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Nanotechnology has received much attention because of its distinctive properties and many applications
in various fields. Nanotechnology is a new approach to increase agricultural production with premium
quality, environmental safety, biological support, and financial stability. Ecofriendly technology is becom-
ing progressively important in modern agricultural applications as alternatives to traditional fertilizers
and pesticides. Nanotechnology offers an alternative solution to overcome the disadvantages of conven-
tional agriculture. Therefore, recent developments in using nanoparticles (NPs) in agriculture should be
studied. This review presented a novel overview about the biosynthesis of NPs, using NPs as nano-
fertilizers and nano-pesticides, the applications of NPs in agriculture, and their role in enhancing the
function of biofactors. We also, show recent studies on NPs-plant interactions, the fate and safety of
nanomaterials in plants, and NPs’ function in alleviating the adverse effects of abiotic stress and heavy
metal toxicity. Nano-fertilizers are essential to reduce the use of inorganic fertilizers and reduce their
antagonistic effects on the environment. Nano-fertilizers are more reactive, can penetrate the epidermis
allowing for gradual release, and targeted distribution, and thus reducing nutrients surplus, enhancing
nutrient use efficiency. We also, concluded that NPs are crucial in alleviating abiotic stress and heavy
metal toxicity. However, some studies reported the toxic effects of NPs on higher plants by induction
of oxidative stress signals via depositing NPs on the cell surface and in organelles. The knowledge in
our review article is critical in defining limitations and future perspectives of using nano-fertilizers as
an alternative to conventional fertilizers.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nanoparticles (NPs) are tinymolecules with a small size range of
1–100 nm with different physiochemical properties than bulk
materials (El-Saadony et al. 2019; El-Saadony et al. 2020; El-
Saadony et al. 2021a; Reda et al. 2020; Reda et al. 2021). Based on
the previous study of Adhikari et al. (2010) and El-Saadony et al.
(2021b), NPs improved physical, chemical, and biological proper-
ties and functions due to their expanded surface area to volume
ratio. Nano-fertilizers provide some nutrients in a nano form,
enhancing plant growth and production (Dimkpa and Bindraban
2016). Based on the nutrient needs of plants, nano fertilizers are
classified into three categories: macro nano-fertilizers, micro
nano-fertilizers, and nano-particulate fertilizers (Chhipa and Joshi
2016). Nano-fertilizers can spread like a powder or a liquid with a
diameter of <100 nm (Josef and Katarína, 2015). They provide nutri-
ents to plants in an available form, thus increasing nutrient uptake
by plants, and boosting plant production. The relevant features of
nano-fertilizers briefed in (Guru et al., 2015): (1) delivering the
appropriate nutrients for enhancing plant growth through foliar
and soil applications, (2) they are low-cost and sustainable sources
of plant nutrients, (3) they have a high fertilization efficiency, (4)
they play a key role in preventing pollution. Besides, nano-
fertilizers aid in the removal of water pollution and could be called
new fertilizer alternatives. The review aims to present the different
methods of nanoparticles synthesis, the role and importance of
using NPs as nano-fertilizers, and their impact on soil and plant
quality, as well as presenting the interaction between nanoparticles
and plant organs. To our knowledge, this is the first review article
that uses any of these concepts in a single document.
2. Fabrication of nano-fertilizers

Because of the rising need and demand for environmentally,
effective, and non-toxic nanomaterial synthesis technologies, bio-
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fabrication of NPs using biological methods has got great attention
(Abd- El-Hack et al., 2021; Saad et al., 2021; El-Saadony et al. 2018;
Akl et al. 2020; El-Saadony et al. 2021c; El-Saadony et al. 2021d;
Sheiha et al. 2020). Proteins, enzymes, alkaloids, phenolic com-
pounds, pigments (Abdelnour et al., 2020), and amines are the
molecules responsible for NPs’ synthesis in plants and microorgan-
isms (Shah et al., 2015; Hassanin et al., 2020; El-Saadony et al.,
2021e). On the other hand, the physical methods are expensive
while, chemical methods use toxic solvents and adversely affect
the environment.
3. The role of nano-fertilizers on nutrients flow

A large portion of inorganic fertilizers added to the soil are lost
and become unavailable to plants. For example, 40–70%, 80–90%,
and 50–90% of nitrogen (N), phosphorus (P), and potassium (K) fer-
tilizers are lost and/or fixed in soils, resulting in economic losses
(Ombódi and Saigusa, 2000). Therefore, more fertilizers will add
to soils (Fig. 1) to compensate for lost fertilizers, negatively affect-
ing soil nutrient balance (Baruah and Dutta 2009). Previously,
Tarafdar et al. (2012) demonstrated that nanomembranes could
be used to coat fertilizer particles to facilitate the slow release of
supplements. To combat the overuse of inorganic fertilizer, slow-
released nano-fertilizers are used. Because of the slow rate of dis-
charging supplements during crop production, these slowly
released nano-fertilizers may be a great alternative to dissolvable
inorganic fertilizers. Thus, plants would be able to absorb the
majority of their nutrient requirements without losses (Huiyuan
et al. 2018). Nano-materials on the surface of fertilizer particles
make them stronger because their surface tension is higher than
traditional fertilizer particles, increasing their efficiency in control-
ling nutrient release (Brady and Weil 1999). Mannose and amino
acids are also commonly used because they help in absorbing
nutrients. Besides, nano-composites improve the nutrients’ solu-
bility and dispersion in soils, increasing their uptake by plants.



