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Abstract: The application of nanotechnology in the field of agriculture completely changed the present 

farming practices. One of the emerging challenges in the current agricultural system is developing 

disease resistance and increased productivity without accumulating environmental pollutants. Most of 

the applied conventional chemical fertilizers and pesticides have several side effects on both plants and 

the environment. Nanotechnology-based crop protection strategies have the potential to induce disease 

tolerance and enhancement of crop yield. Benefits of using nanoparticles in the agricultural fields 

include reducing environmental pollutants, rapid disease diagnosis, simple preparation process, less 

toxicity, and cost-effectiveness. Green synthesis of nanoparticles using plant extracts gained special 

attention as it is reproducible, biodegradable, and very effective against several plant pathogenic 

microbes. In the present review, we have discussed how different nanoparticles are being used to induce 

disease tolerance in crops, different types of nanoparticles, synthesis and characterization, uptake, and 

translocation process in plants. The molecular approaches of disease management using nanoparticles 

and the application of nanobiosensors are also enlightened in this review. 
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1. Introduction 

In recent years, agriculture and farming systems are more concerned about sustainable 

production and development of new disease-resistant varieties of crop plants. Though the first 

green revolution aimed to introduce high-yielding rice and wheat varieties, the whole world is 

awaiting the second green revolution as the current agricultural sectors face some new 

challenges. During the last several years, scientists have developed various new innovative 

technologies and strategies in agriculture. Many conventional methods are available for 

producing disease-resistant crops, but sometimes these methods fail to meet the actual need; 

thus, scientists search for new and convenient technologies that can overcome present 

agriculture-related problems. In this regard, the use of nanoparticles has appeared as a reliable 

solution for farmers. It is a new tool for agricultural research that mainly focused on plant 

disease diagnosis, high yield, and the development of new disease-resistant varieties. 

Nanotechnology is gaining much attention day by day due to its multidimensional use in 

various fields, including plant pathology [1]. Nanoparticles, typically ranging from 1 to 100 

nm, have performed various biological activities. It is more efficient than its molecular and 
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macro-scale counterpart due to its unique physicochemical properties like the small size and 

large surface area to volume ratio, high reactivity, changed molecular interactions, etc. [2]. 

Macromolecules retain constant physical and chemical properties, but in the case of 

nanomaterials, the physical, chemical, and biological properties differ markedly from that of 

bulk materials and bridge the gap between the bulk material and nanomaterial [3]. 

Phytonanotechnology is the application of nanotechnology in plant science and is focused on 

the production of smart crops.   

Nanoparticles can be divided into different types and categories based on their 

properties and materials from which they are made, but currently, in plant systems, 

nanoparticles of metalloids, metallic oxides, non-metals, carbon nanomaterials, quantum dots, 

liposomes, dendrimers have been used [4]. There are mainly three methods available for 

synthesizing nanoparticles physical, chemical, and biological methods. These methods are 

broadly categorized under two approaches, namely bottom-up synthesis and top-down 

synthesis. In bottom-up approaches, initially, small nanostructures are made, which are 

ultimately assembled into nanoparticles, and in top-down approaches, small nanoparticles are 

made from a macromolecular starting material [5,6]. Green synthesis of nanoparticles using 

plants and other microorganisms has gained special interest among scientists since it is cost-

effective, simple, and eco-friendly. Biologically synthesized nanoparticles are a promising tool 

for developing nanofertilizer, nanoinsecticide, nanopesticides. Besides, it minimizes the 

production of toxic environmental pollutants from the agricultural field and biodegradable 

[7,8]. For example, Medicago sativa were used for making gold nanoparticles and 

Rhynchotechum ellipticum used for formulating silver nanoparticle [9,10].  

Nanotechnology offers a new agrochemical tool that assists in high crop productivity 

reduction of toxic chemicals, plant-pathogen controls, and plant adaptation which confers crop 

protection (Figure 1).  

 
Figure 1. Different application of nanoparticles in crop protection. 

The application of nanomaterials in crop protection is mainly based on the two 

principles, either by genetic modification by transferring new proteins or genetic material 

(DNA or RNA) or detecting plant disease through nanosensors [6]. Nanoparticles are 
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considered as the new vehicle for gene transfer. Nanocapsules, nanofibres, nanoparticles are 

used as the transfer devices that carry foreign DNA or gene sequence and effectively modify 

the target genes [11]. Nanosensor is another implementation of nanoparticles in agriculture, 

which helps quantify and monitor crop production, disease management, an environmental 

pollutant, toxicity, soil quality, pathogen interaction, and insect attacks [12-14]. A recent study 

found that chitosan nanoparticles enhanced systemic resistance and immune responses in plants 

[15]. Besides, essential nutrients can be supplemented effectively by using nanofertilizer and 

nanopesticides following the green synthesis process. This present review reflected different 

nanoparticles mediated crop protection strategies, green synthesis of nanoparticles, and how 

nanoparticles interact and translate into plants. Also, the application of nanobiosensors in 

disease diagnosis and nanotechnology-based genetic engineering is discussed in this review. 

