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Environmental significance

The use of conventional fertilizers and pesticides is not sustainable for a number of reasons, 

including high inefficiency of delivery and utilization, significant inputs of energy and water, 

and great potential for negative environmental implications. Achieving and sustaining global 

food security is a global grand challenge will require agricultural practices to be modified and 

perhaps revolutionized so as to effectively combat the negative pressure from a changing 

climate, increasing population and loss of arable land. Many ENMs have potential to enhance 

crop growth and increase yield, although an understanding of basic mechanistic processes is 

sorely lacking. It is widely known that robust plant nutrition can dramatically improve crop 

defense against pathogenic diseases. This review will highlight our current understanding on the 

use of nano-enabled fertilizers and pesticides to suppress crop disease and enhance food 

production. A discussion of key knowledge gaps and needed future direction will be included. 

Page 1 of 97 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1

Recent advances in nano-enabled fertilizers and pesticides: A critical review of mechanisms 
of action

Ishaq O. Adisaa, Venkata L. Reddy Pullaguralaae, Jose R. Peralta-Videaabe, Christian O. Dimkpac, 
Wade H. Elmerd, Jorge L. Gardea-Torresdeyabef, Jason C. White*d

     

aEnvironmental Science and Engineering PhD Program, The University of Texas at El Paso,

500 West Univ. Ave., El Paso, TX 79968, USA

bChemistry and Biochemistry Department, The University of Texas at El Paso,

500 West Univ. Ave., El Paso, TX  79968, USA

cInternational Fertilizer Development Center, P.O. Box 2040 [Reservation Road, Complex F], 

Muscle Shoals, Alabama 35662, USA

dThe Connecticut Agricultural Experiment Station, 123 Huntington Street, New Haven, 

Connecticut 06511, USA

eUniversity of California Center for Environmental Implications of Nanotechnology (UC CEIN),

The University of Texas at El Paso, 500 West Univ. Ave., El Paso, TX 79968, USA

fNanosystems Engineering Research Center for Nanotechnology-Enabled Water Treatment,

The University of Texas at El Paso, 500 West Univ. Ave., El Paso, TX 79968, USA

*Corresponding author: Jason.White@ct.gov; Tel: 203-974-8523; Fax: 203-974-8502

Page 2 of 97Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2

Table of Content

1. Introduction

2. Nanotechnology and agriculture

3. Nanofertilizerss

4. Engineered nanomaterials as pesticides or plant health products for controlling plant 

pathogenic diseases 

5. Mechanisms of disease suppression by ENMs: ROS generation and essential nutrient 

biofortification

6. Use of ENMs as pesticides and herbicides

7. Limitations, knowledge gaps and future direction

8. Conclusions

9. Acknowledgment 

10. References

Page 3 of 97 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

Abstract

The use of nanomaterials in agriculture as nanofertilizers, nanopesticides, or nano-enabled 

sensors to increase crop yield is gaining increasing interest. Engineered nanomaterials (ENMs) 

can improve crop productivity by influencing fertilizer nutrient availability in soil and uptake by 

plants. These materials can suppress crop diseases by directly acting on pathogens through a 

variety of mechanisms, including the generation of reactive oxygen species (ROS). ENMs may 

also suppress disease indirectly by improving crop nutrition and enhancing plant defense 

pathways. Efficient use of ENMs may complement or replace conventional fertilizers and 

pesticides, subsequently reducing the environmental impact of agricultural practices. This review 

evaluates the current literature on ENMs used as pesticides and fertilizers, and highlights critical 

knowledge gaps that must be addressed to ensure sustainable application of nanotechnology in 

agriculture so as to achieve global food security.  
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1. Introduction

The rise in global population, combined with improved income and dietary changes, is 

driving an ever-increasing food demand that is expected to rise by 70% in 2050.1 Agriculture is 

the major source of food and feed for humans and domestic animals. However, agricultural crop 

pests, climate change events such as drought, and low nutrient use efficiency are significant 

hindrances to achieving global food security.2 Over 22,000 species of plant pathogens, weeds, 

insects and mites are attacking farm produce globally.3 Annually, China and the United States 

utilize approximately 1,806 and 386 millions of kilograms of pesticides, respectively. Yet, 

economic losses caused by crop diseases and pests in the United States are estimated at several 

billions of dollars annually. In the United States, efforts to combat fungal pathogens alone 

exceed $600 million annually.4,5 This level of economic loss and inefficiency in food production 

continue to confound efforts aimed at achieving and maintaining food security.4 The 

management of plant diseases and pests is particularly challenging, both in terms of timely 

identification of disease and due to the limited number of management options. 