Fig. 1. The historical changes in inorganic fertilizers production and consumption.
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4. Nano-materials enhance the activity of nutrients

4.1. Bioactive compounds coated with nano-materials

Nano-encapsulation systems provide stability to bioactive com-
pounds that are otherwise susceptible to adverse conditions such
as heat, U.V., and oxidation. In addition, they regulate the release
of incorporated compounds (Anton et al., 2008). Nanoencapsula-
tion is new nanotechnology that allows active ingredients to be
released from capsules or particles in a controlled and gradual
manner (Saifullah et al., 2019). It is similar to microencapsulation,
but the particles are in nano size. Different release mechanisms,
such as dissolution, diffusion, or biodegradation may be used to
deliver the bioactive compounds in nano-encapsulated materials
(Hack et al. 2012; Ammar 2018). In vitro, half-lives of nano-
capsulated lipase and alkane hydroxylase enzymes were two times
longer than encapsulated enzymes, which only retained about 70%
of their initial activity after a few days (Kadri et al., 2018). Nano-
capsules, nano-emulsions, and nano-powders containing the active
ingredients of Talaromyces flavus inhibited the colony growth of
some essential mycopathogens such as Verticillium dahliae and
Fusarium oxysporum with immense performance (Naraghi et al.
2018).

4.2. Nano- micronutrients

Many micronutrients, including silica, zinc, copper, and iron
have been synthesized at the nano-scale and used in plant growth
management. Heidari et al. (2018) investigated investigated the
effect of nano Fe-chelated plant growth-promoting rhizobacteria
(PGPR) on maize growth, grain yield, and physiological responses.
They discovered that foliar application of Azospirillum brasilens and
nano improved maize plant growth and yield. Another recent study
by Mokarram et al. (2019) found that inoculating plants with PGPR
; arbuscular mycorrhizal with a low dose of Fe-NPs significantly
increased heavy metal phytoremediation, improving the root zone
and leaf space of young plants. Furthermore, the addition of bio-
agents and nano Zn-Fe oxide to salt-stressed wheat plants signifi-
cantly improved seed development, photosynthesis, and osmolyte
content, i.e., proline, soluble sugars, and antioxidant enzyme
7351
(Babaei et al. 2017). Additionally, Sharifi (2016) found that foliar
application of Zn-NPs combined with the inoculum of Bradyrhizo-
bium japonicum improved yield and oil quantity and quality of
soybean.
5. The interaction between nano-materials and plant

The negative charge on the plant cell’s surface allows the move-
ment of negatively charged compounds into the cells via their
membranes, allowing metal complexes toenter the cell (Tandy
et al., 2006). Yang and Watts (2005) investigated the phytotoxicity
of aluminum (Al) oxide-NP on root elongation and found that alu-
minum oxide NPs inhibited the root elongation. However, loading
this nano-Al with different percentages of phenanthrene (10%,
100%, or 432%) reduced this inhibitory impact. They suggest that
the presence of NP-coated phenanthrene slightly reduced the root
elongation. The surface properties of Al-NPs are important deter-
minants of phytotoxicity. On the other hand, seed treatments with
0.25–4.0% Titanium dioxide (TiO2) NPs enhanced the physiological
properties of spinach where, increased the germination rate and
vigor indexes of aged spinach seeds. Also, chlorophyll, plant dry
weight, photosynthesis rate, and the action of ribulose-
bisphosphate carboxylase/oxygenase were all significantly
increased. . Moreover, Yang et al. (2006) found that nano-anatase
TiO2 enhanced photosynthesis and the activities of several essen-
tial enzymes in spinach, including nitrate reductase, glutamine
synthase, glutamate dehydrogenase, and glutamic-pyruvic
transaminase.
6. Nanoparticles mechanism of action

In this section, we observed the impact of NPs on (1) ATP pro-
duction, DNA replication, and gene expression, (2) Reactive oxygen
species (ROS) generation, (3) Damage to cell membrane integrity,
(4) Interruption of energy transduction, (5) Release of toxic compo-
nents, and (6) Protein destabilization and oxidation are the major
mechanisms underlying nanomaterial toxicity. Fig. 2 showed the
nano-fertilizer mechanism of action.

6.1. Impact on ATP production, DNA replication and gene expression

Nano ions can interact with respiratory chain enzymes such as
NADH dehydrogenase at very low concentrations, resulting in ATP
synthesis respiration uncoupling. Besides, ionic nanoparticles bind
to the transport protein, causing proton leakage and the collapse of
the proton motive force (Holt and Bard 2005). Furthermore, pro-
teomic experiments on silver nanoparticles exposed to Bacillus
thuringiensis revealed an effect on the aggregation of envelope pro-
tein precursors, implying a role for the proton motive force (Lok
et al. 2006). Nanomaterial interactions with nucleic acids have
been used for DNA marking and DNA cleavage. Fullerenes have
been found to bind DNA and cause strand deformation, which
has a negative effect on the molecule’s function and stability, in
contrast to the positive applications of DNA-nanomaterial conjuga-
tion. Some nanoparticles can cause DNA damage indirectly by
releasing ROS, which can cause cross-linking, DNA strand breaks,
and sugar or base adducts (Klaine et al. 2008). For the cells that
were taking up nano ions, regular DNA mutations were discovered
during the gene polymerization process in vivo using the poly-
merase chain reaction (PCR) (Yang et al. 2009). Titanium dioxide
nanoparticles, which are used in sunscreen contain oxygen radicals
that can nick supercoiled DNA. When exposed to light, photosensi-
tive fullerenes can cleave double-stranded DNA, though this is
highly dependent on the form of fullerene derivative. Despite these
results, only a few studies on the genotoxicity of nanoparticles