2. Types, Synthesis, and Characterization of Nanoparticles used in Plants 

 Nanoparticles are small molecules or structures typically ranging from 1 to 100 nm. 

They are more efficient, more reactive, more accurate, and more functionally active than their 

bulk counterpart [16]. Norio Taniguchi, from Tokyo, Japan, was the first who presented a 

scientific definition of the term nanotechnology. It is the study of matter on the atomic or 

molecular scale [17]. At present various types of nanoparticles are known to occur. Different 

parameters are considered for the classification of nanoparticles, such as functionalization, 

surface morphology, chemical nature, physicochemical properties, dimension, origin and 

source, magnetic properties, crystallinity, etc. [18]. In plants, metals and metallic oxides 

nanoparticles are used extensively.  

   

 
Figure 2.Different Approaches of nanoparticle synthesis and their characterization. 
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Nanoparticles can be synthesized by physical, chemical, and biological (green 

synthesis) methods that fall under two fundamental principles: the top-down approach and the 

bottom-up approach (Figure 2). The former involves reducing macro scale or bulk materials 

into very small-sized particles (1-100 nm) through physical and chemical methods. Different 

techniques like mechanical milling, etching, sputtering, electro-explosion and laser ablation are 

incorporated to reduce the atom size in a top-down approach. The bottom-up principle includes 

the synthesis of green nanoparticles using biological organisms and plants. In this process, very 

small atoms are assembled into nanoparticles, and different techniques like chemical vapor 

deposition, laser pyrolysis, and atomic condensation are involved. Different reaction conditions 

like chemical concentrations, reaction time, temperature, and pH can modulate nanoparticles' 

physical properties. Thus by changing these conditions, anyone can design their desired 

nanomaterial [5,19].    

 After synthesis of the nanoparticles, characterization is required before application to 

ensure its efficacy. For characterization, precise and credible protocols are needed. A wide 

range of techniques is involved for characterizing the size, shape, crystal structure, atomic 

composition, surface charge, and several other physical, chemical, and biological properties of 

the synthesized nanomaterials. Advanced microscopy techniques such as scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy 

(AFM), X-Ray fluorescence microscopy (XFM), and scanning transmission X-Ray 

microscopy (STXM) are used to determine the size and morphology of the nanoparticles 

[2,20,21]. Brownian movement of nanoparticles in a colloidal suspension is characterized by 

using the dynamic light scattering (DLS) technique. The electrostatic interaction of 

nanoparticles with bioactive compounds depends on the surface charge, and the zeta potential 

value can measure it. X-ray diffraction (XRD) is another important technique for nanoparticle 

characterization. XRD provides data about the crystalline structures of the nanoparticles. 

Nuclear magnetic resonance (NMR) is used to determine different structural attributes. UV-

visible spectroscopy gives an idea about nanoparticles' optical properties by measuring the light 

reflected by the nanoparticles. It also evaluates the stability of nanoparticles in the colloidal 

suspension [22]. These are some common methods for characterization, but several other 

techniques are also followed, but the development of new, innovative, cost-effective, simple 

techniques is much needed as nanotechnology is rapidly gaining interest from different 

research fields. 

3. Different Types of Nanoparticles used to Target Crop Protection 

In this present era use of nanoparticles triggers the advancement of traditional 

agricultural practice by reducing toxic agricultural outputs and improving disease management 

of crop plants. In the field of plant pathology, different types of nanoparticles have been used 

to control a wide range of plant pathogens. This includes metals and metal oxides nanoparticles, 

non-metal nanoparticles, carbon nanoparticles, chitosan nanoparticles, liposomes, quantum 

dots, and dendrimers. Various researches have documented that these nanoparticles' application 

can control foliar, root, stem, and fruit pathogens [4,23]. Below we have briefly discussed some 

of the effective nanoparticles and their application in crop disease management. 

Silver nanoparticle (Ag NP): Ag nanoparticle is the first incorporated in the agricultural 

field for controlling plant pathogens. It is the most studied,well-characterized, and well-known 

for its antimicrobial activities [5,24]. Many soil-borne pathogens like Phytophthora parasitica, 

Meloidogyne spp., Fusarium spp. have been suppressed by applying silver nanoparticles [4]. 
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Ag NP is a potential tool for crop disease management as it supports a wide range of plant 

defense strategies, including increased lignin deposition in the vascular bundles [25]. When the 

mixture of Ag NP and silica was applied against the bacterial pathogen Pseudomonas syringae 

pv. tomato,25% disease resistance was found in Arabidopsis thaliana [26]. Another study has 

reported that green synthesized nano-Ag suppressed the disease progression by almost 70% in 

banana fruit against the pathogen Colletotrichum musae [27]. Use of double-stranded DNA 

directed Ag NP controlled bacterial pathogen Xanthomonas perforans, which cause bacterial 

spot disease in tomato plant [28]. The fungicide fluconazole mixed with Ag NP exhibited 

enhanced fungicidal activity against Cladosporium berbarum, Alternaria alternata and 

Fusarium oxysporum, the major fungal pathogen for various commercially important crops 

[29,30]. Besides, the application of Ag nanoparticles helps to control several other plant 

pathogens. 

