
Middle East Journal of Agriculture Research 
 Volume: 10 | Issue: 04| Oct. – Dec.| 2021 

 

EISSN: 2706-7955   ISSN: 2077-4605 
DOI: 10.36632/mejar/2021.10.4.81  
Journal  homepage: www.curresweb.com 
Pages: 1182-1249 

 
  

Corresponding Author: Abou Seeda M.A., Plant Nutrition Dept., National Research Centre, 33 El Buhouth St., 
12622 Dokki, Giza, Egypt. E-mail: mabouseeda@gmail.com 

1182 

Impact of Nano-Fertilizer on Nutrient Uptake and Translocation under Climatic 
Changes Condition 
 

1Abou Seeda M.A., 2Abou El-Nour E.A.A, 1Yassen A.A. and 1Sahar, M. Zaghloul 
 
1Plant Nutrition Dept., 2Fertilization Tech. Dept., National Research Centre, 33 El Buhouth St., 12622 
Dokki, Giza, Egypt. 

Received: 20 Sept.  2021 Accepted: 05 Nov. 2021 Published: 20 Nov. 2021 
 
ABSTRACT 
Nanotechnology has become a very advanced and popular form of technology with huge potentials. It 
has been well explored in the fields of electronics, automobiles, construction, medicine, and cosmetics, 
but the exploration of nanotechnology’s use in agriculture is still limited. Due to climate changes, 40% 
of crops face abiotic and biotic stress; with the global demand for food increasing. Nanotechnology is 
the best technique to mitigate challenges in disease management in crops by reducing the use of 
chemical inputs such as herbicides, pesticides, and fungicides. Recently, nanotechnology research has 
suggested the development of NPs as a powerful manner to reduce the existing problems resulting from 
conventional fertilizers in traditional agricultural systems. Nutrient deficiency in food crops is seriously 
affecting human health, fundamentally those in the rural areas, and nanotechnology may become the 
most sustainable approach to attenuating this challenge. Nanotechnology in agriculture can bring many 
benefits, such as better use of nutrients by plants, reducing waste. Since plants can absorb nutrients 
from fertilizers, but most conventional fertilizers have low nutrient use and uptake efficiency. 
Nanofertilizers are therefore, engineered to be target oriented and not easily lost, furthermore are 
essential resources in agriculture in order to increase crop production, quality, productivity, and boost 
nutrient uptake. Nano-fertilizer is efficient for specific use of nutrients at appropriate time of plant 
growth and can provide nutrients as a whole with the crop. Growing crops with intensive fertilization 
may be limiting to crop growth due to nutrient toxicity. The applicability of nanotechnology benefits to 
date, has not yet reached up to field conditions. Functions of nanoparticles depends on their 
physicochemical properties, the method of application, and concentration. It is important to understand 
plants underlying mechanism and response towards nanoparticles, and the gene expression changes 
 
Keywords: sustainable agriculture, nanotechnology, nano fertilizers, nutrient security, Plant 
improvement growth, Productivity 

 
1. Introduction 

There are presently dozens of dissimilar definitions of what nanotechnology is or can be; it is 
important to realize that no specific definition has been agreed upon. The presence of many definitions 
is a good indication that nanotechnology may cause confusion between the categories of theoretical and 
applied research, and research funded by the public and private sectors. The various specialized 
backgrounds and national scientific institutions offer different concerns and ideas to influence what 
nanotechnology will be Borm et al., (2006), IFCS (2018). A review by the European Center for Eco 
toxicity and Chemical Toxic, mentioning the definitions and descriptions of different types of 
manufactured nanomaterials, nanoscale devices and nanoscale devices. The nano-science defined as the 
study of phenomena of materials of atomic and molecular sizes, and the large particles that can be seen 
with the naked eye and their circulation, where their characteristics and method differ its circulation 
differ greatly from larger materials. Nanotechnologies were defined as the design, characterization, 
production, and application of structures, devices, and systems by controlling the shape and size of 
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nanometers. Nanotechnology is defined as dealing with efficient devices based on the use of subunits 
with specific size-dependent properties IFCS (2018), Sanaa et al., (2020). Many studies and research 
have emerged in recent years dealing with the introduction of nanotechnology in the agricultural field, 
which is called Agro-nanotechnology where nano ceria are characterized by unique characteristics due 
to their small size and large surface area leading to increase the absorption surface, furthermore 
increasing photosynthesis process, and thus increasing the yield production Fig. (1). 

  

 
Fig. 1: Schematic illustration of nanoparticles (NPs) uptake by roots, and cellular toxicity induced by NPs 
exposure. (A) Plants cultivated on medium supplemented with NPs. (B) Plants cultivated in soils mixed with NPs. 
(C) Foliar exposure of plants to NPs. (D) Symplastic and apoplastic transport of NPs into plant cells. (E) Cellular 
toxicity of exposure to NPs. NPs can effectively penetrate plant cells and trigger oxidative stress responses through 
generation of reactive oxygen species (ROS), and consequently interfere with different metabolic pathways in the 
cell by attacking membranes, lipids, DNA and proteins. In addition, the plant defense mechanisms consisting of 
both enzymatic and non-enzymatic antioxidant systems against toxic effects caused by overproduced ROS. 
AfterMa et al., (2015b).  
 

Kou et al., (2018). Sanaa et al., (2020) indicated that the use of nanoscale applications in the 
agricultural process to improve the entire food production from the beginning of the production process 
to the end of packaging, and that it has a significant impact in increasing the productive efficiency of 
the cultivated area. A vegetative sum or added by ground transactions by increasing the activity of 
photosynthesis processes (by increasing the leaf content of chlorophyll Fig. (2). 

Living organisms can absorb nanoparticles present in the environment, especially since, many 
countries have set standards and conditions for the use of this technology, especially in the agricultural 
field, because of environmental pollution, if it occurs, maybe faster through food and the environment 
Sanaa et al., (2020). 

Significant technical advancements and innovations have been made in recent years in agriculture 
to meet the growing challenges of sustainable agricultural production and food security Dwivedi et al., 
(2016) Kou et al., (2018). The world needs to generate 50% more food by 2050 to meet the needs of 9 
billion people. This goal can only be accomplished by technical interventions to increase productivity, 
as land and water resources are constrained. Arable land shortage, irrigation, and reliance on 
conventional crops are the key concerns that have drawn the researcher’s attention to using various 
methods. It is not surprising that attempts have been made to improve the agricultural sector using 
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nanotechnology and nanomaterials because of nanomaterials’ obvious special and incredible properties 
Grillo et al., (2015), Parisi et al., (2015). 

 

 
Fig. 2: Illustrates nanotechnology-based agriculturally important nano fertilizers increase agronomic productivity, 
efficiency, and reduce environmental stress. Efficient utilization of nanotechnology in agriculture for future 
sustainability. 

 
In particular, the use of different kinds of nanomaterials consists of metal oxides, silicates, ceramics, 
magnetic materials, semiconductors of quantum dots (QD), polymers, lipids, dendrimers, and emulsions 
Parisi et al., (2015), Bindraban et al., (2015) , Jeyasubramanian et al., (2016). The goals are to minimize 
the quantity of applied plant protection products (APPP), alleviate nutrient losses during fertilization, 
and maximize revenue in the agriculture sector through better nutrient management Mirzajani et al., 
(2013). Many factors depend on the increased use of nanoparticles (NPs) in agriculture, including well-
known effects, potential toxicity, monitored fate, and overdose levels. NPs can communicate with their 
environment, and plants are a key component of all ecosystems. Therefore, it can be concluded that NPs 
can communicate with plants and that these interactions, such as their intake and their accumulation in 
plant biomass, will affect their environmental fate and transport Servin et al., (2015), Jeyasubramanian 
et al., (2016). Nanomaterials can penetrate plant tissues, but their aggregation in the ecosystem and their 
effectiveness as smart delivery systems in living plants have implications. It is important to understand 
whether plants can consume intact NPs and transport them to other plant tissues. Nanomaterials can 
enter plant tissue from either root tissues or aboveground tissues (e.g., cuticles, stomata, hydathodes, 
and trichrome) as well as through root junction and wound regions, furthermore enhance the agronomic 
capabilities Mirzajani et al., (2013), Verma et al., (2019), Duhan et al., (2017). Nanomaterials are used 
as sensing materials Medina-Pérez et al., (2019), Jeyasubramanian et al., (2016), herbicides, pesticides, 
and Nano fertilizers MC et al., (2010), Liu and Lal (2015), improve the plant nutrients, and act as 
carriers for controlled release of agrochemical Lv et al., (2019), Verma et al., (2019). Nanomaterials 
also speed up plant adaptation to various climatic changes and enhance plant tolerance Torabian et al., 
(2018), Kim et al., (2017). The biological function of nanoparticles depends on their physicochemical 
properties, the application method (soil, foliar, and hydroponics), and the used concentration. 
Nanomaterials have also demonstrated their prominent role in plant tissue in vitro cultures, such as 
callus induction, organogenesis, somatic embryogenesis, and secondary metabolite production Kim et 
al., (2017). Suggesting that plant cells can accumulate nanoparticles through their cell walls, but the 
mechanism is still not well understood. Although the use of nanomaterials for DNA delivery in plant 
cells has also been studied in the past Kim et al., (2017), Serik et al., (1996), substantial developments 
have been made in recent years. This article aimed to examine the role of nanotechnology in the delivery 
of NPs, improve seed germination, and plant growth under both natural and environmental stress.  

 
1-1 Nanotechnology for economically and improving yield production 

Nanotechnology is the study of nanoscale (1–100 nm) materials known as nanoparticles (NPs), 
exhibiting unique and novel physical, chemical and biological properties Abbasi Khalaki et al., (2020) 
Over the past decade, the use of nanotechnology in the agricultural field has gained momentum by 
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delivering robust applications, Savassa et al., (2018). Anderson et al., (2021). Including Nano- 
technological applications in plant disease resistance and plant growth that have overwhelmingly 
remoulded the agricultural sector Ramalingam et al., (2015). Almutairi and Alharbi (2015), The major 
applications of nanotechnology in agriculture are represented in Fig. (3).  

 

 
Fig. 3: Overview of nanotechnology applications for enhancing Quality and yield 
 
Including the following: 
-  Improving seed germination using nano formulation 
-  Formulation of nano fertilizers for balanced crop nutrition 
-  Development of nano- herbicides for weed control 
-  Development of efficient nano pesticides for pest and disease control 
-  Management of post-harvest diseases and improving post-harvest quality 
-  Diagnostic devices based on nano- sensors for monitoring agro- ecosystems 
-  Improved agricultural engineering using nanotechnology in the field of Agricultural machinery. 

 
1-2 Nanoparticles in agriculture and their manufacturing  

The emergence of nanotechnology has revolutionized the scientific world because of its novelty, 
high growth and pertinent broad impacts. These NPs have flexible physical properties with a large 
surface area to volume ratio and a strong affinity for proteins. Polymeric nanoparticles have been most 
commonly extensively used in making nanoproducts or formulations for potential use in agriculture. 
These polymeric nanoparticles are defined as particles of diameter < 1 μm and made up of either 
biodegradable or non-biodegradable polymers from synthetic or natural source. Mostly pesticides or 
fungicides are either integrated in the matrix or attached to the surface. Polymers are used as 
nanocarriers for formulating nano-agrochemicals that classified as natural and synthetic polymers such 
as Natural polymers are obtained naturally and can used directly, such as alginate, gelatin, albumin and 
chitosan Fig. (4). 

 Synthetic polymers are chemically synthesized and do not occur in nature, such as polylactides 
(PLA), polylactides-co-glycolide (PLGA), poly epsilon-caprolactone (PECL), poly ethylene glycol 
(PEG) and poly butyl cyanoacrylate (PBCA) Fig. (5).  

Based on biodegradability, polymers that classified into biodegradable and Non-biodegradable 
polymers. Biodegradable polymers are degraded easily in the environment by the influence of microbial 
action, such as polylactides (PLAs), poly cyanoacrylate and poly (D, L-lactides). However, non-
biodegradable are not degraded by microbial interventions and are hard to dispose and hazardous to the 
environment, such as polyethene and polystyrene Fig. (6). 
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Fig. 4: Illustrates the classification of polysaccharides based on their origin 

 
 

  
 
Fig. 5: Illustrates the classification of synthetic polymers, such as polylactides (PLA), polylactides-co-glycolide 
(PLGA), poly epsilon-caprolactone (PECL), poly ethylene glycol (PEG) and poly butyl cyanoacrylate (PBCA) 

 

 
Fig. 6: Illustrates classification of bio plastics, where PGA can be made from either Biomass or Fossil-
based natural gas. 
 
1- Principles of Seed Priming and Germination  

Nano emulsions have been reported for influencing on seed germination and growth significantly 
in many crop plants. Using of Nano formulations on plant growth regulators (plant growth promoting 
substances) in the form of nano emulsions as well as nano fertilizers gradually improves the rate of seed 
germination, influences breaking seed dormancy and improves seedling vigour Fig.(7). Use of various 
nanoparticles, such as of Ag Almutairi and Alharbi (2015), FeS2, ZnO and Co nanoparticles Hoe et al., 
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(2018), SiO2, Karunakaran et al., (2015), has shown promising results in seed germination and plant 
growth. Nanoparticles are known to penetrate the seed coat and exert a beneficial effect on the process 
of seed germination through increasing water absorption, nitrate reductase enzyme levels, seed 
antioxidant systems, reduced antioxidant stress through H2O2 and superoxide radicals by increased 
enzyme activity (superoxide dismutase, ascorbate peroxidase, guaiacol peroxidase and catalase). The 
principal factors of nanoparticles are their increased surface area and quantum effects, which enable 
easy absorption and smart delivery of nutrients. In addition, aspect ratio of the size of nanoparticles 
helps in competitive binding with receptors and in subsiding reactive oxygen species. Some types of 
nanoparticles have been found to be well known for their antimicrobial properties, which results in 
controlling seed-borne pathogens 

 
Fig. 7: Illustrates seed nano-priming. The nanoparticles can be defined as (i) active nanoparticles, which 
are systems that can have a stimulatory effect on plant growth and development, or (ii) nanocarriers 
systems providing sustained release, where the nanoparticles can be active or inactive, and are loaded 
with an active ingredient. After Anderson et al., (2021) 
 

Anderson et al., (2021), reported that, Germination is one of the most important steps for the 
establishment of plants in agriculture and is fundamental for crop quality Acharya et al., (2019), Abbasi 
Khalaki et al., (2020), Savassa et al., (2018). The rapid development of seedlings ensures fast expansion 
of the leaves and elongation of the roots, which favor for the uptake of nutrients, their translocation, 
and biomass production Acharya et al., (2019), Mahakham et al., (2016) and Chandrasekaran et al., 
(2020). Slow germination can expose the young seedling, which is one of the most vulnerable stages of 
plant life cycle.Many environmental stress conditions or pathogens, resulting in decreases in vigor and 
crop productivity, leading to economic losses for farmers Acharya et al., (2019).The process of seed 
germination is usually divided into three phases, as summarized in Fig. (8), Nonogaki et al., (2010), 
Nonogaki et al., (2014). It begins with imbibition (phase I), when the fast water uptake triggers seed 
basal metabolism, as transcription, protein synthesis, and mitochondrial activity. In phase II (activation 
or lag phase), water uptake is limited, but the metabolism becomes hyperactive with the production of 
enzymes required for reserve mobilization and embryo development, including amylases, 
endoxylanase, and phytase. Seeds exhibit again fast water uptake, and embryo growth culminates in 
radicle protrusion particularly in phase III, Nonogaki et al., (2010), Ibrahim, (2016).  

Seed germination process is finely regulated by signaling molecules including Reactive Oxygens 
Species (ROS) and phytohormones Oracz, and Karpi (2016), Bailly (2019) Fig. (9). Apoplastic ROS 
generation is directly related to cell wall loosening, which allows water uptake and cell extension Oracz, 
and Karpi (2016), Bailly (2019). The abscisic acid and gibberellins work antagonistically to determine 
seed germination or dormancy, and auxins could act in the maintenance of seed dormancy Choudhary 
et al., (2020). The ROS produced regulate gene expression and phytohormones signaling and the 
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homeostasis of abscisic acid, gibberellins, auxins, and ethylene to control cellular events related to seed 
germination Choudhary et al., (2020), Bailly (2019)., Shuai et al., (2016). However, when ROS levels 
are too high, extensive oxidative damages occur, hampering seed germination Bailly (2019). ROS 
content must be, therefore, spatio-temporally controlled to be enclosed in the so-called oxidative 
window, which ensures proper germination completion Bailly (2019), Wu et al., (2020). Seed priming 
is a traditional technique used in agriculture to promote seed germination and plant establishment, based 
on a preliminary preparation of seeds prior to sowing Ibrahim (2016), Bourioug, et al., (2020), Carrillo-
Reche et al., (2018). It is usually a water-based methodology, whereby seeds are hydrated followed by 
drying, or some physical methods are applied as ultraviolet light (UV) priming Lemmens et al., (2019). 