Fig. 2. Mechanism of action by nano-fertilizer.
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using Ames tests or other protocols have been conducted, and little
is known about nanoparticles’ possible mutagenic impact (Karimi
and Mohseni Fard 2017). Nanoparticles or their ions have the
potential to affect DNA replication and even gene expression. For
example, silver ionshave been shown to inhibit DNA replication
(Klaine et al. 2008). Silver nanoparticles were found to bind to
DNA in the cytoplasm of E. coli, causing DNA replication to be
impaired (Yang et al. 2009). Sublethal levels of silver nanoparticles
do not affect the gene expression of N2-fixing genes (nifD, nifH,
vnfD, anfD) or N2-denitrifying genes (narG, napB, nirH, and norB)
in Pseudomonas stutzeri, Azotobacter vinelandii, or Nitrosomonas
europaea; however, some other nitrification related genes, i.e.
amoA1 and amoC2, were upregulated in N. europaea (Yang et al.
2013). The stimulation of nitrification genes without the stimula-
tion of denitrification genes (transformation of NO3 to N2) could
have consequences for both N2 availability and NO3 accumulation
for subsequent fixation. Microarray analysis of E. coli and silver
nanoparticles suggests that nanoparticles can have significant
effects on the transcriptome of bacteria. Stress-related genes, as
well as genes for S, Cu, and Fe equilibrium, are stimulated, suggest-
ing other molecular disturbances. Furthermore, silver nanoparti-
cles affect other metal control genes, implying that they
influence cellular metal homeostasis (Minghetti and Schirmer
2019). Similarly, copper oxide nanoparticles inhibited the expres-
sion of genes involved in the periplasmic maturation and secretion
of fluorescent pyoverdine siderophores in P. chlororaphis, resulting
in a decrease in siderophores output (Dimkpa 2014). Other pro-
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teins involved in metal detoxification, oxidative stress tolerance,
elongation and transcription processes, cytoskeleton remodeling,
protein degradation, and cell division could be affected by the exis-
tence of silver nanoparticles (Mirzajani et al. 2014a).

6.2. Reactive oxygen species (ROS) generation

The formation of ROS is a major toxicity mechanism of nanopar-
ticles, and different types of nanoparticles produce different types
of ROS by reducing oxygen molecules. ROS are byproducts of
oxidative cellular metabolism, with the mitochondria producing
the majority of them. The hydroxyl radical (OH–), superoxide anion
radical (O2–), hydrogen peroxide (H2O2), and singlet oxygen (1O2)
are the four forms of ROS known (Yin et al. 2012; Fu et al. 2014).
The amount of ROS produced by engineered nano-materials is
determined by the chemical makeup of these nanoparticles
(Gonzalez et al. 2008). ROS are generated as a result of nanoparticle
uptake and are responsible for cellular oxidative stress, the genesis
of nano toxicity, including DNA damage, cell signaling manipula-
tion, cell motility modifications, apoptosis, cytotoxicity, and the
promotion and initiation of cancer (Nel et al. 2006; Zhu et al.
2013). The cellular target of ROS is DNA. Base and sugar lesions,
DNA-protein crosslinks, double- and single-strand breaks, and
the formation of basic sites are all examples of oxidative DNA dam-
age (Valko et al. 2006). Many studies have shown that ROS play an
important role in certain biological processes and in controlling
cell physiology and function by affecting different signal transduc-



M.T. El-Saadony, A.S. ALmoshadak, M.E. Shafi et al. Saudi Journal of Biological Sciences 28 (2021) 7349–7359
tion pathways in various cell types and systems (Vara and Pula
2014). The formation of ROS in microbial cells is balanced under
normal conditions. On the other hand, the redox balance of the cell
favors oxidation with excessive ROS output. Oxidative stress is
caused by this imbalanced environment, which damages the indi-
vidual components of microbial cells. The function of oxidative
stress in altering cell membrane permeability and causing micro-
bial cell membrane damage has been identified (Xia et al. 2008;
Yin et al. 2012). Many studies have also shown that ROS play an
important role in the interaction between DNA and microbial cells.
Furthermore, ROS increased levels of gene expression in oxidative
proteins, which is an essential mechanism in microbe cell apopto-
sis. Furthermore, ROS can attack proteins and reduce the enzy-
matic activity of certain periplasmic enzymes that are needed for
microbial cells to maintain their normal morphology and physiol-
ogy (Wang et al. 2017).
7. Release of toxic components