The most successful approach among the conventional methods of disease management 

strategies is the development of host resistance crop varieties.6 However, not all crops inherently 

possess resistance genes against pathogenic diseases and there continues to be significant societal 

unease over genetically modified foods. It is known that micronutrients such as Cu, Mn, and Zn 

are critical for the activation of enzymes and the synthesis of biomolecules involved in plant 

defense. However, the efficacy of conventional fertilizer-micronutrient amendments is hindered 

by low nutrient bioavailability in neutral to alkaline soils and poor basipetal transport in plants.7,8 

Similarly, the use of conventional pesticides (including insecticides and herbicides) is 

encumbered with the challenges of excessive use of the chemicals and unintended contamination 
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of the environment. Hence, there is urgent need for sustainable alternative strategies to improve 

crop production and to manage plant pests and diseases. There has been interest in the use of 

nanotechnology in agriculture for nearly 15 years, although successful application has been 

somewhat elusive. Nevertheless, the use of engineered nanomaterials (ENMs) in plant disease 

management and soil fertilization has garnered increased interest recently, with various reports 

demonstrating significant potential. A number of ENMs have been reported to improve growth, 

enhance nutrient use efficiency, and suppress diseases in plants in greenhouse experiments and a 

small number of field trials.9,10 In addition, the use of ENMs as a potential alternative in the 

protection of plants against pests and weeds is gaining interest, although few studies have been 

conducted in this area.11 This review evaluates current opportunities for the application of  

ENMs in agriculture, focusing on nanotechnology-enabled fertilizers and pesticides (including 

microbes, insecticides and herbicides), henceforth referred to as nanofertilizers and 

nanopesticides. A number of the reported articles were critically evaluated based on the efficacy 

of ENMs employed in the research, the experimental design, potential environmental impacts, 

and relative comparison with conventional commercial products. In addition to surveying the 

existing literature, a discussion of potential mechanisms of action is included, as well as 

perspectives on knowledge gaps to be filled, prior to the successful and sustainable application of 

nanotechnology in agriculture.  

2. Nanotechnology and agriculture

The application of nanotechnology cuts across important human endeavors including 

agriculture, medicine, cosmetics, electronics, pharmaceuticals, water treatment, and 

environmental remediation.12 A robust literature on the toxicological interactions of ENMs with 
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plants has developed, although we note that a significant fraction of these studies were focused 

on hazard assessment and as such, involved short term high dose exposures, often under model 

conditions. In contrast, there has been relatively less focus on the beneficial impact of ENMs on 

plants.9 A tutorial review by Rodrigues et al.13 identified various promising opportunities for 

applying nanotechnology to improve sustainable agri-food systems. These include improved 

technologies for controlled release and target delivery of agrochemicals (nanofertilizers and 

nanopesticides) to control pathogens and thus, increase food safety and security; and sensors for 

assessing specific conditions or analytes of interest in plant systems. Advances in pathogen and 

toxin detection in plants have also been reported.13 These applications provide a promising 

platform, which invariably makes ENMs better alternatives to conventional fertilizers and 

pesticides. Moreover, ENMs may be incorporated into conventional fertilizers and pesticides to 

enhance product efficiency, with the ENMs being embedded within bulk formulations or as the 

sole active agent.9,11 Several studies have evaluated the efficacy of different ENMs on plant 

growth and productivity, as well as on disease suppression and nutritional enhancement.10 The 

most commonly studied ENMs include metalloids, metallic oxides, or non-metals. Specifically, 

metals or metallic oxides of silver (Ag), cerium (Ce), copper (Cu), manganese (Mn), titanium 

(Ti), and zinc (Zn) have been used.7,14-19 Other organic-based biopolymeric nanoparticles, such 

as chitosan 20,21 and β-D-glycan,22 have been used solely or amended with other ENMs to 

improve plant growth and/or combat plant diseases. Further, ENMs such as silica, Ag, Al2O3, 

