detection of Listeria monocytogenes in
biofilms using immune-nanoparticles. Journal of Biomedical Nanotechnology, 3(131), 138.

72. Kim, B., Kim, D., Cho, D., & Cho, S. (2003). Bactericidal effect of TiO2 photocatalyst on
selected food-borne pathogenic bacteria. Chemosphere, 52, 277–281.

73. Yadav, S. K. (2017). Tissue science & engineering realizing the potential of nanotechnology
for agriculture and food technology. Journal of Tissue Science & Engineering, 8, 8–11.

74. Chauhan, H., & Prasad, D. (2017). Nanofood materials: Characteristics and evaluations. In S.
Sen & Y. Pathak (Eds.), Nanotechnology in nutraceuticals: Production to consumption.
Taylor and Francis Group, CRC Press. ISBN 9781498721882.

75. Nile, S. H., Baskar, V., Selvaraj, D., Nile, A., Xiao, J., & Kai, G. (2020). Nanotechnologies in
food science: Applications, recent trends, and future perspectives. Nano-Micro Letters, 12, 45.
1–34.

334 P. Tiwari

http://www.fda.gov/ForIndustry/ColorAdditives/RegulatoryProcessHistoricalPerspectives/default.htm
http://www.fda.gov/ForIndustry/ColorAdditives/RegulatoryProcessHistoricalPerspectives/default.htm
https://doi.org/10.1155/2015/365672


76. Hildeliza, Q. B., Chanona-pe, J., Jose, L. S. M., Gutie, G. F., & Jimene, A. (2010).
Nanoencapsulation: A new trend in food engineering processing. Food Engineering Reviews,
2, 39–50.

77. Cushen, M., Kerry, J., Morris, M., Cruz-Romero, M., & Cummins, E. (2012). Nanotechnol-
ogies in the food industry-recent developments, risks and regulation. Trends in Food Science
and Technology, 24, 30–46.

78. FAO. (2018). World food and agriculture: Statistical pocketbook. Author.
79. Li, D., & Wu, Z. (2008). Impact of chemical fertilizers application on soil ecological

environment. Journal of Applied Ecology, 19, 1158–1165.
80. Sharma, N., & Singhvi, R. (2017). Effects of chemical fertilizers and pesticides on human

health and environment: A review. International Journal of Agriculture Environment and
Biotechnology, 10, 675–680.

81. Singh, H., Sharma, A., Bhardwaj, S. K., Arya, S. K., Bhardwaj, N., & Khatri, M. (2021).
Recent advances in the applications of nanoagrochemicals for sustainable agricultural devel-
opment. Environmental Science: Processes & Impacts, 2021(23), 213–239.

82. Ghormade, V., Deshpande, M. V., & Paknikar, K. M. (2011). Perspectives for nano-biotech-
nology enabled protection and nutrition of plants. Biotechnology Advances, 29, 792–803.

83. França, D., Messa, L. L., Souza, C. F., & Faez, R. (2019). Polymers for agri-food applications
(pp. 29–44). Springer.

84. Kah, M., Kookana, R. S., Gogos, A., & Bucheli, T. D. (2018). A critical evaluation of
nanopesticides and nanofertilizers against their conventional analogues. Nature Nanotechnol-
ogy, 13, 677–684.

85. Maluin, F. N., & Hussein, M. Z. (2020). Chitosan-based agro-nanochemicals as a sustainable
alternative in crop protection. Molecules, 25, 1611.

86. Ha, N. M. C., Nguyen, T. H., Wang, S.-L., & Nguyen, A. D. (2019). Preparation of NPK
nanofertilizer based on chitosan nanoparticles and its effect on biophysical characteristics and
growth of coffee in green house. Research on Chemical Intermediates, 45, 51–63.

87. Kottegoda, N., Sandaruwan, C., Priyadarshana, G., Siriwardhana, A., Rathnayake, U. A.,
Berugoda Arachchige, D. M., Kumarasinghe, A. R., Dahanayake, D., Karunaratne, V., &
Amaratunga, G. A. (2017). Urea-hydroxyapatite nanohybrids for slow release of nitrogen.
ACS Nano, 11, 1214–1221.

88. Abbasifar, A., Shahrabadi, F., & ValizadehKaji, B. (2020). Effects of green synthesized zinc
and copper nano-fertilizers on the morphological and biochemical attributes of basil plant.
Journal of Plant Nutrition, 43, 1104–1118.

89. Aziz, H. M. A., Hasaneen, M. N., & Omer, A. M. (2016). Nano chitosan-NPK fertilizer
enhances the growth and productivity of wheat plants grown in sandy soil. Spanish Journal of
Agricultural Research, 14, 17.

90. Jahangirian, H., Rafiee-Moghaddam, R., Jahangirian, N., Nikpey, B., Jahangirian, S., Bassous,
N., Saleh, B., Kalantari, K., & Webster, T. J. (2020). Green synthesis of zeolite/Fe2O3
nanocomposites: Toxicity & cell proliferation assays and application as a smart iron
nanofertilizer. International Journal of Nanomedicine, 15, 1005.

91. Dimkpa, C. O., Andrews, J., Sanabria, J., Bindraban, P. S., Singh, U., Elmer, W. H., Gardea-
Torresdey, J. L., & White, J. C. (2020). Interactive effects of drought, organic fertilizer, and
zinc oxide nanoscale and bulk particles on wheat performance and grain nutrient accumula-
tion. Science of the Total Environment, 722, 137808.

92. Naseem, F., Zhi, Y., Farrukh, M. A., Hussain, F., & Yin, Z. (2020). Mesoporous
ZnAl2Si10O24 nanofertilizers enable high yield of Oryza sativa L. Scientific Reports, 10,
1–11.

93. Belhamel, C., Boulekbache-Makhlouf, L., Bedini, S., Tani, C., Lombardi, T., Giannotti, P.,
Madani, K., Belhamel, K., & Conti, B. (2020). Nanostructured alumina as seed protectant
against three stored-product insect pests. Journal of Stored Products Research, 87, 101607.

Nanotechnologies and Sustainable Agriculture for Food and. . . 335



94. Sherkhane, A., Suryawanshi, H., Mundada, P., & Shinde, B. (2018). Control of bacterial blight
disease of pomegranate using silver nanoparticles. Journal of Nanoscience and Nanotechnol-
ogy, 9, 1–5.

95. Pariona, N., Mtz-Enriquez, A. I., Sanchez-Rangel, D., Carrion, G., Paraguay-Delgado, F., &
Rosas-Saito, G. (2019). Green-synthesized copper nanoparticles as a potential antifungal
against plant pathogens. RSC Advances, 9, 18835–18843.

96. Kumar, S., Bhanjana, G., Sharma, A., Dilbaghi, N., Sidhu, M., & Kim, K. H. (2017).
Development of nanoformulation approaches for the control of weeds. Science of the Total
Environment, 586, 1272–1278.

97. Taban, A., Saharkhiz, M. J., & Khorram, M. (2020). Formulation and assessment of nano
encapsulated bioherbicides based on biopolymers and essential oil. Industrial Crops and
Products, 149, 112348.

98. Ali, M. A., Jiang, H., Mahal, N. K., Weber, R. J., Kumar, R., Castellano, M. J., & Dong, L.
(2017). Microfluidic impedimetric sensor for soil nitrate detection using graphene oxide and
conductive nanofibers enabled sensing interface. Sensors and Actuators, B: Chemical, 239,
1289–1299.

99. Kołataj, K., Krajczewski, J., & Kudelski, A. (2019). Environmental nanotechnology (pp. 255–
287). Springer.

100. Hao, Y., Yuan, W., Ma, C., White, J. C., Zhang, Z., Adeel, M., Zhou, T., Rui, Y., & Xing, B.
(2018). Engineered nanomaterials suppress Turnip mosaic virus infection in tobacco (Nicoti-
ana benthamiana). Environmental Science: Nano, 5, 1685–1693.

101. Sasson, Y., Levy-Ruso, G., Toledano, O., & Ishaaya, I. (2007). Nanosuspensions: Emerging
novel agrochemical formulations. In I. Ishaaya, R. Nauen, & A. R. Horowitz (Eds.), Insecti-
cides design using advanced technologies (pp. 1–39). Springer.

102. Perlatti, B., de Souza Bergo, P. L., da Silva, M. F., et al. (2013). Polymeric nanoparticle-based
insecticides: A controlled release purpose for agrochemicals, insecticides. In S. Trdan (Ed.),
Insecticides: Development of safer and more effective technologies (pp. 523–550). InTech.

103. Boehm, A. L., Martinon, I., Zerrouk, R., Rump, E., & Fessi, H. (2003). Nanoprecipitation
technique for the encapsulation of agrochemical active ingredients. Journal of Microencap-
sulation, 20(4), 433–441.

104. Elek, N., Hoffman, R., Raviv, U., Resh, R., Ishaaya, I., & Magdassi, S. (2010). Novaluron
nanoparticles: Formation and potential use in controlling agricultural insect pests. Colloids
and Surfaces A: Physicochemical and Engineering Aspects, 372(1–3), 66–72.

105. Adak, T., Kumar, J., Shakil, N. A., & Walia, S. (2012a). Development of controlled release
formulations of imidacloprid employing novel nano-ranged amphiphilic polymers. Journal of
Environmental Science and Health, Part B, Pesticides, Food Contaminants, and Agricultural
Wastes, 47(3), 217–225.

106. Adak, T., Kumar, J., Dey, D., Shakil, N. A., & Walia, S. (2012b). Residue and bio-efficacy
evaluation of controlled release formulations of imidacloprid against pests in soybean (Glycine
max). Journal of Environmental Science and Health, Part B, Pesticides, Food Contaminants,
and Agricultural Wastes, 47(3), 226–231.

107. Al-Samarrai, A. M. (2012). Nanoparticles as alternative to pesticides in management plant
diseases-a review. International Journal of Scientific and Research Publications, 2(4), 1–4.

108. Vinutha, J. S., Bhagat, D., & Bakthavatsalam, N. (2013). Nanotechnology in the management
of polyphagous pest Helicoverpa armigera. Journal of Academia and Industrial Research, 1
(10), 606–608.

109. Jayaseelan, C., Rahuman, A. A., Rajakumar, G., et al. (2011). Synthesis of pediculocidal and
larvicidal silver nanoparticles by leaf extract from heartleaf moonseed plant, Tinospora
cordifolia Miers. Parasitology Research, 109(1), 185–194.

110. Baker, S., Satish, S., Prasad, N., & Chouhan, R. S. (2019). Industrial applications of
nanomaterials (pp. 341–363). Elsevier.

111. Yadav, A. S., & Srivastava, D. (2015). Application of nanotechnology in weed management:
A review. Research & Reviews: Journal of Crop Science and Technology, 4, 21–23.

336 P. Tiwari



112. Jordan, W. (2010). Nanotechnology and pesticides. Pesticide Program Dialogue Committee.
113. Usman, M., Farooq, M., Wakeel, A., Nawaz, A., Cheema, S. A., Rehman, H., Ashraf, I., &

Sanaullah, M. (2020). Nanotechnology in agriculture: Current status, challenges and future
opportunities. Science of the Total Environment, 721, 137778.

114. Kah, M., & Hofmann, T. (2014). Nanopesticide research: Current trends and future priorities.
Environment International, 63, 224–235.

115. Rai, V., Acharya, S., & Dey, N. (2012). Implications of nanobiosensors in agriculture. Journal
of Biomaterials and Nanobiotechnology, 3, 315–324.

116. Mousavi, S. R., & Rezaei, M. (2011). Nanotechnology in agriculture and food production.
Journal of Applied Environmental and Biological Sciences, 1(10), 414–419.

117. Li, Y., Cu, Y. T., & Luo, D. (2005). Multiplexed detection of pathogen DNA with DNA-based
fluorescence nanobarcodes. Nature Biotechnology, 23(7), 885–889.

118. McLamore, E. S., Diggs, A., Calvo Marzal, P., et al. (2010). Non-invasive quantification of
endogenous root auxin transport using an integrated flux microsensor technique. The Plant
Journal, 63(6), 1004–1016.

119. López-Vázquez, E., Brunner, T. A., & Siegrist, M. (2012). Perceived risks and benefits of
nanotechnology applied to the food and packaging sector in México. British Food Journal,
114(2), 197–205.

Nanotechnologies and Sustainable Agriculture for Food and. . . 337



Green Synthesis of Plant-Assisted
Manganese-Based Nanoparticles and Their
Various Applications

Canh Minh Vu, Suresh Ghotekar, Nguyen Minh Viet, Harshal Dabhane,
Rajeshwari Oza, and Arpita Roy

Abstract Nanotechnology is now one of the most advanced concepts globally,
which has remarkable properties and implications in every discipline of modern
science and engineering. The need for biocompatible materials for diverse uses in
varied fields such as health, medicine, and water treatment has attracted greater
attention to this topic in recent years. In recent years, the green fabrication ovdf
inorganic nanoparticles (NPs) has been intensively explored. On the other hand,
manganese has received less focus as a high-performance metal in a variety of
disciplines, including medicine, biosensors, biomedicine, catalysis, electrochemis-
try, electronics, photoelectronics, and water treatment. Manganese and manganese
oxides (Mn oxides/based) have diverse structures, including MnO, MnO2, Mn2O3,
Mn3O4, and Mn5O8, and can be employed in a myriad of implementations.
Mn-based NPs have a lot of potential for long-term nanotechnology. This chapter
focuses on Mn-based NPs’ green synthesis, uses, and prospects. Various techniques
of green production of Mn-based NPs have been researched and described, namely
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fabrication using plant extract. Different implications of green-produced Mn-based
NPs have also been discussed. Moreover, the future direction of plant extract-
mediated eco-benevolent fabrication of Mn-based NPs and their efficient uses is
discussed carefully.

Keywords Green synthesis · Plant extracts · Microorganism · Mn-based NPs ·
Applications

1 Introduction

Nowadays, modern nanotechnology research is gaining popularity due to its revo-
lutionary and promising results in a variety of fields [1–3]. Advanced nanotechnol-
ogy is evolving as a unique sector of research concerned with the fabrication of
multifunctional nanoparticles (NPs) and/or nanomaterials for use in a variety of
disciplines including biomedicine, catalysis, cosmetics, electrochemistry, electron-
ics, energy science, food technology, healthcare, mechanics, membrane modifica-
tion, optical devices, pharmaceutics, sensors, space industry, textile industry, and
water treatment, due to their highly multipurpose, modular, and efficient features [4–
10].

Due to the high surface area of NPs, they could reveal interesting chemical and
physical characteristics in their bulk [11, 12]. NPs can be produced by various
species, including actinomycetes, algae, bacteria, fungus, plants, vitamins, and
yeasts, and they significantly alter the characteristics of metals [13, 14]. Diverse
research and review articles [20–35] have been published on the green synthesis of
copper [15], gold [16], silver [17], platinum [18], palladium [19], and other metal
oxides [20–35].

Nanobiotechnology is a concept used to describe the connection between nano-
technology and biology [36]. Modern nanobiotechnology is a new and intriguing
branch that involves a diverse study sector, including biology, chemistry, engineer-
ing, medicine, material science, and physics [21–26]. Because biological entities
may access more components to synthesize NPs, nanotechnology has much more
advantages than the other conventional protocol. Bionanomaterials should be cre-
ated using the rich biodiversity of related biological species [37].

To synthesize NPs, two methodologies are frequently used: bottom-up and
top-down (Fig. 1) [38]. Bulk substances are normally broken down to NPs in the
top-down technique, whereas atoms are assembled to NPs in the bottom-up strategy.
The bottom-up technique is frequently applied for eco-benign and chemical fabri-
cation of NPs. Green NPs synthesis emerged from nanobiotechnology [33], and
eco-benevolent NPs are now the primary focus of nanotechnology exploration [21–
25]. Green fabrication of NPs is gaining popularity as a non-noxious, ecologically
benign, clean, affordable, and almost novel protocol that can be carried out at
ambient temperature [30–35]. The preparation of biocompatible NPs, which are
the updated practical technique of integrating material science and bioengineering,
can be viewed as an alternative to the green synthesis of NPs [33]. As a result,
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eco-friendly production of NPs with controlled topology and size utilizing genetic
engineering approaches, plant extracts, and other eco-friendly procedures will be a
significant step forward in modern nanobiotechnology [39, 40].