Several nanoparticles cause bacterial cell toxicity by releasing
toxic components such as heavy metals or ions. Quantum dots
(QD) are semiconducting nanocrystals with transition or noble
metals in their centre and ZnS or CdS in an organic coating and
shell, such as CdSeTe, CdTe, CdSe, InAs, ZnSe, and PbSe. E. coli
and Bacillus subtilis have also been found to take up QD (Kloepfer
et al. 2005). Even though no acute cytotoxic effect was observed
in that study, the lack of an efficient efflux mechanism will allow
the accumulation of potentially toxic metals into the cells, where
they will have a long residence time and cause toxicity. The ability
of metal oxide NPs to dissolve in aqueous media, resulting in the
release of harmful metal ions into the surrounding media. Other
studies have found that the metal ions emitted from metal oxide
NPs are the primary cause of their toxicity (Wehmas et al. 2015),
while others have found that the particlesare the primary source
of toxicity (Xiao et al. 2015), and that should be considered. Since
the antibacterial effects of NPs against photobacterium phosphorus
were divided into three groups: (a) the antibacterial effect of ZnO
NPs was solely due to the release of Zn2+; (b) the antibacterial
effect of CuO NPs was based on both the CuO particles and the
released Cu2+; and (c) the inhibition effects of Fe2O3, NiO, Co3O4,
and Cr2O3NPs were derived from the NPs (Wang et al. 2016a).
8. Protein destabilization and oxidation

The toxicological effects of nanoparticle-protein interactions
are caused by the nanoparticles, which physically interact with
proteins or by the nanoparticle producing ROS or other harmful
radicals. Glucose oxidase’s enzymatic behavior and structure were
changed using electrodes containing gold nanoparticles or
SWCNTs. Nano-materials contain ROS, which can damage iron-
sulfur clusters, which are cofactors in many enzymes. ROS can also
form disulfide bonds between sulfur-containing amino acids, caus-
ing protein structure and function to be disrupted (Klaine et al.
2008). In Arabidopsis, ROS accumulation and oxidative stress can
cause oxidative damage to biological molecules (such as protein
and DNA), disrupt cell metabolism, and eventually growth inhibi-
tion (Wang et al. 2016b). The release of silver ions may contribute
to the toxicity of silver nanoparticles by interacting with protein
thiol groups, resulting in the inactivation of essential enzymes
(Klaine et al. 2008). In Arabidopsis, a group of 111 novel genes
was upregulated in response to AgNPs stress, and they were
expressed in three biological functions: anion transport, fungal
infection, and cell wall/plasma membrane related genes (Kohan-
Baghkheirati and Geisler-Lee 2015). In addition, Ag-NPs interact
with cell membrane proteins, triggering signaling pathways that
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prevent cell proliferation (Roh et al. 2012; Gopinath et al. 2010).
By linking gene expression to cellular metabolism, proteomic stud-
ies have played a key role in understanding the molecular mecha-
nisms of plant response to multiple stresses. Proteomic analysis of
Eruca sativa roots exposed to AgNO3 and Ag-NPs revealed that both
types of Ag caused redox-related protein changes, disrupting cellu-
lar homeostasis. The alteration of vacuolar and ER proteins was
caused solely by Ag-NPs, indicating that these organelles are Ag-
NPs’ target sites (Vannini et al. 2013). The Ag-NPs-responsive pro-
teins were primarily linked to the oxidative stress response path-
way, Ca2+ signaling and regulation, transcription, protein
degradation, cell division, cell wall synthesis, and apoptosis,
according to a gel-based proteomic analysis on Oryza sativa
exposed to Ag-NPs. The abundance of defense-related proteins
was expressed based on ROS development under Ag-NPs treat-
ment, including L-ascorbate peroxidase, superoxide dismutase,
and glutathione-S-transferase (Mirzajani et al. 2014b). After enter-
ing plant cells, NPs behave like metal ions, interacting with sulfhy-
dryl and carboxyl groups to alter protein function. At the proteome
stage, the protein signature gives some insight into the phytotoxi-
city of NPs. Ag-NPs-responsive proteins were mostly involved in
stress, signaling, and cellular metabolism, whereas Al2O3-NPs-
responsive proteins were mostly involved in protein degradation/
synthesis, lipid metabolism, and glycolysis (Hossain et al. 2015).
9. Role of nano fertilizers as a foliar spraying

The traditional nutrients’ application to the soil has several
drawbacks in terms of nutrient availability to plants. Therefore,
foliar application is the most efficient method of correcting nutri-
ent deficiencies and increasing crop yield and quality (Roemheld
and El-Fouly, 1999; Semida et al., 2021). In addition, it also reduces
environmental contamination and increases nutrient use efficacy
via decreasing the amount of fertilizer applied to the soil (Abou-
El-Nour 2002; Schwab et al. 2015). Eichert et al. (2008) and
Pérez-de-Luque (2017) found that nano-coated substances with a
size greater than 10 nm improve penetration across stomata.
Nano-fertilizers have a large surface area, a high sorption capabil-
ity, and regulated release kinetics to specific sites, making them a
smart delivery system (Rameshaiah et al. 2015; Solanki et al.
2015). Nano-carriers often deliver nutrients at the right time and
in the right place. Therefore, it is appropriate to present the most
relevant studies that demonstrated nano-fertilizer penetration
and translocation through the leaves, their impact on crop produc-
tion, yield efficiency, plant tolerance to abiotic stress, and heavy
metal toxicity reduction.
9.1. Kinetics of nano-fertilizers