Zinc-nanoparticles (Zn NP): Zn NP has several plant disease management applications 

since it exhibited excellent antimicrobial activities. Several investigations on Zn NP have 

revealed that it is very effective against several plants pathogenic fungi, including Mucor 

plumbeus, Alternaria alternata, Fusarium oxysporum, Sclerotinia sclerotiorum, Rhizoctonia 

solani, and Rhizopus stolonifera [31-33]. Application of Zinckicide, a formulation of nano Zn, 

suppressed citrus canker disease caused by the pathogen Xanthomonas citri [34]. In addition, 

Zn NPs are used extensively to control various bacterial pathogens as well. 

Copper-nanoparticles (Cu NP): Having antimicrobial properties and excellent disease 

control potential, Cu NPs are the best choice for plant disease diagnosis. Fungicides formulated 

from Cu NPs can inhibit the progression of Phytophthora infestans in the tomato plants [35]. 

Nano CuO applications enhanced the synthesis of different defense-related enzymes, including 

polyphenol oxidase, in plants [36,37]. In another study, it was found that biologically 

synthesized Cu NPs using Streptomyces griseus can successfully suppress root rot disease of 

tea caused by the pathogen Poria hypolateritia [38]. Bordeaux mixture made out from Cu NP 

can inhibit the nematodes Xiphinema index, which causes disease in grapes plant [4]. 

Application of nano Cu formulated pesticides and fertilizers enhance disease resistance in 

various plants.  

Non-metal, metalloids, metallic oxides nanoparticles: Very little data are available that 

how non-metal, metalloids and metallic oxides affect plant disease management. Still, there are 

some reports which ensure the disease resistance potentials of these nanoparticles. Among non-

metal nanoparticles, nano S (sulfur) and nano Ti (titanium) are the most studied. Nano S is 

mostly used for formulating nano fungicides. It was found that the application of S 

nanoparticles can protect plants against Fusarium solani, F. oxysporum, Aspergillus niger, and 

Venturia inaequalis [39]. Due to the autocatalytic activities of nano Ti, it is used as a potential 

antifungal agent [40]. Metalloid Si nanoparticles have several impacts on disease management. 

Application of nano Si with Ag inhibited powdery mildew [41]. Several scientific studies have 

revealed that Si has several impacts on plant disease management when used in ions [4]. Nano 

MnO is a metallic oxide nanoparticle to control wilt disease in eggplant and watermelons [42]. 

CuO, TiO2, Fe2O3, and MgO are some other metallic oxide nanoparticles that are used in plant 

pathology. 

Carbon nanoparticles: Nanoparticles made out of carbons have several unique physical 

properties and functions in different research fields. Till now, very little information is 

available on how these nanoparticles contribute to plant disease management. However, recent 

researchers have revealed that engineered carbon nanoparticles influence plant growth and can 
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eradicate some plant pathogens. There are mainly three types of carbon nanoparticles used in 

disease management: fullerenes, graphene oxides, and carbon nanotubes. Graphene oxide can 

induce 95% disease resistance in Xanthomonas oryzae against bacterial pathogens [43]. Further 

studies reported that single-wall carbon nanotubes could inhibit the conidia formation of 

Fusarium graminearum and Fusarium poae [44]. 

Chitosan nanoparticles: Chitosan is a natural biopolymer having several biological 

activities. Recently chitosan nanoparticles are gaining more interest as it is less toxic, 

biodegradable and cost-effective. A recent study demonstrated that the use of chitosan 

nanoparticles induced disease resistance in the plant. It is a very useful vehicle for drug delivery 

and gene transfer as its preparation is very simple [45,46]. Application of chitosan 

nanoparticles induced disease resistance in the tea plant by elevating the defense-related 

enzymes such as polyphenol oxidase, phenylalanine ammonia-lyase, and β-1,3-glucanase [15]. 

In addition, chitosan nanoparticles can enhance plants' immune responses, indicating that it is 

a unique and potential therapeutic agent for plant disease management. 

Dendrimers: Theyaretree-like nanoparticles are mainly used as vehicles for transferring 

chemicals or DNA to achieve disease resistance. Dendrimers facilitate transportation of disease 

inhibiting chemicals into those tissue generally where these chemicals fail to reach [4]. 

Liposomes: Liposomes are mainly used for crop irrigation treatment as they are very 

stable in water. It is made up of phospholipid bilayers and has a spherical structure forming a 

central hollow core. Liposomes ligated with different antimicrobial agents and other disease 

suppressing chemicals have a potential function in plant disease management [47,48]. 