 
Fig. 8: Represents germination phases and reactive oxygen species (ROS) effects. (a) The germination process is 
subdivided into three phases: phase I (water uptake), phase II (metabolic activity, with initiation of degradation 
of starch reserves and preparation for embryo development), and phase III (embryo development and emergence 
of the radicle). (b) The ROS act by destabilizing cell wall, allowing water uptake and cell elongation; (c) ROS 
level in seeds and hormones production. After Anderson et al., (2021). 

 
Absorption of water must be adequate to trigger the metabolic pathways for pre-germination 

(phases II and I), without resulting in radicle emergence Fig. (9). This process affects the seed 
metabolism at molecular and cellular levels (e.g., transcriptomic reprogramming, enhanced capacity for 
reserve mobilization, cell wall loosening, increased potential for protein synthesis and post-translational 
modifications), inducing a particular physiological state, which speeds up or even improves the 
germination and vigor of the primed seeds on a novel imbibition Ibrahim (2016), Bourioug, et al., 
(2020), Carrillo-Reche et al., (2018). The moderate stress imposed by both soaking and subsequent 
drying may also induce stress-related responses (e.g., antioxidant mechanisms, heat-shock proteins), 
resulting in cross-resistance to other stress factors. Moreover, a faster germination shortens per se the 
exposition of the germinating seeds to adverse soil conditions Fig (10). 
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Fig. 9: Metabolic transitions evidenced from Arabidopsis de novo synthesized proteins during the three canonical 
phases of seed germination. During Phase I, the hydrated seed translates stored mRNAs and restarts the late seed 
developmental program as exemplified by the synthesis of seed storage proteins (e.g. cruciferin (CRA)) and late 
embryogenesis abundant proteins (e.g. LEA1). The transition from Phase I to Phase II is characterized by the 
action of important remodeling/repair (e.g.rotamase cyclophilin (ROC1)), antioxidant (e.g. 
monodehydroascorbate reductase (MDAR6)), and detoxification mechanisms (e.g. mercaptop yruva tesulfurtran 
sferase 1 (MST1)). During Phase II, seed storage and other proteins are degraded by the combined action of the 
proteasome (20S proteasome subunit PAB1) and peptidases (peptidase S8/S53, tripeptidyl peptidase II (TPPII)) 
that fuel amino-acid-incorporating metabolism (glutamine synthetase 1.3 (GLN1.3)). Immediately preceding 
Phase III, seedling establishment is prepared thanks to the mRNA translation cytoskeleton components (Actin2 
(ACT2), Tubulin 3 (TUB3)). The vertical dashed lines distinguish the three phases of Arabidopsis seed 
germination based on water uptake kinetics. The red bar represents the mRNA translational activity based on 
radiolabeled Met incorporation. 

 

 
Fig. 10: Schematic model of possible mechanisms behind the changes induced in the physiological, biochemical 
and metabolic attributes of barley seedlings during drought stress and post-stress recovery with Si NPs. 
Abbreviations: silicone nanoparticles (Si NPs), sodium silicate (Na2SiO3), mild drought stress (MIDS), moderate 
drought stress (MODS), severe drought stress (SDS), control plants (NDS, no drought stress), leaf silicone (Si) 
content, shoot biomass (SB), leaf relative water content (RWC), total chlorophyll (TCHL), total carotenoid 
(TCAR), soluble protein (SP), soluble sugar (SS), total phenolics (TPHC), total flavonoids (TFD), hydrogen 
peroxide (H2O2), malondialdehyde (MDA), electrolyte leakage index (ELI), membrane stability index (MSI), 
non-recovery (NR), recovery with distilled water (RW), superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POD), ascorbate peroxidase (APX), tryptophan (TRTN), phenylalanine (PHAN), glutamic acid (GLUA), and 
leucine (LECN), ferulic acid (FERA), and vanillic acid (VANA). 
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Thus, seed priming has been successfully used to accelerate and synchronize germination, improve 
seedling vigor, and make the plants more resistant to abiotic and biotic stresses, resulting in 
improvements of productivity and food quality Acharya et al., (2019), Mahakham et al., (2016) and 
Carrillo-Reche et al., (2018). Different types of seed priming can be used, such as hydro priming or 
hydro-thermo priming, where the seeds are hydrated using water treatment (usually limited to period of 
7–14 h), which allows the occurrence of germination phase II Lemmens et al., (2019). The technique 
may be applied with temperature alternation (cold and hot) Carrillo-Reche et al., (2018). In the case of 
osmopriming, solutions of low water potential are used to control hydration (around 10–20%), altering 
seed metabolism through an additional abiotic stress factor Lemmens et al., (2019) Fig. (11). 

 
Fig. 11: Proposed possible mechanisms used by auxin-and abscisic acid (ABA)-priming and their Roles 
on the germination, growth, and development of plants under different stresses 
 

Other methodologies, such as halo priming, hormo-priming, and bio priming, can be used as pre-
sowing treatments, using solutions containing salts Saddiq et al., (2019), plant growth regulators Sytar 
et al., (2019), and microorganisms Lemmens et al., (2019). 
 
2- Nano fertilizers 

Plants need some essential elements for growth and living. Nitrogen, phosphate, potassium, 
calcium, magnesium, sulfur, iron, manganese, zinc can be listed among these necessary elements. Most 
of these elements are found in soil; however, they are not sufficient in some cases for the plant growth. 
In this case, the manufacturers use fertilizers that include the elements necessary for the plant growth. 
Moreover, because of unconscious over-fertilization, only plants utilize the 50% of fertilizer, and the 
rest is removed causing adverse effects to the people, animals and environment. Using of intensive 
fertilization of gradually increased the accumulation of pollutants in the soil. Consequently, leads to 
imbalance of the elements present in the soil, breakdown of soil reaction, and decrease in the crop 
production potentials. Low quality and the long-term serious health problems in humans and animals 
fed with the nutrients and forage that accumulates toxic substances Ditta and Arshad (2015).  

Advances in nanotechnology offer significant advantages to minimize these negative properties of 
fertilizers; fertilizer carriers, which are called as smart fertilizers, or the nanosized materials as the tools 
of controlled release, increase the effectiveness of fertilizer used and hence reduce the amount 
significantly. Furthermore, minimized the pollution from fertilizers in soil, water resources and in food 
products. The most important features of nano-materials, plants due to a more efficient contact can 
easily take the nano-fertilizers. Reduction of the frequency and amount of fertilizer application has an 
economic benefit because of the decreased fertilizer and labor costs. Compared to commercial 
fertilizers, the nano-fertilizers lead to a higher increase in product yield. Several researchers Cui et al., 
(2010), De Rosa et al., (2010), Naderi et al., (2013), Ditta et al., (2015), , El Aila and. AbouSeeda, 
(1997), (1996), reported that nutrients retain their activity in the soil longer due to nano-fertilizers.  
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Wu et al., (2008) improved a chitosan-coated NPK composition fertilizer with both controlled-
release and water-retention abilities, by using an inner coating of chitosan, and an outer coating was 
poly (acrylic acid-co acrylamide) P (AA-co-AM) Fig. (12). 

 
Fig. 12: Optical microscope images (3150 magnification) of the various NPK fertilizer granules: (a) original 
(uncoated), (b) PVA-coated, (c) PVA/CS bilayer-coated, and a cross-section of the (d) PVA/cross-CS bilayer-
coated, and (e) PVA/cross-CS/poly (AA-co-AM) trilayer-coated hydrogel from synthesized condition of AA: AM 
at 97: 3 molar ratios. The inset small figures inserted in (d) and (e) are the non-cross-section of the two figures 
themselves. 

 
Supaporn et al., (2015) stated that morphology of the Different Coated NPK Fertilizer Granules 

Representative optical microscopy images (1503 magnifications) of individual granules of the NPK 
fertilizer at various stages of treatment illustrated in Fig. (12). the uncoated NPK fertilizer granules Fig. 
(12a) had the smallest size compared to those of the differently coated fertilizers. The PVA-coated 
fertilizer granules Fig. (12b) had a whiter and smoother surface, while although the PVA/CS bilayer-
coated granules Fig. (12c) were of a similar size to the PVA-coated ones their surface was whiter and 
rougher. The PVA/cross-CS bilayer-coated fertilizer granules Fig. (12d) had a darker, reddish brown 
surface, which is because the GA vapor was deposited on, cross-linked the CS-coated fertilizer, and so 
changed its surface color from white to a slight reddish brown color. The surface of the trilayer-coated 
fertilizer hydrogel Fig (12e).It was observed that the product indicated a slow controlled release of the 
nutrients. The nutrients released did not exceed 75% on the 30th day. Moreover, chitosan is a readily 
biodegradable product, while the P (AA-co-AM) can also be degraded in soil, so neither the matrix 
polymers nor their degraded products were destructive to the soil. In a study by Liu et al., (2009 a&b), 
nano-calcium carbonate was compared with humic acid, and organic fertilizer in groundnut, and 
reported that at low concentrations the nano-calcium carbonate leads to an increase in the number of 
leaves and leaf area, dry weight, the soluble sugar and peanut protein content. Nano-based kaolin clay 
layers were developed again by the same researcher in 2006 as a coating material to be used for 
controlled release of fertilizers. Corradini et al., (2010) studied chitosan nanoparticles as an antibacterial 
material for slow release of the fertilizers Kashyap et al., (2015).The use of Nano porous zeolites was 
also studied for both increased efficiency and slow release of fertilizers Chinnamuthu and Boopathi 
(2009), EL-Aila et al (2003).It was showed that SiO2 nanoparticles improved germination in tomato 
(Lycopersicum esculentum) seeds Ramalingam et al., (2015). In a study conducted by Kottegoda et al. 
(2011), urea was modified with hydroxyapatite nanoparticles and encapsulated into Gliricidiasepium’s 
wood spaces under pressure, and compared with commercial fertilizers Fig. (13).  
The nano-fertilizer showed an explosion first, followed by a slow release. Lu et al., (2002) have studied 
the effect of TiO2 nanoparticles on corn growth, and reported that TiO2 has a significant effect on 
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growth, and titanium nanoparticles enhance light absorption and photo-energy transfer. Moreover, in 
another study they reported that SiO2 and TiO2 nanoparticles increase the nitrate reductase activity in 
soybean plants, and enhanced the plant absorption capacity Fig. (14). 

 
Fig. 13: (a) TEM image of urea-HA monohybrids (Hydroxyapatite (Ca10 (PO4)6 (OH)2nanoparticles (HA NPs)) 
showing the Nanorod-like superstructure (scale bar represents 10 nm). (b) HRTEM image of urea-HA nanohybrid 
representing an internal structure of the urea-coated Nanorod (scale bar represents 1 nm). (c) Hexagonal 
morphology of the urea-HA monohybrids (scale bar represents 1 nm). SEM images showing the attachment of 
beads to form rod-like NPs: (d) bead-like NPs as synthesized and (e) formation of rod-like structures after spray 
drying. 

 
Nanotechnology in agriculture have successfully demonstrated the utility of nanomaterials as 

potential plant growth regulators, but practical application of nanomaterial-based fertilizers on 
agricultural lands requires a suitable substrate to effectively disperse the nanomaterials Kumar et al., 
(2018). Nano fertilizers relates to nano formulations of fertilizers like N, P and K along with other 
essential minerals and micronutrients. They are modified fertilizers synthesized by chemical, physical 
or biological methods involving nanotechnology with the aim to improve their attributes and 
composition as well as enhance the productivity of crop plants Singh et al., (2017). Their formulations 
are made with the prime motto for achieving the following objectives: (a) to reduce element 
volatilization, (b) increase nutrient uptake, (c) improve nutrient use efficiency, (d) to reduce fertilizer 
dosage, (e) improve soil microflora and fauna and (f) improve water-holding capacity. Nano fertilizers 
application is expected to improve the yield and nutritive value of crop plants, thereby resulting in 
improved plant health. 

 
Fig. 14: Multifaceted functions of nTiO2 in plants. Three different hypotheses have been proposed to explain the 
nTiO2 functions in plants. nTiO2 has both pro-oxidant and antioxidant functions in modulation of reactive oxygen 
species (ROS) signalling. nTiO2 also affects plant nitrogen status by modulating inorganic-to-organic nitrogen 
conversion rate. The size, shape and concentrations of nTiO2 affect its functioning through regulating its 
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availability to the plants. The combinatorial interactions among these three components decide the overall 
functions of nTiO2 in plants 

The most commonly used nanocarriers of nano fertilizers are chitosan and oleyl amine along with 
surfactants such as gluconic acid and cellulose. In order to stabilize and prevent agglomeration, 
polymers like polyethylene glycol (PEG), poly N-vinyl-2pyrrolidone (PVP), poly (methyl 
methacrylate) (PMMA) and poly (methacrylic acid) (PMAA) are also used in nano fertilizers 
commercial formulations Grillo et al., (2015).  

 
3-1- Classification of nano fertilizers 

Four classes of nano fertilizers are currently available such as - Nitrogen nano fertilizers - Potash 
nano fertilizers - Zinc nano fertilizers - Nano porous zeolite. Among these, zeolites are unique as they 
individually serve as a fertilizer as well as can be used as a material for nano formulation of other 
nutrients. Zeolites at nanoscale considering as slow release of fertilizers by virtue of their property to 
form pores, which can hold cations, small molecules and water within a crystalline state Fig. (15), (16). 

 

 
Fig. 15: Overview of carbon-based hard-templating routes for hierarchical zeolites. Top graphical representations 
of zeolite-carbon composites, bottom electron micrographs of final hierarchical zeolite materials. (a) MFI zeolite 
single crystal synthesized with 12 or 18 nm carbon nanobeads, (b) silicalite-1 single crystal synthesized with 12 
nm wide, micron-sized carbon nanotubes, (c) ordered mesoporoussilicalite-1 synthesized with KIT-6 silica 
replicated CMK-L carbon, (d) 3DOM BEA zeolite synthesized with 3DOM carbon replicas, (e) hierarchical MFI 
zeolite synthesized with pyrolyzed sugar/silica composites. After Mo¨ller and Bein (2013). 
 

  

 
Fig. 16: Illustrates the Chabasite (left) is one of the many zeolite frameworks that are used as industrial catalysts. 
Its catalytically active site is a bridging hydroxyl group. A synthetic 2D zeolite model (right), prepared at CFN, 
has the same bridging hydroxyl active site, allowing Boscoboinik and his colleagues to study zeolite chemistry 
on a 2D material. 
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They can hold cationic nutrients e.g. (NH4
+and K+) as well as anionic forms such as SO4

2−, NO3
− 

and PO4
3− with surface modification by the cationic surfactanthexadecyltrimethylammonium bromide 

(CTAB). Zeolite NPs have been employed in delivering nitrogen, phosphorous, potassium and sulphur 
Subramanian et al., (2015), Manikandan and Subramanian (2014) Fig. (17). 

 
Fig. 17: Illustrates the SEM micrograms with EDS of (a) Nanoporous zeolite, (b) nano-zeourea (1:1). 
 

Nanofertilizers are applied to the soil or sprayed as foliar application. Soil applied nano fertilizers 
facilitate easy movement in the soil, increasing the release of nutrients and penetration into the roots, 
thereby enabling better uptake and translocation in the plant system, while foliar spray nano fertilizers 
increase chlorophyll formation and dry matter production, which consequently improve plant growth 
Dhokev et al., (2013). They are less toxic to humans and animals Leon-Silva et al., (2018). Movement 
of nanoparticles in the plants is determined by the mode of application of nanoparticles. A nanoparticle 
having better translocation ability via phloem is more likely to get a good distribution in the plant Fig. 
(18). 

 
Fig. 18: Illustrates factors influencing absorption, uptake, transport and penetration of nanoparticles in plants. (A) 
Nanoparticle traits affect how they are uptaken and translocated in the plant, as well as the application method. 
(B) In the soil, nanoparticles can interact with microorganisms and compounds, which might facilitate or hamper 
their absorption. Several tissues (epidermis, endodermis...) and barriers (Casparian strip, cuticle...) must be 
crossed before reaching the vascular tissues, depending on the entry point (roots or leaves). (C) Nanomaterials 
can follow the apoplectic and/or the simplistic pathways for moving up and down the plant, and radial movement 
for changing from one pathway to the other, (D). Several mechanisms have been proposed for the internalization 
of nanoparticles inside the cells, such as endocytosis, pore formation, mediated by carrier proteins, and through 
plasmodesmata.  
 

Alejandro Pérez-de-Luque (2017), reported that absorption and uptake of Nanoparticles by plant 
affected by several factors related to the nature of the nanoparticle itself, but with the plant physiology 
and the interaction of the nanomaterials with the environment Fig. (19). Nanoparticle traits will greatly 
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influence its behavior. Size seems to be one of the main restrictions for penetration into plant tissues, 
and there are some reports about the maximum dimensions that plants allow for nanoparticles to move 
and accumulate inside the cells, usually with 40–50 nm as a size exclusion limit González-Melendi et 
al., (2008); Corredor et al., (2009); Sabo-Attwood et al., (2012); Taylor et al., (2014). Additionally, the 
type of nanoparticle and its chemical composition is another factor influencing the uptake Ma et al., 
(2010); Rico et al., (2011), whereas morphology has also been demonstrated as determinant in some 
cases Raliya et al., (2016). Functionalization and coating of the nanomaterial surface can greatly change 
and alter the properties for its absorption and accumulation by the plant Judy et al., (2012). Plant species 
can differ in their physiology, and such differences result in variations regarding uptake of 
nanoparticles, as reported by Cifuentes et al., (2010), Larue et al., (2012), and Zhu et al., (2012). 
Nevertheless, nanoparticles interact with other components of the environment, and it can affect their 
properties and their traits for being assimilated by plants Fig. (20).  
 