Foliar fertilizer application faces many challenges due to the
saltiness of the nutrients (cations/anions), which may fail to pene-
trate the inner plant tissue cells, where cell wall pore sizes vary
from 5 to 20 nm (Benzon et al. 2015; Schwab et al. 2015; Desoky
et al., 2020b). The nanoparticles with a diameter smaller than cell
wall pores can easily pass through the cell and penetrate the
plasma membrane (Moore 2006; Navarro et al. 2008). According
to the polar pre-model, the exclusion limit of pore radius for polar
and ionic solute penetration to the cuticle has been calculated to be
2.0 -2.4 nm, while the pore radius for stomatal diffusion has always
has exceeded 20 nm (Eichert and Goldbach, 2008; Pérez-de-Luque,
2017). The use of nano-fertilizers is promising for nutrient translo-
cation to the desiring areas in plants (Deepa et al. 2015). Eichert
et al. (2008) found that engineered nanoparticles can penetrate
stomatal pores in Vicia faba L. with a size of less than 50 nm. Fur-
thermore, (Wang et al., 2013) found that the size exclusion limit of
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stomata in watermelon is 27.3–46.7 nm. The foliar nanoparticles
are transported from the application site to heterotrophic cells
through phloem vessels, then plasmodesmata (40 nm in diameter)
(Knoblauch and Oparka 2012; Etxeberria et al. 2016). The binding
of nano-particles to carrier proteins through aquaporin, ion chan-
nels, and endocytosis allows nano-particles to enter plant cells
(Nair et al. 2010). Nano-particles can also transport into plants
through membrane transporters when they form complexes with
them (Kurepa et al. 2010).
9.2. Polymers-coated nano-fertilizers to slow the release rate

Polylactide, polylactide-polyglycolide copolymers, polycapro-
lactones, and polyacrylates are the most used synthetic polymers.
Alginate, albumin, and chitosan are examples of natural polymers
that have been extensively studied. The controlled release of NPK
fertilizers was achieved using eco-friendly polymeric chitosan
nanoparticles with a size of 78 nm (Corradini et al. 2010). In addi-
tion, zeolite is a natural mineral with a large surface area that can
hold several positive and negative nutrient ions (Desborough
1996; Selva and Balakrishnan 2017). Kottegoda et al. (2017) cre-
ated urea-hydroxyapatite nano-hybrids for slow N release and dis-
covered that the nano-hybrids strongly bind the urea, allowing
their slow-release (up to one week) and at a lower rate than pure
urea.Fruthermore, Pereira et al. (2015) discovered that urea-loaded
polycaprolactone nanocomposites released N for more than 90 h,
compared to 25 h release when using traditional urea. Morever,
Preetha and Balakrishnan (2017) examined how surface modifica-
tion of fertilizer with various nano-clays and zeolite expanded the
releasing pattern of P fertilizer. Nano-formulations have been
shown to release P for up to 40–50 days, while traditional P fertil-
izers only release nutrients for 10–12 days (Selva Preetha and
Balakrishnan 2017). It was found that surface modified zeolite
may be a viable strategy for increasing P usage performance, which
is currently hovering around 18–20% in conventional systems
(Sharmila Rahale 2011).
9.3. The effect of nano-fertilizers as a foliar spray on plant attributes

9.3.1. Plant development
Nano-fertilizers play a critical role in crop physiological and

biochemical processes by increasing nutrient availability. The
application of nano NPK increased the growth of wheat leaves,
which was achieved by increased nutrient availability because
nano NPK formulation can easily penetrate the leaves’ stomata
through the gas exchange (Abdel-Aziz et al. 2018). The same effects
were observed in pearl millet (Tarafdar et al., 2014) and cotton
(Rezaei and Abbasi, 2014). Foliar application of Zn nano-fertilizer
substantially increased plant growth and dry biomass (Vafa et al.
2015). The increase in plant quality and quantity may enhance
the physiological processes such as chlorophyll content and
antioxidant activity (Rezaei and Abbasi 2014). Zinc affects natural
auxin (IAA) synthesis and can stimulate an essential enzymes
involved in biochemical pathways such as carbohydrate and pro-
tein metabolism, growth regulator metabolism, pollen formation,
and biological membrane integrity (Alloway 2008; El-Tohamy
and El-Greadly 2007). In addition, the contents of plant growth-
promoting hormones are increased when nano Zn fertilizer was
used. The same route was observed when foliar of nano-Fe fertil-
izer was used on forage corn and Ocimum basilicum L. (Sharifi
et al., 2016). Also, foliar sprays of TiO2 increased plant total dry
matter by enhancing N assimilation, photo-reduction activities of
photosystem II and electron transport chain, and scavenging the
reactive oxygen species (Morteza et al., 2013; Raliya et al., 2015;
Janmohammadi et al. 2016).
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9.3.2. Plant physiological parameters
A significant increase in the physiological and biochemical