4. Green Synthesis of Nanoparticles: an Eco-Friendly Approach 

Nanoparticles can be synthesized by following different methodologies. The green 

synthesis of nanoparticles using plant extract and other microorganisms has gained special 

attention. It is very easy to prepare and less toxic. A wide range of biological organisms like 

plants, bacteria, and fungi are used for synthesizing nanoparticles.  

 
Figure 3. Green synthesis of nanoparticles using plant extracts. 
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The green synthesis approach is concerned with reducing environmental pollutants, 

decreasing the production of harmful waste materials, and utilizing renewable stock materials. 

Among several biological sources, plant extracts are broadly utilized for producing metal and 

metal oxide nanoparticles. Plants are a rich source for several bioactive compounds like 

phenols, flavonoids, ascorbic acids, ketones, aldehydes, carboxylic acid, terpenoids, and 

amides. These compounds act as the reducing agents and stabilizers in the green synthesis of 

nanomaterials [19].  

For the green synthesis of nanoparticles from plant leaf extract, the metal precursors 

are mixed with the leaf extract, and different reaction parameters like pH, temperature, 

pressure, and solvent are set as optimum. The phytochemicals present in the leaf extract reduces 

the metal ions. One of the main benefits of using plant extracts in the green synthesis process 

is that the phytochemicals present in the plant extract function as reducing agents and 

stabilizing agents (Figure 3). Flavonoid acted as the reducing agent when green synthesis of 

silver nanoparticles is prepared using Ocimum basilicum leaf extract. Glucose and fructose are 

generally present in all plants. They are considered potential reducing agents for preparing 

metal nanoparticles [49,50].  

Different plant extracts are currently used for preparing nanoparticles. For preparing 

gold and silver nanoparticles Citrus limon, Azadirachta indica, and Avena sativa has been used. 

Different nanoparticles such as zinc, cobalt, copper, and nickel can be synthesized using 

Helianthus annus, Brassica juncea, and Medicago sativa [51]. A study found that when CuO 

nanoparticles are prepared using Malva sylvestris they exhibited potential antimicrobial 

activities against both gram-positive and gram-negative bacteria [52]. ZnO nanoparticles have 

been prepared by using tea leaf and china rose plant extract. Besides plants, several other 

biological organisms like bacteria, fungi, and algae are also used to produce different 

nanoparticles [19]. In the following Table 1, different green synthesized nanoparticles and their 

biological activities are presented. 

Table 1. Green synthesis of nanoparticles using different biological organisms and plants. 

Nanoparticles Precursor Plants extracts/Biological 

organism 

Application/ Bioactivity Reference 

Ag AgNO3 Croton sparsiflorus Antimicrobial activities against 

Escherichia coli and Bacillus 

subtilis 

[53] 

Ag - Acalypha indica Used against soil-borne pathogens. [54] 

Ag AgNO3 Olea europaea Antimicrobial properties [55] 

Au AuCl Syzygium aromaticum Application in cancer treatment [56] 

CuO CuSO4 Phyllanthus amarus Antimicrobial activities against B. 

subtilis. 

[57] 

ZnO Zn(O2CCH3)2(H

2O)2 

Camellia sinensis Used against microbes [58] 

Pd Pd(OAc) Catharanthus roseus Application in textile industry [59] 

Fe2O3 - Medicago sativa Used for drug delivery [60] 

TiO2 TiO2(OH)2 Oryza sativa Photocatalyst activities [61] 

Ag - Bacillus cereus Showed antimicrobial activities 

against Staphylococcus aureus and 

E. coli 

[62] 

Au - Rhodopseudomonas 

capsulate 

Used in cancer treatment [63] 

TiO2 TiO2(OH)2 Aspergillus flavus Used in the formulation of nano 

fertilizer 

[64] 

Ag Agcl Coriolus versicolor Used for biolabling [65] 
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5. Effects of Nanoparticles in Crop Physiology and Disease Management 

The introduction of nanotechnology in the agricultural field has the potential to replace 

conventional farming approaches by developing some new tools that can be used to improve 

disease resistance in crops. The application of nanoparticles has direct effects on crop 

physiology through the use of nanofertilizer, which improves plants' ability to uptake nutrients. 

In addition, nanoparticles are a good choice for transferring genetic material or proteins that 

offer protection against plant pathogens by expressing pathogenesis-related genes. Nanosensor 

is another promising tool that can detect the presence of pathogens and also helps to eradicate 

waste environmental pollutants. Several investigations have revealed that huge losses have 

been caused in the agricultural field every year because of crop destruction by plant pathogens 

and pests. Evidence has shown that nanoparticles influence plants' physical and physiological 

state, which includes seed germination, enhances plant growth, and promotes stress tolerance 

[1]. 