 
Fig. 19: Represents Schematic presentations of nanoparticles uptake, translocation and phytotoxicity. 
 

Humic acids and other organic material in the soil can also improve the stability and furthermore 
better bioavailability of nanomaterials. Even more, the presence of other organisms, such as bacteria 
and fungi, influences the plant uptake of nanoparticles, such as microorganisms that establish symbiosis 
with plants as in the case of mycorrhizal fungi, Fig. (20). 
 

 
Fig. 20: Illustrates an overview on metal-based nanoparticles and their toxicity to beneficial soil Bacteria and 
Fungi  
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Feng et al., (2013); Wang et al., (2016). Navarro et al., (2008), reported salt ions might induce 
precipitation and trigger and gradually decrease the availability of nanoparticles by plants Fig. (21). 

This indicates that if the application of nanoparticle through foliar spraying, maximum efficiency 
of the chemicals is possible. However, soil application gradually stimulates the uptake of nutrients 
through roots system that allows better uptake via xylem Fig. (22). In soil application (root feeding), 
the movement of nanoparticles in plants tissues occurs either by apoplastic or symplastic action. In the 
apoplastic movement, the nanoparticles move through the extracellular spaces, cell walls of the adjacent 
cell and xylem vessels Sattelmacher (2001). Apoplastic movement allows nanoparticles to move 
towards the central cylinder of root and into the vascular tissues for further movement towards the aerial 
part through xylem by following the transpiration system Larue et al., (2012); Zhao et al., (2012), Sun 
et al., (2014). 

 
Fig. 21: Agricultural uses of nanotechnology. (a), Transforming plants into sensors that enable monitoring of 
plant needs at high spatial and temporal resolution. (b), enabling targeted delivery of ENMs to selected locations 
in plants, similar to drug delivery in humans. (c), Better management of both biotic and abiotic environmental 
stresses. (d), improving nutrient utilization efficiency, or recovering nutrients from wastewater, to minimize N 
and P inputs for agriculture. After Clark et al., (2016), Gregory et al., (2019) 

 

 
Fig. 22: Cross-section of plant root showing the various structures and expanded View of the Casparian strip and 
vascular stele. 

 
In the symplastic movement, the particles move between the cytoplasm of adjacent cells through 

plasmodesmata and sieve plates Roberts and Oparka (2003). In the symplastic pathway, nanoparticles 
have to cross the Casparian strip to reach inside the phloem. Sun et al., (2014) and JitaoLv et al., (2014) 
showed some nanomaterials are stuck and accumulate at the Casparian strip Fig (23). Distribution of 
nanoparticles in non-photosynthetic tissues and organs takes place with the help of the sieve tube 
elements in the phloem Wang et al., (2012); Raliya et al., (2013), (2016). 

On foliar application, nanoparticles follow a lipophilic or hydrophilic pathway Schonherr (2002). 
Lipophilic diffusion of nanoparticles takes place through cuticular waxes, while in hydrophilic pathway 
nanoparticles move via polar aqueous pores present in the cuticle and stomata. Foliar application of 
nanoparticles can enter plants through leaf epidermis or stomata and then translocate via the apoplast 
or simplest pathways. Ullah et al., (2020) JitaoLv et al., (2019). Many factors affect the absorption, 
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transport, and accumulation of NPs Su (2019), these include abiotic factors (humidity and temperature), 
NP properties (size and shape), and plant physiological characteristics. 
 

 
Fig. 23: Schematic diagram of uptake process and routes (a) A model crop plant; (b) Root uptake processes and 
translocation into vasculature starting from root surface accumulation, symplastic/apoplastic flows into cortex and 
then traverses endodermis into xylem vessels; (c) Upward movement in xylem and downward transportation in 
phloem in both root and foliar uptake scenarios 

 
Foliar-applied of NPs are proving to be more efficient and soil environment friendly compared 

with root or soil exposure Achari and Kowshik (2018), Clarke et al., (2020), JitaoLv et al., (2019). Fig. 
(24). Jie Hong (2021) stated that Factors affecting the uptake and transport of foliar NPs Plant species 
such as monocotyledons and dicotyledons strongly influence the accumulation and biotransformation 
of foliar NPs. Schreck et al., (2014) Dappe et al., (2019). Studies showed that absorbed multiwalled 
carbon nanotubes can easily migrate in dicotyledons, wherein their accumulation was 1.5–3.0-fold 
higher than in monocotyledons. Ma, et al., (2018) Lv et al., (2019). 

 
Fig. 24: Factors affecting the plant uptake and transport of engineered nanoparticles by Foliar application. After 
Jie Hong (2021). 

 
The difference in uptake may be attributed to the distribution of stomata in dicotyledons, which 

was uneven and about 1.4 times more on the abaxial than on the adaxial leaf surface than in 
monocotyledons. Su, et al., (2019), Dappe et al., (2019). Another study noted that plants with large leaf 
surface areas, hard shoots, depressed leaf veins, and short petioles could accumulate more atmospheric 
NPs. Shahid et al., (2017), Schreck et al., (2014), Su (2019), It has also been reported that NPs can 
increase plant uptake of external substances by affecting gene expression or metabolism. Peirce et al., 
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(2019). Related reports showed that potassium deficiency in leaves affects stomatal regulation that 
affects NP uptake. Xiong et al., (2019), Dappe et al., (2019). The life cycle and growth stage of plants 
determine the absorption, accumulation and transport of particulate matter by leaves; Greene and. 
Bukovac (1974) therefore the amount of NPs absorbed by plants on the leaf surface varies at different 
growth stages. Ma et al., (2018) Ullah et al., (2020). Leaf hair and cuticular wax could prevent 
absorption of foliar NPs, and their ability to block entry is affected by particle size, epidermal structure, 
leaf area, and growth stage. Greene and Bukovac (1974), Xiong et al., (2016). Cell walls and waxes can 
act as physical barriers to prevent the penetration of foreign substances such as NPs and provide a 
certain degree of detoxification Fig. (25).  

 
Fig. 25: A Schematic diagram of the interactions between NPs and cuticular waxes in leaves, and genes involved 
in wax synthesis and secretion in this study (PM: plasma membrane). B–D represent wax content, relative 
expression of WIN1 and ABCG12 genes of C. maxima leaves treated with different concentrations of γ-Fe2O3 
NPs and Fe3+ respectively. Data are shown as mean ± SD of three replicates. Values of wax content and relative 
expression of each gene followed by different lowercase letters are significantly different at p ≤ 0.05. After Jing 
Hu et al., (2017).  

 
After Jing Hu et al., (2017). Stated that based on the growth and physiological parameters, it is 

clear that foliar sprayed γ-Fe2O3 NPs and Fe3+ at the concentrations used had an inconsequential effect 
on plant growth as shown in chlorophyll content, fresh weight, and root activity. However, the 
expression of genes associated with the absorption and transformation of iron in leaves showed that 
plants were in iron-sufficient status. Further analysis of iron content shows no downward transport of 
iron from shoots to roots in all treated forms via foliar application. It is well known that iron is hard to 
transport from leaves. As for lipid peroxidation, all γ-Fe2O3 NPs exposures showed insignificant 
changes as compared with the control. Antioxidant analysis indicated that 20 and 50 mg/L γ-Fe2O3 NPs 
induced no oxidative stress while 100 mg/L γ-Fe2O3 NPs may induced stress initially but plants were 
sufficient to deal with it. Moreover, the higher wax content of 100 mg/L 

Nadendla et al., (2018), Elmer and White (2016). The characteristic lipophilicity of leaf epidermal 
wax promotes the adsorption of hydrophobic or lipophilic NPs and high repellency to nanosuspensions. 
Avellan et al., (2019), Li et al., (2017). In this way, epidermal wax also protects plant by preventing 
leaf cell necrosis and genotoxic effects caused by excessive deposition of metal particles, Dappe et al., 
(2019) Fig. (26), another important aspect is the hydrodynamic of plant cuticles, mainly water 
permeability and hydrophobicity. Both increased temperatures and drought play a direct effect on 
cuticle membranes increasing their water permeability. However, temperature, low relative humidity 
and drought also induce an increase in cuticle components, especially waxes, thus reducing water 
permeability. It is known that waxes play a major role as water barrier but they also affect 
hydrophobicity. The wettability of a surface depends on its chemical nature and roughness. In plant 
cuticles, epicuticular waxes govern both factors. Therefore, although the increase in cutin and 
polysaccharides would not be primary involved, the increase of waxes is expected to result in a better 
wax coverage and, hence, to higher hydrophobicity.  
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Transport of NPs through environment into the plants is the most critical factor to estimate NPs 
impact on plant metabolism. Plants are an essential component of the environment and act as a probable 
pathway for the uptake; transport and accumulation of NPs into the food chain Wang et al., (2013). 
Uptake, translocation and accumulation of NPs depend on the plant species and the size, chemical 
configuration, stability and concentration of the NPs. Van der Waal forces, Brownian motion 
(diffusion), gravity and double-layer forces that are responsible for their adhering property Handy et 
al., (2008), Biswas and Wu (2005), determine the high mobility of NPs. The processes of translocation 
and accumulation of ZnO NPs in crops are not studied adequately. This area of research is recent, the 
studies have commonly been performed up to germination stage, providing only limited information, 
and the results obtained are sometimes contradictory. One of the most important factors for uptake is 
the size of NPs, and it is problematic for NPs of large size to enter through the plant cell walls and 
transport across the plasma membranes Fig. (27). 
 

 
Fig. 26: Penetration of variably sized nanoparticles via the hair follicle. Laser scan microscopy was performed on 
skin samples treated with variably size particles. It was found that 40 nm particles (a&b) penetrated deep into hair 
follicles. In contrast, 750 nm particles (c& d) and 1500 nm particles (b&f) aggregated in the infundibulum. After 
Vogt et al., (2006), Rosen et al., (2015). 

 
Ions and water can move easily through ion channels and aquaporins, respectively, because the 

size of ions and water molecules are around 0.28 nm, whereas the cell wall pore size fluctuates in 
between 2 and 20 nm Nair et al., (2010). The surface characteristics of NPs are also important for their 
aggregation pattern, movement in aquatic and terrestrial ecosystems and interactions with algae, plants 
and fungi Klaine et al., (2008). Uptake and accumulation of ZnO NPs (8 nm) by Glycine max seedlings 
were examined by Lopez-Moreno et al., (2010). The Zn uptake by soybean seedlings was higher at 500 
mg L-1 due to lesser aggregation, whereas, at high concentrations (1000–4000 mg L-1), an increased 
chance for aggregate formation was proposed, making passage difficult through the cell wall pores 
consequently. Therefore, it can be concluded that ZnO NPs ionized by the root exudates on the root 
surface, as no trace of ZnO NPs was found in XAS spectra. Similarly, in ryegrass (Lolium perenne), 
SEM and TEM analyses reveal the presence of ZnO NPs scattered in the apoplast, cytoplasm, nuclei of 
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the endodermal cells and the vascular cylinder of the plant Lin and Xing (2008). However, results of 
the study were contradicted by the findings of Wang et al., (2013).which shows that there was no 
translocation detected from root to shoot in the Vigna unguiculata plant, in spite of extensive quantity 
of NPs around the root surface. Hence, the Zn transfer coefficient that is the fraction of Zn in the leaf 
comparative to the root was quite low. Therefore, restricted transport of ZnO NPs to the shoot or its 
increased adhesion might be the reason of increased accumulation of Zn in roots. On exposure to the 
environment, ZnO NPs rapidly undergo dissolution or biotransformation and the attachment of NPs to 
the soil particles explains the absence of ZnO NPs in shoots Scheckel et al., (2010), Reed et al., (2012). 
Carboxyl groups play a significant role as ligands involved in the transport and storage of Zn in shoots 
Salt et al., (1999).In the seeds of Vigna unguiculata, high concentration of Zn was reported in the outer 
layer of cotyledon and hypocotyl, while low Zn concentration in the testa and inner cotyledon. LCF 
examination of seeds indicated that Zn was predominantly associated with citrate, histidine, malate, 
phytate and polygalacturonic acid and precipitated in the form of zinc phosphate Wang et al., 
(2013).Reed et al., (2015)stated that large amount of Zn was taken up resulting from Zn released from 
ZnO-NPs. accumulated of Zn in the form of Zn PO4ZnO -NPs adsorbed on root surfaces move into the 
root cortex. In addition, becauseof quick cell division and elongation of the root tips, the ZnO-NPs were 
detected mainly in the epidermis, cortex, vascular system and root tip cells. ZnO-NPs enter the vascular 
system through the gaps of the Casparian strips at the location of the primary and lateral root junction 
but no ZnO NPs were observed to be translocated into shoots, possibly due to the dissolution and 
biotransformation of ZnO NPs inside the plants from ZnO NPs to ZnPO4 that further limit their long-
distance transport. Singh et al., (2017) reported that, the use of confocal microscopy technique 
suggested the uptake of ZnO NPs in corn plants growing in soil Zhao et al., (2012). It was observed 
that aggregates of ZnO NPs entered the root epidermis and cortex via the apoplastic pathway. However, 
the occurrence of ZnO NPs aggregates in xylem vessels in corn proposed the movement through the 
symplastic pathway via the endodermis. A schematic representation is given to demonstrate the pathway 
for uptake, translocation and accumulation of zinc in the form of ZnO-NPs and zinc ions in plant; for 
detailed understanding, the transverse cross section of leaf and root is shown to display possible 
pathways and mechanisms of absorption, translocation and biotransformation of ZnO NPs Fig. (27). 

 
Fig. 27: An overview and general principle of uptake, translocation and biotransformation pathway of zinc oxide 
nanoparticles in a plant system. (a) Transverse cross section of the leaf showing entry of nanoparticles through 
stomata, cuticle penetration, hydathodes and wounds. (b) Transverse cross section of the root showing entry of 
nanoparticles through lenticels, injury or biotransformation into zinc ions and they follow apoplastic and 
symplastic pathways. After Singh et al., (2017). 

 
The thickness of the waxy layer, the density of the pores and trichomes, Xie et al., (2020) and the 

structure and chemical composition of the leaf epidermis affect the absorption of NPs sprayed on the 
leaf surface. Environmental conditions affect the penetration of foliar NPs. Abiotic factors such as 
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shading, high temperature, and low humidity cause the plant leaf epidermis to shrink and close the 
stomata, thereby preventing the foliar absorption of NPs Fig. (28). 

  
Fig. 28: Diagram of a wheat leaf cross-section along with the hypothesized routes for NP uptake following foliar 
exposure. Cuticular entrance may occur through small hydrophilic pores or via cuticle diffusion, disruption 
(direct), or both. The stomatal pathway likely takes place through a passive stomatal loading. After Astrid Avellan 
et al., (2020) 

 
Astrid Avellan et al., (2020) reported that Nanoenabled foliar-applied agrochemicals could 

potentially be safer and more efficient than conventional products. However, limited understanding 
about how nanoparticle properties influence their interactions with plant leaves, uptake, translocation 
through the mesophyll to the vasculature, and transport to the rest of the plant prevents rational design. 
This study used a combination of Au quantification and spatial analysis to investigate how size (3, 10, 
or 50 nm) and coating chemistry (PVP versus citrate) of gold nanoparticles (AuNPs) influence these 
processes. Following wheat foliar exposure to AuNPs suspensions (∼280 ng per plant), adhesion on the 
leaf surface was increased for smaller sizes, and PVP-AuNPs compared to citrate-AuNPs. After 2 
weeks, there was incomplete uptake of citrate-AuNPs with some AuNPs remaining on the outside of 
the cuticle layer. However, the fraction of citrate-AuNPs that had entered the leaf was translocated 
efficiently to the plant vasculature. In contrast, for similar sizes, virtually all of the PVP-AuNPs crossed 
the cuticle layer after 2 weeks, but its transport through the mesophyll cells was lower. Because of PVP-
Au-NP accumulation in the leaf mesophyll, wheat photosynthesis was impaired. Regardless of their 
coating and sizes, the majority of the transported AuNPs accumulated in younger shoots (10−30%) and 
in roots (10−25%), and 5−15% of the NPs Fig. (29) 
 

 
Fig. 29: Entry Mode and Size Exclusion Limits of a Series of Barriers for the Uptake and Transport of 
Nanoparticles in Plants. After Peng Wang et al., (2016) 
 

High relative humidity affects osmotic potential of the leaf surface, which increases the penetration 
of metal NPs. Xie et al., (2020). Abiotic factors such as light and temperature affect the development 
of leaf epidermis, which affects leaf absorption of NPs. Elmer and White (2016), Fan et al., (2020). A 
report showed that light (which affects photosynthetic efficiency) and root temperature influence leaf 
surface absorption of NPs.85. Similarly, rainfall washes away foliar-sprayed NPs and reduces their 
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absorption. Alshaal and El-Ramady, (2017). In addition, the use of surfactants and functional groups 
can enhance adhesion of NPs on the leaf surface and therefore improve the bioavailability of NPs. Yu 
et al., (2017), Elmer and White (2016) 

Foliar application of nanoparticles is size limiting because the diameter of cuticular pores are 
approximately 2 nm Eichert and Goldbach (2008). Therefore, nanoparticles of size more than 2 nm 
cannot get past and are restricted from foliar application Fig. (29). 