In particular, manganese has been overlooked despite its intriguing and essential
characteristics. In this chapter, an overview of the eco-friendly synthesis, uses, and
future direction of Mn-based NPs is under-considered critically.

2 Mn and Mn-Based NPs

Mn-oxides, for instance, MnO, MnO2, Mn2O3, Mn3O4, and Mn5O8, have piqued
curiosity among the various 3d transition metal-oxides due to their diverse structural
and elemental variations [41]. Mn-based oxide NPs have a lot of scope for long-term
nanotechnology [34]. Because of their favourable chemical and chemical features,
Mn-based oxides can be employed in batteries, catalysts, drug delivery, magnetic
materials, molecular sieves, optoelectronics, and solar cells [32, 34, 42]. Further-
more, Mn-oxides are generally less harmful than other chemicals, such as different
chalcogenides, and they are also cost-effective, have high specific capacitance, and
are environmentally compatible [42–46]. The structural versatility of Mn-based NPs
comprises a myriad of physicochemical features. Diverse methods have been
employed to create a variety of Mn-based nanostructures, including nanobelts,
nanorods, nanosheets, nanotubes, nanowires, and nanofibers [46, 47].

Manganese dioxide (MnO2) is the foremost important material, and numerous
scientists have focused on its effectiveness and the materials’ electromagnetic

Fig. 1 Diverse protocols for the fabrication of NPs (Reproduced from Ref. 38)
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capabilities. Under ambient conditions, MnO2 is the most stable oxide with favor-
able physicochemical properties. Biosensors, catalysis, energy storage, ion
exchange, molecular adsorption, medicine, and supercapacitors are only a few of
the uses for MnO2 NPs [34, 48–50].

Mn3O4 is a combined oxide that has shown interest in diverse uses, including
adsorbents, anode materials, catalysts, microwave absorption materials,
supercapacitors, and sensors [51, 52]. Because of its high specific capacitance,
ability to function over a wide potential range, and environmental friendliness,
Mn3O4 NPs are also employed as supercapacitors. Mn3O4 is crystalline in the
usual spinel framework [53], and also a well-known potent catalyst for the oxidation
of methane and the reduction of nitrobenzene [54].

Several divergent approaches were utilized for the fabrication of Mn-based NPs
such as solvothermal, self-reacting microemulsion, wet chemical, and photochemi-
cal route, reflux method, pyrolysis process, sonochemical, coprecipitation technique,
controlled synthesis, precipitation, sol-gel, hydrothermal process simple stirring
process, low-temperature solution combustion method, and forced hydrolysis
method [32, 34, 55]. Furthermore, because the size and morphology of NPs are
connected, a fabrication approach that allows for monodispersity, size, and mor-
phology control is an important field of research.

2.1 Green Synthesis of Mn and Mn-Based NPs

Researchers are now implementing the concepts of green chemistry approaches for
the creation of NPs because they are non-noxious and eco-benign, and this
eco-benign approach is known as biosynthesis/green synthesis. As a result, green
approaches for manufacturing Mn-based NPs are considered from an environmental
standpoint, as a special reagent does not need to be reduced and/or stabilized, and its
fabrication can be performed under room temperature [32, 34]. Bacteria, fungi,
biopolymers, raw bio-materials, and plant extracts are used to create Mn-based
NPs in the biological synthesis of Mn-based NPs [32, 34]. However, optimizing
the size and morphology of eco-benignly produced Mn-based NPs and their uses are
still two significant obstacles in advanced nanobiotechnology [33].

Furthermore, biosynthesis of nanotechnology means manufacturing Mn-based
NPs without employing perilous substances that cause deleterious residues. Tradi-
tional approaches can indeed produce large-scale Mn-based NPs with expected size
and morphology. Nevertheless, again, these protocols necessitate expensive, out-
dated, and complicated methodologies. Contrary to traditional protocols, green
synthesis approaches have several merits, such as simple, swift, cost-effective,
clean, safer, and low-waste formation [34].
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2.2 Eco-Benevolent Production of Mn and Mn-Based NPs
Employing Diverse Plant Extract

Environmentally gracious fabrication of Mn-based NPs has been demonstrated in a
variety of ways. Utilizing diverse plant extract, reduction, and/or stabilization Mn
ion into Mn-based NPs are the most basic, affordable, and eco-benevolent green
chemistry techniques [32, 34]. Biocompatibility, medical application, and scalability
are all benefits of green fabrication using plant extracts [33]. When utilizing plant
extracts to synthesize NPs, the chosen plant extract is merely blended with the aqua
solution of Mn salt, and the reaction takes only a few minutes to finish. The Mn ion
reduction is connected to flavonoids, polysaccharides, polyphenols, terpenoids, and
tannins; all found in the plant extract [31–35]. Multiple plant extracts were employed
in the production of Mn-based NPs so far.

Amatya et al. (2021) revealed the biosynthesis of Mn NPs using Brassica
oleraceae leaves extract as a natural fuel, with a mean diameter of Mn NPs estimated
to be around 10.70 nm [56]. Bio-fabrication of Mn NPs employing a leaves extract
of Fumaria officinalis was described by Li et al. (2021), and SEMmicrophotographs
are displayed in Fig. 2. In this experiment, the reaction mixture was continuously
stirred for 1 h on a magnetic stirrer at 60 �C [59]. Jayandran et al. (2015) demon-
strated the production of Mn NPs from manganese acetate using methanolic lemon
extract as a reductant. During the reaction, the pH was controlled in the range of 3 to
4, and the reaction temperature was kept at 60 �C [60].

Khan et al. (2020) employed an aqueous leaves extract of Abutilon indicum to
produce MnO NPs with a mean diameter of 80 � 0.5 nm. This eco-benevolent
production of MnO NPs has occurred at 55 �C [62]. The schematic layout for the

Fig. 2 SEM images of the Fumaria officinalis leaves extract-mediated Mn NPs (Reproduced from
Ref. 59)
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eco-benevolent fabrication of MnO NPs is presented in Fig. 3. Souri et al. (2018)
used RSM to optimize the eco-benign production of MnO NPs employing extract
from Dittrichia graveolens. The influence of the metal salt concentration, plant
extract, pH, and time on the fabrication of MnO NPs was optimized. The plant
extract to metal salt concentration was discovered to be the most effective metric.
The mean size of MnO NPs in optimum conditions was around 38 nm [63]. Kumar
et al. (2017) used Syzygium aromaticum aqueous extract as a natural fuel to create
MnO NPs. According to XRD analysis, as-synthesized MnO NPs estimated to be 1.8
and 2.5 nm in size [64].

Ullah et al. (2020) applied an aqueous leaves extract of Bryophyllum pinnatum to
produce MnO2 NPs with a mean NPs size of 4–18 nm [66]. Facile green fabrication
of MnO2 NPs employing an aqueous leaves extract of Euphorbia heterophylla was
described by Dewi and Yulizar (2020) with a median diameter of 56.68 nm. In this
experiment, the reaction mixture was stirred for 1 h at 80 �C and calcinated for 2 h at
500 �C [68]. In other studies, MnO2 NPs were prepared using Gardenia resinifera,
Kalopanax pictus, Orange, Phyllanthus amarus, Artemisia dracunculus, Origanum
vulgare, Rosmarinus officinalis, Sapindus mukorossi, and Vernonia amygdalina
leaves extract [69–75]. Moreover, Hoseinpour et al. (2018) have revealed the
eco-benevolent production of MnO2 NPs employing leaf extract of Yucca Gloriosa
[76]. The fabrication of MnO2 NPs was revealed by the XRD study. The Debye-
Scherer formula was also applied to get the median size of 80 nm.

Furthermore, Mn3O4 NPs were synthesized using Aspalathus linearis,
Azadirachta indica, Phoenix dactylifera, and Simarouba glauca leaf extracts at

Fig. 3 Schematic presentation of eco-friendly fabrication of MnO NPs. (Reproduced from Ref. 62)
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varying temperatures. The bio-fabrication of Mn3O4 NPs was revealed by diverse
characterization techniques [78–81].

Green fabrication of Mn-based NPs employing diverse medicinal plants and their
structural properties are presented in Table 1.

3 Application of Green Synthesized Mn-Based NPs

3.1 Antimicrobial Agent

The antimicrobial efficacy of NPs has been attributed to their potential to produce
highly reactive oxygen species on their surfaces, associated with fungal and bacterial
death [33]. The majority of works emphasize the use of Mn NPs in catalytic and
electrical characteristics, whereas the antimicrobial capabilities of Mn NPs are rarely
addressed [60]. The disc diffusion procedure was applied to assess the bactericidal
properties of biogenically produced Mn NPs for S. aureus, B. subtilis, E. coli, and
S. bacillus, and the zone of inhibition was compared with chloramphenicol [66]. Mn
NPs outperformed chloramphenicol in bactericidal activity against S. aureus and had
approximately identical efficacy for E. coli [63]. The antifungal properties of Mn
NPs were also revealed using the diffusion approach against four fungal pathogens:
T. simii, A. niger, C. lunata, and C. albicans [60].

To conclude, as mentioned in Table 2, a few investigations on the antimicrobial
efficacy of biosynthesized Mn-based NPs use diverse biological sources on different
microbes.

3.2 Photocatalytic Agent

The active oxygen species are usually produced by forming electron-hole pairs
between the conduction and valence bands of NPs. On the other side, active oxygen
species are accountable for the breakdown of dyes into less toxic materials [30–
33]. The textile and paper industries drain many carcinogenic substances, environ-
mental contaminants, and nondegradable colors. Because of their efficiency in
degrading dyes, photocatalytic techniques have gained a lot of interest in previous
decades [30–33]. The ability of MnO2 NPs to degrade Safranin O (SO) and Congo
red (CR) was investigated in one study [70]. When comparing chemically fabricated
MnO2 NPs to biogenically produced MnO2 NPs, a time-dependent study of CR
degradation revealed that biogenically produced MnO2 NPs degraded more rapidly.
Biogenically and chemically fabricated MnO2 NPs had similar dye degradation
performance to degrade SO dye. The effectiveness variation between biogenically
and chemically fabricated MnO2 NPs could be attributed to changes in size [70].

Moreover, MnO NPs were also employed to degrade Rhodamine B and light
green dyes [63]. In 17 and 22 min, respectively, Rhodamine B and light green were
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solely degraded [63]. Green manufactured MnO2 NPs were also used in another
investigation to decolorize acid orange dye and demonstrated encouraging results for
the breakdown of this organic pollutant [76].

Table 3 offers a few more reports of diverse dye degradation employing
Mn-based NPs as a nanocatalyst.

Table 2 Antimicrobial efficacy of Mn-based NPs against various pathogens

Type of
Mn-based
NPs

Name of the
plants Tested microbes References

Mn Brassica
oleraceae

S. aureus, S. typhi, and E. coli [56]

Cinnamomum
verum

S. aureus and E. coli [57]

Lemon S. aureus, B. subtilis, E. coli, S. bacillus,
C. albicans, C. lunata, A. niger, and T. simii

[60]

Ziziphora
clinopodioides

S. Pneumonia, S. aureus, S. typhimurium,
B. subtilis, E. coli, P. aeruginosa,
C. guilliermondii, C. glabrata, C. krusei, and
C. albicans

[61]

MnO Abutilon
indicum

E. coli, B. bronchiseptica, S. aureus, and B. subtilis [62]

MnO2 Aloe vera E. coli, S. mutans, and S. aureus [65]

Datura
stramonium

S. aureus, S. mutans, S. typhi, P. vulgaris, and
E. coli

[67]

Gardenia
resinifera

S. aureus, P. aeruginosa, and S. arcescens [69]

Table 3 Degradation of different dyes employing Mn-based NPs

Type of
Mn-based NPs Dye

Light
source

Efficiency
(%) Time References

Mn Congo red UV
irradiation

78.5 60 min [57]

MnO Methylene blue UV lamp
Sunlight

97–99 180 min [62]

Light green and Rho-
damine B

UV
irradiation

– 20 min [63]

MnO2 Congo red and safranin
O

UV
irradiation

68.7 8 min [70]

Acid orange UV
irradiation

33 20 min [76]

Mn3O4 Malachite green Dark
condition

78 30 min [81]
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4 Future Perspectives

As stated previously, there really are numerous techniques for green NP synthesis,
but only a few strategies for Mn-based NPs production were used, and hence there is
a broad scope to utilize diverse medicinal plants and microbial biomass for the
biosynthesis of Mn-based NPs. Because different structures for Mn-oxides (MnO,
MnO2, Mn2O3, Mn3O4, and Mn5O8) exist, as well as the variety of biological entities
that have been employed in bio-fabrication, such as actinomycetes, algae, bacteria,
fungi, plants, and yeasts, more research into the eco-benign production of Mn-based
NPs could be interesting. Furthermore, looking into the possibilities of manufactur-
ing metallic nanomaterials (such as CuO-MnO, Au-MnO2, ZnO-MnO, and so on)
could enhance the uses of Mn-based NPs. Plants having significant antioxidant
capabilities could be investigated for the green production of metallic
nanocomposites, as one example. Also, the implementation of bio-waste materials
like eggshells, biopolymers, starch, honey, gum, and cellulose are needed to be
explored for the bio-inspired fabrication of Mn-based NPs.

5 Conclusion

Nanobiotechnology is growing in appeal as a new branch of nanotechnology. The
need for biocompatible materials for diverse applications in diverse sectors such as
biosensors, textile, and food industries, health, medicine, water treatment, and so on
has drawn greater attention to this topic in recent years. On the contrary, developing
an eco-benign strategy has become a future imperative need for the sector. As a
result, more study into green NPs synthesis could be very fruitful. Many investiga-
tions on the eco-benign preparation of metallic NPs have been conducted so far.
Multifunctional metallic NPs, such as copper, gold, platinum, iron, palladium, silver,
and zinc, have also been proposed for a variety of uses. Despite their impressive
capabilities, not enough studies on Mn-based NPs have been done.

Green syntheses of Mn-based NPs employing diverse medicinal plant extracts are
discussed in this study. Each method’s morphology and size of biogenically pro-
duced Mn-based NPs are compared. Different potential uses of biologically pro-
duced Mn-based NPs have also been highlighted. Mn-based NPs made with green
chemistry can be utilized in electronic, biological, biomedical, environmental,
medicinal, and other implementations, including tissue engineering.
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Abstract Lead nanoparticles (Pb NPs) are a type of metallic NPs employed in
diverse uses, including sensors, ceramics, glasses, pigments, batteries, and solar
cells. The production of harmful chemicals and noxious contaminants is a major
issue in the chemical synthesis of Pb-based NPs. Many research investigations on
the eco-benign fabrication of Pb-based NPs employing microbial biomass and plant
extracts without creating toxic waste have been performed to deal with these
problems. Plants could be particularly useful for studying the biosynthesis of
Pb-based NPs among green sources. The green synthesis of Pb-based NPs like Pb
NPs, PbO NPs, and PbS NPs using diverse plant extracts and microbes in the
absence of harmful capping agents has been discussed. The current advancement
and future direction in the eco-benevolent production of Pb-based NPs are discussed
in this chapter. Furthermore, the biosynthesized Pb-based NPs’ uses have been
highlighted.
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1 Introduction

Modern nanoscience has recently gotten a lot of popularity because of its revolu-
tionary and future implications in diverse industries [1–5]. Nanotechnology is an
interdisciplinary branch of research that covers the development, analysis, and
application of nanomaterials [6–9]. Nanoparticle fabrication has a large surface
area-to-volume ratio, which is responsible for important uses in food technology,
optical devices, cosmetics, defense, textile industry, electrochemistry,
pharmaceutics, space industry, optics, mechanics, sensors, water treatment and
purification, catalysis, and electronics [10–25].

Nowadays, modern green nanotechnology has risen to prominence because it
uses plant extracts and a variety of bio-materials to create a safer, cleaner, ecolog-
ically sound, and environmentally friendly alternative to traditional physiochemical
approaches [26, 27]. The use of plant resources for NP synthesis does not require
complicated methods. Green chemistry is a long-term replacement for traditional
reduction processes that require natural chemicals with dual reducing and capping
properties [28, 29]. Green synthesis approaches have advantages over physical and
chemical synthesis because they are highly cost-effective and environmentally
friendly for synthesizing NPs with high yield [30, 31]. In addition, plant extracts
have frequently been used as abundant sources of phytomolecules, facilitating the
creation of stable NPs that are free of harmful chemicals and have robust medicinal
properties [32].