The application of nanoparticles regulates plant growth, seed germination, and 

acclimatization. For example application of multi-walled carbon nanotubes (MWCNT) 

enhanced the biomass production in tomato plants and stimulate seed germination in barley, 

wheat, maize, and garlic [8,66,67]. It was found that SiO2 and TiO2 nanoparticles help in seed 

germination in different crop plants [5]. The exact mechanism of nanoparticle-mediated seed 

germination is not clear, but recent investigations have revealed that nanoparticles can 

penetrate the seed coat, facilitating nutrient and water absorption [68]. Applications of silver 

nanoparticles facilitate root initiation in cabbage and maize [69]. A study found that the 

application of TiO2 nanoparticles enhanced photosynthetic activity in spinach by elevating the 

level of protein and chlorophyll content in the leaf. The application of TiO2 nanoparticles in 

spinach also stimulates the activity of the Rubisco enzyme [70]. Similarly, Au nanoparticles 

affect plant height and the number of leaves associated with enhanced crop productivity [71]. 

When green synthesized Zn nanoparticles were applied on pearl millet, it increased protein and 

chlorophyll contents and also enhanced shoot growth and productivity [72]. Application of 

nano Fe3O4 on Ocimum basilicum enhanced carbohydrate, chlorophyll, protein, and essential 

oils [73]. Application of ZnO nanoparticles in peanut plant and chickpea plant influenced root-

shoot growth, seed germination, and increased biomass production, respectively. ZnO 

nanoparticles stimulate seed germination in wheat [74,75]. 

Several methods are available to control various plant pathogens like viruses, fungi, 

bacteria, and insects that are responsible for major economic loss. Crop rotation, integrated pest 

management, genetic breeding, sanitation, and application of chemical pesticides are some of 

the methods that the farmers use to eradicate pathogens. In recent years the ability of 

nanoparticles to control plant disease is completely changing the present agricultural scenario. 

Modern researches have revealed that nanoparticles can combat plant pathogens and promote 

plant growth. Ag nanoparticles' application in ryegrass suppressed disease progression against 

pathogenic fungi by decreasing colony formation [5]. Several studies have reported that Ag 

nanoparticles' use eradicated several destructive crop pathogens, including Trichoderma viride, 

Candida albicans, and Phoma glomerata [8]. ZnO nanoparticles are effective against several 

fungal and bacterial pathogens, including Penicillium expansum, Mucor plumbens, Aspergillus 

flavus, and Pseudomonas aeruginosa [76-78]. Application of nano alumina was found to be 

effective against Rhyzopertha dominica, which is a destructive pest for stored food grains. It 
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was also reported that alumina nanoparticles could control the rice weevil pest Sitiphilus oryzae 

[79].  

Progressive climate changing is a challenging issue in agriculture. Changes in 

temperature, salinity, cold, environmental pollutant and alkalinity introduce different 

environmental stress conditions to the plants. To overcome these situations, plants need to 

choose smart adaptation strategies that include hormonal regulation, stress gene expression, 

and activation of different stress-related enzymes. Recent advancements in nanotechnology can 

induce stress tolerance in different crop species. The use of nanofertilizer helps overcome 

adverse environmental conditions in different plants [80], while the use of SiO2 nanoparticles 

improves salinity stress in tomato plants by accumulating proline [81]. Application of nano 

ZnO is associated with increased accumulation of proline and other amino acids, improves 

water deficiency, activation of antioxidants enzymes like superoxide dismutase (SOD), nitrate 

reductase, catalase, and peroxidase that improves stress tolerance in plants [82]. Different 

nanoparticles and their effects on crop physiology and disease management are presented in 

the following Table 2. 

Table 2. Different nanoparticles and their effects on crop protection. 

Nanoparticles 

(NP) 

Effective 

concentrations 

Crop species Effects Reference 

Ag NP 75 mg/L Triticum aestivum Induced seed germination, growth, 

and improved heat stress 

[83] 

Ag NP 50-100 µg/ml Vigna unguiculata Effective against Xanthomonas 

campestris and X. axonopodis 

[84] 

ZnO NP 1000 ppm Arachis hypogea Influenced root growth and high 

yield. 

[74] 

ZnO NP 20 mg/L Triticum aestivum Enhanced productivity [85] 

ZnO NP 10 mg/L Coffea arabica Promoted growth, biomass 

accumulation and enhanced 

photosynthetic activities. 

[86] 

CuO NP 200 mg/kg Spinacia oleracea Enhanced biomass accumulation [87] 

CuO NP 500 mg/kg Triticum aestivum Increased productivity [88] 

MWCNT 50 µg/ml Zea mays, Hordeum vulgare Stimulate seed germination and 

seedling growth 

[89] 

MWCNT 200 µg/ml Lycopersicum esculantum Increased flower number and stem 

growth  

[90] 

SiO2 NP 2.5 mM/L Oryza sativa Reduce heavy metal toxicity and 

stimulates growth 

[2] 

Fe2O3 NP 50 ppm Vigna radiata Increased biomass accumulation [91] 

MgO NP 7-10 µg/ml Solanum lycopersicum Controlled bacterial pathogen 

Ralstonia solanacearum causing 

wilt disease. 