TiO, and ZnO have been shown to have insecticidal activity,23 and Ag, Cu, CuO, Fe, Mn, and Zn 

have shown promise as herbicides.24 Overall, the observed outcomes varied across these ENMs, 

often based on dose, plant species, application mode, environmental conditions, and 

experimental/exposure design.
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Depending on the material used, the effect of ENMs may be related to the improved 

nutritional status of treated plants, although some elements will directly act as a fungicide, 

bactericide or insecticide against pathogens or pests. Importantly, any use of ENMs in 

agricultural practices must be preceded by a thorough understanding of the environmental and 

human health implications. As previously noted, extensive work has been conducted to evaluate 

the fate and effects of ENMs in the environment. However, many of these studies were 

conducted under conditions not entirely relevant for proposed agricultural uses. For example, 

some ENMs are obviously phytotoxic at high concentration (>500 mg/L), but at lower 

concentrations (< 50 mg/L), beneficial effects become evident.25,26

3. Nanofertilizers 

Crop nutrition and yield depend greatly on availability of essential elements.27 Several 

long-term field studies have shown that 30 to 50% of crop yield can be attributed to nutrient 

input from commercial fertilizers.27,28 Considering the advantages of ENMs, these nutrients can 

be supplied in nanosized forms to improve release and enhance efficiency of use so as to achieve 

greater improvement in plant crop with lower environmental impacts. Dimkpa and Bindraban9, 

and Chhipa27 have reviewed the use of nanofertilizers and their impacts on a range of crops. 

Nanofertilizers can be defined as ENMs that directly provide one or more required nutrients to 

plants. The definition can also be applied to ENMs that enhance the performance, availability, or 

utilization of conventional fertilizers.29 As nanofertilizers, ENMs have been shown to improve 

plant productivity and enhance food safety through both soil and foliar applications.9 Globally, 

the demand for chemical fertilizers to replenish nutrient levels in soils that are continuously used 

for crop production has increased dramatically over the last 40 years.30 It has been reported that 
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between 1970 and 2008, the amount of fertilizer needed to produce one ton of grain increased by 

over 300%.31,32  In addition, it has also been estimated that 182.8, 186.7 and 199.4 Mt of 

fertilizers were used globally in 2013, 2014, and 2017, respectively.31 The efficacy of 

conventional fertilizers is inherently limited by the low availability in soil of many nutrients 

required by plants. This may be caused by inefficient delivery to the target and underutilization 

by the crop at the target endpoint. Notably, over the past four decades the nutrient use efficiency 

of the most important elements required by plants, including nitrogen (N), phosphorus (P) and 

potassium (K), has remained low: 30-35%, 18-20%, and 35-40%, respectively.32 Inefficiencies in 

nutrient delivery to and use by plants ensures that growers add excessive amounts, subsequently 

leading to environmental contamination from emissions, leaching, and run-off. Several studies 

have reported that nano-enabled fertilizers have the potential to increase efficiency of nutrient 

delivery to plants27. If this potential could be optimized, the economic and environmental 

benefits could be dramatic.32 Accordingly, the intended use of ENMs as nanofertilizers is 

targeted at increasing nutrient use efficiency, decreasing immobilization of nutrients, and 

reducing agricultural waste and run-off of nutrients through leaching and volatilization.29 Table 1 

presents a selection of the most promising results of ENMs application as nanofertilizers. Since 

plants require different nutrients to different degrees, ENM products (similar to conventional 

products) can be classified into macro- and micro-nutrient nanofertilizers.27 

3.1 Macronutrient nanofertilizers

Macronutrient nanofertilizers provide nutrients required by plants in relatively large 

amounts, and include N, P, K, Ca, Mg and S. It has been estimated that by 2050, the global 

demand for macronutrient fertilizers will increase to 263 Mt.27,33 The high surface area and 
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penetrability of ENMs make them potentially more efficient products in terms of nutrient use 

relative to conventional fertilizers. In this regard, controlled or slow release of macronutrients 

such as N has been achieved from materials such as nano-enabled urea-coated zeolite chips and 

urea-modified hydroxyapatite (HA).27,34,35 Kottegoda et al.34 demonstrated the efficacy of a 