Lead is a p-block element typically applied in industrial uses and is generally
detrimental to the environment and human health; it is especially fatal when con-
sumed orally or inhaled [33, 34]. Lead-containing substances can have a variety of
negative consequences, including oxidative stress [35], genetic toxicity [36], and
neurological impacts [37]. Pb NPs perform an essential impact in electronic sciences,
particularly sensors. Pb-NPs have been produced employing a variety of approaches,
including UV-light reduction, reverse micelles, tetrazolium-based ionic liquids, and
reduction of lead salts [38].

Due to its superior electrical, mechanical, and optical characteristics, lead oxide
nanoparticles (PbO NPs) are commonly used in some fields, including gas sensors,
colors, ceramics, glass, batteries, and semiconductors [39–43]. In addition, it is
commonly applied in road construction, construction skeleton, and shipbuilding
due to its antibacterial, rustproof, and anti-algae features [44, 45]. PbO is a semi-
conducting material with two separate crystal structures: tetragonal (litharge) and
orthorhombic (massicot) [46, 47]. Tetragonal crystals have a red color with the
α-PbO form demonstrated to be stable at lower temperatures, whereas orthorhombic
crystals have a yellow color with the β-PbO form, that is, at higher temperatures.
Also, PbO is a viable photovoltaic material [48] mostly used as an optically active
semiconductor [49, 50] with band gaps of 1.92 and 2.7 eV. To date, PbO NPs have
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been fabricated using a variety of approaches, including solvothermal method [51],
chemical deposition [52], microwave radiation [53], sol-gel pyrolysis [54], thermal
decomposition [49], aerogel decomposition [55], and sonochemical method
[56]. Moreover, the lead chalcogenide of PbS possesses unique electrical and optical
properties. Therefore, they have a variety of photonic applications in sensing, solar
cells, light-emitting diodes, and photo-detectors for telecommunications [57–60].

Unfortunately, as mentioned above, these approaches have some pitfalls. Physical
fabrication strategies require high vacuum and energy, whereas chemical approaches
are connected with noxious and pernicious waste production. Alternatively, green
and eco-benign approaches have been developed to mitigate the burden of hazardous
waste and energy usage [3–5]. For producing multifunctional metal, metal oxide,
and metal sulfide NPs, the interaction between therapeutic plants and metal-based
NPs has been regarded as a promising field of research. Although the chemical
synthesis of Pb-based NPs has been effectively described, there are only a few
reports on the biosynthesis of Pb-based NPs in the literature.

Thus, the focus of this chapter is to offer a report on the eco-friendly synthesis of
Pb-based NPs and their recent application.

2 Green Fabrication of Pb-Based NPs

Nowadays, green nanotechnology synthesis involves the production of NPs and/or
nanomaterials without the use of hazardous chemicals that produce harmful waste
materials. In other words, eco-benevolent synthesis is an environmentally sustain-
able, simple, and less expensive method of producing nanoparticles that is not
harmful to human health or the environment. Indeed, existing conventional methods
can produce NPs in large amounts with precise size and topology. Regardless, these
methods necessitate costly protocols, as well as sophisticated, time-consuming,
hazardous, and out-of-date protocols [1]. On another side, the green approaches
have some advantages, including a simple manufacturing technique, a quick and
simple economic model, and minimal waste creation. Furthermore, bio-materials,
fungi, microbes, and plant extracts are employed in the biogenic fabrication of
Pb-based NPs [1–3]. Green fabrication of Pb-based NPs employing diverse microbes
and medicinal plant extracts is presented in Table 1.

2.1 Synthesis of Pb NPs from Microbial Biomass and Plant
Extracts

In the green synthesis process of NPs, biomolecules found in plant extracts and
microbial biomass can serve as both bio-reductant and bio-stabilizers. Various aqua-
soluble plant metabolites and coenzymes are among the bio-reductants and
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bio-stabilizers involved. Bio-materials, fungi, microbes, and plant extracts are uti-
lized in the biological production of Pb NPs. The biogenic synthesis of Pb NPs has
been successfully achieved using extracts from various plant species.

Elango et al. [38] revealed the green fabrication of spherical-shaped Pb NPs
employing Cocos nucifera extract as a bio-reductant as well as a bio-stabilizer with a
mean diameter of Pb NPs was estimated to be around 47 nm [38]. Green synthesis of
Pb NPs employing a leaf extract of Avivennia marina was described by Shankar
et al. [61]. This experiment stirred the reaction mixture on a magnetic stirrer at 60 �C
[61]. Pavani et al. [62] reported the fabrication of Pb NPs from lead acetate utilizing
Aspergillus sp. biomass as a natural fuel [62]. Facile biosynthesis of spherical-
shaped Pb NPs employing an aqueous latex extract of Jatropha curcas was
described by Joglekar et al. [63] with a median size of 5–17.5 nm [63]. Ramadan
et al. [64] applied biomass of Serratia plymuthica to produce Pb NPs that had a mean
NPs diameter of 92.93 nm [64].

Table 1 Environmentally gracious fabrication of Pb-based NPs employing diverse microbes and
medicinal plant extracts with structural properties

NPs
Name of entities
(plants/microbes) Parts

Characterization
techniques Shape

Size
(nm) Ref.

Pb Avivennia marina Leaves UV-vis, XRD, TEM,
FTIR

– 15–25 [61]

Cocos nucifera – UV-vis, XRD, TEM, Spherical 47 [38]

Aspergillus sp. Biomass SEM, TEM – 5–20 [62]

Jatropha curcas Latex UV-vis, XRD, TEM, Spherical 5–17.5 [63]

Serratia
plymuthica

Biomass UV-vis, XRD, TEM,
DLS

– 92.93 [64]

PbO Sageretia thea Leaf UV-vis, XRD, TEM,
FTIR, HR-TEM

Quasi-
spherical

27 [65]

Averrhoa bilimbi – XRD, FTIR, SEM Nonuniform – [66]

Datura sternum Leaf UV-vis, XRD, – 60 [67]

Eucalyptus
globulus

Leaves UV-vis, FTIR, SEM,
HR-TEM, XRD, PL,
EDS

– 34.61 [68]

PbS Aspergillus flavus Biomass UV-vis, FTIR, SEM,
TEM, EDX, XRD

– 35–100 [69]

Aspergillus sp. Biomass UV-vis, XRD, PSA,
TEM

Spherical 10–15 [70]

Desulfotomaculum
sp.

Biomass XRD, TEM Spheroidal 13 [71]

Rhodosporidium
diobovatum

Yeast UV-vis, TEM, XRD,
EDS

Spherical 2–5 [72]

Torulopsis sp. Biomass UV-vis, XRD, XPS,
TEM

– – [73]
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2.2 Synthesis of PbO NPs from Plant Extracts

Implementing plant extracts in the fabrication of NPs is an effective way to adopt a
green chemical strategy. Herein, Khalil et al. [65] employed an aqueous leaves
extract of Sageretia thea to synthesize PbO NPs with a mean diameter of 27 nm.
This eco-benevolent production of PbO NPs has occurred at 60 �C [65]. The
schematic layout for the eco-benevolent synthesis of PbO NPs is presented in
Fig. 1. Also, Hamid et al. [67] described the green production of PbO NPs

Fig. 1 Schematic presentation of eco-friendly fabrication of PbO NPs. (Reproduced from ref. [65])
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employing leaf extract of Datura sternum. The average diameter of PbO NPs in
optimum conditions was around 60 nm [67]. Moreover, Tailor et al. [68] used
Eucalyptus globulus aqueous leaf broth as a natural fuel to create PbO NPs.
As-synthesized PbO NPs estimated 34.61 nm in size, according to XRD
analysis [68].

2.3 Green Synthesis of PbS NPs from Microbial Biomass

With the utilization of microbial biomass, effective biosynthesis of PbS NPs has
been accomplished. Metal NPs have long been synthesized using several microbes,
including bacteria, fungi, and yeast. The following summarizes the literature on the
biosynthesis of PbS NPs employing microbes. Recently, PbS NPs were synthesized
using biomass Aspergillus flavus [69]. This biomass efficiently synthesized PbS NPs
of the median size of 35–100 nm. In another study, PbS NPs were synthesized using
Aspergillus sp. in 25 �C with the size ranging from 10 to 15 nm [70]. Also, PbS NPs
were prepared via Desulfotomaculum sp. with a diameter of 13 nm. The incubation
was kept at 30 �C for 48 h, and pH was kept between the range of 5 and
9 [71]. Diverse characterization techniques confirmed the formation and stability
of PbS NPs. Biosynthesis of PbS NPs using microbial biomass and their structural
properties are presented in Table 1.

3 Recent Applications of Biosynthesized Pb, PbO,
and PbS NPs

Pb-NPs nanoparticles can be used in a variety of ways. Therein, antibacterial and
pesticidal activities of Avivennia marina-mediated Pb NPs against E. coil, Strepto-
coccus, Staphylococus, Shigella, Vibrio, Salmonella, Enterobacteria, and Sitophilus
oryzae were evaluated. This study showed remarkable pesticidal activity. However,
more accurate studies are required before recommending Pb NPs for pest
management [61].

Elango et al. [38] employed Cocos nucifera extract for green production of Pb
NPs and investigated their antimicrobial effect against Bacillus subtilis, Staphylo-
coccus epidermis, E. coli, and Staphylococcus aureus. Also, they revealed the
photocatalytic performance of as-synthesized Pb NPs for malachite green dye.

Khalil et al. [65] easily prepared the PbO NPs by employing aqueous leaves
extracts of Sageretia thea and studied the biocompatibility and biological applica-
tions of PbO NPs. As a result, they showed that the synthesized PbO NPs have
considerable bactericidal effectiveness against Staphylococcus epidermis,
Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Klebsiella pneumonia,
and Pseudomonas aeruginosa. They also reported the antioxidant, enzyme
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inhibition, and antileishmanial activities of PbO NPs. Furthermore, the authors
investigated the MTT cytotoxicity study of PbO NPs and depicted their schematic
mechanism in Fig. 2.

Moreover, Tailor et al. [68] investigated the eco-benign synthesis of PbO NPs
utilizing leaf extract of Eucalyptus globulus and reported their bactericidal effect.
The synthesized PbO NPs exhibit a significant bactericidal effect against E. coli and
Staphylococcus aureus.

Priyanka et al. [69] revealed the biosynthesis of PbS NPs employing biomass of
Aspergillus flavus was in the diameter of 35–100 nm. Therefore, these
as-synthesized PbS NPs were effectively used to detect arsenic in the aqueous
medium.

Fig. 2 Schematic presentation of the cytotoxic nature for biosynthesized PbO NPs. (Reproduced
from ref. [65])
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4 Future Directions and Conclusion

According to a report on the most recent breakthroughs in this field, these NPs were
synthesized with low-cost equipment employing microbes and plant extracts in
green, easy, nontoxic, and quick processes. One of the safest, most sustainable,
and most efficient green chemistry approaches are producing metal-based NPs
employing plant extracts. Surprisingly, no harmful compounds are used or
manufactured. Pb-based NPs are valuable in sensors, ceramics, glasses, pigments,
batteries, and solar cells, among other applications. Only a few parts of different
plants have been employed to synthesize Pb-based NPs. Plant extracts’ active
phytochemical/biomolecules are used to create Pb-based NPs. These plant phyto-
chemicals not only speed up the reaction with a predictable output, but they also
entirely prevent polluting the environment. In addition, microbes were employed in
the production of Pb-based NPs. The most prominent implications of these green
NPs structures formed by microbial biomass and plant extracts are the removal of
hazardous chemicals.

Despite current breakthroughs in the biosynthesis of MNPs from plant sources, a
couple of obstacles remain to be handled in the coming time:

• Only a few plants and microbes have been explored for the biosynthesis of
Pb-based NPs. There is an opportunity to utilize diverse medicinal plants and
microbes for the biosynthesis of Pb-based NPs.

• Implementation of bio-waste materials like eggshell, starch, gum, and cellulose
are needed to be examined for the bio-inspired synthesis of Pb-based NPs.

• For the mechanism of Pb-based NPs formation, it is necessary to clarify the
biomolecules available in the plant extract and microbial biomass.

• A study of the effects of time, temperature, concentration, and pH on the synthesis
of Pb-based NPs is required.

• Biosynthesized Pb-based NPs can be explored by advanced characterization
techniques.

Therefore, we believe that sustainable approaches have a significant role in the
economic and industrial synthesis of Pb-based NPs. Furthermore, among the green
chemistry technologies available, plants- and microbes-mediated synthesis of
Pb-based NPs appear to be the most effective and ideal for cheap and scalable
production.
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Nanofertilizers and Nanopesticides for Crop
Growth

NamNghiep Tran, Tu Nguyen Quang Le, Hue Quoc Pho, Tung Thanh Tran,
and Volker Hessel

Abstract In the last decades, advanced applications of nanotechnology in agricul-
ture have gained good momentum with many methods being developed to wide-
spread the production and application of nanofertilizers and nanopesticides for
plants. Nanotechnology develops new types of nanopesticides and nanofertilizers
to enhance crop productivity while reducing the advert effects on the surrounding
environment. Nanopesticides can protect plants against phytopathogens, while
nanofertilizers stimulate plant growth and ensure large-scale food production all
over the world. In this chapter, popular nanofertilizers and nanopesticides and their
applications on plants in practice were comprehensively introduced.

1 Nanopesticides

Nanopesticides are belonging to an emerging field in the modern agriculture sector,
which uses nanotechnology to protect crops by providing novel nanomaterials to
enhance the effectiveness of active ingredients, in addition to their formulation and
delivery. Up to date, nanopesticides are classified into four categories (Fig. 1) that
significantly contribute to agricultural development and sustainability all over the
world.
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1.1 Silica Nanoparticles

Among nanomaterials, silica (SiO2) nanoparticles (NPs) have attracted remarkable
attention due to their unique properties, such as water solubility compared to
traditional pesticides [1, 2]. Hydrophilic properties can increase bioactivity and
coverage uniformity [1]. These nanomaterials can be used in a small volume and
quickly penetrate cells. Therefore, the use of SiO2 can prevent or slow the resistance
of target pests. The pesticide activity of SiO2 is believed to penetrate the cuticle
directly [3–5] or adsorbs through the cuticular layers [5]. Another study also showed
that SiO2 NPs might indirectly affect pests by inactivating the digestive tract
[6]. Some studies on the direct effects of SiO2 NPs on various pests have been
carried out on the laboratory scale, as given in Table 1. In fields, SiO2 NPs showed
dose-dependent performance of pesticide effects on a chewing insect (moth:
Spodoptera littoralis) [12], a piercing-sucking insect (aphid: Aphis craccivora)
[10], and an internal feeder (leaf-mining fly: Liriomyza trifolii) [10].

To inactivate the development of agricultural insect pests, silica NPs (3–5 nm)
can be modified on the surface. Another study showed that silica in the form of a thin
film on seeds was used to inactivate the fungal development and trigger cereal
germination [14]. In addition, silica NPs have fewer side effects on plants because

 

SiO2

TiO2

Ag
Nano-

pesticidesZnO

Fig. 1 Popular types of
nanomaterials as
nanopesticides

Table 1 The list of SiO2 nanoparticles as nanopesticides

Name of insects Types of plants Concentrations Reference

Sitophilus oryzae Rice 0.5–2 g/kg [7]

Plutella xylostella Cabbage 0.125–1 mg/cm2 [3]

Mythimna separata Wheat 5% in soil [8]

Rhyzopertha dominica Wheat, barley 50–300 mg/kg [9]

Liriomyza trifolii Faba bean 100–500 mg/L [10]

Spodoptera littoralis Castor 250–1000 ppm [5]

Tuta absoluta Tomato 150–600 ppm [11]

True spider Sugar beet 15–75 g/4200 m2 [12]

Sitophilus granaries Wheat 1–3 g/kg [13]

Coccinella spp. Sugar beet 15–75 g/4200 m2 [12]
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they have no impact on photosynthesis of leaves or respiration in several horticul-
tural plants [15]. Importantly, silica NPs do not have an impact on gene expression in
insect trachea [3]. For this reason, silica NPs were approved as nanobiopesticide. In
addition, World Health Organization (WHO) approved amorphous silica as a
nanobiopesticide, which is safe for humans [16].