Peng Wang et al., (2016), reported that the entry and barriers of Nanoparticle Uptake and Transport 
by Plants can be through plant tissues either by root architecture tissues or the arial part (aboveground) 
organs and tissues (e.g., cuticles, trichomes, stomata, stigma, and hydathodes), including through 
wounds and root junctions Fig. (29). For uptake and translocation, ENPs must traverse a series of 
chemical and physiological barriers, which control the size exclusion limits Fig. (29). For the apoplastic 
transport pathway, movement is restricted by the SEL of cell walls (5–20 nm) Hussain et al., (2013), 
Dietz and Herth (2011) The Casparian strip, with a SEL of ENPs have been detected both in the apoplast 
and simplest, it remains unclear which pathway is more important. 
 
3- Translocation of Nanoparticle in Plants. 

Nanoparticle NPs can improve their adhesion to the cell wall. Besides, morphology and NP coating 
can play a significant role in their behavior on the rhizosphere and their action on plants. The 
accumulated of nanoparticles by plant roots translocate to different tissues in the plant part, including 
newly developed seeds Tripathi et al., (2017). Plant characteristics and NPs play a crucial role in the 
translocation of NPs. Studies have shown that gold Au-NPs can accumulate in the shoot of Oryza sativa. 
In contrast, it cannot accumulate in the shoot of Cucurbita pepo and Raphanus raphanistrum Zhu et al., 
(2012). Furthermore, plant roots take up the positively charged Au NPs most quickly. In contrast, 
negatively charged Au-NPs are translocated from the roots more resourcefully into plant shoots Fig. 
(30).  

 
Fig. 30: Absorption, uptake, transport and penetration of Au-NPs nanoparticles in plants.  
 

Previous studies reported that titanium dioxide (TiO2) and silicon dioxide (SiO2) are the most stable 
NPs and can be found in their immaculate speciation in plant tissues Larue et al., (2011), Servin et al., 
(2012). NPs like copper (II) oxide (CuO), CeO2, lanthanum oxide (La2O3), and nickel oxide (NiO) are 
capable of transformation through disparity, resulting in accumulated plant speciation changes. The 
transformations of zinc oxide (ZnO) NPs were determined using synchrotron X-ray absorption (XAS) 
spectroscopy during exposure to different plants Castillo-Michel et al., (2017) Fig. (31). 
JitaoLv et al., (2014) stated that synchrotron μ-XRF microprobe mapping, which enables direct in situ 
quantitative visualization of the elemental distribution in plant tissues, was employed to observe the 
spatial distribution of Zn in maize. Fig.(31), shows the distribution of Zn in root, stem, and leaf cross 
sections of maize exposed to 30 mg L−1 ZnSO4 or 100 mg L−1ZnO NPs (dissolved Zn 31.4 ± 1.7 mg 
L−1 ). The μ-XRF maps displayed distinct similarities in both distribution and content of Zn in the leaves 
and stems under the two treatments comparison between Figs. (31)(x A & D and between B & E). 
However, more hot points (representing Zn accumulation) in the root cortex were found for the 
treatment with ZnO- NPs than that with Zn2+ Fig. (31) (X C & F). 
In Z. mays, the maximum accumulation of Zn occurs in the roots and shoots under the hydroponic 
exposure of ZnO- NPs in various forms such as Zn-phosphate. It may be due to increased dissolution 
in the rhizosphere, plant absorption, and translocation of Zn in the ionic form JitaoLv et al., (2015). 
Comparable Zn accumulated speciation was also observed in soil grown wheat crops Dimkpa et al., 
(2012), Dimkpa et al., (2013). Translocation from the soil of ZnO and CeO2 NPs into Glycine max (G. 
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max) had been observed. The CeO2 NPs were revealed to be translocated in the form of NPs, and Zn 
bio transformed into Zn-citrus inside plant tissue Hernandez-Viezcas et al., (2013). The transport of 
CuO-NPs from roots to shoots via xylem took place in Z. mays and could be further translocated from 
shoots back to roots via the phloem back to roots Wang et al., (2012). Previous studies concluded that 
NP TiO2 plays a role in the translocation in the Triticum aestivum (T. aestivum spp.). They proposed 
that a threshold diameter of 140 nm, above, cannot accumulate in the root 

 
Fig. 31: Synchrotron μ-XRF microprobe imaging of Zn in leaf, stem, and root materials of maize seedlings 
exposed to 30 mg L−1 Zn2+ (A, B, C) and 100 mg L−1ZnO NPs (D, E, F), respectively; scale bars represent 500 
μm. The fluorescence yield counts collected were normalized by I0 and dwell time. The red color was scaled to 
the maximum elemental concentration value for each map and the blue color was scaled to the minimum. After 
JitaoLv et al., (2014). 

 
5- Influence of Nanoparticles on Photosynthesis 

Since photosynthesis is an exclusive approach to harness energy for the plants, the involvement of 
the nanoparticles and their effects on photosynthesis activity are a concern for recent studies. Some of 
the beneficial effects of nanoparticles noted of plant development and photosynthesis had been 
discussed for some plant species Da Costa and Sharma (2016); Sarmast and Salehi (2016); Zarate-Cruz 
et al., (2016); Cao et al., (2018) Khan et al., (2019).Ma et al., (2010).Hatami (2017), Aslani, et al., 
(2014), Nair, (2016), The detailed interaction of the nanoparticles with the molecular and ultra-
structural components of plant photosynthetic system needs to be established to analyze the rate of the 
energy transformation occurring in the plants Hossain et al., (2015); Du et al., (2016); Panpatte et al., 
(2016); Sarmast and Salehi (2016); Tripathi et al., (2017). Hence, nanoparticle interaction with plants 
and their impacts on plant physiological processes along with biological modifications of the 
photosynthetic system makes it the center of analysis and the interest of study. Photosynthesis relies 
more on the structural configuration of the participating organelle that is responsible for maintaining 
the gaseous concentrations within the apparatus and controlling carbon dioxide circulation to the sites 
of carboxylation Mediavilla et al., (2001).Other factors that influence the efficiency of the 
photosynthesis include thestructural integrity of chloroplasts and mesophyll cells, adequate grana 
development, carbon dioxide aggregation, activity of photosynthetic enzyme, ribulose-1, 5-
bisphosphate carboxylase/oxygenase (RuBisCo), and adequate presence of pigments that aids 
photosynthesis like chlorophyll a and chlorophyll b along with the regulatory proteins of the thylakoids 
Wang et al., (2014), Sáez et al., (2017) Fig. (32). Hence, positive impacts produced on the 
photosynthesis efficiency with the alteration of the factors responsible for photosynthesis yield an 
option for crop improvement Foyer et al., (2017). Light energy absorbed during photosynthesis is 
essentially converted into chemical energy, yielding different elements of the photosynthetic reaction. 
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Fig. 32: Illustrates (a) Photo catalytic activity of a PSII-Ru/SrTiO3: Rh hybrid system. Arrows represent the two 
paths of electron transfer from PSII to Ru/SrTiO3: Rh photo catalyst, direct electron transfer from DCBQ and 
indirect transfer from DCBQ to Fe (CN) 6 3−; (b) In vitro pseudo photosynthetic Z-scheme in extracted thylakoid 
membranes for H2 production. Photosystem II (PSII) photo generated holes oxidize water at the oxygen-evolving 
complex (OEC), while photo generated electrons are transferred to Photosystem I (PSI) via plastoquinone (PQ) 
cytochrome b6f (Cyt b6f) and luminal plastocyanin (PC) or cytochrome c6 (Cyt c6). Photo generated electrons 
from PSI are transferred to an absorbed abiotic catalyst such as a platinum nanoparticle. After Katherine et al., 
(2019). 

 
Fig. 33: The reactions and regulation of Rubisco. The inactive Rubisco (E) reacts with CO2 and forms the 
carbamate, is stabilized by Mg2+, and becomes active (E.CO2.Mg2+). The active enzyme functions as both 
carboxylase and oxygenase. The product of the carboxylase reaction, PGA, is metabolized in the Calvin cycle. 
One of the products of oxygenase, P-glycolate, is metabolized through photorespiration. However, analogues of 
RuBP in the stroma, can bind to the Rubisco, blocking the active site on the enzyme. For example, 2-carboxy-D-
arabinitol 1-phosphate (CA1P) binds tightly to Rubisco and makes it inactive. Thus, Rubisco is activated in light 
in two process: (1) changes in the stromal microenvironment (increase in pH, Mg2+ levels, and Calvin cycle 
metabolites); and (2) by Rubisco activase, which itself is activated in light through ATP. 
 

Nanoparticles can impose both positive and negative impacts on photosynthesis. It influences the 
light-harvesting complex of plants by enhancing the reaction, as well as inhibits the electron transport 
system, and alters the activity of RuBisCo, carbonic anhydrase, or phosphoenolpyruvate carboxylase 
(PEP) enzymes, thus preventing the metabolism pathway Kataria et al., (2019) Fig. (34). Scientists are 
currently working to produce higher crop yield by improving the photosynthetic efficiency of plants 
using embedded SWCNTs in their chloroplasts. SWCNTs enhanced the transport rate of electron and 
improved the biochemical sensing of signaling molecules like nitric oxide Giraldo et al., (2014). Since 
the nanoparticles affect the functionality of the photosynthetic elements, thorough research with time is 
required to evaluate the impacts caused by the nanoparticles on the final products of the photosynthetic 
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process. Utilization of a conjugate of silicon compound with photosystem II provided a stable 
photosynthetic reaction for oxygen development, which enhanced the activity of photosynthetic 
enzymes and pigments. The conjugate could also act as photo sensors in artificial photosynthesis Xie 
et al., (2012); Siddiqui et al., (2014), (2015) Fig. (34). Different Nanoparticles Affecting Plant 
Photosynthesis Metallic nanoparticles tend to inhibit photosynthesis by the generation of oxidative free 
radicals or reactive oxygen species (ROS) that oxidizes the various photosynthetic components.  

 
Fig. 34: Illustrates the molecular mechanism of nano-fertilizer in growth and development 

 
5-1- Impact on the environment 

The extensive release of nanomaterials into the environment and the food chain may pose a risk to 
human health Zulfiqar et al., (2019).The superficial area of nanoparticles and other physicochemical 
properties may greatly influence their transformation and bioavailability during spreading into the 
environment Fig. (35). However, there are still no fully comprehensive systems to establish the 
assessments for potential effects of pollution between toxicity and nanoparticles in the environment 
Bratovcic (2019). Although nanotechnology provides numerous benefits, the researchers and experts 
are worried about the unsafe disposal of various nanoparticles (NPs) in massive amounts (several 
hundred tons) every year. 

 
Fig. 35: Represents Nanoparticles in the environments, Occurrence, Distribution, and Risks. 

 
The recent normative documents recommend that the presence of NPs could be detected in a 

number of controlled objects (atmospheric air, water objects, soils, hydrobionts, algae, fungi, tissues of 
land plants, tissues of land animals) Rajput et al., (2020). Until now, however, the potential negative 
impacts of NPs on human health have been rather speculative and uncorroborated Baranowska-Wójcik 
et al., (2020) Staron et al., (2020). The current level of knowledge on the ecotoxicological effects of 
nanopesticides is scarce, especially concerning the fate and behavior of such formulations in the 
environment Grillo et al., (2021). Poor use efficiency of current fertilizers is a major issue. For instance, 
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nitrogen fertilizer, up to 50% of the nitrogen applied is lost by volatilization and another 5% - 10% by 
leaching Guan et al., (2010).Loss of fertilizers has severe environmental consequences such as 
eutrophication FAO (2002), Tilman et al., (2002). Nanotechnology is applied in the sector of plant 
nutrition with the aim of increasing the use efficiency of current fertilizers, either by improving the 
delivery of poorly bioavailable elements (for example, phosphorus, zinc) or by limiting losses of mobile 
nutrients to the surrounding environment (for example, nitrate) Liu, and Lal, (2015)Fig. (36), (37).The 
use of alternative growth promoters such as TiO2 Feizi et al., (2013) or carbon nanotubes Mukherjee 
et al., (2016), is also being explored. Depending on the role of the nanomaterials, and the nutrients in 
use, nano fertilizers can be separated into three different categories: (a) nanomaterials made of 
macronutrients, (b) nanomaterials made of micronutrients, and (c) nanomaterials acting as carriers for 
macronutrients. The first two categories comprise nanomaterials as nutrient themselves, whereas they 
are additives in the third category.  
 

  
Fig. 36: Illustrates thekey environmental geochemical processes (left) and biological response mechanisms (right) 
of NMs in agro ecological systems. Red solid arrow: key geochemical processes of NMs; Blue solid arrow: 
biological response of NMs; Green dashed arrow: the geochemical processes of NMs interactions with the 
biological response processes.After Wanga et al., (2020). 

 
Some researchers refer to the first two categories only as nano fertilizers, whereas the third 

category is termed “Nutrient- Loaded nano fertilizers” or “Nanomaterial-Enhanced Fertilizers” Abdel-
Aziz et al., (2019). In comparisons of efficacy for nano fertilizers and non-nano fertilizers according to 
germination, plant growth or crop yield and compared with the one obtained with the corresponding 
conventional fertilizer. The resulting was the median efficacy gain of nano fertilizers over conventional 
fertilizers was 19%, 18% and 29% for categories 1, 2 and 3 respectively. For category 2 nano fertilizers, 
about 20% exhibited lower efficacy than their corresponding conventional analogues. 

This is probably caused by the toxicity of several micronutrient elements at higher concentrations. 
In addition, literature has shown that nano fertilizers may increase crop production by some additional 
20% to 30% compared with conventional fertilizers, so, the advantage achieving of crop protection and 
nutrition with reducing the use of agrochemicals by 20% - 30% could significantly mitigate 
environmental contamination. There is currently no study that has evaluated the relative environmental 
footprint of nano agrochemicals compared with conventional formulations. Given there is general 
concern about the potential adverse impact that nanoparticles may elicit in terms of both human and 
environmental health. More work will thus be necessary to evaluate the new risks and benefits that nano 
agrochemicals represent relative to existing products. Therefore, the requirement for current and future 
studies is to translate into the way of nanotechnology works (mode of action) for plant protection or 
nutrition, and the design of more sophisticated products that may help to reduce the impact that modern 
agriculture has on environment and human health, and contribute to global food security. Besides, 
evaluating of nano agrochemicals against products currently on the market to avoid unjustified 
expectations or perceived fears associated with the nanotechnology in agriculture. Where, agriculture 
is in urgent need of innovation to meet the increasing demand in food, while reducing its impact on the 
environment. It is vital that significant research efforts are invested in the development of novel 
products that are competitive and have the potential to make tomorrow’s agriculture more sustainable. 
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The responsible application of nanotechnologies can hopefully play an important role in reaching this 
goal.  

 
Fig. 37: Illustrates rhizosphere processes drive geochemical behavior and bioavailability of NMs.A: Effect of 
surface modification and root exudates on NMs bioavailability; B: Geochemical behavior and availability of NMs 
driven by rhizosphere microbes; C: The mobility and availability of NMs in rhizosphere as affected by earthworm 
activity. I and II stand for physical impacts of earthworm bioturbation on the NMs mobility from bulk soils to 
rhizosphere, and direct and indirect impacts of earthworm mucus on NMs geochemical behaviors in rhizosphere, 
respectively. After Wanga et al., (2020). 

 
5-2- Advantages and Disadvantages of Nano fertilizers 

The structures of nanomaterials as Nano-fertilizers or pesticides are examined before, nano 
fertilizers could be used in general agricultural practices. The features of many nanoparticles classified 
as a high risk to human health according to its exposure dose of concentration, size, solubility, and kind 
of material. However, many opinions indicate that products of food containing nanoparticles in the 
markets are probably safe to eat. 