parameters of crops was recorded when nano-fertilizers were
applied. The total chlorophyll content of sunflower leaves was pos-
itively influenced by biocompatible magnetic nano-fluid (MNF)
(Pirvulescua et al. 2014); however, chlorophyll content was
reduced at higher concentrations (>0.75% MNF) (Pirvulescua
et al., 2014). The contents of chlorophyll, carotenoids, and antho-
cyanin of maize crops increased significantly after foliar applica-
tion of nTiO2, increasing the yield (Morteza et al. 2013). In
addition, Janmohammadi et al. (2016) reported that foliar spraying
with nano TiO2 particles increased anthocyanin and chlorophyll
contents of barley. In reality, nTiO2 improves the structure of
chlorophyll, intensifyies its ability to capture sunlight, enhances
pigment production, stimulates RUBISCO activity, and boosts pho-
tosynthesis. Nano TiO2 increased spinach growth, improved N
metabolism, protein content, and chlorophyll content (Yang and
Hong 2006). In another study, nTiO2 significantly increased leaf
chlorophyll content of spinach by 17 times higher than the control
treatment, whereas the photosynthetic rate increased by 29% (Gao
et al., 2006). In cotton and soybean crops, nano Zn fertilizer
decreased the activity of peroxidase, catalase, oxidase enzymes
but increased the polyphenols content (Rezaei and Abbasi 2014;
Weisany et al. 2012). The foliar application of Zn nano-fertilizer
on the pearl millet crop, an increase in chlorophyll content, total
soluble leaf protein, and plant dry biomass was obtained
(Tarafdar et al. 2014). Nano-Zn application increased the contents
of chlorophyll, essential oil, and P in savory plants (Vafa et al.,
2015). The antioxidant capacity in rice improved by using nano-
fertilizers (Weisany et al. 2012). Antioxidants are secondary
metabolites formed by plants in unfavorable conditions such as
water stress, salinity, and nutrient scarcity. Since the nano fertilizer
is better absorbed by plant cells, it provides enough nutrients to
boost antioxidant activity (Benzon et al. 2015).

9.3.3. The crops quantity
The ability of nano-fertilizers to increase crop yield has been

investigated in recent years. Foliar applications of nano-fertilizer
substantially improved crop yield in wheat (Abdel-Aziz et al.
2018). Foliar application of NPK nano-fertilizers increased chickpea
yield and yield components,because of increasing growth hormone
production and metabolic process enhancement, (Drostkar et al.
2016). The use of nano-fertilizers has great impact on cotton yield
(Sohair et al. 2018). According to Drostkar et al. (2016), foliar appli-
cation of Zn, Fe, and NPK as nano-fertilizers manipulates chickpea
growth, resulting in positive effects on yield and yield components.
Tarafdar et al. (2014) found that applying Zn nano-fertilizer as a
foliar spray increased grain yield by 37.7% in pearl millet (Pennise-
tum americanum L.). In addition, Singh (2015) found that the appli-
cation of nano Zn on sunflower plants increased the seed oil
content. Furthermore, pod yield increased in groundnut crops
when nano- Zn oxide was applied instead of ZnSO4 increasing
the bioavailability of Zn (Prasad et al. 2012). The high surface area
to volume ratio of nano Zn is more efficient in increasing Zn pro-
ductivity and absorption (Khanm et al. 2018). Nano Zn fertilizer
has a 10-fold lower dose requirement than traditional ZnSO4 fertil-
izer (Dapkekar et al. 2018). The addition of nano- Zn oxide particles
at a concentration of 40 ppm increased rice grain yield and its com-
ponents (Ghasemi et al. 2017). Foliar application of metal oxide
nanoparticles, such as MgO, ZnO, and CuO, increased seed cotton
yield by 22, 33, and 18%, respectively, compared to control
(Anonymous, 2016). Fruit yield per tree increased in pomegranates
after foliar spraying with nano- Zn and boron (B) fertilizers
(636 mg Zn tree-1, and 34 mg B tree-1) (Davarpanah et al., 2016).
The use of nTiO2 as a foliar application manipulates the growth
of barely, increasing yield and yield components (Janmohammadi
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et al. 2016). This increase may be attributable to an increase in
photosynthesis activity caused by nTiO2 spraying (Gao et al.
2013), which increased the supply of photoassimilates in leaves
(i.e., increasing source capacity) and increased yield attributes. Fur-
thermore, nTiO2application enhanced fertilizer use efficiency and
significantly increased grain yield (Janmohammadi et al. 2016).
The use of nTiO2 enhanced photosynthetic complexes and N meta-
bolism, increasing plant fresh and dry mass (Tarafdar et al. 2014;
Janmohammadi et al. 2016). Moreover, photocatalyst activity of
nTiO2 in nanoform aided maize growth and grain yield by promot-
ing pigment production and the conversion of light energy to the
active electron and chemical activity (Morteza et al. 2013). Soy-
bean crop yield increased by using Fe nano-fertilizer
(Sheykhbaglou et al. 2010). When compared to bulk Fe, spraying
the black pea with 0.5 g L-1 nano-Fe increased the number of pods
per plant, the weight of 1000 seeds, yield, and chlorophyll content
(Delfani et al. 2014). In another study, Jaberzadeh et al. (2013)
found that foliar application of nano-Fe (2%) increased grain yield
by 23.3% compared to the control. The application of manganese
(Mn) nanoparticles on Vigna radiata (L.) increased yield and yield
components (Ghafariyan et al. 2013). The yield quantity and qual-
ity of peanut increased with the application of nano-Fe, -Mn, and -
Zn fertilizers (30 ppm) because of increase nutrient use efficiency
that enhances pigment formation and photosynthesis rate (Quary
et al. 2006; Mekkdad 2017; El-Metwally et al. 2018). The foliar
application of nano-silver (Ag) increased potato tuber yields
because of their antimicrobial impact, which may help seed tubers
to stay healthier for long time in the soil resulting in more vigorous
plants (Tahmasbi et al. 2011). Plant height, number of pods per
plant, number of ripe pods per plant, 1000 seed weight, seed num-
ber per plant, seed length, seed and pod yield, number of lateral
branches, and biological output of peanuts were all improved by
foliar application of nano chelated molybdenum (Mo) (Mehrangiz
et al. 2014).