Apart from acting themselves as nanopesticides, surface-modified silica
nanoparticles have also been widely used to load conventional pesticides. For
example, insecticide chlorfenapyr was loaded with dispersible SNPs to enhance
biological efficacy compared to conventional chlorfenapyr [17]. Moreover, porous
hallow surface-modified silica nanoparticles have been used to protect the short half-
life active ingredient (avermectin) from degradation under UV exposure, which
might induce a slower release (approximately 30 days) [18].

1.2 Silver Nanoparticles

Pests are one of the most threatening issues in agriculture that leads to significant
crop loss [19]. In addition, over the past several decades, synthetic pesticides have
been globally over-used, which causes negative impacts on the environment
[20]. Similar to other nanoparticles, silver nanoparticles act as an effective agent in
pest control because of their antibacterial and antifungal activities, low toxicity, high
surface area, crystallographic structure, and adaptability to various substrates [20]. In
addition, it is non-toxic and safe for the environment. In comparison with synthetic
fungicides, silver NPs can minimize toxicity to human beings, and reduce pest
resistance as well as environmental degradation [21, 22]. Many fabrication methods
have been studied to produce green silver NPs [23]. However, in the green synthesis
of silver NPs, the biological agents used for their synthesis can be microbes [24] or
plants [25] and flavonoids [26] to be non-toxic to the plants. Apart from that, the
antifungal activity of the silver nanoparticles has also been discovered and proved to
be used in treating the fungal pathogens of the plants. For example, silver
nanoparticles were revealed to inactivate the development of fungal phytopathogen
Raffaelea—the destructive disease oak wilt [21]. Kim et al. have reported that silver
NPs are able to inhibit fungal growth at various concentrations [21]. Sap-lam et al.
reported that under UV irradiation, silver nanoparticles are active in controlling pests
such as mosquito larvae [27].

1.3 Titanium Dioxide Nanoparticles

TiO2 NPs are low toxicity nanopesticides for humans approved by the American
Food and Drug Administration (FDA) to be widely used in agricultural practice
[28]. The antimicrobial activity of this type of nanopesticide is primarily attributed to
a mechanism that which TiO2 NPs generate reactive oxygen species (ROS) under
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UV irradiation such as hydroxyl radicals (•OH), superoxide anions (O•
2
�), and

hydrogen peroxide (H2O2) molecules [29]. As a result, the cell membrane of
microorganisms can be damaged by these ROS groups [29]. Finally, these microor-
ganisms will be suppressed.

Recently, it was revealed that TiO2 and TiO2 doped with zinc and silver were
investigated to inhibit bacterial spot disease in tomatoes [22]. Additionally, TiO2

NPs can inactivate Rhipicephalus (Boophilus) microplus larvae as well as adults of
Haemaphysalis bispinosa [30, 31]. It is revealed that TiO2 NPs can suppress the
growth of Hypocrea lixii (white rot) and Nucor circibelloides (brown rot) fungi on
various types of wood such as Scots pine, silver fir, walnut, wild cherry, sessile oak,
beech, and ash [31, 32]. At low concentrations, TiO2 can slow the development of
foliar and pod diseases of cowpea [33]. Also, Mathew et al. indicated that the growth
of the mung bean plant was triggered when exposed to TiO2 nanoparticles
[34]. Another study also reported that different strands of bacteria (Aeromonas
hydrophila, Escherichia coli, Staphylococcus aureus, Proteus mirabilis, and Pseu-
domonas aeruginosa were also actively inhibited by TiO2 NPs [35, 36].

1.4 Zinc Oxide Nanoparticles

Like other nanopesticides, ZnO NPs as a pesticide have attracted great attention in
agricultural applications due to their potential to inhibit harmful microorganisms.
ZnO NPs are belonging to a type of photocatalyst that significantly influences
chemical compounds and biological systems [36]. Various studies have demon-
strated that the fundamental mechanism of ZnO NPs to kill bacteria and fungi is
attributed to ROS generation under UV irradiation [36]. Therefore, when exposed to
UV light, a variety of ROS groups such as hydroxyl radicals (•OH), superoxide
anions (O•

2
�), and hydrogen peroxide (H2O2) is generated from ZnO NPs. Ulti-

mately, these ROS groups damage the cell membrane, leading to the cell death of
pests. The explanation for this is that these ROS groups are involved in the
decomposition of lipids, DNA, and proteins in the cell of pests [37]. Based on this
mechanism, ZnO NPs have been broadly applied in various applications, one of
which is to control the phytopathogenic pest caused by various fungi and bacteria
like fungus-like B. cinerea and P. expansum [37], were gray and blue mold on table
grapes and rotting of stored apples and pears can be observed. In addition, ZnO also
exhibits strong antifungal activity against fungus-caused diseases such as Fusarium
oxysporum, Alternaria alternata, Mucor plumbeus, and Rhizopus stolonifer [37].
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2 Nanofertilizers

Fertilizers are popularly used to amend soils in agricultural productions to increase
crop yields. However, the use of conventional fertilizers causes the barrenness of soil
due to their persistence in soil for a relatively long time [38]. This problem leads to
the lack of essential nutrients for plants which can be overcome by the application of
nanofertilizers. Nanofertilizers offer the best solution for crop and plant cultivations
since they can be released on-demand, are plant and site-specific, efficient, and easily
soluble [39]. Recently, the development of bio nanofertilizers has been considered a
game-changer since it provides the farmers with an environmentally friendly and
cost-effective solution for farming [40].

Table 2 shows the advantages of nanofertilizers in comparison to conventional
technologies.

In general, four popular types of nanofertilizers are widely applied for farming
including zeolites, nanocomposites, super-absorbent fertilizers, and carbon
nanotubes.

Table 2 Comparison of nanotechnology-based formulations and conventional fertilizers applica-
tions [41]

Criteria Nanofertilizers Conventional fertilizers

Mineral micronu-
trient solubility
and dispersion

The nanostructure can improve the
solubility and dispersion of mineral
micronutrients. It can also enable the
solubility of fertilizers in the soil
while reducing both absorption and
fixation processes. Thus, the bio-
availability of soil can be improved.

The larger particle size and signifi-
cantly low solubility of conventional
fertilizers caused less bioavailability
to soils and plants

The efficiency of
nutrient
consumption

Enhance fertilizer efficiency and the
availability to adsorb nutrients from
soils while saving the fertilizer used.

Efficiency is reduced due to the
unavailable bulk composite for roots
resources.

Active control of
the release of
nutrients

Encapsulated nanofertilizers using
semipermeable membranes can
enhance the release pattern and rate
of water.

Conventional fertilizers often cause
an excess release that leads to the
generation of toxic compounds
which might contaminate water and
break up the existing ecological
balance in the soil.

Nutrient release
duration

The release duration is more effective
with the application of nanostruc-
tured fertilizer.

Uptaking only by plants at the
application, the rest is transformed
into insoluble salts or leaching.

Nutrients loss
rate

Prevent nutrients loss The loss of nutrients is usually high
due to runoff, leaching, and
washout.
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2.1 Zeolites

Zeolites are derived from aluminosilicate minerals which are widely used as adsor-
bents thanks to their microscopic and crystalline hydrated properties [42]. Depending
on the ability to exchange ions, to retain or release water, zeolites are classified into
various types such as clinoptilolite, stilbite, chabazite, analcime, and natrolite,
etc. [43].

Zeolites are not only used as an additive to soils but also be applied as a carrier for
various nutrient distribution or a regulator for nutrient mineral fertilizers. They can
also be applied in combination with potassium and phosphorus compounds to
control the release of these nutrients in agriculture and horticulture [44]. In partic-
ular, adding a specific loading of zeolites to nitrogen and potassium-containing
fertilizers can improve the efficiency of those fertilizers to soil amendment and
plant nutrient uptakes [45].

2.2 Nanocomposites

Nanocomposites are defined as the multiphase matrixes of silicates that can be mixed
with nanoparticles to modify the function of a specific material [46]. Nanocomposites
are nanoscale reinforcing components integrated into a continuous phase matrix,
allowing them to have a relatively high aspect ratio and surface-area-to-volume ratio
[47]. In recent years, nanocomposites have received greater interest, especially for
nano-based agri-products development, since they are effective at even very low
concentrations, have low environmental impacts, and are amenable to experimenta-
tion under field conditions [48]. One of the most important applications of
nanocomposites is to develop nanofertilizers with special properties that can be
utilized on demand the farmers. For example, ammonium-loaded clinoptilolite can
be combined with phosphorite to create a very good carrier to control the release of
nitrogen and phosphorus in soil [49]. It was reported that clinoptilolite loaded with
the combination of ammonium, potassium, and phosphorite can effectively control
the slow release of elements such as calcium, phosphorus, potassium, and
nitrogen [50].

2.3 Super-Absorbent Fertilizers (SAF)

Super adsorbent fertilizers are the copolymers of NPK fertilizers and super-
absorbent polymers created through the links of hydrogen bonds [51]. The water
capturing and holding potential of this type of nanofertilizer can be adjusted by
changing the hydrophilic functional groups that are presented in their molecular
structure [52]. Experiment show that the development of super-absorbent nitrogen
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fertilizers could contribute to the control of nitrogen and water release in soils,
offering a solution to enhance the water and fertilizer use efficiency by the
crops [53].

Experiments have also been performed on wheat to compare the effects of
chemical fertilizers and nanofertilizers (incorporated and coated with nanoparticles)
in terms of yield and nutrient contents. Results showed that both protein content and
productivity of wheat could be improved if nanoparticles are applied. Thus,
nanoparticles can be applied to control the release of nutrients to achieve higher
yield and nutritional value for wheat [39].

2.4 Carbon Nano Tubes (CNT)

Carbon nano tubes are a special type of nanofertilizer which possess not only nano
structure but also allotropic forms of carbon, allowing them to be widely used in
agricultural productions. Similar to the other nanofertilizers, CNT has also been
widely applied for the control of fertilizer release, especially for seeds germination.
Results showed that there is a twofold increase in both germination rate and seeding
biomass of the experimental plants in comparison to the control ones. Additionally,
further investigation of the seeds has also confirmed the presence of CNT inside their
shells which enhances the ameliorating effects on both germination and growth [54].

On the other hand, the application of CNT can also improve the water absorption
ability and retention capacity of seeds thanks to the formation of new pores within
the seed shells due to the penetration of CNT [55].

3 Examples of Nanopesticides and Nanofertilizers Synthetic
Processes

3.1 Nanopesticides

There is a wide range of nanomaterials that can be used in nanopesticides and their
role will be either as active ingredients or as carriers. This section will cover
examples of the synthetic process of the most commonly used nanoparticles in
pathogen and pest control.

3.1.1 Polymeric Nanoparticles

Polymeric nanoparticles used in nanopesticides originate from natural sources such
as chitosan, alginate, collagen, and gelatine and they can either be used as active
ingredients or nanocarriers. Chitosan nanoparticles for application in resistance
against downy mildew of pearl millet were synthesized based on the ionic gelation
process of low molecular weight chitosan and a polyanion such as TPP
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[56]. Harpinpss loaded chitosan nanoparticles were prepared by mixing harpinpss and
chitosan nanoparticles at the ratio of 0.1:1 for enhancing disease resistance in
tomatoes [57]. Nguyen et al. studied beeswax solid lipid nanoparticles coated with
chitosan (CH-BSLNs) for photoprotection of deltamethrin [58]. BSLNs were first
synthesized using a combination of homogenization and sonication at high temper-
atures and followed by the coating of chitosan solution under mechanic stirring
(Fig. 2) [58]. Amphiphilic nanopolymers used for carrying pesticides were synthe-
sized using PEG with different molecular weights as hydrophilic head and aliphatic
di-acids and aromatic di-esters as linker hydrophobic moiety and were then used to
encapsulate pesticides such as carbofuran [59], imidacloprid [60], thiamethoxam
[61], and β-cyfluthrin [62, 63].

3.1.2 Metal and Metal Oxide NPs

Metal and metal oxide nanoparticles are the most common form of active ingredients
in nanopesticide and there are a vast number of commercial suppliers of these
nanomaterials. Additionally, metal and metal oxide nanoparticles can have their
surface further modified with elements (e.g. N) using advanced technologies such as
plasma-assisted synthesis to enhance their activity and this approach was also
discussed in other literature [31]. However, due to the rising trend of green chem-
istry, more studies have focused on the eco-friendly, non-toxic preparation of metal
and metal oxides nanoparticles (Fig. 3). The preparation of silver nanoparticles from
an aqueous solution of silver nitrate via green chemistry for nanopesticide can be
performed using a wide range of microorganisms or extracts such as an aqueous
extract of endophytic non-pathogenic Alternaria solani [64], Chaetomium globosum
[65], Fusarium oxysporum [66], extract solutions of carrageenan seaweeds (Hypnea
musciformis and Spyridia hypnoides), and agar seaweeds (Gracilaria corticata and
Gracilaria edulis) [67]. The preparation of zinc oxide nanoparticles for reducing
Cercospora leaf spot disease using 32 various plant aqueous extracts was investi-
gated by Farahat [68]. The extracts of plants were obtained using a simple method
and were used as reducing agents for the reaction with Zn(NO3)2 solution [68]. Sim-
ilarly, copper oxide nanoparticles were synthesized using papaya leaf extract and
were investigated for bactericidal activity against Ralstonia solanacearum [69].

Fig. 2 Chitosan-coated beeswax solid nanoparticles for the loading of deltamethrin. (With kind
permission from Wiley [58])
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3.1.3 Other Nanomaterials

Mesoporous silica nanoparticles (MSN) have attracted lots of attention due to their
potential for pesticide delivery. Sol-gel is among the most common methods used to
prepare MSN from TEOS and surfactant (e.g. CTAB). MSN can be directly used as a
pesticide [7] or as a carrier to carry active ingredients such as validamycin [70],
cyantraniliprole [71], and copper ions [72]. Cao et al. studied the combination of an
in situ carbon dots (CD) fabrication method and a selective-etching strategy to
prepare luminescent double-shelled hollow MSN, without fluorophore, via combin-
ing as pesticide delivery carrier [73].

Carbon-based nanomaterials can also be used as carriers for agrochemicals. Wei
et al. prepared porous carbon from silkworm excrement via thermal treatment and
then the porous carbon was modified using various Lewis acid metal ions via
ultrasonic-assisted immersion method [74]. Salak et al. prepared a hybrid material
by polymerizing citric acid onto the surface of oxidized carbon nanotubes and used
the hybrid material to encapsulate pesticides such as zineb and mancozeb
[75]. Garrido-herrera et al. prepared alginate-bentonite-activated carbon formula-
tions using the gelling properties of alginate in the presence of divalent cations to
study the controlled release of isoproturon, imidacloprid, and cyromazine [76].

3.2 Nanofertilizers

3.2.1 Physical Synthesis

Physical synthesis methods generally provide a basic approach to mass-producing
nanofertilizers with ease of operation and short duration [77]. Among those,
mechanical grinding/milling is the most suitable technique to meet the demand of
an economically feasible large-scale production. Generally, an adsorbent or subtract
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Fig. 3 Schematic illustration of preparing Ag nanoparticles via biosynthesis
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is ball milled for a period to achieve the desired size on the nanoscale. Sharmila
reported that there had been a reduction in size associated with the increase in surface
area of zeolite particles that had been ground using a high-energy ball mill
[78]. Subramanian et al. prepared a zeolite-based nanofertilizer by milling
clinoptilolite to achieve particles of 30 nm in size, as shown in Fig. 4 [79]. The
zeolite was then loaded with zinc sulfate and was tested for nutrient release behavior.
The zeolite nanoparticles in their study had cubical morphology with a size of
25–30 nm, a surface area of 1300 m2/g, and maximum sorption of 429 mg Zn/kg.
One crucial step to achieving good production yield and saving time involves
optimizing milling parameters through many trials. Thus, it is important to utilize
modeling tools to optimize the milling parameters for the efficient synthesis of
nanofertilizers using planetary ball mills [80]. The other physical approaches such
as laser ablation or sputtering have been utilized for nanomaterials without
functionalization or surface modification which is only suitable for industrial pur-
poses [81]. Nevertheless, the physical synthesis exhibited limitations in source-
precursor incompatibility, dispersed particle size and surface properties (defects
and imperfections), high level of impurities and equipment maintenance cost.