There is a growing pressure on the agriculture sector to fulfill the continuously increasing demands 
of the consistently growing human population. Chemical fertilizers are thought to be indispensable for 
improving crop productivity and are extensively applied through different methods Feregrino-Pérez et 
al., (2018).However, crop usage is generally less than half of the applied amount of fertilizer Chen, and 
Wei ((2018) and the remaining amount of minerals intended to reach the targeted site may leach down, 
so that they become fixed in soil or contribute to water pollution Liu and Lal (2015). Several researches 
reported that key macronutrient elements, including N, P, and K, applied to the soil are lost by 40–70 
%, 80–90 % and 50–90%, respectively, causing a considerable loss of resources Feregrino-Pérez et al., 
(2018). Chen, and Wei ((2018), Solanki et al., (2016). Furthermore, growers tend to use intensive 
applications fertilizers in order to achieve desired higher yields, which contrarily can lead to a decrease 
in soil fertility and increase salt concentrations thereby causing future crop losses. Using of fertilization 
program without control on nutrient release can deteriorate product quality. Hence, it is crucial to 
develop slow-release fertilizers, not only to increase crop production and quality, but also to enhance 
the sustainability in horticultural production Feregrino-Pérez et al., (2018). The horticulture sector 
today is facing an intense pressure for achieving considerable efficiency in food security using 
alternatives to chemical fertilizers Liu and Lal(2015).New approaches and technologies are required if 
global horticultural production and demand are to be fulfilled in an economically and environmentally 
sustainable manner. Materials that are of up to 100 nm particle size in at least one dimension are 
generally classified as nanomaterials Kah, (2015), Kim, et al., 2018), and are the basis for 
nanotechnology Kah, (2015).There are various types of nanomaterials such as single or multiwalled 
nanotubes, magnetized iron nanoparticles, copper (Cu), aluminum (Al), silver (Ag), gold (Au), zinc 
(Zn) and zinc oxide (ZnO), silica (Si), cerium oxide (Ce2O3), and titanium dioxide (TiO2), among others 
Raliya and Tarafdar (2013), Tan, et al., (2017). Given the unique properties of nanomaterials such as 
high surface-to-volume ratio, controlled-release kinetics to targeted sites and sorption capacity, 
nanotechnology has a high relevance for the design and use of new fertilizers Feregrino-Pérez et al., 
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(2018).Nanofertilizers are nutrients encapsulated/coated with nanomaterial for the control and slow 
delivery of one or more nutrients in order to satisfy the imperative nutrient requirements of plants 
Zuverza-Mena et al., (2017) These “smart fertilizers” are currently being regarded as a promising 
alternative Rameshaiah et al., (2015), to the extreme that they are in several cases considered to be the 
preferred form of fertilizers over the conventional ones Iavicoli, et al., (2017) , Dimkpa and Bindraban 
(2017). The interaction of nanomaterials and fertilizers, the high reactivity of nanomaterials, results in 
an increased and effective absorption of nutritional elements and essential compounds for plants Prasad 
et al., (2017).The efficiency of nano fertilizers depends on several factors Fig. (38).  

 
Fig. 38: Illustrates the nanotechnology-based agriculturally, important nano fertilizers increase agronomic 
productivity, efficiency, and reduce environmental stress. Efficient utilization of nanotechnology in agriculture 
for future sustainability. 

 
In addition, helping plants grow, NPs also protect them from abiotic stress. Toxic metal binds to 

the surface of the NP owing to its large surface area and small size, thus reducing its availability. Abiotic 
stress includes drought, salinity, alkalinity, temperature fluctuations, and mineral and metal toxicity. 
NPs can mimic the activity of antioxidant enzymes in the form of nano-enzymes that can scavenge from 
oxidative stress Sharifi et al., (2020). Photosynthesis is the vital metabolic process in plants and one of 
the highly susceptible methods; thus, by mitigating oxidative and osmotic stress, its normal functioning 
can be maintained. In the photosynthetic machinery, photosystem II (PS II), Rubisco, and ATP are the 
primary targets under stress conditions (e.g., nutrient deficiency, salinity, water, drought, and heat; Fig. 
( 38). The defense response in plants against abiotic stress was studied; for example, SiO2 NPs improved 
plant transpiration rate, water use efficiency, total chlorophyll, and carbonic anhydrase activity in the 
Cucurbita pepo plant in response to a defense mechanism against salt stress Siddiqui et al., (2014). 
Similarly, it was found that TiO2 (anatase) changes the photo reduction activity and inhibits linolenic 
acid in the electron transport chain. It also decreased the rate of oxygen evolution of chloroplasts 
Mingyu et al., (2008). In stress conditions, ROS are produced by the cell organelles, and this is the 
signature of abiotic stress. Plants are also equipped with the enzymatic machinery to deal with the 
oxidative stress imposed by the environment on them, Fig. (39). Bobrovskikh et al., (2020), they 
reported that antioxidant system (AOS) maintains the optimal concentration of reactive oxygen species 
(ROS) in a cell and protects it against oxidative stress. In plants, the AOS consists of seven main classes 
of antioxidant enzymes, low-molecular antioxidants (e.g., ascorbate, glutathione, and their oxidized 
forms) and thioredoxin/ glutaredoxins systems that can serve as reducing agents for antioxidant 
enzymes. The number of genes encoding AOS enzymes varies between classes, and same class enzymes 
encoded by different gene copies may have different subcellular localizations, functional loads and 
modes of evolution. These facts hereafter reinforce the complex nature of AOS regulation and 
functioning. Further studies can describe new trends in the behavior and functioning of systems 
components, and provide new fundamental knowledge about systems regulation. The system is revealed 
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to have a lot of interactions and interplay pathways between its components at the subcellular level 
(antioxidants, enzymes, ROS level, and hormonal and transcriptional regulation). 

These facts should be taken into account in further studies during the AOS modeling by describing 
the main pathways of generating and utilizing ROS, as well as the associated signaling processes and 
regulation of the system on cellular and organelle levels, which is a complicated and ambitious task. 
Another objective for studying the phenomenon of the AOS is related to the influence of cell dynamics 
and circadian rhythms on it. Therefore, the AOS requires an integrated and multi-level approach to 
study. We focused this review on the existing scientific background and experimental data used for the 
systems biology research of the plant AOS. 

Uptake, distribution and accumulation of nano fertilizers in crops will strongly depend on both 
intrinsic and extrinsic factors, and the exposure route. Particle size and surface coatings are the most 
important intrinsic factors influencing the efficiency of nanoparticles application, and extrinsic factors, 
such as organic matter, soil texture or soil pH will also strongly affect its potential application El-
Ramady, et al., (2018), Ma et al., (2018). 

 

 

Fig. 39: Sillustrates the structural model of the interplay between the AOS components (black arrows) and the 
basic metabolic processes producing ROS (blue arrows correspond to transport) under oxidative stress conditions 
(red arrows correspond to stress-induced processes). The generalized plant cell is represented as membrane and 
cytosol (superscript “cyt”) containing the following compartments: mitochondria (superscript “mit”), chloroplast 
(superscript “chl”), peroxisome (superscript “per”), and nucleus. Components of the AOS with a superscript 
corresponding to the cell compartment stand for a set of paralogues enzymes localized in this compartment. The 
following abbreviations are used in the figure: respiratory burst oxidase homologs (RBOH), reactive oxygen 
species (ROS), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), ascorbate-
glutathione cycle (Asc-Gsh cycle), and electron transport chain (ETC), transcription factor regulatory sequence 
(TF RS). After Bobrovskikhetal (2020). 

 
In addition, nano fertilizers can be absorbed through either plant roots or leaves, so that the 

exposure route and mode of application significantly influence the behavior, bioavailability, and uptake 
of nano fertilizers in crops El-Ramady, et al., (2018). Nano fertilizers applications in agriculture may 
serve as an opportunity to achieve sustainability towards global food production. There is a tremendous 
food production pressure on the sector as nutritional deficiencies in human populations are mainly 
because of using less nutritious food and a low dietary intake of fruits and vegetables Cornelis et al., 
(2014). Important benefits of nano fertilizers over conventional chemical fertilizers rely on their nutrient 
delivery system Liu and Lal (2015).They regulate the availability of nutrients in crops through slow-
release mechanisms. Such a slow delivery of nutrients is associated with the covering or cementing of 
nutrients with nanomaterials Solanki et al., (2016). By taking advantage of this slow nutrient delivery, 
growers can increase their crop growth because of consistently long-term delivery of nutrients to plants. 
For example, nutrients can be released over 40–50 days in a slow-release fashion rather than the 4–10 
days by the conventional fertilizers Chen, and Wei (2018). In conventional nutrient management 
systems, half of the applied fertilizer is lost in leaching or becomes unavailable for the plant because of 
excessive availability hindering the roots to uptake or sometimes causing toxic effects on the plant. 
Furthermore, nano fertilizers reduce the need for transportation and application costs Fan (2014). 
Another advantage of using small quantities is that the soil does not get loaded with salts that usually 
are prone to over-application using conventional fertilizers on a short- or long-term basis León-Silva et 
al., (2018). Another advantage for using nano fertilizers is that they can be synthesized according to the 
nutrient requirements of intended crops Kah et al., (2018). In this regard, biosensors can be attached to 
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a new innovative fertilizer that controls the delivery of the nutrients according to soil nutrient status, 
growth period of a crop or environmental conditions León-Silva et al., (2018). Plants are sensitive 
towards micronutrient availability during crop growth and negative effects result in the form of fruits 
and vegetables with poor nutrition López-Valdez et al., (2018), Srivastava and Malhotra (2017). In 
conventional nutrient management system, it is very difficult to control the micronutrient delivery to a 
specific crop, but nano fertilizers provide the opportunity to the growers for supplying adequate 
amounts of nutrients Feregrino-Pérez et al., (2018).Kyriacou and Rouphael, (2018). Most of the 
horticultural growing areas worldwide are deficient in certain micronutrients (e.g. Zn and Fe López-
Valdez et al., (2018), so nano fertilizers can act as effective and efficient fortification products for crop 
and fresh food products. Nano fertilizers increase the bioavailability of nutrients through their high 
specific surface area, miniature size and high reactivity Liu and Lal (2015). On the other hand, by 
providing balanced nutrition, nano fertilizers enable the plant to combat various biotic and abiotic 
stresses, with overall clear advantages. However, the extensive use of nano fertilizers in agriculture may 
have some important limitations, which should be considered. Synthesized biologically, the so-called 
biosynthesis approach. There are several natural sources for this purpose; some of them are plants, fungi 
and bacteria based. The advantage in this approach is the greater control of the toxicity and size of the 
particle El-Ramady et al., (2018). Yadav et al., (2012). For every application, the most recommended 
approach will require a synthesis capable of producing mass scale particles with controlled 
physicochemical properties resulting in a homogeneous and target-specific nano formulation. 
Consequently, bottom-up is in most cases the most effective approach used nowadays for nano 
fertilizers production Raliya et al., (2017) Singh and Rattanpal (2014). Scientists are under enormous 
pressure to deliver unique technologies that not only fulfill the grower’s production demands, but also 
meet the economic budget of both the growers and production industry Malhotra (2016). Nanoscience 
may provide the solution to cater these challenges by providing nanomaterials of high performance 
Dimkpa and Bindraban (2017). Ingale and Chaudhari (2013). As discussed earlier, these innovative 
fertilizers aim to control the nutrient active ingredient release at a very slow pace in accordance or 
commensurate with crop growth. The main aim of using these nano fertilizers is to increase the nutrient 
use efficiency thereby leading to precision agriculture. In this context, nano fertilizers smart technology 
is expected to lead to a step forward to make the agriculture sector sustainable Khot et al., (2012), 
Davarpanah et al., (2016). These fertilizers can be an excellent replacement for the conventional 
fertilizers that are required in bulk quantities, and additionally can save the soil and water from nutrient 
pollution Dimkpa and Bindraban (2017). The use of different nano fertilizers including N, P, K, Cu, Fe, 
Mn, Mo, Zn and carbon nanotubules have shown an excellent control release for a targeted delivery 
efficiency Chen, and Wei ((2018), Solanki et al., (2016). Various forms of nanoparticles, their oxides 
nanoparticles, and nanoformulation of conventional nutrients have been converted into valuable inputs 
in nanofertilizers form. Conversion of these nanoparticles have depicted promising results when applied 
at a specific concentration on different crops Davarpanah et al., (2016). Nanoparticles are made from 
organic and inorganic nanomaterials Fig. (40). 

 

 
Fig. 40: Illustrates nanoparticles can be classified into two essential groups: organic nanoparticles (micelles, 
liposomes, nanogels, and dendrimers) and inorganic nanoparticles (gold nanoparticles (GNPs), super 
paramagnetic iron oxide nanomaterials (SPIONs), quantum dots (QDs), and paramagnetic lanthanide ions), After 
Mehdi and Shaker (2016). 

 



Middle East J. Agric. Res., 10(4): 1182-1249, 2021 
EISSN: 2706-7955   ISSN: 2077-4605                                           DOI: 10.36632/mejar/2021.10.4.81  

1211 

Mehdi and Shaker (2016). Stated that nanoparticles (NPs) are water-soluble; therefore, they are 
suitable candidates as carriers of insoluble ligands. They can be synthesized and manipulated in the size 
range of 1-1000 nm and can be classified into two essential groups: organic NPs (micelles, liposomes, 
nanogels, and dendrimers) and inorganic NPs (gold nanoparticles (GNPs), super paramagnetic iron 
oxide nanomaterials (SPIONs), quantum dots (QDs), and paramagnetic lanthanide ions). Shu et al., 
(2014). 

Development of novel multifunctional NPs harboring multiple modules (targeting, therapeutic, and 
imaging modules) became attractive for scientists because different functionalities can be carried all in 
one NP. Several ligands like imaging, targeting, or therapeutic molecules can be conjugated to the 
surface of NPs or encapsulated inside the NPs Yu et al., (2012), Torchilin (2012).Among the various 
multifunctional NPs formulations developed, lipid nanoparticles have attracted more attention due to 
their highly stable structure, high biodegradability and biocompatibility, long circulation times in the 
body, high drug loading efficiency, and controlled release properties Estella-Hermoso et al., (2009), 
Tan et al., (2013) 

Additionally, their synthesis also varies in terms of physical or chemical methods employed. The 
inorganic nanomaterials include the metal oxides such as ZnO, TiO2, MgO and AgO, and others. On 
the other hand, the organic nanomaterials include lipids, polymers and carbon nanotubules. 
Nanoparticles of different materials are of usually four types, i.e. silver, gold, alloy and magnetic like 
Fe3O4 (magnetite) and Fe2O3–maghemite. In this regard, the nano fertilizers are classified because of 
the nutrient categorization. Hence, there are classically two types of nano fertilizers, i.e., micronutrient 
nanofertilizers and macronutrient nano fertilizers. Furthermore, nano biofertilizers are also emerging as 
an additional approach Liu and Lal (2015). Feregrino-Pérez Yu et al., (2018). Researches must estimate 
and find out appropriately the strategies to assess the influences of Nano-foods and fertilizers on stress 
factors components of the ecosystem where the accumulation of nanomaterials is an important issue, 
which effect in the body of human, plant, and environment Fig. (41). 

 
 

Fig. 41: Illustrates the toxicity of nanomaterials to gastrointestinal tract: nanomaterials used for food packaging 
enter gastrointestinal tract through the oral route. In the stomach, nanomaterials get enough time and environment 
to get broken down, producing the toxic compounds. They cause damage to gastrointestinal linings, consequently 
interfering their protective function 

 
6- Zeolite-Based Nano fertilizers System for Sustainable Agriculture 
Zeolites are mineral materials that are safe to the soil and function well to conserve available soil 
nutrients, for efficient crop production and reduction in environmental hazards associated with 
agricultural activities Morales-Díaz et al., (2017), Fig. (42), (43). 
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Fig. 42: Illustrates structure of zeolites are safe to the soil and function that well to conserve available soil 
nutrients, for efficient crop production and reduction in environmental hazards associated with agricultural 
activities. 

 
Claudia Belviso (2020) reported that zeolite is gradually used for soil remediation; several 

researchers have documented the large use of natural and synthetic zeolites for water remediation, 
whereas research on zeolite application to stabilize pollutants in the soil is still limited. Below, we 
discuss the application of different types of zeolites in toxic-metal soil remediation, exploring the 
advantages and limitations of the amendment process Fig. (42). 

Natural zeolite, which comprises over fifty mineral types of alkali and alkaline earth 
aluminosilicate, has been developed into nano fertilizers in recent times. This is mainly due to its 
availability and inexpensive nature, and it has been applied in the cultivation of maize Suppan, (2017), 
Polat et al., (2004) Fig. (43). Apart from providing some minerals for the plants, it is a smart carrier and 
regulator of major mineral fertilizers. Zeolite acts as a carrier of nitrogen and potassium fertilizers, 
leading to reduced application quantities with enhanced productivity Polat et al., (2004). Moreover, in 
some cases can be remediate the polluted soil. Zeolite compound was found to mix with humus 
materials and enhance the productivity of crops Fig. (44). 

 
Fig. 43: Zeolites and soil pollution: advantages and limitations. After Claudia Belviso (2020)  
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Fig. 44: The magic of the mineral lies at its cage structure and at its aluminium &silicon content that enables the 
mineral a high cation exchange capacity. 

 
Zeolite nanocomposites of nitrogen, phosphorus and potassium (NPK), in addition to other 

nutrients and micronutrients of amino acids, mannose, Ca, Fe, and Zn, have been reported, which have 
aided crop growth and are absorbed in those crops, Harper (2015). Onedisadvantage of zeolite is its 
inability to absorb and adsorb anions, and thus it is enhanced in this perspective with biopolymers. 
Morales-Díaz et al., (2017). 