9.3.4. The yield quality
Nutrients are needed to improve the crops quality. In this

regard, the application of nano-fertilizers led to higher crop quality
than the use of traditional fertilizers. Metal oxide nanoparticles
were used to boost cotton fiber quality parameters such as unifor-
mity ratio and fiber strength (Anonymous 2016). Peanut plants
treated with nano-fertilizer have a higher protein content (Prasad
et al. 2012). The foliar application of nano-Fe and Zn fertilizers
increased crude protein and soluble carbohydrates contents in for-
age corn compared to bulk materials (Sharifi et al., 2016). The foliar
application of Zn nanoparticles increased the oil content of sun-
flowers (Sham 2017), as Zn is involved in photosynthesis, chloro-
phyll synthesis, starch formation, and carbonic anhydrase, Zn
fertilizers increased soluble carbohydrates concentration, acceler-
ating carbohydrates formation (Singh and Kumar 2012 ;Sharifi
et al. 2016). Nano-fertilizers raised the contents of total starch,
total soluble sugars, protein, and oil in peanut seeds (El-Metwally
et al. 2018). In plants, Zn plays a significant role in protein forma-
tion (Safyan et al. 2012). Zn promotes root growth, which benefits
in the absorption of essential nutrients, especially N, which is
required for protein synthesis. Zn is also involved in carbohydrates,
protein, and plant hormone metabolism, especially indole acetic
acid (IAA), which assistances in the formation of starch and seed
maturity (Fageria et al. 2002; El-Metwally et al. 2018). In black-
eyed pea seeds, nano-Fe had a higher effect on seed protein content
compared to bulk Fe (Delfani et al. 2014).

9.3.5. Reduction of eco physiological stress
Salinity and drought are two abiotic stresses that adversely

affect crop production around the world. These abiotic stresses
cause a 50% reduction in crop production (Wang et al. 2003). Ionic
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and osmotic stresses cause nutrient imbalance, membrane dam-
age, and enzymatic inhibition in plants (Hasanuzzaman et al.
2013). Furthermore, soil salinity harms plant water supply, critical
nutrient absorption, and crop yields and quality (Grattan and
Grieve 1999). The use of nano-materials in alleviating the negative
effects of these stresses is one of the most effective solutions (El-
Saadony et al., 2021b). Nano-materials may mimic antioxidative
enzymes such as peroxidase, superoxide dismutase, and catalase;
which constantly scavenge the reactive oxygen species (ROS)
(Upadhyaya et al., 2015). Under salinity stress, nano Zn increases
root penetration and nutrient uptake (Hussein and Abou-Baker
2018), as well as rice fresh and dry weight (Upadhyaya et al.
2015), sunflower biomass production (Torabian et al. 2016), and
wheat grain yield (Babaei et al. 2017). (Soliman et al. 2015) found
that foliar applications of ZnO and Fe3O4 NPs-containing Hoagland
solution could alleviate salt stress in Moringa plants by increasing
enzyme activity related to salt tolerance. Nano-particles increased
enzyme activity related to salt tolerance because they have a great
specific reactive surface area . By increasing the availability of Fe
and Zn, which are involved in salt tolerance process, the nano-
particles simplify fertilizer absorption and enhance the Hoagland
solution’s effect (Wang et al. 2018). Under stress conditions, foliar
application of nano-Zn (200 ppm) on cotton crops helps to boost
growth and yield (Hussein and Abou-Baker 2018). Plant growth
and yield improved under saline conditions by using SiO2 nano-
fertilizer, which improved N and P uptake while lowering Na accu-
mulation in cucumber plants (Siddique 2014). During growth
increment, foliar application of SiO2 can increase cell wall turgidity,
strength, and elasticity (Yassen et al. 2017). In addition, by decreas-
ing stomatal conductance and increasing antioxidative enzyme
activity. Silicon (Si) alleviated the adverse effects of salinity on
Phaseolus vulgaris L. ( El-Saadony et al. 2021b). On the other hand,
water deficit stress led to substantial reductions in plant output,
production, and yield components. However, the application of
nTiO2 (200 ppm) increases the wheat crop growth(Jaberzadeh
et al. 2013). TiO2 boosts RUBISCO activity, CO2 metabolism, photo-
synthesis, and yield (Gao et al. 2006). The application of nTiO2

improves the gluten and starch content of wheat under water
stress conditions, possibly due to the positive association between
Titanium application and photosynthesis rate (Zhao et al. 2009;
Jaberzadeh et al. 2013). In addition, foliar spraying of nano Zn
increased maize crop yield and yield components under water
stress (Amin and Mohammad 2015).