3.2.2 Chemical Synthesis

The chemical synthesis for the preparation of nanoparticles is the most common
approach. Table 3 illustrated the examples of chemical synthesis processes for
typical nanofertilizers. By choosing appropriate methods and precursors, these
nanoparticles could further be tailored made into nanofertilizers. The level of
impurities, morphology, and composition of the prepared nanomaterials depends
on the chosen reaction and can have better control compared with physical methods.

Different synthesis procedures are corresponding to different nutrients for the best
results. For macronutrients (i.e. N, P, K, Ca, S, and Mg), the most suitable approach
is to prepare nanocarrier (adsorbent or coating) or nanocomposite with release

Fig. 4 Preparation of zeolite nanoparticles via ball milling. (With kind permission from Diva
Enterprises Pvt. Ltd. [79])
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behavior matching the crop’s nutrient requirements. Chitosan nanoparticles for
loading of NPK were synthesized using the two-step process which included
dissolving of chitosan in methacrylic acid solution and polymerization [82]. The
NPK fertilizer was then loaded with different concentrations by dissolving in
chitosan nanoparticles dispersion. This procedure was simple and easy to perform
and thus it is adapted in many similar studies [83–85]. One example of a major
nutrient nanofertilizer that does not require a carrier is hydroxyapatite
(HA) nanoparticles (Ca10(PO4)6(OH)2). HA NPs can be synthesized by the neutral-
ization method [89] or precipitation [88] where the Ca2+ ion reacts with H3PO4 at the
ratio of Ca/P is 10:6 to form a white solid.

Micronutrients including manganese (Mn), copper (Cu), zinc (Zn), iron (Fe),
molybdenum (Mo), boron (B), and chloride (Cl) are required in a small amount to
optimize crop growth and thus micro nanofertilizers can be delivered directly in their
nanoscale morphology or through a nanocarrier. The most common and simple
method to prepare micro-nanofertilizer of metal elements is precipitation using a
base (such as NaOH). A wide range of oxide nanoparticles (such as CuO, MnOx,
ZnO, and FeOx) can be obtained using this approach. Soliman et al. prepared ZnO by
adding dropwise NaOH solution into zinc acetate solution under stirring resulting in
spherical nanoparticles of 10–15 nm in size and they also prepared Fe3O4

nanoparticles with the size of 10–12 nm by co-precipitating a solution of Fe2+ and
Fe3+ with aqueous ammonia [92]. Liu et al. prepared various oxides for the study on
the germination of lettuce using a similar procedure [93]. In their study, drops of
sodium hydroxide were added to solutions containing sulfate salt of the
corresponding metal. The CMC was added to the metal precursor solution as a
stabilizer for nanoparticles. Other approaches, such as the impregnation of metal
ions in nanocarriers, require preparing nanocarriers using previously described
methods. In a study on the influence on the growth of coffee, Wang et al. prepared
a nanofertilizer consisting of Zn and B on chitosan nanoparticles [95]. Those
chitosan-based nanoparticles were first synthesized using TPP ionic gelation and
ZnSO4 and H3BO3 solution was later dissolved in the chitosan nanoparticles disper-
sion for the loading of nutrients.

Table 3 Examples of chemical synthesis process for common nanofertilizers

Nanofertilizer Method

Chitosan-NPK Polymerization and impregnation [82–85]

CNT-NPK Room temperature preparation of CNTs [86, 87]

Hydroxyapatite Precipitation/neutralization methods [88, 89]

N-Zeolite Impregnation and liquid hydrothermal [90, 91]

Fe NPs Precipitation [92, 93]

Zn NPs Polyol method [94]

Mg NPs Impregnation [95]

Mn NPs

Cu NPs

B NPs
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3.2.3 Green/Biological Synthesis

The new trend in green chemistry is shifting the synthesis process of nanomaterials
into eco-friendly, safer, and non-toxic approaches. Thus, biosynthesis which is the
synthesis of nanoparticles using plant extracts or microorganisms has been receiving
booming attention. Shah et al. have reported that compounds or molecules such as
phenolics, alkaloids, proteins, and enzymes are responsible for reducing precursors
to form nanoparticles [96]. The general procedure for preparing nanoparticles using
plants extracts is mixing these compounds with the precursors for the reaction to take
place. Chaudhuri et al. reported that mixing and incubating a mixture of zinc acetate
dihydrate, the leaf extract of Calotropis gigantea and sodium hydroxide at appro-
priate conditions can result in zinc oxide nanoparticles (average size of 11 nm) that
can affect the tree seedling growth [97]. Chahar et al. also reported the use of the root
extract of Plumbago zeylanica as a reducing agent for the biosynthesis of silver
nanoparticles [98]. Singular and bimetal iron and manganese nanofertilizers were
obtained from mixing a fermented broth of an endophytic Paenibacillus polymyxa
bacterium with a solution of FeCl3 and MnSO4 and incubating at 45 �C in the
absence of light for a study on germination and plant development of maize
[99]. Bacillus licheniformis with its ability to produce gluconic acid to enhance
phosphorus solubilization from unavailable sources has been used in preparing
nanohydroxyapatite for application as fertilizer [100]. Nevertheless, the microbes
used in the biosynthesis of nanomaterials must have resistance toward the prepared
materials or they will be killed within a few minutes before finishing their job
[101, 102].

4 Potential Applications of Nanopesticides
and Nanofertilizers in Agriculture

Nanotechnology has gained intense attention over the past decade for potential
applications in the agriculture sector. Particularly, the development of
nanoagrochemicals in the form of nanopesticides and nanofertilizers for sustainable
agriculture with multiple targeting for crop improvement, nutrition, and food safety
while minimizing or eliminating any potential hazards [103]. These
nanotechnology-based approaches can increase agriculture production in many
ways including (1) formulations of nanoscale agrochemicals for use as pesticides
and fertilizers for the growth of crops; (2) nanoparticles mediated gene or DNA
transfer in plants for use of insect-resistant crop varieties, food processing, and
preservation; (3) reduce nitrogen loss caused by leaching and emissions, and soil
microorganisms; (4) avoiding concerns of the occupational health of farmers, of
breeding, nutrition and animal health; and (5) Improving postharvest handling and
reducing losses of biomass-to-fuel production [104]. We will consider how
nanoagrochemicals could help revolutionize farming in terms of plant growth
promotion and protection. Figure 5 illustrates commonly used nanoparticles as
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nanopesticides (left part) for killing fungi, insects, herbivore, bacterial, and
nanofertilizers as the most promising for soil or foliar applications (right part).

4.1 Potential Applications of Nanopesticides

The use of agrochemicals is crucial to modern agriculture, with a large number of
pesticides consumed on crops each year, which was estimated at 2.5 million tons
annually, and harm caused by pesticide use reaches $100 billion globally
[106]. Some reasons for that are included: (1) the high toxicity and
non-biodegradable properties of pesticides; and (2) the residual pesticides in soil,
water resources, and crops that negatively affect human and animal health
[107]. Thus, nanoscale-based antimicrobials are developed and recently added to
the fight against fungal pathogens, insect pests, and weeds, replacing toxic elements
like heavy metals. The major benefits of nanoscale particles in the form of
nanopesticides are including improved solubility of ingredients, better stability of
the formulation, slow release of the active ingredient, and fast mobility caused by
smaller particle size. In this regard, nanopesticides play a dual role in both controlled
deliveries of pesticides and achieving greater effects while lower chemical doses.
Several types of nanopesticides can be formulated in the form of active ingredients,
that are either manufactured nanomaterials from metal nanoparticles (e.g. silver and
copper) [108–112] to metal oxide nanoparticles (e.g. ZnO, CuO, Mn2O, TiO2) [113–
115], SiO2-based nanoparticles [116, 117]. The development of nanopesticides aims
to increase the efficiency and durability of a pesticide, meanwhile to decrease the
number of active ingredients contained. By shrinking the size of individual
nanopesticide droplets, the number of toxins sprayed on agricultural fields could
be significantly reduced. As smaller droplets have a higher total specific surface area,
which allows greater contact with crop pests. These tiny particles can be engineered
for example, with a physical shell called a capsule which offers longer-lasting
protection than conventional pesticides. However, that shell can alter the physical

Fig. 5 Schematic represents the potential application of nanopesticides and nanofertilizers toward
sustainable agriculture [105]
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properties of pesticides, such as solubility in water. As a result, a reduction in the
amount of pesticide needed to assure crop protection may be achieved in several
ways such as by improved apparent solubility, controlled release, targeted delivery,
enhanced bioavailability, and increased leaf adhesion [118]. Literature reported that
in comparison with conventional once similar toxicity or increased pesticidal toxic-
ity [119–121] or similar toxicity at lower concentrations [122, 123] could be
archived for nanopesticide formulations.

4.1.1 Development of Nanoscale Materials Used as Nanofungicides,
Nanobactericides, Nanoinsecticides, and Nanoherbicides

Nanofungicide is used to describe any fungicidal formulations that intentionally
include entities at the nano scale (up to 100 nm), which are biointerfaces nanocide
materials being used as a new environment-friendly antimicrobial against various
fungal pathogenic organisms of plants [124, 125]. Nanofungicides include a wide
range of products which are including different types of nanopesticides such as
organic ingredients, solid nanoparticles (silica, diatoms, alumina, etc.), titanium
dioxide, polymer-based inorganic silica-based nanoparticles [116, 117], or
nanoemulsions and nanoclays in various forms (e.g., particles, micelles)
[126, 127]. According to literature, metallic nanoparticles are effective nanocides
against plant fungal pathogenic organisms. For example, the silver nanoparticle has
been reported recently against phytopathogen Colletotrichum gloeosporioides
[128, 129]. Other nanoparticles such as Fe, Cu, Si, Al, Zn, ZnO, TiO2, CeO2,
Al2O3, and CNTs have been explored to have some adverse effects on plant growth
apart from the antimicrobial properties [130–132]. They also affect the growth of
useful soil bacteria, such as Pseudomonas putida KT2440 [133]. Among the various
inorganic nanoparticle-based antimicrobial agents, silver has been extensively inves-
tigated due to it having several advantages over other nanoparticles such as copper,
zinc, gold, ZnO, Al2O3, and TiO2. In particular, the green biosynthesized Ag
nanoparticles revealed strong antifungal activity against Bipolaris sorokiniana and
effectively controlled its infection in wheat plants [134]. Ocsoy et al. fabricated
DNA grafted silver nanoparticles decoratedon graphene oxide which decreased the
cultured activity of Xanthomonas perforans [135], Thi bacterium usually make a
10–50% reduction in yields of tomato by causing bacterial spots. In the other work,
Cromwell et al. fabricated Ag nanoparticles that exhibited efficiency against nema-
todes, a common soil-borne organism. It was reported that a concentration of
150 mg/L of Ag nanoparticles agent reduced the nematodes by 82% and 92% at
Day 2 and Day 4, respectively [136].

The increase in antimicrobial activity effect and fungal resistance and the reduc-
tion in the usage of pesticides may be achieved via the combination of multiple
active ingredients. For example, the solar radiation activity exhibited in inorganic
nanoparticles (i.e. Ag, ZnO, CuO, MgO, S) combined with biopolymer showed
positive effects in antimicrobial activity and also reduced the fungicide residue when
compared with the same yet separated nanoparticles [137]. The motivation in
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developing new green nanocide capable of synergizing the antimicrobial activity and
subsequently photocatalytic degrading pesticide residue for controlling pathogens in
a proficient and eco-friendly way has to lead to the development of low-cost but
stable nanoparticles with high sensitivity toward pathogen fungi [104, 138]. For an
instant, the mixing of several bio-based chemicals formed a nanobiocide which was
reported to eliminate Magnaporthe grisea fungus (rice blast disease) [139]. Metal
oxides with optical characterizations can also exhibit excellent antimicrobial activ-
ities. When TiO2 nanoparticles are exposed to a suitable light wavelength in the
presence of oxygen, excited electrons moved from the valance band to the conduc-
tion band and then are directly transferred onto the oxygen molecules to form
superoxide radicals which have an antibacterial potential and noticeable
photocatalytic properties against the pathogens. At a similar concentration of
500–800 mg/L, the ZnO/TiO2 nanoparticles demonstrated a better performance in
reducing the bacterial spots caused by X. perforans compared to crops treated with
copper and untreated controls in a greenhouse condition [140]. Similarly, cerium
oxide-based nanoparticles had been tested for their ability to counter Fusarium wilt
in tomato plants under a greenhouse setting. The concentration of nanoparticles
applied to the plants via foliar and root pathways were 50 and 250 mg/L with a
corresponding reduction in the severity of infection of 50% and 57% [141].

The antifungal characteristics of carbon-based nanomaterials also enable them to
be used as efficient fungicides which could be utilized with a significant role in an
efficient remediation method for the decontamination of soil. Six kinds of carbon
nanomaterials [activated carbon (AC), graphene oxide (GO), reduced graphene
oxide (rGO), single-walled carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), and fullerenes] with concentrations between 62.5 and
500 mg/L have been studied for their antifungal activity against Fusarium
graminearum and Fusaium poae. Researchers found that SWCNTs, MWCNTs,
GO, and rGO showed excellent antifungal activities at the concentration of
500 mg/L and the carbon nanomaterials also displayed the induction of plasmolysis
and inhibition of water uptake [142]. Carbon dots were fabricated in another work
for the modification of Ag nanoparticles to develop a colorimetric sensor to regulate
phoxin in fruit samples and the environment. The prepared nanomaterial with high
selectivity and good recovery values displayed excellent sensitivity and could detect
phoxim at a concentration as low as 0.04 μM [143]. Carbon nanomaterials with
various dimensions also increased the rate of germination and water uptake of treated
rice seeds compared to control samples. However, in a study on the effect of
MNWCTs on zucchini plants, not only did the plants show an insignificant response
to the exposure of carbon nanoparticles in terms of root elongation but there was a
decrease in the biomass at a later stage of growing [144].

Although displaying superior properties compared to conventional pesticides,
there is still a long way to fully utilize nanotechnology in plant pathology. To
achieve this, future studies will need to focus on developing a new disease manage-
ment plan via investigating the physiology and interaction of plants and pathogens,
disease infection process, and diagnosis to develop new nanopesticides formulations
that are less harmful to the environment [118].
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4.2 Potential Applications of Nanofertilizers

The use of nanotechnology for fertilizers is still in its infancy but is already adopted
for sustainable agriculture applications. Nanofertilizer can be classified as nanoscale
fertilizers, nanoscale additives, and nanoscale coatings [145] are the most promising
engineered materials in the agriculture sector that are being tested, either for soil or
foliar applications.

Low nutrient use efficiency (NUE) in fertilizer is the major challenge for sustain-
able agriculture. The current NUE of nitrogen remains below 50% with the loss
caused by volatilization and leaching regardless of many attempts of research
activities to enhance conventional products [146, 147] and the leaching of nutrients
causes severe impacts on the environment such as eutrophication [148]. Hence,
nanofertilizers containing nitrogen are expected to be one of many possible solutions
for increasing NUE and reducing nutrient loss via enhancing N delivery to plants and
matching the nutrient need. In general, nanotechnology will increase the NUE of
fertilizers by two main routes: improving the delivery of poorly bioavailable nutri-
ents (e.g. P, Zn) and/or reducing losses of nutrients to the surrounding environment
(e.g. NO3

�) [45]. In addition, alternative growth promoters such as TiO2 or CNTs
are also being investigated [149, 150]. Nutrients delivered in nanofertilizers are
immobilized and/or encapsulated into a particular nanocarrier whose release behav-
ior can be triggered by three different factors: (1) degradation of synthetic polymeric
materials, that allow the release of nutrients and fixation into the soil; (2) biological
factors that degrade the biodegradable coating (i.e. bacteria, fungi, and other micro-
organisms); and (3) the chemical stimulus (e.g. moisture, pH variation, soil type,
solubilization) [147].