[92] 

Al2O3 NP 400 mg/L Solanum lycopersicum Suppressed Fusarium root rot 

disease in tomato 

[93] 

TiO2 NP 0.25% suspension Spinacia oleracea Enhanced biomass accumulation, 

chlorophyll and protein contents 

[8] 

Ag NP 100 µg/ml Prunus domestica Controlled grey mold disease by 

suppressing Botrytis cinerea 

[94] 

6. Nanoparticles Mediated Gene Transfer and Crop Protection: a Molecular Approach 

The amalgamation of biotechnology with nanotechnology develops a new tool for gene 

transfer and drug delivery. Researchers have successfully manipulated gene expression by 

using nanofibers, nanocapsule, and nanoparticles [17]. The conventional gene transfer method 

using viral vectors faces several challenges during the transfer of genetic material. In 

comparison to viral vector-mediated genome delivery, nanotechnology-based gene transfer 

provides a more convenient approach. Moreover, it has been used for complete genome 

replacement in many plant species [95]. Application DNA coated Ag nanoparticles in addition 
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to ethylene glycol successfully transferred plasmatic DNA into the isolated protoplast of the 

petunia plant [96]. CRISPR/Cas9 system is a revolutionary invention in molecular biology that 

changes the biotechnological practice forever. CRISPR/Cas9 is an RNA-mediated genome 

editing system that comprises two components, a small stretch of repeated sequence and Cas9 

protein. Transfer of CRISPR/Cas9 single guide RNA (sg-RNA) through nanotechnology opens 

a new era for plant disease management [97]. Application of nanoparticles in delivery of 

CRISPR/Cas9 system improves its specificity and efficiency for the target genome editing [98]. 

Chitosan is a natural biopolymer having several bioactivities, including antimicrobial 

properties against several pathogenic microbes. Chitosan nanoparticles are good choices for 

drug delivery and genome transfer as their transfection efficiency can be modified using 

various chemical agents such as polyethylene glycol (PEG). One of the benefits of using 

chitosan nanoparticles is that they can easily bind to RNA and can cross the plasma membrane, 

enabling their use as an excellent gene transfer vehicle. Chitosan nanoparticles can transfer si-

RNA, improving disease tolerance against various pests and pathogen in crop plants [99,100]. 

A study found that the application of chitosan nanoparticle enhanced defense-related gene 

expressions [15]. SiO2 nanoparticles mediated gene transfer has been carried out in Nicotiana 

tabacum and Zea mays which induced significant disease resistance [101]. Gene modification 

in various crops can be achieved using DNA-coated nanoparticles mediated gene gun 

technology [102]. In another study, genome editing has been done in Zea mays immature 

embryo by using mesoporous silica nanoparticles (MSNs). The MSNs are used to carry Cre 

recombinase which is correctly recombined in the chromosomal DNA by lox P in maize [103]. 

Recently a study was carried out where carbon nanotubes were used for si-RNA mediated gene 

silencing in Triticum aeativum, Nicotiana benthamiana, Gossypium hirsutm and Eruca sativa. 

Among which 95% si-RNA mediated gene silencing has been occurred in N. benthamiana 

[104]. 

7. Understanding the Interaction and Translocation of Nanoparticles in Plants  

It is very important to understand how nanoparticles interact and are transported into 

the plants' different parts when applied. Generally, nanoparticles are taken up by different 

plants' vegetative parts like leaves, roots, and shoots. Natural openings like stomata, hydathode, 

stigma, and wounds are the pathway through which nanoparticles take entry [105]. However, 

to better understand the interaction between nanoparticles and plant surface, the plant's 

physiological and anatomical study is needed. Besides, these chemical and physical properties 

like size, shape, surface charge and stability also influence interaction and translocation in 

plants. The cuticle is a thick layer generally presented in the plant's upper surface vegetative 

organs. Most of the nanoparticles are inhibited by cuticles. However, in a study, it was found 

that TiO2 nanoparticles can able to make a hole in the cuticle layer [105]. For the internalization 

of the nanomaterials into the plant, delivery methods play a crucial role. In watermelon 

application of nanoparticles, in addition, to aerosol increased the internalization rate [106]. 

Plant root secreted mucilage and exudates in the rhizosphere area, which binds nanoparticles 

with the root surface and stimulates the internalization rate [107].  