The three-dimensional crystal structure of zeolite allows high cationic exchange, and, coupled with 
its excellent porosity and extensive surface area; it is capable of retaining positive and negative nutrient 
ions for a long time. These exposed surfaces have excellent interactions with cations and polar 
molecules due to the effectiveness of the hydrated negative inorganic ions contained therein. All these 
properties have positioned zeolite as one of the most sought materials to be used in fertilizers. It also 
aids in the gradual release of the nutrients into the soil and absorption by the plants, which will avoid 
the case of nutrient loss as in conventional systems. Guo (2004). As compounds of interest to 
researchers in different fields, the International Agency for Research on Cancer (IARC) and Food and 
Drug Administration (FDA) have declared zeolites non-toxic, which enables their extensive use in 
agriculture and food respectively in recent times Eroglu, et al., (2017). The reduction of zeolites to 
nanoforms can be done by the top-down approach of ball milling, which reduces their sizes, enhances 
the surface area for proper interaction or adsorption, and desorption of ions Claudia Belviso (2020), 
Manikandan (2016). .This property enables holding some ions and releasing some in a mechanistic way 
appropriate for crop improvement and it is environmentally friendly. Nano zeolite therefore is 
strategized for improved properties, hence promoting the excellent use of other macro- and 
micronutrients. In general agriculture, their functions are not only limited to enhancing the soil 
nutrients, regulating soil acidity, enabling quality seed germination or acting as pesticides, but extends 
to supplementing the nutritional requirements of most animals and exhibiting wound healing properties 
Eroglu, et al., (2017). They reported that high uptake of nitrogen by plants, in the soil when urea 
fertilizers were applied in form of nano zeolite (nanozeourea), due to the aided the slow release of the 
nutrients Manikandan (2016). Such practice prevents the over concentration of nitrogen in the soil, 
which could be leached to cause eutrophication and greenhouse effect Fig. (45). 

Zeolite-based agricultural systems are highly promising but there has been limited interest in them 
over the years Manikandan (2016). With the recent uncovering of potentials exhibited by nanozeolites, 
it is clear that they can change the agricultural sector for better.  
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Fig. 45: Illustrates six types of nanostructured materials as nutrient carriers: nano clays, hydroxyapatite 
nanoparticles, mesoporous silica, carbon-based nanomaterials, polymeric nanoparticles, and other nanomaterials, 
and the core criteria to evaluate their potential for practical agricultural applications. 

 
7- Mitigation of abiotic stress by nanoparticles. 

Agricultural section is benefiting from advancements in science and technology, which give us 
new ideas and solutions to combat severe problems. With the advent of nanotechnology, more efficient 
and fewer contaminant, nano formulations are continuously produced for sustainable agriculture 
Fraceto et al., (2016) Fig. (46). These new-age materials have the potential to alter the physiology of 
plants right after entering the complex plant– soil system that can be easily exploited to understand the 
aftereffects. Moreover, for controlled delivery of active compounds, critical knowledge of the 
interaction of these NMs with plants, either positive or negative, is required. Thus, they could provide 
novel avenues toward developing better nanomaterial-based products. It is also believed that the 
concentration of NMs in the natural environment is much lower than levels considered harmful. 
However, still, some gaps are left to be filled with comprehensive safety assessments. Abiotic stresses 
are major constrains which adversely affect the crop productivity and plant growth. Among all abiotic 
stresses, drought and salinity are most widespread and commonly experienced stresses. Therefore, 
changing environmental scenario need to identify the new area of research to overcome the 
technological challenges in addressing the yield barrier, resource use efficiency and development of 
environmentally accepted technology. Nanobiotechnology is gaining momentum to be occupying the 
promising position to mitigate the constraints associated with abiotic and biotic stress to obtain a 
sustainable and secure future of agriculture worldwide. Nanotechnology explores wide area and opens 
large scope for diverse applications in fields of biotechnology and agricultural sector and the potential 
benefits of nanotechnology could be exploited in the area of agricultural production.  
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Fig. 46: Illustrates schematic representation of the potential interaction of NPs with the plant system. (A) Various 
NPs are used as nano-carriers for the delivery of exogenous cargo. They may vary in their size from 10 nm to 
more than 100 nm. (B) Interaction mechanism: The mechanism of NP interaction with and subsequent 
translocation to the plants. After successful penetration through the external layers, NPs move through apoplastic 
and symplastic pathways to reach different plant cells and tissues. (C) Plant structures impose different exclusion 
limits to the movement of NPs as size exclusion limit (SEL) of the cell wall is 5–20 nm, Casparian strip with SEL 
of <1 nm, and SEL of plasmodesmata is 3–50 nm in diameter. Some NPs can form larger pores in cell walls, 
plasmodesmata, and cuticles, thus facilitating the entry of larger size NPs (line shown with dotted corners). NPs 
with different surface charges vary in the uptake and translocation through the plant system owing to 
electrochemical interaction between them. In addition, the surface modification of the NPs alters the movement. 
(D) The various responses of plants to the exposure of NPs. NPs can impose positive as well as negative impacts 
on plants that are mostly determined by their physiochemical properties; size and concentration are the most 
prevalent as more concentration leads to negative impact and less concentration imposes a positive impact on the 
plant system. On the other hand, size plays an essential role as small-size NPs can be easily taken up by the plant 
that could cause more interaction and thus a more powerful direct impact. 

 
7-1- Impact of nanoparticles on Plant  
Metallic nanoparticles already exist in the environment in association with several plant species; 
however, their effects on plant’s growth and phenotypic parameters may vary among species Rizwan 
et al., (2019). Nanoparticles help in seed germination of plants by activating the aquaporin controlling 
genes, thereby improving the water uptake along with the penetration of nanoparticles, helpingto 
improve seed germination in plants Khan et al., (2017). Along with the amount of water uptake, present 
of sufficient food as enzymes like amylase and protease promotes survival of the plant. Low 
concentration of TiO2 increase the activity of both amylase and protease enzymes Laware and Raskar 
(2014).In addition, several negative impacts of nanoparticles that induce beneficial effects to their 
associated plants in forms of abiotic stress resistance by antioxidant compounds. However, positive 
effect through bio stimulation, higher biomass production, and products with higher quality standards 
Tripathi et al., (2017; Apodaca et al., (2018) and Yassen et al., (2018). Titanium dioxide (TiO2) 
nanoparticles also produce significant beneficial effects on plants like Arabidopsis thaliana, Lactuca 
sativa, Avena sativa, Linumusitatissimum, and cabbage. It improves the germination of seeds, extends 
root length, and enhances the growth of seedling plants Aghdam et al., (2016); Andersen et al., 
(2016);Szymanska et al., (2016). Further increased crop yield and biomass were observed for plants 
like tomato, wheat, and corn Morteza et al., (2013); Rafique et al., (2015); Raliya et al., (2015). The 
abiotic stress tolerating various antioxidant targets the reactive oxygen species (ROS) released by 
different cell organelles on exposure to oxidative stress caused by abiotic conditions like high salinity, 
drought, unfavorable temperature, heavy metal concentration, floods, or ultraviolet radiation. Moreover, 
the antioxidant compounds also provide a defense to the plants in such stress by stimulating the 
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antioxidant activities and accumulating nutrients, osmolytes, and amino acids to plant system to attain 
the defensive action against the damage Fig. (47). 
 

 
Fig. 47: Represents plant survival under drought stress 

 
Nanoparticles associated with soil minerals like analcite (AlSiO2O6)-H2O help induce drought 

resistivity to wheat and corn plants by facilitating their antioxidative action with the production of 
photosynthetic pigments Zaimenko et al., (2014) Fig. (48). 
  

 
Fig. 48: Illustrates the adverse effects and adaptations of plants to drought stress, After Ullah et al., (2017), 
Mahmoud et al., (2021) 

 
In another study, it was observed that foliar usage of iron nanoparticles induced stomatal closure 

in the safflower plant to combat the water scarcity in drought conditions Zareii et al., (2014). However, 
it was also observed that noncompatible or high concentration of nanoparticles might also block the 
root cells by adhering to them and prevent water and nutrient adsorption Martínez-Fernández et al., 
(2016). Nanoparticles associated with plants at the hypothermic condition or chilling stress influence 
the upregulation of MeAPX2 and MeCu/ZnSOD genes that elevate the activity of the antioxidant 
system components like Dehydroascorbate reductase, monodehydroascorbate reductase, and 
glutathione reductase that combat the generated ROS within the plant cell Fig. (49).  
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Fig. 49: Overview of the role of glutathione in plant response to abiotic stresses. The main glutathione-related 
enzymes are depicted by boxes; their contribution to stress tolerance is highlighted. Potential deleterious 
compounds and their adducts are also shown. ASC ascorbate; APX ascorbate peroxidase; DHA dehydroascorbic 
acid; DHAR Dehydroascorbate reductase; EGSSG/2GSH glutathione half-cell reduction potential; GR 
glutathione reductase; GPX glutathione peroxidase; GRX glutaredoxins; GSH reduced glutathione; GSSG 
oxidized glutathione/glutathione disulfide; GST glutathione transferase; MDHAR monodehydroascorbate 
reductase; PCs phytochelatins; PCS phytochelatin synthetase; ROH organic alcohol; ROOH organic hydro 
peroxide 

 
Report suggesting that application of SiO2 NPs nanoparticles and, in some cases, TiO2 NPs assists this 
stress tolerance mechanism in plants Haghighi et al., (2014).Under heat stress, plant cells tend to 
produce molecular chaperone named heat shock proteins (HSPs), which provide plant cells thermo 
tolerance. It was evident in studies that carbon nanotubes help to maintain the sublime expression of 
these Khodakovskaya et al., (2011) Fig. (50). Other nanoparticles like cerium oxide (CeO2) and TiO2 
NPs also have some reports with benefit for plant survival in heat stress. However, the contribution of 
these nanoparticles in photosynthesis is still a concern for further investigations Zhao et al., (2012); Qi 
et al., (2013). Other forms of abiotic stress such as salinity or heavy metal contamination induce 
different plant defense mechanism that targets to compensate or nullify the generated ROS within the 
cell. Silicon oxide and titanium oxide in some cases have reports to help these defense mechanisms by 
either reducing the accumulation of heavy metal or maintaining membrane integrity to preserve the 
desired salt concentration within the cell Ali et al., (2019); De Sousa et al., (2019); Rizwan et al., 
(2019); Singh and Lee (2016). Pierre Jacob et al., (2017) stated that Crop yield has been greatly 
enhanced during the last century. However, most elite cultivars are adapted to temperate climates and 
are not well suited to more stressful conditions. In the context of climate change, stress resistance is a 
major concern. To overcome these difficulties, scientists may help breeders by providing genetic 
markers associated with stress resistance. However, multi stress resistance cannot be obtained from the 
simple addition of single stress resistance traits. In the field, stresses are unpredictable and several may 
occur at once. Consequently, the use of single stress resistance traits is often inadequate. Although it 
has been historically linked with the heat stress response, the heat-shock protein (HSP)/chaperone 
network is a major component of multiple stress responses. Among the HSP/chaperone ‘client proteins’, 
many are primary metabolism enzymes and signal transduction components with essential roles for the 
proper functioning of a cell. HSPs/chaperones are controlled by the action of diverse heat shock factors, 
which are recruited under stress conditions. In this review, we give an overview of the regulation of the 
HSP/chaperone network with a focus on Arabidopsis thaliana. We illustrate the role of 
HSPs/chaperones in regulating diverse signaling pathways and discuss several basic principles that 
should be considered for engineering multiple stress resistance in crops through the HSP/chaperone 
network. 
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Fig. 50: Illustrates epigenetic regulation of thermotolerance and thermomemory development HS upregulates the 
expression of HSFA2. HSFA2 activtaes the H3K27me3 demethylase REF6. REF6 in turn activates HSFA2 and 
form a positive feedback loop. This loop activates the expression of E3 ligase SGIP1 and indirectly activates 
HTT5 expression and thermotolerance. The REF6-HSFA2 loop form to activate HTT5 by reducing tasiRNA. 
HSFA2 also regulated the expression of HSP21, which is responsible for thermomemory development and 
thermotolerance. HS activates histone acetyl transferase GCN5 that cause H3K9/H314Ac acetylation at the 
promoter of HSFA3 and UV6 and promotes thermotolerance. HS activates histone deacetylase H2DC, which 
physically interacts with several member of SWI3/SNF chromatin remodelling complex and negatively regulates 
thermotolerance. After Anand Nishad and De Sousa et al., (2019). 

 
7-1-1- Silicon Nanoparticles (Si-NPs) 

Silicon (Si) is most abundantly present in the soil. Its role in plant defense and plant growth and 
development are most recognized and well-documented Abou seeda et al., (2019), (2020). Several 
studies recognized its immense potential to mitigate effectively diverse abiotic stresses such as drought, 
salinity, cold stress and other heavy metal toxicities. However, there is scanty of information available 
on exact mechanisms of Si-mediated mitigation of abiotic stresses in plants Liang et al., (2007), Ma 
(2004), and Datnoff et al., (2009) Fig. (51). Silicon nanoparticles was estimated that 1.0 gram of silica 
nanoparticles having size of 7.0 nm diameter exhibit wide absorption surface equal to 400 m2. In 
addition, exhibit its effect on xylem humidity, water translocation and enhance turgor pressure, thus 
leaf relative water content and water use efficiency will be increased in pants Wang and Naser (1994), 
Rawson et al., (1998). Silicon particles can also mediate several other important key effects in higher 
plants leading to enhance abiotic stress tolerance i.e., enhancement of antioxidant enzyme activation, 
enhanced uptake process, co-precipitation of toxic metal ions, immobilization of toxic metal ions in 
growth media and compartmentation of metal ions within plants. 

All such processes, increase plant capabilities to withstand abiotic stresses i.e., salinity, drought, 
heavy metal toxicity etc. Liang et al., (2007). Silica nanoparticles also exhibited its growth promoting 
effect on the development stages in Zea mays L. Javad S. et al., (2014) investigated that effects of silica 
nanoparticles (SiO2) on developmental stages of Zea mays L. especially on seed germination, rate of 
root and stem elongation, relative water content (RWC) and photosynthetic pigment which revealed 
significant increase in these attributes when exposed with different concentrations (0, 400, 2000, and 
4000 mg/L) of silica nanoparticles (SiO2) as compared to the control Javad et al., (2014) 
Further studied in tomato and squash plants under salinity stress, application of nanoparticles (SiO2) 
enhance seed germination and the antioxidant system under salinity stress when treated with nano-SiO2 
particle Highlighting Pourkhaloee (2013), Siddiqui et al., (2014) and Yassen et al., (2017). However, 
nanoparticles increasing widely, but still very less information is available on actual consequences of 
plant interaction with nonmaterial.  
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Fig. 51: Mechanisms of Si-mediated mitigation of abiotic stresses in plants 
 
 
7-1-2 Silver Nanoparticles (Ag-NPs) 

Silver nanoparticles offers a wide range of engineered nanomaterials currently produces for 
application in wide range of commercial products. The effects of synthesis of silver nanoparticles (Ag-
NPs), was evaluated in seven varieties of Lycopersicon esculentum Mill (tomato) plants on the seed 
germination using different concentrations of Ag-NPs, the results indicated the Ag-NPs treated seeds 
sprouted early than seeds germinated in deionized water when treated with five different concentrations, 
viz, 0, 25, 50, 75 and 100 mg l−1.Fig. (52). However higher concentration of Ag-NPs exhibited 
inhibitory effect on seed germination Karami et al., (2016).The effect of silver metal nanoparticles 
different at concentrations (0, 25, 50, 100, 200 and 400 ppm) gradually stimulated the growth and 
antioxidative enzyme level particularly in Brassica juncea seedlings. Suggesting the induced level of 
specific antioxidant enzymes, furthermore increasing chlorophyll content, root length and shoot length, 
however, level of proline and MDA were decreased. 
 

 
Fig. 52: Illustrates treatments of (a, b Ag-NPs) gradually accelerated seed germination by more water uptake 
inside seeds. Seedling growth inhibition under different concentration of Ag-NPs. After Karami et al., (2015). 

 
Karami et al., (2015), stated that effects Ag-NPs on seed germination, germination percentage 

(GP), seedlings vigor index (VI), germination index (GI), tolerance index (TI), root and shoot length 
(RL and SL) and silver content in seven varieties of Lycopersicon esculentum Mill (tomato) plants were 
conducted Fig.(53). Application of 50 nm size Ag-NPs at concentrations of, 0, 25, 50, 75 and 100 mg 
l-1 were synthesized by chemical reduction of metal salt precursor silver nitrate. Results observed that 
in the first few days of testing, Ag-NPs treated seeds sprouted within first 3 days, whereas the control 
seeds (deionized water) took longer time to sprout, that resulted in the increase in GI, in early urbanay 
VF, Super strain B and Primo early varieties. Ag-NPs caused a significant decreased in GP of Super 
strain B, and Super stone varieties at 75 and 100 mg l-1 concentrations. We detected no significant 
differences in GP in other varieties. AgNPs application to tomato varieties seeds also caused a drastic 
decrease in VI, TI, RL and SL in all varieties seedlings. The measurement of Ag content, showed a 
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linear increase with the increase in AgNPs concentrations. Finally, phytotoxicity effect of AgNPs was 
revealed in seven varieties 

 
Fig. 53: Linear correlation between Ag content in seedlings and employed AgNPs concentrations in seven 
varieties of tomato seedlings. Different letters are significantly different at p \0.01. Values are presented as the 
mean ± SE of three independent replications. After Karami et al., (2015). 