Directly focusing on the development of high NUE products for macronutrients
(i.e. N, P, K, Ca, Mg, and S) should be prioritized as it is the strategic entrance to the
fertilizer market of nanofertilizer. These nutrients are commonly used in high
volume but they are low NUE and more environmentally impactful. The cost of
fertilizer per unit area of the crop would significantly drop if nanofertilizer could
allow the farmer to apply less kg per area, fewer applications per season but with the
same or higher NUE than conventional fertilizers [151]. Based on the nutrient in use
and the role of nanofertilizer, nanofertilizers can be classified into three different
categories (1) macronutrient nanofertilizer, (2) micronutrient nanofertilizer, and
(3) nanocarriers for macronutrients. Nanofertilizers have advantages over their
conventional counterparts in terms of lowering the release rate of nutrients but
increasing the stability without causing changes in chemical speciation
[152]. Some noticeable examples of macronutrient nanofertilizers are (1) increasing
the bioavailability of P for plants by fixation of P in rock phosphate nanoparticles,
and (2) supporting regulation of N, P, and K for plants via the use of modified
zeolites with high specific surface area [153]. Promisingly, compared to soybean
(Glycine max L.) treated with conventional fertilizer, the use of phosphatic
nanofertilizers has improved the growth rate and seed yield by 32% and 20%,
respectively [154]. SiO2 and TiO2 nanoparticles have been reported to enhance the
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activity of nitrate reductase in soybeans and intensified plant absorption capacity,
resulting in the use of water and fertilizer being more efficient [155].

Nanofertilizers can be a solution to deal with problems caused by abiotic stress.
For example, they can help protect plants from the attack of herbivores or infection
by a pathogen which are important factors in designing the productivity of the crops.
Microorganisms can also be integrated into nanofertilizers to form nanobiofertilizers
which can further enhance the nutrient of soil. Studies have also been conducted to
investigate the benefits of SiO2 nanoparticles in combination with biofertilizers.
Results show that SiO2 nanobiofertilizers could significantly improve crop yield
[156]. The nanoscale of ZnO, MnO2, and FexOy have also been prepared via a
microwave-assisted hydrothermal method (20–60 nm) and employed as a fertilizer
for squash [157]. It was reported that both vegetative growth and photosynthetic
pigments characteristics could be enhanced if MnO2 nanoparticles can be applied to
the plants. In addition, the application of FexOy nanoparticles can also increase the
quality of squash in terms of nutritional values, lipids, protein, and other organic
matters. In another study, de França Bettencourt et al. [99] reported the application of
both FeOx and MnOx nanoparticles (NPs) which were rapidly synthesized through a
simple process employing bacteria supernatant. It is expected that the bimetallic
MnOx/FeOx NPs can be applied as micronutrient nanofertilizers and have positive
effects on plant growth such as fresh weight, root growth, and germination rates
[99]. The application of N-P-K nanoparticles as foliar fertilizers (applying liquid
fertilizer directly to the leaves) in potato farms (approximately 50% rate) resulted in
better production yield and product quality in comparison to similar applications to
soils. Thus, it can be recommended that foliar application of nanofertilizers might
reduce the environmental impacts while increasing economic benefits thanks to the
lower application rates [158]. Abdel-Aziz et al. [159] investigated the utilization of
nanochitosan and carbon nanotubes (CNTs), either as a single application or loaded
with N-P-K, for French beans. It was reported that those foliar nanofertilizers have
positive effects on both plants (antioxidant system, yield, and growing rate) and
seeds (biochemical content). In particular, harvesting days, in comparison to control
and seed priming, could be reduced if foliar treatment is applied (only
80 days vs. 110 days). Interestingly, chitosan nanoparticles have better foliar per-
formance in terms of yield and growth rate in comparison to CNTs. Several studies
also reported that zinc nanofertilizers can enhance plant growth (shoot and root
system) and increase the leaves’ chlorophyll content. The utilization of zinc
nanofertilizers could significantly increase the productivity of peanut farming.
These nanofertilizers also improve the seed production of vegetables [160]. Simi-
larly, CNTs-based fertilizers were reported to reduce the days to germination while
also promote the development of plant root systems in rice seedlings [161].

On the other hand, contaminated soils can also be treated by the application of
nanoparticles through catalytic degradation and mineralization of organic pollutants.
The fundamental of this process is based on the application of different oxidants for
pollutant oxidations. For instance, FexOy nanoparticles (together with chelating
agents) could be combined with modified Fenton oxidation to treat pyrene-
contaminated soils [162]. In this process, chelating agents play a vital role since
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they can adjust the oxidation efficiency. Heavy metals can also be removed or treated
by the application of hydroxyapatite thanks to its adsorption ability. Particle size
(~40 nm), applied for the treatment of both contaminated soils and sediments, has a
significant effect on the immobilization of metal compounds since it can further
reduce the metal exchangeable fractions, allowing the removal of heavy metals in the
water stoma [163, 164]. 2D nanostructured clays have recently been applied as a
nutrient carrier thanks to their neutrality. Those nanoparticles possess both cations
and anions that interact and neutralize each other [165]. The ability to accommodate
both inorganic and organic irons together with its ionic characterization make clays
an excellent carrier for controlled and slow nutrients release fertilizers.

Despite aiding in sustainable crop production, the limitations of nanofertilizers
should be carefully considered before commercializing. The limitations and adverb
effects of using nanofertilizers for farming mainly arise due to the absence of
rigorous monitoring and lack of knowledge in agric-ecotoxicity. Existing problems
and challenges of nanoparticles in terms of biological effects need to be addressed
before those fertilizers could be widely applied to plants.

5 Conclusion and Outlook

The efficiency of nitrogen use in farming can be increased when applying
nanofertilizers [147]. Yet, besides those pros, cons have been reported on shortcom-
ings and adverse effects [166]. Nanofertilizers are not different from other emerging
technologies in that they only have proven performance on a laboratory scale
[167]. The right way of dosage is essential, for example, the detrimental effect of
foliar fertilizers have been reported [168]. There is also an indication that they are
sensitive to details of the application, such as the time, season, and climate. Tech-
nical and economic issues remain for the application of nanoparticles [166].

Future research has to provide a solution to elucidate the mechanism of how
nitrogen molecules (i.e. NO3

�, NH4
+) interact in the soil and fertilizer uptake of the

plant for the benefit of fewer nitrogen losses to the environment. We need to
understand better the transformation of nitrogen fertilizers in the soil and how they
interact with proteins and metabolites [166]. To support this, we need to improve the
nanoformulation approaches.

The nanomaterials and nanoformulations need to be as well characterized as their
conventional fertilizer counterparts, and field studies are essential
[167]. Nanofertilizers will not be used as a standalone concept, but rather need to
be complemented by other nutrition and soil strategies such as biofertilizers and
biostimulants, and the entire concept of precision agriculture with, e.g., multispectral
imaging of drones. There is a need for sustainability evaluation, and life cycle
assessment has a prime role as well as techno-economic analysis. Field grassland
trials are needed here to supply robust data. A reconsideration of the whole supply
chain is needed, and that finally counts for the entire business model. Nanofertilizers
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and nanoparticles will not be introduced to the market without consultation and the
acceptability of the designated end-users, which are the farmers.
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The Janus Face of Nanomaterials:
Physiological Responses as Inducers
of Stress or Promoters of Plant Growth?

Harleen Kaur, Jashanpreet Kaur, Anu Kalia, and Kamil Kuca

Abstract The agri-applications of nanomaterials have been rising in the recent
decade, particularly the use of nano-scale nutrient fertilizers and targeted release
of nano-pesticides besides the utilization of nano-based sensor modules both for pre-
and post-harvest rapid and sensitive identification of nutrient deficiencies, pests, and
pathogen attack. Researchers have identified improved germination, seedling vigor,
proficient vegetative growth, enhancement in yield, and yield attributing traits due to
altered physiological profile of diverse crop plants. The predominant mechanism
(s) of action of these engineered nanomaterials affecting the plant metabolic pro-
cesses have to be further probed to identify variability in the physiological pathways
followed in response to the application of nanomaterials at low, moderately high,
and high concentrations leading to genotoxicity and cytotoxicity manifestations. It
is, therefore, imperative to evaluate the impact of nanomaterials on plant physiology
and stress response besides demonstrating the positive effects. Improved know-how
has to be generated to predict the nuances of plant-nanomaterial interactions that
may probably enhance the ecological safety of their widespread use. This manuscript
compiles the details in the published literature on the influence of manufactured
nanoparticles on plant physiology and vegetative characteristics to provide an
improved viewpoint on the current status of nanoparticles as plant growth promoters.
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1 Introduction

Agriculture forms the backbone of the economy in majority of the developing
nations. However, intensive and conventional agricultural practices tend to lay stress
on land resources and can lead to long-term irreversible deterioration of the soil and
water ecosystems. The technological and analytical advancements have led to the
development of nanotechnology-enabled devices and products which are providing
great promise for the improvement in the crop production and productivity stan-
dards. Nanotechnology is the science related to designing, fabrication, characteriza-
tion, modification, and application of the nanomaterials. A nanomaterial is a
substance having one of its dimensions ranging from 1 to 100 nm. Such a small
size imparts certain characteristic properties to these materials such as strength,
optical property, catalytic activity, magnetic property, bioavailability, and chemical
stability [1]. Therefore, nanoparticles find an inclusive range of applicability in
varied fields ranging from electronics, biosensors, drug delivery, diagnosis, cos-
metics and personal care, crop production, and post-harvest food processing. In
agriculture, nanotechnological research is expected to assist and shape the future
stages of the utilization of genetically customized crops, agro-chemical delivery, and
precision cultivation.

2 Nanomaterials in Plant Science

The published research studies indicate that nanotechnology holds promise for
meeting future agricultural and food security demands by providing novel nano-
scale tools and strategies [2]. Nanomaterials functionalized with biomolecules
exhibit unique physicochemical properties. Furthermore, a range of nanomaterials
including the metal (gold), metal oxide (magnetic), polymeric, and hybrid
nanomaterials exhibit controlled release of macromolecules both spatially and tem-
porally in response to external stimuli. The applications of nanotechnology in plant
science are gaining growing interest lately, especially in light of the remarkable
potential to enhance crop yield and the use of nanomaterials for transportation or as
delivery systems for agrochemicals and biomolecules [3]. However, the nano-agri-
applications have not yet been unleashed to their full potential primarily because of
the growing concerns about absorption, translocation, bioavailability, and toxicity of
the applied nanomaterials, as well as the unavailability of information on long-term
nanomaterial exposure studies which can provide the quantitative statistics of prob-
able aftermaths of continued use. Furthermore, the skepticism in the masses and the
stringent regulatory guidelines discourage the embracement of the nano-enabled
agri-products by the growers [4].

The initial studies including nanomaterials have been focused on determining the
negative impacts of nanoparticles particularly their toxicity when applied at higher
concentrations [3]. Therefore, only a few studies provide details about the plant
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beneficial effects of the nanomaterials. Plant scientists and researchers in other fields
could benefit from nanotechnology by developing advanced tools for incorporating
nanoparticles into plants, to enhance their functions [5] including designing minia-
turized and effective tools to enhance seed germination, plant growth, and security
against both environmental and biological stresses [3]. Depending on their size as
well as interactions with the plants or microorganisms, the nanomaterials exert their
discrete positive and negative effects. In a hydroponic study, when cut stems of
Lolium, Allium cepa, and Chrysanthemum plants were placed in aqueous solutions
of CdSe/ZnS quantum dots (QDs), these nanoparticles were visibly transported in
the vascular system of the whole plants through the roots [5]. Kole et al. [6] have
described the positive effects of multiwalled carbon nano-tubes (MWCNT) on
tomato plant growth and germination. Lin and Xing [7] have also reported the
affirmative effects of MWCNTs on several vegetable crops and Zea mays. Further-
more, the hydrophobic nano-silica particles have been demonstrated to kill
insect pests of agricultural importance [8]. Thus, the direct use of nanomaterials
has a substantial effect on the plant developmental processes (Fig. 1).

Thus, the use of nanoparticles is emerging as an effective way to suppress
pathogenic infections, resulting in augmented crop yield [9]. The nanomaterials

Fig. 1 The yin and yang of applications of nanomaterials in crops
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can also be utilized as delivery vehicles to ensure controlled and even targeted
delivery of specific payloads. These applications of nano-scale materials in agricul-
ture include particular examples such as the use of mesoporous silica nanoparticles
(MSNs) to transport DNA and its regulators to ensure precise gene expression at
single-cell levels [10]. Polymeric nanoparticles like polyethylene glycol or
polyvinylpyrrolidone nanospheres are another category of nanomaterials that have
been quite popularly used for controlled and/or targeted delivery of molecules.
Medical applications of these nanomaterials for drug molecule delivery are well
established. However, nanopolymeric particles, such as liposomes, have recently
been reported to be used in the delivery of slow-release insecticides [11]. Liposomal
nanoformulations of pyrifluquinazon insecticide exhibited improved lethal efficacy
for 14 days compared to the active ingredient alone [5]. Similarly, Xiang et al. [12]
examined polymer derived from cellulose and showed that the presence of cellulose
nanocrystals increased fiber degradation and thiamethoxam herbicide release.

3 Agro-Chemical Nano-Interventions: Nanoparticle
Application and Uptake by Plant

Chemicals are lost primarily because of leaching, photolysis, hydrolysis, and micro-
biological degradation [5]. To maximize crop yield, it is, therefore, imperative to
minimize the agro-chemical losses. Nano-agri interventions can be utilized to
develop novel formulations of fertilizer nutrients and pesticides with improved use
efficiency and target efficacy. The nano-encapsulated or nano-scaled nutrients fer-
tilizers might possess properties useful for crops, such as the controlled release of
chemical fertilizers, controlled release of nutrients as per requirement, and enhanced
plant growth [13]. However, determination of an effective concentration (along with
high efficiency, solubility, and stability), a temporally controlled release as a result of
stimuli, enhanced targeted activity, and higher levels of safety are required for
nanoformulated agrochemicals.

Fertilizer management is considered an important prerequisite for sustainable
agricultural development. The use of quality seeds, effective management of fertil-
izers, and irrigation water can increase agricultural production by 35–40%.
Nanoformulated fertilizers have proven to be highly effective in increasing crop
productivity [9]. By adding carbon nanoparticles as fertilizer to Oryza sativa, Zea
mays, Glycine max, Triticum, and vegetables (11.34–19.76%), grain yields were
reported to get increased by 10.29%, 10.93%, 16.74%, and 28.81%, respectively
[9]. Due to their high efficacy and environmental friendliness, nanocomposites have
been extensively researched and used in plant protection research in the recent years
(Fig. 2). Zeolite chip fertilized with urea are being used to slow-release nitrogen
fertilizers, according to a study by Millán et al. [14]. Zeolite charged with ammonia
has been proven to improve P uptake and crop yield by increasing the solubilization
of P-related minerals. Kottegoda et al. [15] synthesized encapsulated urea-modified
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hydroxyapatite nanoparticles under compression in the soft wood of Gliricidia
sepium to deliver sustained nitrogen release to the soil on a long-term basis.

Nano-encapsulated formulation of pesticide Avermectin helped in ensuring slow
release of the compound till 30 days vis-a-vis the non-nanoformulated version which
got UV-degraded within 6 h of application. Likewise, Loha et al. [16] found that
α-cyfluthrin was released throughout 1–20 days from a nanoformulation, while its
commercially available counterpart was released within 4–5 days. Piola et al. [17]
found that nanoformulations of glyphosate increased the bioavailability of the
herbicide when compared to current formulations, which contain several adjuvants
that may be toxic to nontarget organisms. Apart from encapsulation, the nano-clay
materials including halloysite and montmorillonite minerals can be utilized to
develop cost-effective formulations of fertilizers and pesticides [18]. These natural
nanomaterials may ensure a better contact with a minimum impact on the environ-
ment, as well as an extended-release rate of active ingredients. Hydrophobic nano-
silica can be easily absorbed through the cuticle layer of the insect skin and ensure a
slow release of the adsorbed insecticide causing the death of the insect [9]. Alterna-
tively, other nanomaterials such as nanofibers and nanoshells can also be useful
candidates. Xiang et al. [12] reported that nanofiber networks loaded with
thiamethoxam have shown efficacy against whitefly as compared to the 50% of
the thiamethoxan dose recommended by the manufacturer. Alterna-
tively, Pendimethalin loaded into hollow-shell particles made of manganese carbon-
ate cores can be possibly utilized for field applications [5]. The development of
nanocomposites of pesticides is another nanoformulation strategy. Compared to
Ag+ chitosan nanocomposites (Ag@CS) and antracol alone, Ag+ chitosan
nanocomposites with fungicide exhibited higher anti-fungal activity [19]. Herbi-
cide-loaded pectin (polysaccharide) nanoparticles exhibited stronger cytotoxic activ-
ity towards Chenopodium album plants compared to the commercial herbicide under
laboratory and field conditions as the nanoherbicides prevented the regrowth of the
weeds [20].