nanocomposite of urea-modified hydroxyapatite encapsulated under pressure into Gliricidia 

septum. The nanocomposite yielded a biphasic pattern, with initial rapid release of N followed by 

subsequent slow release over 60 days. On day 60, in a sandy soil (pH 7) the nanocomposite 

released ⁓78% more N than the commercial fertilizer. This temporal release pattern could 

effectively enhance N uptake efficiency in amended plants, thereby significantly improving plant 

yield compared to conventional fertilizer.34 The above study demonstrates a promising 

nanotechnology-based macronutrient formulation that optimizes nutrient dosage through slow 

and sustainable release of N over time. Notably, a follow up laboratory and field trial by the 

authors35 revealed efficient slow release of N, which can be correlated with significant increase 

in rice yield, even at 50% lower concentration than the conventional urea.35 The nanocomposites 

were synthesized from urea-hydroxyapatite nanohybrid (6:1) with carbonyl and amine functional 

groups that are implicated in the effective slow release of N. Although the resultant crop yield 

increase is impressive, the authors did not account for the additional P and Ca in the urea-HA 

nanocomposite. This is important given that Ca(OH)2 and H3PO4 were used as precursors of the 

HA. We note that the authors did apply P separately to the apparently P-deficient soil. However, 

it is likely that this P would be more susceptible to fixation in soil, relative to the P in the 

nanoformulation that was likely released in a controlled fashion similar to the N. Thus, together 

with Ca, the P in the formulation with controlled release is more likely to have contributed to 

plant growth than P added directly to the soil. 
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Abdel-Aziz et al.36 reported that foliar exposure of wheat to a NPK-nanochitosan 

composite (10-100 mg/L) significantly shortened the plant lifecycle by 40 days, and increased 

the grain yield by 51 and 56%, relative to the control and conventional NPK, respectively. The 

nanochitosan used in this study was synthesized by polymerization of methacrylic acid and 

chitosan. However, the impact of surface-adsorbed NPK on the nanochitosan was not taken into 

consideration, and the results were not compared with a pure nanochitosan control.9,36 

Furthermore, the experiments were conducted in a controlled greenhouse environment; field 

trials are necessary to further validate the approach. Amirnia et al.37 also investigated the plant 

growth enhancing potential of a PK-Fe nanofertilizer on saffron plants grown on a silty-loam 

soil. When exposed through the leaves, the nanofertilizer increased dry biomass by up to 270 

g/ha relative to untreated plants. Unfortunately, an evaluation of the individual components of 

the nanofertilizer formulation was not reported, nor was the effect on the plant as compared to a 

conventional PK-Fe fertilizer.37

Hydroxyapatite nanomaterials have been reported to increase seed productivity (20%) 

and plant growth (33%) of Glycine max, compared to traditional P fertilizer.38 Notably, the 

growth study was conducted in an inert medium. As such, the eutrophication potential of the P 

NMs in acidic vs. alkaline soil needs to be assessed so as to provide information on applicability 

in actual soils. Furthermore, although a soil column test indicated that the NMs had more 

controlled mobility to ensure improved nutrient delivery to plant roots compared to conventional 

water-soluble P, the preferred/optimum delivery strategy between foliar and root application 

needs to be determined. 

In peanut (Arachis hypogeae), biosynthesized Ca ENMs increased shoot biomass by 

15%, and enhanced the nutrient content in the roots (C; 0.32%, N; 0.43%, P; 0.04%, and K; 
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0.014%) and shoots (C; 0.72%, N; 1.3%, P; 0.08%, and K; 0.014%) as compared with a single 

application of nitric acid calcium.39 The role of humic acid and organic manure was also 

implicated in the observed physiological improvements (branches, needles in the dust, leaf area 

and dry weight of the peanut) in the plant. In a separate study, foliar treatment of Ca-deficient 

peanut with nano-CaO increased the Ca accumulation and enhanced root development of the 

plants when compared to treatment with bulk CaO and CaNO3.40 Interestingly, this study 

demonstrated that Ca in nanoscale form can be transported through the phloem. However, the 

mechanism of its action is still unknown. Similarly, seed treatment of Vigna mungo with nano-

CaCO3 resulted in greater growth compared to conventional Ca as CaCl2. Specifically, shoot 

water content, as well as fresh and dry biomass, were significantly increased by nano-CaCO3 at 

10 mM relative to untreated controls and CaCl2 treated plants.41 The nano-CaCO3 was 

biosynthesized from the reaction of CaCl2 with the stem extract of Boswellia ovalifoliolata.41 

Importantly, large scale production of biosynthesized NMs is still a challenge. 