After penetration, the nanoparticles need to be translocated in all the plant tissue to 

achieve desired application results. In plants, nanoparticles are transported into the different 

parts by two pathways: viz symplastic translocation and apoplastic translocation. Through 

symplastic and apoplastic pathways, nanoparticles can move in the xylem and phloem tissue, 

ultimately transported in the whole plant body. For symplastic translocation, nanoparticles need 
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to be penetrated inside the cell. Sometimes nanomaterials fail to enter the cell as the plant cell 

wall is made up of cellulose and hemicelluloses. However, it was reported that nanoparticles 

with a diameter ranging from 5 to 50 nm and carbon nanotubes could effectively cross cell 

walls in many plant species [108,109]. Apoplastic translocation facilitates the radial movement 

of nanoparticles into the root vascular tissue and helps in an upward movement of nanoparticles 

towards the aerial portion of the plants [105]. In ryegrass, TEM images are demonstrated that 

the cytoplasm and nuclei of the endodermal cells contained the nanoparticle, which is an 

apoplastic route of translocation [15]. Different size of nanoparticles is translocated through 

the plasmodesmata in rice, Arabidopsis and poplar plant. In another study, it was observed that 

CeO2 nanoparticles applied in the corn leaves fail to be translocated into the newly grown 

leaves in the same plant [110]. Sometimes translocation of nanoparticles depends upon the 

plant species in which it is applied. For instance, Phaseolus limensis fails to uptake Fe3O4 

nanoparticles, but Cucurbita maxima can translocate Fe3O4 nanoparticles. Mungbean and 

wheat can effectively uptake and translocate Cu nanoparticles [111,112]. The effective 

translocation ability of these nanoparticles suggests that they can be used in the future for 

improving crop physiology and disease management. 

8. Nanopesticides and Nanoinsecticides 

In recent times, the agricultural system facing a major problem of different insect and 

pest attacks which lowers crop productivity and causing huge economic loss to the farmers. 

The application of conventional pesticides and insecticides has several adverse effects on the 

environment and crops due to their toxic nature. Most of the applied pesticides and insecticides 

are unable to block insect attacks due to their poor translocation ability. Moreover, chemical 

pesticides increase the expense of crop productivity and produce toxic byproducts and reduce 

soil biodiversity that is harmful to the plants and the soil-inhabiting microbes. To overcome 

this issue, agricultural research focuses more on producing a novel plant protection formulation 

with minimum side effects and greater activity. One such formulation is green synthesized 

nanoparticles that changed the entire scenario of plant protection strategies. Nanoparticles and 

the active ingredients of pesticides and insecticides offer a better crop protection strategy than 

conventional chemical agents. For instance, green synthesized Ag nanoparticles of Tinospora 

cordifolia exhibited potential insecticidal activity against the larvae of Culex quinquefasciatus 

and Anopheles subpictus [113]. The application of nanopesticides enhanced crop productivity 

by increasing the transport potential of the pesticides. It was observed that application 

nanocapsule with pyrethroid bifenthrin increased transport potential for different biofertilizers 

containing Ca2+ and Mg2+ cations [114]. Avermectin is a pesticide having a very short life span 

capacity and UV sensitivity. Application of porous Si nanoparticles along with Avermectin 

increases its stability and life span [11]. Besides, this application of nanopesrticides and 

nanoinsecticides reduces the chemical dose and offers more positive results. Green synthesis 

of different metal nanoparticles using Azadirachta indica, Ocimum spp., Citrus limon leaf 

extracts, Accacia gum, and Punica granatum also known to have potential insecticidal and 

pesticidal activities [7]. 

9. Nanobiosensors: a New Tool for Crop Disease Detection and Diagnosis 

One of the striking abilities of biological organisms is that they can detect and sense 

different environmental changes. The combination of biology and nanotechnology opens up a 
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new wider prospect of disease detection and disease diagnosis process in crop plants. Rapid 

detection of the pathogen is needed before controlling the disease. Nanoparticles can be used 

for detecting compounds that could indicate the presence of pathogens. Besides this, 

nanobiosensors are tiny, stable, reproducible, accurate, and less toxic, which maximize 

sustainable agriculture. Basically, biosensors are made up of a signal receptor that receives 

signals from the surrounding environment and a signal transducer. Nanobiosensors are 

comprised of three components probe, bioreceptor, and transducer. When any change occurs 

in the environment, the receptor is received as a signal that includes a biomolecular interaction. 

A transducer measures the intensity of the signal and converts the information into an electrical 

signal in digital output. The use of nanosensors in the field can detect the presence of different 

crop pathogens, environmental pollutants, and soil nutrients [115]. Wireless nanosensors have 

been developed to detect insect attacks by sensing volatile organics secreted by pathogens in 

the crop plant [13]. It is very difficult to sense viruses and fungi present in very low amounts 

or when the pathogens' intensity is very less. The use of nano-based biosensors increased the 

sensitivity of pathogen detection and disease diagnosis in comparison to conventional ELISA 

techniques [4]. A report demonstrated that nanobiosensors had been designed to detect the 

presence of tobacco mosaic virus (TMV), lettuce mosaic virus, and cowpea mosaic virus 

[116,117]. Similarly, the beet necrotic yellow vein virus has been detected using quantum dot 

nanosensors in Polymyxa betae [118]. Recently, the use of portable nanodevices helps to detect 

different environmental pollutants, pathogens, insects, diseases, and chemicals; consequently, 

it decreases the use of pesticides, fungicides, and antibiotics [119]. Gold-based immunosensors 

havebeen used todetect karnal bunt disease in wheat [120]. In stress conditions plant 

accumulates several stress-related hormones. A study found that a gold electrode nanosensor 

and copper nanoparticles detected a plant pathogenic fungus by sensing salicylic acid 

concentrations in the soil [8]. 