 
7-1-3 ZnO Nanoparticles 

Micronutrient fertilizers can increase the tolerance of plants towards environmental stress such as 
drought and salinity Baybordi (2005). Zinc is among the important key micronutrient required for the 
optimum growth and development of plants that carries vital metabolic reactions within the plants to 
promote growth and development. Despite its role in the growth and development of plants, it is also 
play a vital role in reducing toxic heavy metals uptake by plants, thereby prevents plants from the heavy 
metal toxicity such as Cd Baybordi (2005). In another study it was revealed that foliar application of 
ZnO nanoparticles at appropriate concentration 1. 5mg.L-l on chick pea exhibited increased biomass 
production as compared to application of bulk ZnSO4 Burman et al., (2013). 

 Zn- NPs supplementations promote seed germination, plant growth, and development and improve 
crop yield and quality Fig. (54) Kolenčík et al., (2019). Besides this, it is a source of micro-nutrition to 
the plants. When seeds of wheat were primed with ZnO-NPs, the germinated plants showed increased 
plant growth, photosynthesis and biomass Munir et al., (2018). Pre-treatment of seedlings with low and 
mild concentration of ZnO NPs (0–300 mg.L-1) revamps germination and seedling development García-
López et al., (2018). Recently, the positive effects of ZnO-NPs were also observed on plant growth and 
performance in fabaceous, cucurbits and solanaceous plants Dimkpa et al., (2017); Faizan et al., (2018); 
Sharifan et al., (2019). Spraying of ZnO-NPs upgraded fruit harvest in pomegranate Davarpanah et al., 
(2016) and mango trees Zakzouk and Ibrahim (2017). ZnO- NPs also improved the quality of cherry 
tomatoes by suppressing fruit ripening during post-harvest Guo et al., (2020). ZnO-NPs treated plants 
show early blossoming in onion and produced a greater number of healthy seeds Laware and Raskar 
(2014). In foxtail millet, foliar spray of ZnO-NPs improved the grain nutritional quality by slightly 
enhancing the oil and nitro gen contents Kolenčík et al., (2019). Additionally, application of ZnO NPs 
results in manipulation and improvement in protein content and photosynthetic pigments in cluster bean, 
pearl millet, and soybean and in Cyamopsis tetragonoloba. ZnO-NPs supplementation also increased 
the total phenolic and favonoids content and the photosynthetic pigments in comparison to the treatment 
given with only ZnO. In Saffower plant, presence of ZnO-NPs increased the level of malondialdehyde. 
It is vital for activation of many enzymes; the activity of enzymes such as guaiacol oxidase, polyphenol 
oxide and dehydrogenase increase at different concentration of NPs Hafzi and Nasr (2018). ZnO NPs 
as an effective elicitor increased the biosynthesis of tropane alkaloids such as scopolamine and 
hyoscyamine, upregulating the biosynthetic gene, hyoscyamine-6-β-hydroxylase (h 6 h). This 
influenced the concentration of tropane alkaloid, transcript level of h6h and antioxidant enzyme activity 
in H. reticulatus L. hairy roots Asl et al., (2019). 

At molecular and biochemical level, ZnO-NPs activate antioxidant enzymes to scavenge 
ROS. Positive effects of ZnO-NPs have been identified in Capsicum chinense where it improved growth 
and metabolic markers such as germination of seeds, seedling vigour, and accumulation of biomass and 
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nutraceuticals attributes (total favonoids, condensed tannins, total phenols, and DPPH antioxidant 
capacity) García-López et al., (2019). ZnO- NPs supplementation upregulated the antioxidant activity 
in Portulaca oleracea Iziy et al., (2019). ZnO-NPs also upgraded the activity of CAT, POX, and SOD 
enzymes and boosted proline concentration that further enhanced photosynthetic efficiency in tomato 
plants Faizan et al., (2018). Soybean also has been demonstrated to enhance SOD, CAT and POX and 
APX and H2O2 scavenging activities under the influence of ZnO-NPs. Therefore, ZnO- NPs can be used 
as novel nano fertilizers in Zn deficient soil for crop improvement Yusef Tanha et al., (2020). Because 
of these positive effects of ZnO-NPs, it is widely used and has many applications from seeds to post-
harvest in modern agriculture. 

 
Fig. 54: Schematic illustration displaying the effects of ZnO NPs on plant growth, development and 
tolerance against abiotic and biotic stresses 
 

Studies indicatedferrous and zinc play a role for enhancing the plants to tolerate drought stress 
Cakmak (2008).ZnO nanoparticles application on Cicer arietinum L seed imparted enhanced seed 
germination and seedling growth. Since ZnO, nanoparticles gradually increase the auxin (IAA) level in 
roots (sprouts) which promote the growth of plants. Moreover, Zn is utilized by plant in very less 
quantity therefore; availability of Zn at nano level ensures a appropriate quantity of Zn delivery to the 
plant for its utilization by plants for growth and development. Hence, Zn toxicity can be avoided not 
only in plants but also in soil too. Therefore, ZnO may be considered as eco-friendly and bio-friendly 
material that can be used as a green reagent Pandey et al., (2010). 
 
7-1-4 Nanoparticles of TiO2 

TiO2 nanoparticle is photo catalytic in nature that can carry out an oxidation–reduction reaction 
leading to generate superoxide anion radical and hydroxide when exposed to light Hong et al., (2005a) 
Fig. (55). 

  
Fig. 55: The mechanism of metal materials ion doing TiO2  

 
However, photo sterilization by TiO2 nanoparticles ameliorate plant growth and development. 

Arafat et al., (2018) reported that, under non-stressed conditions, application of 0·01% nTiO2 enhanced 
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plant growth, which was manifested in the form of increased shoot length, leaf area and root DW by 
48%, 36% and 44%, respectively, as compared with that of control . Under saline soil conditions, a 
remarkable difference in plant growth was observed with and without nTiO2 supplementation. The 
shoot length, shoot DW and leaf area were decreased by 38%, 52% and 35%, and root length and root 
DW were decreased by 33% and 55%, respectively, by high salinity as compared with that of control. 
Upon 0·01% nTiO2 treatment, significant recovery in plant growth was noticed. The shoot length, shoot 
DW and leaf area were increased by 40%, 77% and 27%, while root length and root DW were increased 
by 29% and 75%, respectively, as compared with that of salt treatment alone. In addition, we observed 
a positive correlation between the data of growth and biochemical parameters, control plants, 0·01% 
nTiO2 application increased Chl b level by 24%, whereas in plants grown on saline soil, Chl a, Chl b 
and carotenoid levels decreased by 17%, 36% and 29%, respectively, relative to that of control. More 
importantly, upon 0·01% nTiO2 supplementation, the Chl a, Chl b and carotenoid contents were 
maintained at a higher level of 17%, 28% and 24%, respectively. 

Gholamreza Gohari (2020) stated that Considering titanium dioxide nanoparticles (TiO2-NPs) and 
its role in plant growth and especially in plant tolerance against abiotic stress, a greenhouse experiment 
was carried out to evaluate TiO2-NPs effects (0, 50, 100 and 200 mg L−1) on agronomic traits of 
Moldavian balm (Dracocephalummoldavica L.) plants grown under different salinity levels (0, 50 and 
100 mM NaCl). Results demonstrated that all agronomic traits were negatively affected under all 
salinity levels but application of 100 mg L−1 TiO2-NPs mitigated these negative effects Fig. (56). 
 

 
 Fig. 56: Illustrates epifluorescence microscopic images of D. moldavicaL roots in 0 mg L−1 (A) and 200 mg L−1 
(B) of TiO2 suspensions grown under control conditions. After GholamrezaGohari (2020) 

 
Application of TiO2-NPs on Moldavian balm grown under salt stress conditions improved all 

agronomic traits and increased antioxidant enzyme activity compared with plants grown under salinity 
without TiO2-NP treatment. Application of TiO2-NPs significantly lowered H2O2 concentration. In 
addition, highest essential oil content (1.19%) was obtained in 100 mg L−1 TiO2-NP treated plants under 
control conditions. Comprehensive GC/MS analysis of essential oils showed that geranial, z-citral, 
geranyl acetate and geraniol were the dominant essential oil components. The highest amounts for 
geranial, geraniol and z-citral were obtained in 100 mg L−1 TiO2 NP-treated plants under control 
conditions. In conclusion, application of 100 mg L−1 TiO2 NPs could significantly ameliorate the salinity 
effects in Moldavian balm. 

Significant effect of TiO2 nanoparticles was estimated in photochemical reaction of chloroplasts 
of Spinacia oleracea upon application of TiO2 nanoparticles Hong et al., (2005 b). A study revealed that 
TiO2 nanoparticles (rutile phase) enhances antioxidant stress tolerance by modulating various processes 
like lowering of superoxide radicals accumulation, hydrogen peroxide, malonyldialdehyde (MDA) 
content, and inducing antioxidant enzymes activities within the plants i.e. superoxide dismutase, 
catalase, ascorbate peroxidase, and guaiacol peroxidase on the photochemical reaction of chloroplasts 
of Spinacia oleracea Fig.(57). 
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Fig. 57: Illustrates an overview on nanoparticle interaction in plant system and their Phytotoxic effects at all stages 
of plant development, impact of free radicals on biomolecules present in cells leads to formation of adducts 

 
Lei Z et al., (2008). Jaberzadeh et al., (2013) reported that application TiO2 nanoparticles have 

shown significant positive impact on growth and yield components in wheat under water deficit 
condition Jaberzadeh et al., (2013).Fig, (58). 

 

 
Fig. 58: Illustrates TiO2 nanoparticle uptake, translocation, accumulation and impacts on plant 

 
7-1-5 Nano of Iron 

Iron (Fe) is an important nutrient involved in the synthesis of chlorophyll, DNA, chloroplast 
structure, respiration, and several metabolic pathways. Though plants need the Fe in small quantities 
for their growth, its insufficiency or excess has detrimental effects on the physiological and metabolic 
functions of plants, thereby decreasing their yield Palmqvist et al., (2017) Iron availability in well-
aerated soils is usually high. However, in these soils, Fe usually forms insoluble ferric compounds at 
neutral pH values, thus rendering it unavailable to plants. Therefore, Fe-enriched fertilizers could 
optimize the Fe supply of plants. Different studies have shown that Fe-NFs increased germination and 
improved growth of different crops compared to control and/or synthetic Fe sources. Srivastava et al., 
(2014) and EL-Aila et al., (2015) documented that iron pyrite-NPs increased the growth of spinach 
(Spinacia oleracea L.). Rui et al., (2017) observed better root growth in peanut (Arachis hypogaea L.) 
plants treated with Fe-NPs compared to non-treated plants under field conditions. Raju et al., (2016) 
observed higher radical length during germination in green gram (Vigna radiate L.) and higher fresh 
biomass with Fe-NPs application (2–6 nm) compared to the control (ferrous sulphate; FeSO4). Askary 
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et al., (2016) used various concentrations (0, 5 10 20, 30, and 40 mM) of Fe-NFs (Fe2O3) on rose 
periwinkle (Catharanthus roseus). They observed that Fe NFs enhanced several growth parameters, 
chlorophyll and protein contents compared to plants where Fe NFs were not applied. To conclude, Fe 
NFs can be optimal alternative sources, particularly in soils that suffers from Fe deficiency. 
 
7-1-6 Nano of Manganese 

Manganese (Mn) is an essential micronutrient that is involved in N metabolism, photosynthesis 
and the biosynthesis of fatty acids, ATP, and proteins Palmqvist et al., (2017). In spite of this and 
depending on the chemical properties of acidic soil, Mn can be toxic to different plants. Manganese also 
helps plants to cope with different stresses. Research has shown that Mn applications significantly 
improve the growth and yield of wheat, maize, sugarcane, soybean, and common beans Fageria, (2001), 
Dimkpa et al., (2016). Studies on nano-Mn fertilizers or Mn NPs on different crops have shown that 
nano-Mn treatments can enhance the root and shoot growth of mung bean by 52% and 38%, 
respectively, compared to a control treatment (MnSO4; commercially available manganese salt at a 
recommended dose) Pradhan et al., (2013. Mn treatments also enhanced the yield of eggplant (Solanum 
melongena L.) by 22% Elmer et al., (2016) and significantly increased the root length of lettuce 
(Lactuca sativa L.) compared to a control Liu et al., (2016). However, there was no effect of Mn NPs 
on the root length of white mustard (Sinapis alba) Landa et al., (2016), the seed germination of lettuce 
Liu et al., (2016)or watermelon (Citrullus lanatus) yield. At the physiological level, Mn NPs are 
attached with the chlorophyll binding protein (CP43) of photosystem II, this results in an increased 
activity of the electron transport chain and, thus, the overall efficiency of the photosynthesis process 
Pradhan et al., (2013) Fig. (59). 

 
Fig. 59: Illustrates Schematic of photosystem II of higher plants and its cofactors. The minor CAB-proteins are 
omitted for simplification. 

 
Consequently, plants fertilized with Mn-NPs have shown a high rate of nitrogen assimilation and 

metabolism compared to their conventional bulk counterparts Pradhan et al., (2013), Adhikari et al., 
(2012)Fig. (60), (61). 

 
7-1-7 Nano of Copper  

Copper (Cu) is a constituent of regulatory proteins that participates in photosynthesis and 
respiration of plants and is a cofactor of antioxidants such as superoxide dismutase and ascorbate 
oxidase Fig. (62). Copper deficiency leads to various disorders; necrosis; stunted growth; low numbers 
of seeds, grains, and fruits; and finally low crops yield Palmqvist et al., (2016) Rai et al., (2012). Soil 
organic matter content affects the availability of Cu, so the soil application of Cu NPs may be beneficial 
due to their large surface area, high solubility, and reactivity Hong et al., (2015). 
 In recent studies, the field application of CuO NPs nanofertilizers improved the germination and root 
growth of soybeans and chickpeas (Cicer arietinum L.) Landa et al., (2016). Likewise, soybean seeds 
treated with nanocrystalline powders of Cu, Co, and Fr (40–60 nm) had 65%, 80%, and 80% 
germination rates, respectively, which were higher than the 55% germination rate in a control sample 
(zero NF) Ngo et al., (2014) Fig. (62). 
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Fig. 60: Illustrates Nitrogen uptake, assimilation in roots and leaves of tea plant. Black and blue arrows represent 
the movement of ammonium and metabolite pathway, respectively. AMT, NRT, AQP, GS and GOGAT, represent 
the genes of the ammonium transporter, nitrate transporter, aquaporin protein, glutamine synthetase, and glutamic 
acid synthetase, respectively. Mn and GA-TF represent new identified manganese binding protein and gibberellin 
related transcript factors, respectively. Colors shading the protein show the up-regulated (red) or down-regulated 
(green) expression. Presence of both red and green colors shows varied regulation between the tea variety HJ and 
FD. 

  
Fig. 61: Illustrates Diagram of photosystem II (PS II) and the polypeptide composition, electron transport carriers 
and light-driven photosynthetic electron transport reactions (blue solid arrows) from Mn to the secondary Quinone 
electron acceptor (Q) in PS B II resulting in water oxidation by the Mn cluster at the donor side of PS II. Electron 
transport in PS II generates light-dependent turnover of positive charges via the S-state cycle (Kok’s cycle) by 
withdrawing e - and H + from H O. The electron transport also 2 generates positively charged P680 + , Y Z+ and 
Y D+ , thus reducing the primary Quinone electron acceptor (Q A ) to Q A− . Consequently, Q A− donates an 
electron to Q B and the negative charges at the acceptor side of PS II are generated by the Quinone reduction 
cycle forming semiquinol or quinol molecules. Charge recombination’s (grey dashed lines) between different 
combinations of negatively and positively charged species result in thermo luminescence (TL) emission that is 
characteristic for each redox pair. 