Treatment of black-eyed pea (Vigna unguiculata) with Mg ENMs at 500 mg/L in 

combination with normal Fe (500 mg/L) resulted in a significant (10%) increase in seed mass 

compared with the plants treated with normal Fe.42 However, the study did not compare the 

outcomes with plants individually exposed to Fe and Mg NMs. Moreover, the concentrations of 

the combined ENMs used in this study were relatively high (Fe: 500 mg/L and Mg: 500 mg/L), 

with potential for negative implications on non-target soil biota. Biosynthesized nano-S from 

mixtures of extracts of Chinaberry (Melia azedarach) and Tree of Heaven (Ailanthus altissima) 

and sodium thiosulfate were shown to enhance the root and shoot growth of tomato 

(respectively, 127 and 78%)43 and pumpkin (respectively, 133 and 220%)44 compared with 

untreated controls, when applied to soil at 100-400 mg/kg, or at 150 kg/ha. These studies 
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demonstrate the concentration-dependent growth promoting effect of nano-S. However, no 

comparisons were made with conventional S to demonstrate that the effects were nanoscale-

specific. Moreover, growth inhibition occurred in tomato and pumpkin at concentrations higher 

than 300 and 600 mg/kg, respectively, indicating the need for judicious application.

It is widely known that excessive accumulation of NPK, Ca, Mg and S from conventional 

fertilizer sources poses a threat to agroecosystems. Run-off of these macronutrients can pollute 

bodies of water, leading to eutrophication and eventual damage to aquatic biota. The use of 

ENMs as alternative sources for these nutrients may minimize environmental impacts, as overall 

application amounts of these elements would be significantly reduced. This benefit is coupled 

with enhanced crop productivity through directed delivery, enhanced availability and targeted 

release both spatially and temporally. 

3.2 Micronutrient nanofertilizers

In comparison to macronutrients, micronutrient fertilizers supply essential nutrients 

required by plants in relatively smaller amounts, usually less than 10 mg/kg of soil. Nanoscale 

nutrient forms can increase availability of these important elements, promoting plant metabolism 

and thereby enhancing growth, development and nutritional quality.9 For example, exposure of 

black-eyed pea (Pisum sativum) and soybean (Glycine max) to a FeO nanofertilizer at 250-500 

mg/L and 30-60 mg/kg, increased leaf chlorophyll content compared with untreated controls.42,45 

In addition, the number of branches (⁓15%) and root dry biomass (⁓33%) of peanut increased 

upon amendment with Fe2O3 NMs at 1000 mg/kg relative to the untreated control.46 However, in 

addition to using relatively high doses of Fe, which may have questionable relevance to 

agriculture, these studies did not compare the findings with the appropriate conventional Fe 
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fertilizer. Thus, field trials using the FeO NMs at relatively low concentrations, alongside efforts 

to understand the possible mechanisms of action, are necessary prior to further development of 

this micronutrient strategy.

Foliar exposure of mung bean (Vigna radiata) to Mn ENMs at 0.05 mg/L increased the 

root length (52%), shoot length (38%), rootlet number (71%) and biomass (38%), relative to 

treatment with bulk or MnSO4.47 Adhikari et al.48 reported a significant increase (51%) in maize 

(Zea mays) growth when exposed to CuO NMs at 10 mg/L compared with untreated control. 

Similarly, maize exposed to ZnO NMs at 0.5 mg/L showed a significant increase in the shoot dry 

weight (177%) and height (83%) relative to untreated controls.49 Subbaiah et al.50 also reported a 

significant increase in maize growth and development, as well as grain yield, upon treatment 

with bare ZnO NMs at 50-1000 mk/kg as compared with ZnSO4. Exposure in soil to weathered 

and fresh ZnO nanoparticles significantly increased wheat shoot height and grain yield compared 

to the control treatments.51 Dimkpa et al.52 also revealed that a composite of micronutrients 

nanoparticles (ZnO, B2O3, and CuO, at 2.8 mg Zn/kg soil, 0.6 mg B/kg soil and 1.3 mg Cu/kg 

soil, respectively) added under drought stress improved the growth (33%) and yield (36%) of 

soybean as compared with untreated control. Virtually all the plants treated with different 

nanomaterials at low concentrations exhibited positive results, except ZnO NMs, which at 

relatively high concentrations (1000 mk/kg) produced good results in maize.50

Overall, both macro- and micro nutrient nano-enabled formulations evaluated in the 

above studies demonstrated the potential for significant increases in biomass or grain/seed yields. 