Fig. 2 The role of nanomaterials as nano-scale nutrient fertilizers to enhance crop productivity

The Janus Face of Nanomaterials: Physiological Responses as Inducers. . . 399



3.1 Uptake Routes of Nanomaterial by Plants

Application of nano-strategies in plants require the use of preventive assessments
including understanding the processes of nanoparticle uptake, translocation, and
accumulation. These studies should also encompass the evaluation of possible
contrary effects on the plant physiology. Nanoparticle uptake is affected by a variety
of factors which govern the process including nanoparticle properties, the mode of
application, their interactions with biotic and abiotic components of the environ-
ment, the constraint imposed by a cell wall, and the variation in physiology and
anatomy of individual plant species [3].

The dynamics of nanoparticle–plant interactions should also be considered from
the plant anatomy and plant physiological perspective [3]. There are three possible
ways for uptake of nanoparticles by the plants. Firstly, uptake via roots on the
addition of nanoparticles to the medium/substrate and soil. Secondly, uptake through
the cuticle and other surfaces on foliar application, and lastly by coating or priming
the seeds. Small sized nanoparticles can pass through protein channels or porins in
the plant cell barrier membranes and can be absorbed passively.

3.1.1 Nanoparticle Uptake from Roots

A comparison of plant aerial and soil dynamics of nanoparticle uptake indicated that
soil dynamics appear to be more complex [3]. The first step in the uptake of
nanoparticles by roots is called adsorption which leads to the enhanced presence
of the applied nanoparticles in the rhizosphere soil environment, the
bioaccumulation. The root adsorption of nanoparticles depends on their size. Thus,
forces such as osmotic pressure and capillary forces allow penetration of smaller
nanoparticles through root epidermal cells. The root epidermal cells being semi-
permeable in nature restrict the entry of larger nanoparticles as pores are much
smaller. Although, some nanoparticles are known to produce new pores in the
epidermal cells to facilitate their entry. As NPs enter the root, there are two possible
transport pathways. First, is the apoplastic pathway/transportation in which
nanoparticles after crossing the cell wall are transported via extra-cellular spaces to
the vascular bundle and then to the xylem for unidirectional transport [5]. The other
pathway is symplast transport, for this Casparian strip barrier is crossed to gain entry
to the vascular bundle. Nanoparticles bind to carrier proteins occurring in the plasma
membrane of the endodermal cells followed by endocytosis. This transportation
occurs through the cytoplasm (internal transport) from one cell to another. Although,
nanoparticles of larger size which are unable to pass through the Casparian strip,
aggregate at the junction. However, the smaller nanoparticles reaching the xylem can
be transported acropetally as well as basipetal towards the shoot and back to the roots
through the phloem. Nanoparticles absorbed through the root are transported to
various parts and may be found within the cortical cell, cytoplasm, epidermal cell
wall as well as nuclei. Moreover, nanoparticles that are not taken up by the roots
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show aggregation on the root surface and these can alter the adsorption of other nutri-
ents [5]. Mostly the root tips are easily accessible for nanomaterials, however, the
presence of suberin makes the upper parts impermeable.

Some factors influence the availability of nanoparticles in the soil such as
symbiotic organisms, root and microbial exudates, and soil organic matter. The
symbiotic microorganisms present in the soil play a crucial role in the nanoparticle
availability and uptake by plants. For example, these microbes may increase the
accumulation of various heavy metal nanoparticles in grasses but reduce their
occurrence in legumes [3]. The root exudates and mucilage discharged in the
rhizosphere region play a dual role, i.e. it promotes adhesion of nanoparticles on
the root surface, which in turn accelerates the rate of nanoparticle internalization,
and/or may also trigger trapping and agglomeration of the nanoparticles. Recent
detection techniques have been used to evaluate the root border cells and associated
mucilage which led to trapping of the gold nanoparticles irrespective of particle
charge, whereas negatively charged nanoparticles may translocate directly into the
root tissues without being sequestered by the mucilages [3].

3.1.2 Nanoparticle Uptake from Leaves

The leaves of the plant can be a preferred site for the application of NPs which
ensures entry of nanoparticles through stomata or cuticles. However, the cuticle of
the leaf acts as a barrier gradient which restricts the entry of larger nanoparticles
(more than 5 nm). The nanoparticles of size >10 nm (10–50 nm) can enter through
natural openings (stomata) and are transported through a symplastic route into the
vascular system of the plant. For larger nanoparticles (between 50 and 200 nm)
apoplastic pathway is favored, which leads to nanoparticle translocation between
cells [5]. After entering the cells, the nanoparticles are transported through phloem
leading to bidirectional transport such that the nanoparticles accumulate in different
plant tissues to varying degree [9].

Several factors affect the adsorption, transportation, or accumulation of
nanoparticles in plants on foliar application including the nanoparticle attributes
(size, shape, and concentration), and plant leaf characteristics such as leaf surface
morphological features (presence of trichome, cuticle thickness, and nature), and
chemical composition (cuticular wax types, leaf exudates). Therefore, these essential
factors should be considered before the elucidation of the uptake mechanism of
nanoparticles in plants [9]. According to El-Feky et al. [21], the application mode of
nanomaterials affects the plant performance. They showed that nano Fe3O4 foliar
spray significantly enhanced the plant vegetative parameters, compared to soil
application, due to enhancement of the total chlorophyll, total carbohydrates, essen-
tial oils, and the iron content in basil plants.
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4 Effect of Application of Nanomaterials on Plant
Physiology

4.1 Photosynthetic Apparatus

The process of photosynthesis comprises about 50 redox reactions [22] clustered as
photo- and biochemical reactions. The primary light-dependent phase of reactions
takes place in the thylakoid membranes [23] and the following phase occurs in the
stroma of the chloroplasts [24]. The structural configuration of the sub-stomatal
cavity regulating gaseous concentrations within the chloroplast is responsible for the
circulation of carbon dioxide (CO2) to the carboxylation sites to carry out photosyn-
thesis [25]. The factors influencing the photosynthesis rate include the organizational
robustness of chloroplasts and mesophyll cells and grana, CO2 aggregation,
RuBisCo activity, regulatory proteins, and the presence of chlorophyll pigments
[26, 27]. Nanoparticles can both positively and negatively affect photosynthesis by
influencing any of the above factors. Nanoparticles can prevent the metabolic
pathways associated with photosynthesis by affecting the light-harvesting photosys-
tems, pigment complexes, electron transport system, and activity of certain enzymes
such as RuBisCo, carbonic anhydrase, and phosphoenolpyruvate carboxylase
[28, 29].

Different types of nanomaterials affect photosynthesis via different mechanisms.
Silver nanoparticles tend to alter the optical behavior of chlorophyll depending on
the nanoparticle size and dose [30]. Biochemical and physiological changes may
also be initiated by nanoparticles and include reduction in the content of photosyn-
thetic pigments, changes in the development of grana, structural disintegration of
chloroplasts, decreased chlorophyll fluorescence, and lower stomatal conductance.
The fluorescence suppression occurs due to reduction in the quantum yield of the
photosystem and cessation of the electron transport chain [31]. On the contrary,
silver nanoparticles, if applied at well-calculated doses, may leave a progressive
effect on the photosynthesis process by increasing light absorption [32]. Zinc oxide
nanoparticles tend to improve gaseous exchange and chlorophyll content leading to a
higher photosynthesis rate [33]. Several studies have reported positive effects of zinc
as it induces chlorophyll synthesis, and chloroplast development resulting in enhanc-
ing the photosynthetic process [34, 35].

The nitrogen content of leaves is positively correlated with plant photosynthesis
[36]. Studies have revealed that TiO2 (Titanium dioxide) nanoparticles can enhance
nitrate reductase activity in spinach and speed up the conversion of inorganic forms
of nitrogen to organic forms which can be assimilated as protein and chlorophyll,
and increase photosynthesis rate [37]. However, Gao et al. [38] reported a reduction
in the net photosynthetic rate of Ulmus elongata seedlings on nano-TiO2 treatment.
Zsiros et al. [39] have shown that selenite nanoparticles induced no significant
structural and functional changes in the photosynthetic machinery as the nanoparti-
cle penetration was limited in the leaf tissue.
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4.2 Antioxidant Mechanism

Nanoparticles can perform a variety of functions in crops, and their long-term effects
need to be understood [40]. According to several reports, nanoparticles could
negatively impact plants through the release of reactive oxygen species (ROS)
[13]. Plants get severely damaged by the formation of superoxide (O2

�), hydrogen
peroxide (H2O2), and hydroxyl (OH

�) radicals which can harm the tissues, proteins,
lipids, and DNA at the cellular level [40]. Besides, ROS may play a key role
as signaling molecules or may induce generation of signal molecules that regulate
cellular stress responses [41]. As nanoparticles enter the root and leaf tissues and
interact with the plant system, reactive oxygen species (ROS) are generated which
activate plants’ antioxidant mechanism [40]. Therefore, plants exposed to
nanoparticles scavenge or detoxify ROS-generated substances through enzymes
and low-molecular-weight antioxidants [42]. Increasing ROS values indicate an
increase in antioxidant enzymes. The nanomaterials also upsurge the number of
non-enzymatic antioxidants such as flavonoids and phenols.

Plant cell–nanoparticle interactions get initiated at the cell surface. These inter-
actions cause a sequence of cellular responses, such as the generation of stress
indicating biomolecules including the non-enzymatic antioxidant molecules and
antioxidant enzymes that induce defense responses based on their physical charac-
teristics. The rise in the activity of the antioxidant system reduces the oxidative
damage of the cell membranes and may also help impart other benefits such as
improved salt stress tolerance trait [42]. Ismail et al. [41] have studied the antioxidant
defense responses of plants to nanoparticles as a biomarker for ecotoxicological
analysis. The ROS generation and activation of the antioxidant machinery are
established methods of determining whether a plant is experiencing stress caused
by a specific compound or not. In plants, the presence of nanoparticles results in the
initiation of processes that impart protection of cellular components from impair-
ment caused by oxidative stress [42]. The nanoparticles are known to enhance the
activity of a variety of antioxidant enzymes which mitigate different types of reactive
oxygen species and therefore protect cells against oxidative damage [40].

The salinity tolerance was enhanced in S. lycopersicum by the application of Si
(silica) nanoparticles through enhancement in the catalase and ascorbate peroxidase
activities [43]. According to Ioannou et al. [44] nanoparticles can reduce the harmful
effects of salinity in Dracocephalum moldavica L, probably by enhancing antioxi-
dant enzyme activity, causing more systematic ROS detoxification. According to a
study on tomatoes improved antioxidant enzyme activity imparted protection to cell
membranes from ROS attack and also prevention of the lipid peroxidation events
[40]. Enhanced ROS scavenging and plant enzymes in response to engineered
nanoparticles were observed in plant systems [42]. Using copper and zinc nano-
oxides in sand-grown wheat plants, Dimkpa et al. [45] examined the degree of
phytotoxicity endured. Using either of the nanoparticles as additives to autoclaved
sand, analyses were performed on root samples for catalase and peroxidase enzyme
activities. The results obtained indicated no increase in the catalase or peroxidase
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activities by zinc nanoparticle treatment though the copper nanoparticle-treated
plants showed improved activity concerning the control [40]. In Oryza sativa, silver
nanoparticles resulted in an escalation in the ROS production. Moreover, caroten-
oids activated the antioxidant machinery in the plant to decrease ROS damage due to
nanoparticles. Dimkpa et al. [46] showed that the presence of silver
(Ag) nanoparticles caused the oxidized glutathione levels to be elevated, as well as
activation of the metallothionein gene involved in detoxification in Triticum
aestivum.

4.3 Plant Protein–Nanomaterial Interactions: Alterations
in the Plant Proteome Composition

Nanoparticles may interact with biomolecules including proteins, nucleic acids, and
lipids. The adsorption of protein on nanoparticles’ surfaces results in the formation
of a complex known as the nanoparticle-protein corona. The adsorption is aided by
hydrogen (H) bonds and Van der Waals interactions and the longevity of the formed
nanoparticle-protein corona is governed by the association–dissociation rates for
each protein [47]. The interaction of proteins with nanoparticles is of two types,
i.e. irreversible or long-term binding leading to the creation of a hard corona while
the reversible or quick binding of proteins results in a soft corona [48].

The protein corona generation can influence the biological reactivity of the
nanoparticle as well as the functioning of the proteins. For example, nanoparticles
with curved surfaces can cause irreversible changes in the secondary structures of
proteins [49]. Changes induced in the protein conformation by nanoparticles affect
the related downstream processes such as protein–protein interactions, cellular
signaling, and DNA transcription. Other factors controlling the adsorption of protein
on the surface of nanoparticles include its composition, presence of precise func-
tional groups, and properties of the biological medium such as pH and temperature
[50–53]. Wang et al. [54] through their study showed that nanoparticles altered with
ionic ligands bind higher levels of proteins as compared to those possessing neutral
surface charge. Moreover, nanoparticles with smaller sizes showed a higher level of
protein association, thus elucidating the role of surface area and curvature in protein
binding.

Several researchers have reported the effects of different nanoparticles on the
protein composition at the cellular scale (proteome analysis). In gel-based proteome
analysis, Mirzajani et al. [55] have revealed that on exposure of Oryza sativa cells to
Ag NPs, specific elicitation of diverse proteins occurred including the proteins
involved in defense-related processes and antioxidant pathways. The Ag NPs caused
a decrease in cellular metabolic activities through the involvement of receptors and
channels based on Ca2+, and Ca2+/Na+–ATPases. Likewise, a change in the number
of proteins related to the regulation of redox activities of the cell, vacuolar, and
endoplasmic reticulum specific proteins, and those involved in the sulfur metabolic
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pathway has been reported in Eruca sativa [56]. In the case of soybean grown under
flooding conditions, silver nanoparticles mitigated the stress by regulating the wax
formation and protein metabolism-related proteins [57]. Elemental copper forms an
integral component of metabolic process-related proteins. The application of copper
nanoparticles in wheat seedlings increased the relative amount of proteins associated
with glucose catabolism and decreased the proteins associated with photosynthesis
as well as tetrapyrrole synthesis [58]. Cerium nanoparticle application increased the
amount of membrane lipids degradation thereby resulting in electrolyte leakage and
oxidative stress [59].

4.4 Disease Resistance

The nano-applications in agriculture include the development of innovative
nanomaterials capable of controlling phytopathogenic diseases. Nanoparticles can
be applied directly to crops via soil spiking or foliar spray to suppress the pathogens
and help in increasing plant growth and crop yields. Thus, the nanoparticles can
impart a dual role of crop protection (as nano-pesticides) as well as plant nutrition
(as nanofertilizers).

On nanoparticle application, the general plant response includes an increase in
reactive oxygen species (ROS) levels. The generated ROS restricts the pathogen
ingression and distribution besides inducing systemic and local defense responses in
plants [60]. Plant resistance against diseases operate through an elaborate defense
pathway triggered primarily by ethylene, jasmonic acid, and salicylic concentrations.
Other plant growth hormones including gibberellin, auxin, cytokinin,
brassinosteroids, abscisic acid, and strigolactone can alter the defense-related
responses. Nanoparticle stress is known to up or down-regulate pathways associated
with the synthesis of growth hormones thereby stimulating plant defense
mechanisms [61].