9.3.6. Reducing heavy metals toxicity
The accumulation of cadmium (Cd) in plant tissues reduces the

plant growth, in addition, Mg, Fe, Zn, chlorophyll a, and glutathione
(GSH) contents (Wang et al. 2012). The Cd stress in rice seedlings
was alleviated by foliar application of 2.5 mM nano-Si, which
increased the availability of Mg, Fe, and Zn nutrition, chlorophyll
a content, and decreased Cd accumulation and translocation from
root to shoot (Wang et al. 2014; Desoky et al., 2020a; El-Saadony
et al. 2021b). The Cd treatment caused oxidative stress in rice seed-
lings, as evidenced by increased lipid peroxidation and antioxidant
enzyme activity such as superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT), as well as a lower glutathione (GSH)
content. However, the treated plants have lower malondialdehyde
(MDA) levels but higher GSH levels and different antioxidant
enzyme activities, suggesting that they were more Cd tolerant
(Shi et al. 2010; Zeng et al. 2011; Wang et al. 2011). Different heavy
metal (Pb, Zn, Cd, and Cu) treatments were found to inhibit root
growth and induce oxidative stress in wheat seedlings, according
to Konate et al. (2017), who found that the application of magnetic
(Fe3O4) nanoparticles reduced the inhibitory effects of heavy met-
als , and antioxidant mechanisms triggered under this tension
(6 nm). They also suggested that the reducing effects of nano-
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Fe3O4 will differ depending on the form of heavy metal. They con-
ducted a study with magnetic (Fe3O4) nanoparticles on the toxicity
and oxidative stress caused by four heavy metals (Pb, Zn, Cd, and
Cu) to early seedling of wheat to investigate the impact of nanopar-
ticles on reducing heavy metal phytotoxicity. Two concentrations
of heavy metals were applied, i.e., 1 mM and 10 mM single or com-
bined with nano- Fe3O4 (2000 mg L-1). Seedling growth, heavy
metal accumulation, and oxidative stress were investigated. Based
on US EPA (1996) guidelines, the safe concentration of nano- Fe3O4

is 2000 mg L-1 ,where no harmful effects on root growth are
observed in tested plants. Furthermore, this concentration of
nano- Fe3O4 had a reducing effect on Cd (25 mg L-1) toxicity in
wheat and cucumber seedlings, according to Wang et al. (2010).
10. The agricultural applications of nano-materials and its
safety

The nanoparticles have tremendoushave tremendous potential
for use in a variety of critical areas such as pharmaceuticals, horti-
culture, etc. however, the risks of these materials pose to humans
and the environment remain unknown. The term "nano-
toxicology" is not only used to determine the poisonous effect of
these products, but also to advance a safe strategy for their use
(Oberdörster et al., 2005). The difficulties in comparing the protec-
tion or poisonous nature of these nanomaterials, according to
Riediker et al. (2004), can be due to many factors, including size
and shape, the chemical substrate, synthesis process, biological
substrates, and reactions in the media of applications.
Oberdörster et al. (2005) found that the toxicological properties
of nanoparticles must be limited to a specific item at a specific
time. To determine the NPs residues in the environment and/or
be exposed to the biological system, it is essential to determine
the toxicological data for any nano-product. Although there is no
clear evidence that NPs cause human disease. Some studies have
suggested that they can trigger biological responses that lead to
toxicological outcomes, such as cell inflammatory responses and
genotoxic effects in the form of DNA damage, according to Haji
et al (2016). On the other hand, nano products, have more notable
effects in the promotion of plant crops, such as environmental pro-
tection, financial stability, and biological sustainability. Tiwari
et al. (2012) found that nanomaterials increase plant resistance
to biotic and abiotic stress, whereas nano-fertilizers improve over-
all plant health. Until implementing nanotechnology thier risks
must be assessed. Until a new nano-fertilizer can be marketed,
the environmental and public health impacts must be assessed,
validated, and reduced through regulation and re-design of the
product, according to (Nel et al. 2006). The behavior and toxicity
of nanopaicles depend on particle size, used dosage, fabrication
materials, e.t.c. According to a study conducted by (Pullagurala
et al. 2018). Nanomaterials have adverse effects on plants when
exposed to higher concentrations of these NPs, while lower doses
applied under particular conditions have beneficial effects. Reddy
et al. (2016) found that using engineered nano fabrics at high con-
centrations (>500 mg L-1) are phytotoxic, applications at lower
concentrations (50 mg L-1) have a beneficial effect. According to
Nair and Chung (2017), when plants were exposed to high concen-
trations of ZnO NPs, the roots were blocked, resulting in a loss of
macro- or micronutrients and a reduction in other supplements
uptake. Chemical-derived NPs can cause toxicity when they inter-
act with other media, and produce hazardous byproducts (Jaison
et al. 2018). To address this problem, the tendency to synthesize
nanoparticles with bio-strategies. According to Lyon et al.,
(2005), the atmosphere affects the behaviors and security of
nano-materials because NPs are non-toxic to soil microorganisms
but poisonous to marine micro-flora. The US Food and Drug
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Administration (FDA) has considered this crucial problem of the
adverse effects of NPs products and has concluded that they are
neither safe nor harmful for human use (Haji et al. 2016).

11. Conclusion

The invention of engineered nanomaterials is a technological
breakthrough in material design and consumer product develop-
ment. Nanotechnology’s use in agriculture is still in its infancy.
However, has the potential to transform agricultural systems, par-
ticularly when it comes to fertilizer application issues. The use of
various nano-fertilizers has an exceptional impact on crop produc-
tion through reducing fertilizer costs and emission risks. Nano-
fertilizers are more soluble, reactive, and they can increase pene-
tration through the cuticle that allows for targeted delivery and
controlled release. Crop growth, yield, quality, and nutrient use
efficiency are all improved by nano-fertilizers, which reduce abi-
otic stress and heavy metal toxicity. Meanwhile, there is a focus
on the danger of consuming and conducting a limited operations
rather than the technology’s advantages and effectiveness.
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