For some of these studies, there are strong correlations between improved crop yield and nutrient 

acquisition from the nanofertilizers, when compared either to untreated controls or to 

conventional nutrient-fertilizers. The preliminary results suggest significant potential of the 
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ENMs as fertilizers. However, mechanistic evaluation of the underlying processes, as well as 

field scale studies under realistic treatment scenarios, are needed to fully understand the potential 

benefits of the ENMs.

Analogous to vegetative and reproductive effects, the influence of ENM treatment on 

nutrient acquisition has also been reported. For instance, enhancement of Zn uptake was 

recorded in rice (Oriza sativa) when exposed to Mn ENMs.53 In other studies, ZnO NMs at a 

range of concentrations (2-500 mg/kg) not only increased yield, but also enhance Zn uptake in 

different plants,51,54-56, in some cases with greater shoot-to-grain translocation efficiency by Zn 

NM compared to conventional Zn.41 Rui et al.46 reported a significant increase in Fe 

accumulation in the root (⁓33%) and shoot (⁓50%) compared with untreated control. 

Nanocomposites of ZnO, CuO and B2O3 significantly increased the uptake of N, K, Zn, and B, 

under drought stress relative to untreated controls.52 Furthermore, findings such as those 

described by Dimkpa et al.17,52,57 revealed that root or foliar exposure of sorghum and soybean to 

Zn NMs or to a composite of Zn, Cu, and B ENMs not only increased grain yield but also 

enhanced N and K accumulation. These findings indicate that fortifying N and K macronutrient 

fertilizers with nano-scale micronutrients can increase overall nutrient use efficiency. In the case 

of N, this potentially allows for mitigating the effect of N loss to greenhouse gas production. 

Similarly, Dimkpa et al.19 reported that Mn NMs at 6 mg/kg did not significantly impact wheat 

grain yield, but did have subtle effects on nutrient acquisition by the plant.19 These minimal 

positive impacts or clear negative outcomes could be attributed to dosage-related factors given 

the initial level of the Mn in the test soils.
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3.3 Non-nutrient ENMs with fertilizer potential

A range of other ENMs not classified as plant nutrients have also been shown to have 

positive impacts on plants. This group of ENMs includes carbon nanotubes (CNTs), CeO2, SiO2 

and TiO2.10 Although these are not nutritionally required by plants, these materials can stimulate 

growth and increase yield. Taha et al.58 demonstrated that carbon nanotubes (CNTs) at 0.05-0.1 

mg/L increased the shoot length of date palm (Phoenix dactylifera)58 and at 5-500 mg/L, 

improved the growth of tobacco plant by 55-64%.59 In a similar manner, CeO2 NMs at 500 

mg/kg increased the growth (9%), shoot biomass (12.7%), and grain yield (36.6%) of wheat 

(Triticum aestivum L.)60 relative to untreated controls; a similar finding was reported for shoot 

biomass of barley (Hordeum vulgare L.).61 Zhao et al.62 also reported that CeO2 NMs (400 

mg/kg) increased the globulin content of cucumber (Cucumis sativus) by 76% compared to 

control. Globulins are water-insoluble proteins used for energy storage in the seeds of legumes 

and other plant species.63 Although the precise mechanism of action leading to increased growth 

by CeO2 NMs is unclear, it appears to be correlated with increased chlorophyll content, as well 

as enhanced levels of biomolecules such as amino acids, fatty acids, and mineral elements such 

as P, K, Ca, Mg, S, Fe, Zn, and Cu.60,61 Notably, none of these studies compared their findings 

with equivalent respective salt concentrations as positive controls. It is noteworthy that some 

positive results were observed in plants treated with high concentrations of ENMs (>500 