  
Fig. 62: Illustrates TEM analysis of ultrastructure of soybean seed embryo with CuONPs–25 nm treatment at 500 
mg/kg soil (C, D) and compared with control seeds (no nanoparticles) (A, B). Electron-dense metal aggregates 
are clearly visible within the cell wall (cw)/plasma membrane (pm), including within the cytoplasm (cy) and/or 
protein storage vacuoles (psv) for the seeds with CuONPs–25 nm treatment at 500 mg/kg soil (C, D). nu = nucleus, 
ics = intracellular space, ob = oil bodies, NPs = nanoparticles (red triangle). After Elham Yusefi-Tanha et al., 
(2020) 



Middle East J. Agric. Res., 10(4): 1182-1249, 2021 
EISSN: 2706-7955   ISSN: 2077-4605                                           DOI: 10.36632/mejar/2021.10.4.81  

1226 

Elham Yusefi-Tanha et al., (2020), reportedthe potential uptake and bio distribution of engineered 
nanoparticles (ENPs) in soil-grown plants is imperative for realistic toxicity and risk assessment 
considering the oral intake of edibles by humans. N-fixing symbiont (Bradyrhizobium japonicum) 
inoculated soybean (Glycine max (L.) Merr.) for a full lifecycle of 120 days. In order to assess the 
potential influence of particle size (25, 50, and 250 nm) and concentration (0, 50, 100, 200, and 500 
mg/kg soil) of Copper oxide nanoparticles (CuO-NPs) on root system architecture, soil physicochemical 
attributes at the soil–root interface, and transportation of Cu and accumulation in root, stem, leaf, and 
seed in soybean. They reported that particle size- and concentration-dependent influence of CuO-NPs 
on Cu uptake and distribution in root, stem, leaf, and seed. Alterations in root architecture (root biomass, 
length, volume, and area) were gradually dependent on the Cu compound types, Cu concentrations, and 
their interactions. Concentration in all three sizes of CuO-NPs and Cu2+ ions were found to be linear. 
CuO-NPs and Cu2+ ions had inhibitory effects on root growth and development. Results observed that 
application of smallest size of CuONPs–25. nmin soybean plants were more effective atplant 
parametersas compared to the other sizedCuONPs (50 nm, 250 nm) or Cu2+ ions. Suggesting that minor 
changes in soil-root physicochemical attributes may not be a major driver for Cu uptake in soybean. Cu 
bioaccumulation followed the order: root > leaf > stem > seed. Despite reduction in root architecture 
and seed yield, the smallest size CuO-NPs, 25 nm led to increased total seed Cu uptake compared to 
the larger-sized CuONPs or Cu2+ ions. Soil amendment with CuONPs, and more so with the smallest 
size of CuONPs–25 nm, could significantly improve seed nutritional Cu value in soybean as reflected 
by the % Daily Values (DV) and are rated “Good” to “Very Good” according to the “World’s Healthiest 
Foods” rating. However, until the potential toxicity and risk from CuO-NP-fortified soybean seed 
ingestion is characterized in humans, we caution recommending such seeds for daily human 
consumption when addressing food Cu-deficiency and associated diseases, globally. 
Similarly, different concentrations of Cu NPs increased the growth and yield of wheat due to 
improvements in leaf area, chlorophyll contents, number of grains per spike, and grain weight. 
Moreover, there was an improvement in flavonoid contents, sulphur assimilation, and the biosynthesis 
of proline and glutathione in Arabidopsis thaliana after the application of Cu NPs with dose of 5 mg 
L−1 Landa et al.(, 2016). Conversely, Cu NP application negatively affected the growth of water lettuce 
(Pistia stratiotes L.) Olkhovych et al., (2016) and decreased fruit firmness in cucumber plants Hong et 
al., (2016)Fig. (63). In summary, it seems that Cu NFs can significantly and but one must be careful 
with their rate of application. 

 
Fig. 63: Illustrates the morphological changes of leaves and roots of Pistia stratiotes L. plants under the influence 
of metal nanoparticles on the 14th day of growth: (a) check, (b) copper nanoparticles, (c) zinc nanoparticles, (d) 
binary composition of copper and zinc nanoparticles. AfterOlkhovych, et al., (2016). 

 
8- Riske assessment of nanoparticles in agricultureand on human health 

Nanotechnology paradigm is a new tool to increase sustainable food production. Although 
numerous benefits, the unsafe discharge of nanoparticles (NPs) in the environment is an issue. The 
unregulated exposure to the soil is expected to impair plant growth and accumulate into edible tissues, 
human exposure becomes inevitable Fig. (64). The problems of detecting NPs in soil and uptake 
mechanism in plants are ones of the critical aspects that necessitate being determined and understood. 
Nanomaterials possess various new properties and their industrial use creates new opportunities, but 
they also present new risks and uncertainties Keller et al., (2017); Rajput et al., (2020a), (2020b). Due 
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to intrinsic characteristics originated from their nanosize, the application of nanoparticles (NPs; 
particles size ≤100 nm) is considered a rapidly growing field of research with diverse applications in 
various sectors of the industry.  

 
Fig. 64: Sources of emission and release of nanoparticles into the environment during: (i) raw materials 
manufacturing, (ii) nano-enable product manufacturing, (iii) use of nano-products, and (iv) management of nano-
waste leading to nanoparticle dispersion in air, soil, and water. Secondary emissions from humans or non-human 
species may also contribute to nanoparticles’ concentration in the environment. After Ahmed et al., (2021)  

 
Agriculture could make a considerable profit from developing more effective and fewer 

contaminant agrochemicals (nano formulations). Moreover, instruments such as nano sensors would 
help to detect biotic or abiotic stress before it can affect output Giraldo et al., (2019). Several studies 
predict that nanotechnology would facilitate the development of hightech agricultural fields, coupled 
with a range of intelligent nanotools Kumar and Arora, (2020); Giraldo et al., (2019). Developing these 
technologies would undoubtedly lead to a transformation change in agricultural practices, and could 
contribute greatly to a significant alleviation in the impact of modern agriculture on the environment 
Arora, (2018); Kwak et al., (2017). 
 
8-1 Accumulation of NPs in soil and plants tissues  

 Once NPs are reached into the soil system, they may undergo a series of bio/geo-transformation, 
which ultimately determines the bioavailability and toxicity of NPs, and cause toxicity, generate 
oxidative stress, and can be absorbed by plants, posing a potential threat to human health via transferring 
in the food chain Chen, (2018); Rajput et al., (2018b), (2020b); Servin et al., (2017) Fig. (65). 

 
Fig. 65: Schematic diagram represent a regular work low of NPs characterization in plant. A selection of analytical 
techniques is shown. Red dots indicate NPs now of application. Yellow and blue dots indicate different elemental 
species of NPs after biotransformation in plants. The images of SP-ICP-MS, EDS, TEM, STXM, μ-XRF and μ-
XANES After Zhang et al., (2012), Tiede et al., (2008), Bao et al., (2016), Scheckel et al., (2004) 
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8-2- Soil becoming a sink for environmental NPs  
The pathways of NPs entry into soil characterize their entry, accumulation (content), and 

migration. NPs can enter soil with atmospheric precipitation, sedimentation in the form of dust and 
aerosols, direct soil absorption of gaseous compounds, and abscission of leaves or because of 
anthropogenic activity Gladkova and Terekhova, (2013). Generally, anthropogenic sources of releasing 
NPs can be categorized to point and non-point sources. Free NPs possibly could disperse into an 
environment through the direct outlet either to the environment or during the degradation of NPs (e.g., 
surface-bound NPs or nanosized coatings). 

Nanotechnology remediation can also be expected to be responsible for discharging a significant 
portion of NPs into the environment Attia and Elsheery, (2020); Sun, (2019). Wastewater treatment 
plants, as well as landfills, are also responsible for releasing NPs as concentrated sludge or discharged 
effluent. Supplementary ways of environmental exposure include spill out or leakage within the 
production and transport steps of NPs or related products Gottschalk et al., (2013); Keller et al., (2017); 
Rajput et al., (2019), (2020b). 
 
8-3- Toxic effects of NPs on plant growth  

The NPs accumulation in plants generally could alter the physiological process by decreasing 
photosynthesis and transpiration rate, disturbed the integrity of cellular, sub-cellular organelles and 
affects plant growth and performance. In some cases, the decreases in quantum yield of photosystem 
and transpiration rate are also noted Rajput et al., (2018a) Fig. (66). The number of studies reported that 
the NPs could impact crops by reducing the germination rate, decreasing root and shoot length, altering 
photosynthesis, inducing oxidative stress, antioxidant, and imbalance the nutritional content of edible 
crops and quality of yields Gao et al., 2018); Ochoa et al., (2018); Rajput et al., (2018a). At the cell 
level, it appeared that NPs enter the plant cell, either by sequestrating in cell walls or by accumulating 
in sub-cellular organelles such as vacuoles and chloroplasts. These accumulations would occur in their 
original form of NPs or as metal ions. However, it could differ by varying physicochemical features 
Minkina et al., (2020), (2014), (2008); Rico et al., (2011). In plants, the NPs uptake capabilities vary 
because they are diversified by as well as both morphologically Monica and Cremonini, (2009). For 
example, variable uptake mechanisms may result from the different root and vascular morphologies to 
which NPs reach the inside plant tissue Monica and Cremonini, (2009); Zhu et al., (2012). The 
accumulation of NPs in plant tissues could also adversely modify proteins, lipids, and nucleic acid 
content by generating hydroxyl radicals Halliwell and Gutteridge, (1985). 
 

 
Fig. 66: Illustrates the different nanomaterials (based on size, shape, charge, and concentration) employed for the 
growth of plants 
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8-4- Toxic effects of NPs on human health  
The identification of soil contaminants and their sources is indispensable research due to their tight 

associations to human health Khan et al., (2010); Rai et al., (2018); Velea et al., (2009). The application 
of nanotechnology in several sectors, for example, agriculture, energy, environment, and medicine, has 
environmental ramifications through the non-regulated release of NPs Rai et al., (2018); Xiong et al., 
(2017). Food crops should be taken into consideration for nano-toxicity due to the harmful and adverse 
effects of NPs on both crop physiology (particularly reduced photosynthesis) and human health Xiong 
et al., (2017) Fig. (67). 

The interaction of NPs within the human body is one of the critical subjects that necessitate being 
determined. A most significant concern is regarding the accumulation of non-degradable or gradually 
degradable NPs in the organs. Phagocytes, cells in which the foreign matters ingested and destroyed in, 
maybe become overloaded by NPs, thereby activating stress reactions. These reactions eventually lead 
to inflammation as well as weakness in the body defense against the other pathogens. In addition, NPs 
on exposure to tissue and fluids can take up a number of macromolecules onto their surface, which may 
possibly affect the regulatory mechanisms of enzymes and other proteins. On the other hand, chemical 
compositions, surface charge, surface structure, solubility and aggregation, and functional groups are 
the other properties of NPs that can induce toxicity Herzog et al., (2007); Nel et al., (2006). The toxicity 
of NPs depends on a large number of variables, which means it is exceptionally complicated to simplify 
apropos the health risks coupled through exposure towards NPs. The human body has developed a 
tolerance towards the majority of the naturally occurring elements and molecules. Since natural 
immunity is absent towards the new substances, thus NPs are more expected found to be toxic. The NPs 
exposure to the Human could be categorized as (a) dermal (e.g., by cosmetics with NPs); (b) inhalation 
(of NPs, for instance, in the workplace); (c) ingestion (of, such as, food products having NPs); and (d) 
injection (of, for instance, nanotechnology-based medicine). NPs can enter into the body via the skin, 
lungs as well as the digestion system, which may facilitate the creation of ‘free radicals’ that be able to 
cause the cell damage. There is also disquiet that once NPs are in the bloodstream, they will be 
competent to traverse the blood-brain barrier Thomas et al., (2013). They reported that explored the 
impact of NPs on health and the environment. All the aspects of the exposure risk of NPs through 
several routes such as inhalation, ingestion, dermal, and drug delivery by engineered NPs Thomas et 
al., (2013). 

 

Fig. 67: Illustrates framework for the risk assessment of nanotechnology in the agri-food sector: The direct 
delivery of nano pesticides and nano fertilizers to plants can induce ROS, leading to intracellular organelles and 
function disruptions. Indirect release (i.e., released from agricultural products as well as food processing and 
packaging) results in the occupational exposure (i.e., from industrial processes, direct contact with nano pesticides 
and nano fertilizers) to humans. Risk framework for risk assessment, risk management, policymaking, and to 
support risk communication among the different stakeholders to improve agriculture nanotechnology 
sustainability. After Mittal, et al., (2020) 
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Furthermore the toxicological effects of NPs need to be examined during a product's lifecycle, including 
production, usage, and disposal. So the hazardous impacts on human health directly or via the food 
chain can be avoided. Kirchner et al., (2005) distinguished the three most important causes of NPs 
toxicity following contact with living cells are (a) chemical toxicity of material from which they have 
been made. For instance, Cd2+ is released from NPs of cadmium selenide, (b) small size: NPs may stick 
to cellular membranes and enter the cells. Attachment of NPs to the membranes and storage of NPs 
inside the cells can impair cellular function even in the case of chemically inert NPs, which neither 
decompose nor react with other matrix components (c) shape. Here we discussed a variety of entering 
routes of NPs in the human body, their application in everyday life, as well as the mechanisms by which 
the NPs demonstrated the toxicity. Moreover, they further explore the possible passages of NPs into the 
air, soil, and aquatic ecosystems Gupta and Xie, (2018). The contact of NPs to human beings and the 
environment could be dangerous. Several kinds of research have shown that NPs can cause lung damage 
in rats, by consuming TiO2 NPs (20 nm) and Fe NPs Fraser et al., (2011); Gonzalez et al., (2008). 
Moreover, TiO2 NPs and fullerene have shown to lead to brain damage in fish and dogs Shaw and 
Handy, (2011). Silver NPs and TiO2 NPs also demonstrate cytotoxic and genotoxic effects to mice cells 
and even to human cells as well. The effects are shown due to the reactive oxygen species (ROS) 
generation, which leads to cell proliferation and DNA damage Mohamed and Hussien, (2016), Wan et 
al., (2012). The toxicological effect of ZnO and CuO NPs on human health via the plant system through 
the soil is revealed Rajput et al., (2020b). These NPs were passed through variable chemical and 
biochemical reactions pathways, which might be further impacted biological nitrogen fixation, as well 
as damage to the plant cells. Fig. (68). 

  
Fig. 68: Illustrates the toxicity mechanisms induced by nanoparticles 

 
Hence, it may perhaps lead to cause a serious threat to human health as well. Other studies also 

showed cytotoxic effects of CuO based NPs on mitochondria and lysosomes in human blood 
lymphocytes and were able to induce ROS leading to oxidative stress in breast cancer cells of MDA-
MB 231 cell lines Assadian et al., (2018); Azizi et al., (2017). To overcome these situations, we 
suggested the safety evaluation and toxicological risk assessment studies, including exposure route and 
the safe exposure concentrations of the ZnO and CuO NPs Buzea et al., (2007). The hazardous health 
effect and safety deliberations of NPs require further consideration and fundamental interdisciplinary 
research work by involving material scientists, medical practitioners, toxicologists, and environmental 
engineers. Almost all the toxicity assessment methods used were designed and standardized with 
chemical toxicity in mind. However, NPs display several unique physicochemical properties that can 
interfere with or pose challenges to classical toxicity assays. In short, applications of NPs that involve 
their direct introduction to the environment promise to be contentious until the uncertainties regarding 
fate, transport, and toxicity are addressed. 
 
9- Future perspectives  

Sustainable agriculture, food availability and nutrient security are among the key sustainable 
development goals of the century. It is therefore imperative to harness the advantages of 
nanotechnology in achieving the feat by improving the nutrient availability of plants and minimizing 
their losses on agricultural soils. Many processes occur in the ecosystem during plant production and 
subsequent consumption of the food and their digestion. During these processes, whatever is added to 
the soil to improve their production and nutrient enhancement may translate to the crop harvested and 
also be extended to the nutritional level in organisms afterwards. However, some toxic effects on the 
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environment when applied as fertilizers, pesticides, nanodelivery tools, food packaging. Moreover, 
plants may absorb the required materials and leave the rest in the soil. Though, it is not clear whether 
the toxic materials are absorbed or become non-toxic, and, regardless, the toxic component would still 
be part of the ecosystem. The applications of nanomaterials in biosensing are relatively new and, in 
agriculture, the activities are more beneficial before and after crop planting or in the food. Further 
attempts to develop the application of nanocomposites have led to increased hydrophilicity of 
synthesized gelatin–gold–single-walled nanotubes with biocompatible surface that not only could be 
applied in sensing but also improve nutrient absorption by plant and developing growth parameters 
 
10- Conclusion  

Nanotechnology is fast growing technology with latest updates and advancement in diverse 
sectors. However, the applications on nanotechnology and use of nanoparticles in sustainable 
agriculture and crop improvement are still at juvenile phase. In recent years, nanotechnology research 
has suggested the development of NPs as a powerful technique to reduce existing problems resulting 
from conventional fertilizers in traditional agricultural systems. The results relating to nutritional 
elements containing NPs have shown substantial scientific evidence of their efficacy in improving the 
micronutrients of the plant, which has been reflected by improved growth parameters and significant 
improvements the physiological parameters. Critical studies were carried out to determine the role of 
NPs in and out of the plant and their effects on the environment. The nano-particles dosage, exposure 
duration, translocation and accumulation, and their action on plants are important. Therefore, in order 
to harness the peculiar and unique properties of NPs in agriculture, it has become necessary to build up 
basic understanding regarding interaction of NPs with plants at cellular as well as molecular level. 
However, Knowledge about the ecotoxicological effects of nano pesticides is scarce and it is necessary 
to examine the risks of application of nano pesticides and nano fertilizers in more detail. Further 
biotechnological advances are required for a correct and safe application of nanomaterials in agriculture. 
In addition, the secondary effects and accumulation of soil, air, water, and biotic organisms in the 
ecosystem are critical in deciding the exact impacts of NPs and their effects on the ecosystem. 
Therefore, it is essential to understand plant– nanoparticles interaction and optimization of size and 
concentration of NPs before practical applications in the fields so that their possible negative impact 
can be reduced on natural environment and crops as well. 
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