Heavy metal pollution is a severe hazard in the agricultural field. Accumulation of 

heavy metals like Pb, Cd, Hg, Cu, and Mn causes severe bad effects on biodiversity [121]. 

Nanobiosensors can indicate the presence of such metals and can effectively remove these toxic 

metals providing environmental remediation. For instance, green synthesized Ag nanoparticles 

using mango leaves can sense the presence of Hg and Pb ions in the field [19]. Nanobiosensor 

combined with a global positioning system (GPS) was used for real-time monitoring of the 

agricultural field. This technology offers early detection of the pathogen and gives data about 

crop growth and environmental pollutants [122,123]. It can be concluded that the use of 

nanobiosensors supports sustainable agriculture by increasing crop yield and suppressing 

disease development. 

10. Nanophytotoxicity: a Negative Perspective of Nanoparticles Application 

The invention of nanotechnology changes the concept of disease management and 

disease diagnosis in plants. Plants are one of our ecosystem's main components, which plays a 

key role in maintaining environmental integrity. In some studies, it was found that sometimes 

application of nanoparticles causes adverse effects in plants. Most of the applied nanoparticles 

in the case of plants are metals nanoparticles, metal oxides nanoparticles, and carbon 

nanoparticles. In order to get positive results plants need to absorb these nanoparticles and 

translocation is also occurs throughout the plant body which could produce toxic byproduct in 

the plants and causes phytotoxicity. In a study, when MWCN, aluminum, alumina, zinc, and 

zinc oxides were applied in six plants radish, rape, rye grass, lettuce, corn, and cucumber to 

https://doi.org/10.33263/LIANBS104.27842803
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS104.27842803  

https://nanobioletters.com/ 2796 

stimulate seed germination, phytotoxicity hasbeen reported in these plant species [124]. 

Application of cerium oxide nanoparticles in soybean plant reduced pod size and inhibited 

growth. It also hampered the nitrogen fixation ability of soybean plants [105]. Recent 

transcriptomics studies revealed that some metal nanoparticle suppressed pathogen and stress-

related gene expressions are essential for acclimatization [125]. Several studies have 

demonstrated that excess application of metal and metal oxides-based nanoparticles in the 

cultivated plants often results in an oxidative burst by interacting with the electron transport 

chain [105]. 

11. Conclusions and Future Aspects 

 During the last few decades, nanotechnology in the field of agriculture changed the 

whole agricultural practice forever. Rapid disease detection, disease diagnosis, nutrients 

enrichment, disease suppression, real-time monitoring of the cultivated fields, and 

environmental waste reduction are some of the aspects that are achieved by using nanoparticles 

in the agricultural fields. The main purposes of sustainable agriculture are reducing 

environmental pollutants and the increase in crop yield. In particular, nanotechnology is the 

best tool that triggers conventional farming towards sustainable agriculture. Advancement in 

nanotechnology offers a new green revolution in the future. The benefits and application of 

nanoparticles are vast.  The success in disease management depends on how fast the pathogen 

can be detected. Detection of the pathogen before invading the plants is the optimum stage for 

controlling disease progression. Engineered nanoparticles, along with biosensors, developed a 

new tool for rapid pathogen detection. Besides, other applications of nanoparticles include 

antimicrobial activities that reduce contaminations, nanofertilizers that enhanced the nutrients 

levels, nanopesticides, and nanoinsecticides, nanobiosensors for early detection of the 

pathogens, nanoparticles-based genome editing. In addition, the green synthesis of 

nanoparticles using different biological organisms has gained a good research interest. The 

application of green synthesized nanoparticles lowers the risk of environmental pollution with 

increase efficiency of bioactivity. To better explore green synthesized nanoparticles, several 

practical trials in the field and greenhouse are under investigation. However, the practice of 

nanotechnology is still in the very early stage. More scientific and practical studies are required 

for further interpretation. Several studies and scientific reports demonstrated various 

nanoparticles' applications in plants, but there is a lack of information about why some plant 

species exhibited resistance against nanoparticles. Uptake and translocation of nanoparticles in 

plants are still not well explored. Interaction of nanoparticles with the plant surface is still a 

matter of question. Delivery of antimicrobial substances and genetic material via nanocapsules 

for improving disease resistance has gained more attention among researchers. The 

amalgamation of nanotechnology with biotechnology for developing new disease diagnostic 

tools will be a demanding topic in the near future. Though the present reviews enlightened the 

different applications of nanoparticles in crop protection and disease management, more 

investigations need to be carried out to stretch the application, techniques, and possibilities in 

plant pathology. 
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