mg/L).42-44,46,51 However, there are still some questions yet to be answered in terms of fate and 

environmental impact of ENMs. The overall impacts of ENMs on soil microbial communities are 

still not well understood, particularly under instances of chronic low dose exposure. In addition, 

one of the key drivers for proposing the use of ENMs as a novel strategy against conventional 

fertilizers is cost savings. Therefore, if large amounts of ENMs will be required to achieve the 
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desired positive results, the concept of saving cost will be compromised and actual use in 

agriculture will not happen. Hence, studies of ENM effects on plants should be accompanied by 

cost-benefit analysis, as discussed by Dimkpa and Bindraban.9

 

3.4 Chitosan based NMs as nanofertilizers

Chitosan is a naturally-occurring, inexpensive and biodegradable cationic biopolymer.64 

The growth enhancement, antimicrobial, and agrochemical (micronutrient and pesticide) delivery 

potential of chitosan in plants is now being studied extensively. In agriculture, chitosan is 

generally known for its antimicrobial activities, even in its bulk form.20,64 However, the efficacy 

of bulk chitosan is limited in biological systems due to its insolubility in aqueous media, which 

reduces its homogenous dispersability when applied to plants.64 In an effort to improve its 

distribution on plant surfaces, chitosan is commonly prepared in acidic aqueous media and 

subsequently dialyzed to remove the salt and acidity. Incidentally, this causes the formulation to 

become more toxic to the target organism, increasing the inhibitory potential of bulk chitosan 

against microbes.20 Compared to its bulk form, chitosan NMs (CNMs) are highly soluble in 

aqueous media, and have a high positive surface charge. A positive surface charge increases 

CNM affinity towards biological membranes, resulting in enhanced reactivity with biological 

systems. Relative to bulk chitosan, CNMs will have enhanced affinity to both organic and 

inorganic materials, especially metallic macro- and micronutrients. In addition, chitosan contains 

approximately 9-10% N, thereby serving as a good source of this macronutrient for plants. A 

number of research groups have synthesized chitosan-based NMs through physico-chemical 

modifications using various methods, including emulsion cross-linking/droplet coalescence, 

ionotropic gelation, precipitation, reverse micelles, sieving, and spray drying.20 As with other 
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ENM exposures, the response of plants to CNMs is directly influenced by particle size, surface 

charge/zeta potential, the size distribution/polydispersity index (PDI), and encapsulated 

components with the CNM.20 Studies have demonstrated that CNMs enhance seed germination, 

improve plant growth, enhance nutrient uptake, improve photosynthetic rate, and increase crop 

yield.20,65 In a specific example, Van et al.66 investigated the effect of size and concentration of 

high molecular weight chitosan nanoparticles (600 kDa, 300-3500 nm sizes) on the physiological 

parameters of Robusta coffee (Coffea canephora Piere var Robusta) in a greenhouse study. With 

stronger effect shown in plants treated with 10 mg/L, chitosan NM increased the chlorophyll 

content by 30-50%, photosynthetic rate by 30-60%, and nutrient uptake [N (9.8-27.4%), P (17.3-

30.4%) and K (30–45%)] compared with untreated control.66 However, no significant changes 

were observed in the plants exposed to CNMs within the size range of 420-970 nm. In addition, 

the role of chelation of CNMs to other organic and inorganic compounds in the soil was not 

considered. Although it is clear from this study that CNMs enhanced the uptake of N, P, and K, 

the authors did not compare the findings with equivalent conventional NPK treatments. In 

addition, the mechanism of action for chitosan NM remains unclear. 

Saharan et al.67 reported that stabilized Cu-chitosan NMs synthesized by ionic gelation at 

0.08, 0.10, and 0.12% increased tomato seed germination by 4%, seedling height (29, 27, and 

18%), and fresh (19, 22, and 16%) and dry weights (20, 27, and 13%), respectively, compared 

with the untreated controls.67 Interestingly, sole chitosan NM (0.1%) lacking the Cu formulation 

exhibited a similar effect on the growth parameters as Cu containing CNM, compared with the 

untreated control. The zeta potential of Cu-CNMs (+22.6 mV) indicated a positively charged 

surface with higher affinity of the NMs towards biological membranes in an aqueous 

environment, which could explain the mechanism of action of the formulation. Furthermore, 
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FTIR analysis revealed that the Cu-chitosan interaction induces greater dispersion of the NMs as 

compared with the typical CNMs.67 Since the observations were based on foliar exposure, it is 

not clear how Cu-CNMs will behave in soil at various pH values, as well as their possible 

interaction with organic and inorganic soil materials. These complex soil interactions will most 

certainly impact the efficacy of CNMs in plants. 