Nanoparticles exhibit remarkable anti-viral, anti-bacterial, and anti-fungal prop-
erties [62] as given in Table 1. The nanoparticles can also directly act upon the
pathogens. Further, the nanoparticle can interact with virus capsid proteins. Cai et al.
[60] have described the direct inactivation of tobacco mosaic virus (TMV) by
nanoparticles (zinc oxide and silica nanoparticles) via interaction with capsid gly-
coproteins, causing the direct injury of virus shell proteins resulting in viral aggre-
gation. The mechanism via which silver nanoparticles act against microbes is
initiated via the binding of Ag+ to membrane proteins, thereby compromising
membrane integrity [67]. Chitosan nanoparticles can act as inducers of the antiox-
idant and defense systems in plants [82]. Transcriptome analysis of plants treated
with chitosan nanoparticles resulted in elevated levels of defense-related genes
thereby augmenting the innate immunity of plants against different stimuli [82].
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4.5 Drought Resistance

Climate change has strongly affected crop morphological, biochemical, and physi-
ological behaviors globally. Water shortage has increased because of global
warming and has laid stress on the crop plants. Plants undergo morphological
adaptations such as a decrease in leaf area as adaptive mechanism against water
stress. The nanoparticles can be utilized to mitigate drought stress. The colloidal
suspension of copper and zinc nanoparticles can result in a decrease in the TBARS
accumulation, an increase in enzymes activities related to ROS scavenging, a
changed ratio of leaf chlorophyll pigments (Chl a:b), and an increase in carotenoid
content which implies the increase of plant antioxidant status in response to
nanoparticles under drought conditions [83]. Application of chitosan nanoparticles
increased leaf parameters such as leaf area, relative water, chlorophyll content,
photosynthesis rate, antioxidant enzyme activities, and yield parameters as com-
pared to the control in wheat plants under drought conditions [84]. The mechanisms
via which nanoparticles alleviate the effect of water stress include an increase in the
endogenous level of cytokinins, which stimulated chlorophyll synthesis and pro-
moted plant growth [85]. Selenium nanoparticles can increase the level of chloro-
phyll pigments, osmolytes, antioxidant enzymes, and abscisic acid resulting in better
physical and chemical parameters [86].

5 Nanoparticles Affect Plant Vegetative Parameters

5.1 Plant Regeneration

The plant tissue growth eliciting aspects of nanoparticles have paved towards their
use in plant tissue culture techniques. Application of nanoparticles for improving
germination index and plant development, and alteration of plant genetic machinery
for escalated generation of secondary metabolites form the basis of nanoparticle use
in plant tissue culture. Nanomaterials can improve tissue multiplication (both root
and shoot tissues), callus culture formation, and somatic embryogenesis. Various
studies showing positive effects of nanoparticles in plant regeneration via tissue
culture techniques have been published [87–92].

A variety of nanoparticle and plant factors decide the impact of nanoparticles on
plant regeneration. The action of nanoparticles can be rightly related to the devel-
opmental potentials of plant genotypes. Nalci et al. [93] have shown a higher rate of
embryogenic callus formation as compared to control on the treatment of ferric oxide
nanoparticles. The concentration of nanoparticles applied can also affect the growth
rate of the plant cell. Nanocarbon can promote regeneration by improving the water
and/or nutrient transport, increasing aquaporin levels besides regulating genes par-
ticipating in cell division and cell wall extension [87]. Citrate-coated gold
nanoparticles can lead to regeneration in barley plants to a certain extent
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[94]. Application of Cu nanoparticles on Ocimum basilicum explants resulted in
increased explant production, somatic embryogenesis, and mean explant regenera-
tion concerning control [88]. Silver nanoparticles have been reported to reduce auxin
accumulation and down-regulate the auxin receptor-related genes in plants
[95]. Other studies have shown that the application of silver nanoparticles results
in elevated total cytokinin levels along with decreased ethylene levels in regenera-
tion experiments [96, 97].

5.2 Seedling Vigor

As discussed in Sect. 3, the application of nanoparticles in agriculture has exten-
sively increased in the past two decades. Nanoparticles can be applied as
nanofertilizers to increase plant growth and boost crop production (Table 2).
Nanofertilizers can be categorized as macro-nutrient nanofertilizers, micro-nutrient
nanofertilizers, and non-nutrient nanofertilizers [2]. Nano-scale nutrient particles act
as sources of essential nutrients thereby increasing germination, shoot and root
growth, and plant biomass development. For example, nanoparticles of important
mineral elements (such as copper, zinc, manganese, calcium, and sodium) play an
important role in cellular metabolic processes. The availability of such minerals and
nutrients as nanoparticles is anticipated to enhance germination and plant growth.
Moreover, the small size of nanoparticles facilitates their uptake by seeds and plants
thereby enhancing their role in growth promotion [123].

Nanomaterials can penetrate the seed coat and improve water adsorption and
utilization, which thereby can boost the enzymatic system and results in better
germination and plant growth. The published reports have demonstrated the positive
impacts of nanoparticles including improved seedling vigor in different crop plants
such as chilli [124, 125], pigeonpea [126], wheat [127–129], maize [130, 131], green
gram [132, 133], rice [134–136], and lentil [137]. In a study, nanomaterials were
found to have the potential to improve crops and quality products
[138]. Nanomaterials arguably have the potential to help plant roots for absorption
of a higher amount of nutrients and water, which increases root system vigor and
enzymatic activity, though the exact mechanism of promoting plant growth and
quality is unclear [139].

5.3 Yield Attributes

Nanomaterials when applied at appropriate concentrations positively affect the crop
yield and yield attributing traits. Many varieties of crops, including Arachis
hypogaea, Glycine max, Vigna radiata, T. aestivum, A. cepa, Spinacia oleracea,
S. lycopersicum, S. tuberosum and B. nigra, have been benefited by nanomaterials
that increased the crop growth and development, as well as increased the produce
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quality [139]. The effect of soil amendment with cerium oxide (CeO) nanoparticles
(125–500 mg/kg) was examined in the wheat (T. aestivum L.) crop. The NP
amendment increased vegetative traits such as shoot growth and biomass besides
the grain yield. As the concentration of CeO increased, Ce accumulation predomi-
nantly increased in root tissues indicating lower or no Ce-mobility to above-ground
tissues. Yasmeen et al. [140] investigated the effect of Cu and iron NP supplemen-
tation on physiological and overall protein composition alterations in wheat seeds.
With the use of 25 mg/L, both Cu and Fe NPs improved the yield attributing traits in
wheat. A consequent increase in the yield was also reported. Proteomic studies
revealed enhanced levels of glycolysis and starch degradation enzymes. The Cu
nanoparticles may increase the stress tolerance towards temperature in wheat
[140]. Likewise, Arora et al. [141] evaluated the stimulation of Brassica juncea
(L.) Coss. growth and yield by NP application under field conditions. Several
parameters related to plant growth and yield were positively impacted by foliar
spray application of Au NPs (0–100 mg/L), including stem thickness, number of
branches and pods, and seed yield. Treatment with Au nanoparticles (10 mg/L)
enhanced the seed yield optimally. Therefore, the application of Au nanoparticles
can be a useful alternative to ensure food security as proven under field
conditions [141].

Research by Bradfield et al. [142] recorded a decrease in yield in sweet potatoes
on exposure to high concentrations of ZnO, CuO, and CeO2 nanoparticles (1000 mg/
kg). Using ZnO nanoparticles, Subbaiah et al. [143] examined their effect on maize
growth, productivity, and zinc biofortification. They observed improved germination
rate and seedling vigor index by application of ZnO nanoparticles (1500 mg/L).
Plants treated with ZnSO4 at 2000 mg/L produced a yield that was 42% higher as
compared to untreated plants. As a result of the experiment, ZnO nanoparticles
significantly affected the yield, growth, and zinc levels of maize grains [142].

Several comparative studies evaluated the effect of nanofertilizers versus con-
ventional fertilizers on different cereal crops. The results of such studies showed that
compared to control, nanofertilizer application improved the vegetative and yield
traits. For example, increased plant length, photosynthetic pigment content, several
panicles, and spikelets in rice by 3.6%, 2.72%, 9.10%, 9.10%, and 15.42%, respec-
tively, were recorded on nanofertilizer application [144]. Significant increase in root
and shoot lengths, as well as biomass changes, have been observed on exposure to
Zn nanoparticles (25–150 mg/L). Shoot and leaf dry matter indices were increased
by 63.8% and 69.7%, respectively, on application of ZnO nanoparticles [145]. Corn
yield and dry weight varied significantly depending on the concentration and size of
TiO2 nanoparticles applied to the plant [146]. With a silver nanoparticle concentra-
tion of 25 parts per million (ppm), maximum leaf area and grain yield significantly
improved in wheat, however, at a 75 mg/L concentration grain yield decreased [9].
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6 Detection of Nanoparticles in Plants: Tracing the Fate
of the Applied Nanomaterials in Plant System

The nanomaterials applied to plants must be traced to identify their uptake dynamics,
and translocation followed by relative distribution rates in various parts of the plant
[147]. A variety of techniques can be applied to serve this purpose [148]. Certain
common techniques employed for nanoparticle identification in plants have been
discussed here.

6.1 Electron Microscopy Techniques

In Scanning EM, the interaction between surface atoms and electrons produces
various signals providing data about the composition as well as the topography of
the sample surface [149]. This technique is useful to elucidate the aggregate mor-
phology of the nanomaterials. However, SEM is a useful technique to identify the
surface adsorption of the nanomaterials on tissue or cell surface. In a foliar applica-
tion study of ZnO nanoparticles in rice, the SEM analysis revealed that the applied
nanoparticles got adsorbed on the surface of the leaves and exhibited internalization
through the stomatal apertures [108]. Furthermore, it can be used to capture images
of sections as well as intact samples to achieve resolution up to 1 nm [150].

The TEM is considered as the most popular technique used to capture the
presence of the nanoparticles in tissue or cells of plants. This technique is also one
of the basic techniques for morphological characterization including the particle size,
shape, and dimensions of nanomaterials. It has the potential to generate images at
significantly higher resolution (up to sub-nanometer) [150]. The TEM analysis of the
plant tissues can be carried out by generating the serial ultra-thin sectioning of the
sample tissue(s). The presence of nanomaterial is generally identified as electron-
dense structures in the ultra-sectioned tissue on viewing in a transmission electron
microscope. The TEM analysis of the ultra-cut sections of isolated protoplasts of
Petunia hybrida showed internalization of electron-dense PEG-coated Ag
nanoparticles across the cell membrane possibly through endocytosis [151]. Like-
wise, Deng et al. [152] have reported the occurrence of condensed dark spots in the
TEM micrographs representing the movement of the TiO2 nanoparticles across the
cell wall and membrane of the rice roots exposed to TiO2 nanoparticles in a
hydroponic system. Another hydroponic study on nanoTiO2-Rhizobium-pea inter-
action used the TEM micrographs of the pea noduled treated with nTiO2 particles
and revealed the occurrence of a small number of unbranched bacteroid in infected
host cells compared to more, larger and Y-shaped branched bacteroides in control
cells [153]. However, the nTiO2 particles could not be identified and established in
these TEM micrographs.

Transmission EM analysis of the plant tissues can provide valuable information
on tissue internalization of the nanomaterials but it can only be used for small
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sections of the sample tissue. Therefore, a variant hybrid TEM technique called
scanning transmission EM (STEM) can be utilized to study larger volumes of the
biological tissues and thus can provide valuable information on the occurrence of
engineered nanomaterials particularly the electron-dense metal/metalloid
nanoparticles in the sample [154]. Though the initial studies have been performed
for visualization of nanoparticles in microbial cells such as Ag nanoparticles in
bacteria [155], and animal tissues such as peripheral mononuclear blood cells [156]
but the reports on plant-nanoparticles are also emerging.

Coupling TEM with an energy-dispersive X-ray spectroscopy module can help in
the direct identification of the nanomaterials through the semi-quantitative elemental
composition of the nanomaterials. The EDS measures the amount of the X-rays
radiated from a sample to represent the sample’s elemental composition as each
element generates unique electromagnetic emission peaks due to its atomic structure
[150]. A nano-TiO2 pea seed treatment study revealed the concentration-dependent
presence of the Ti element on the surface of treated seeds [153].

6.2 Advanced Conjugate Microscopy-Spectroscopy
Techniques

Obtaining direct and unambiguous evidence of NP uptake is one of the biggest
challenges in studying NP–plant interactions. Metal analyses of roots and shoots, as
well as imaging tools, have been used to assess the NP association and translocation
in roots. The localization of the nanoparticles in plant tissue through a single
microscopy or spectroscopy technique would not yield reliable results specifically
at low concentrations. Also, a few visible nanoparticles are usually barely distin-
guishable from natural nanoparticles or background interference. In addition, the
sample processing protocols which include labels, stains, sputter coating, and
ultrathin sectioning steps may introduce artifacts besides these approaches are
destructive. These limitations of the in planta NP visualization techniques can be
addressed through the use of multiple techniques, e.g., the elemental analysis
combined with nanoparticle identification and mapping [157].

6.2.1 X-ray Tomography

Computed tomography at micro-scale with the use of X-rays (μCT) involves the
generation of virtual cross-sections of the sample through the use of X-rays to obtain
digital 3-D images of the internal tissues of the plants at a micron level spatial
resolution in a non-invasive manner. Monochromatic X-rays are passed through the
sample which leads to the conversion of transmitting X-rays into visible light which
is later captured by the use of a photodetector to obtain the 2D images. Later, a 3D
image is reconstructed by combining two dimensional serial images, thus allowing
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the identification of the element distribution in three dimensions within the
sample [150].

6.2.2 Scanning Transmission Microscopy

This is a technique that enables the in situ measurement of elements within a
specimen with extremely high lateral resolution. The technique involves the use of
a Fresnel zone plate for focusing a small spot of the X-ray beam followed by
detection of the transmitted X-ray. Coupling STXM with X-ray Absorption Spec-
troscopy (XAS) provides a unique in situ chemical speciation technique that allows
sub-nanometer spatial resolution [150]. An XAS study validated the occurrence of
nano-ceria in lyophilized and macerated root tissues of alfalfa, corn, cucumber, and
tomato on the treatment of the seeds which provided the evidence that plants roots
exhibited both uptake and storage of the nano-ceria particles as indicated from the
Ce4+ oxidation state [158]. A similar observation of non-biotransformation of nano-
TiO2 particles in cucumber has been reported on micro-XANES spectroscopy
analysis of the root tissues [159].

6.2.3 Other Techniques

The enhanced resolution dark-field microscopy along with hyperspectral imaging
are emerging techniques that have a high potential for incorporation into the
integrative approach. By use of this 2D visualization tool, surfaces at a nano-scale
can be detected and mapped in comparatively shorter time in complex environments,
in a narrow focus plane. This technique can be utilized to study interactions of NPs
with organisms, such as in protozoa, bacteria, and green algae; as well as in vivo
interactions in fish or worms. However, the technique has not been used to check the
presence of nanoparticles in terrestrial plants, despite its demonstrated value in
locating nanoparticles in cells and small organisms [157].

For non-invasive in planta imaging, X-ray computed tomography
(CT) complements DF-HSI as well. This technique can help yield 3D images by
using X-ray attenuation phenomena and also help in reducing the sample preparation
artifacts as samples are neither cut nor tagged [157]. A micro-CT and nano-CT
systems possess a resolution limit of 1 mm and 50 nm, respectively. By using micro-
CT, microscopic plant features can be obtained with a resolution of a few millime-
ters. Benchtop nano-CT recently provided 3D information on roots-nanoparticle
interactions (adsorption vs. internalization) with a good resolution. Furthermore, it
permits scanning of a large volume of the sample which eases the analysis of
low-nanoparticle concentrations. A cross-validation technique specific to
nanoparticles needs to be used to identify nanoparticles [157]. A 3D cross-validated
analysis of the scattering of Au nanoparticles (up to 12 nm in diameter) in
Arabidopsis thaliana model plant throughout and on the roots was performed
using DF-HSI together with nano-CT [157]. Exposure of plants with positively
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and negatively charged gold nanoparticles (�/+ Au nanoparticles) resulted in trans-
location of negatively charged nanoparticles by apoplast while positively charged
nanoparticles were prevented from uptake as revealed via imaging techniques [157].

7 Conclusion and Future Roadmap

In recent years, nanotechnology has taken a great leap in research and develop-
ment foci for identification of potential agricultural applications. Despite huge
developments in analytical techniques, there is still a paucity of the specific studies
relating to the effect of nanoparticles on plant physiology. The interaction of
nanoparticles with plant system is dependent on a multitude of factors based on
plant and nanoparticle properties. The environmental abiotic and biotic factors also
determine the extent of the nanoparticle effect. The nanoparticles depending on dose
and time of duration levy positive and negative effects on plant physiology and
yield. Despite being inducers of plant growth, the engineered nanomaterials also
generate ROS which can induce stress response(s) in plants. It is necessary to
standardize the synthesis, functionalization, and dosage concentrations of
nanoparticles for plant-based applications for achieving sustainability of agro-
ecosystems. It can be reasonably argued that the applications of nanoparticles in
agriculture are yet to be fully exploited and suffer some potential bottlenecks. The
need for a synthesis of safer nanoparticles, studies related to the mechanism of
nanoparticle action, and sustainable application of nanoparticles still need a long
road to map.
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