CNMs have also been evaluated as a seed conditioner. Pre-treatment of maize seeds with 

Cu-CNMs at 0.04, 0.08, and 0.12% for 4 h significantly increased the growth parameters as 

compared with untreated control and salt-treated (CuSO4) seedlings.68 However, there are no 

reports on the long-term effects of these treatments. Choudhary et al.69 also reported that maize 

seed treatment and foliar application of Cu-CNMs in both pot experiments (0.12 to 0.16% 

concentrations) and field trials (12– 0.16% concentrations) significantly increased maize growth 

and yield, as well as chlorophyll a and b contents. 

The impact of “green” or biologically synthesized CNMs has also been investigated. 

Foliar exposure of CNMs synthesized from fungal cell wall material increased the number of 

flowers and fruit yield in exposed tomato plants.70 Sathiyabama and Parthasarathy71 also 

demonstrated that biosynthesized spherical chitosan NMs increased the germination rate, 

seedling biomass, seedling vigor index, and root and shoot lengths of chickpea relative to the 

bulk counterpart. 

Studies have indicated that CNMs, either solely or in its complexed form, can enhance 

the uptake of essential mineral nutrients. For instance, CNMs have been implicated in changes in 

the leaf mineral content of treated mango trees.72 In addition, Cu-chitosan NMs increased the Cu 

content in maize seedlings, and caused changes in concentrations of Ca, Cu, Fe, K, Mg and Zn in 
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tomato plant tissues compared with controls.68,73 The alteration in the mineral content in most 

plant tissues can likely be attributed to the chelation activity of chitosan to most metals.

A number of studies investigating chitosan-based NMs as growth promoters in plants are 

highlighted in Table 1. Generally, it is assumed that the potential of CNM to serve as a growth 

promoter stems from its unique nanoscale properties. Overall, changes in size, concentration, 

surface charge and the specific nanoformulation components of the material contribute to 

enhance its function as a growth promoter in plants. Another promising aspect worthy of further 

investigation is the green synthesis of CNMs from other organic sources and the exploration of 

different biosynthesis options so as to fully understanding the mechanisms of action in different 

plant species. However, specific mechanisms of action of CNMs are addressed later in this 

review.

The most recently studied ENMs exhibiting nanofertilizer potential are shown in Table 1. 

Notably, among those that investigated the fertilization potential of ENMs in various plant 

species, 15 studies reported plant growth enhancement, compared with conventional 

macronutrient sources. 17,34-36,38-41,43,44,55,63-65,74 However, 53 studies lack relevant comparison 

with conventional fertilizers or other sources of the macronutrients,19,37,42-54,56-62,66-73,75-97  and 

few studies were conducted under field situations.35,37,42,55,63-65,69,72,82,85,89 In addition, 

concentrations used in some studies are considered high relative to the exposure time and plant 

life cycle.42,45,46,50,55,56,59-62,83,84,86,88,92 This, therefore, does not alleviate concerns regarding the 

fate and environmental impact of the ENMs, as well as issues related to food safety. Overall, it is 

evident that certain nanofertilizers show better potential for improving crop yield and nutritional 

content than conventional means. However, there is need for better understanding of the 

mechanisms involved in order to elucidate the exact material properties and characteristics for 
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optimizing these benefits, while simultaneously minimizing negative outcomes. This will require 

the expertise of material scientists and plant scientist to produce ENMs in commercial quantities 

and who can relate and predict material effects in biological systems under realistic agricultural 

production conditions. Ultimately, considering that different crops and soil types have unique 

nutritional or fertilization requirements; smart, responsive and tunable materials will be required. 

Crop- and soil-specific ENM and composites could be developed for specific environmental and 

climatic variabilities. As with conventional fertilizers, the common nanofertilizer exposure routes 

are through soil and foliar pathways. Although NMs have demonstrated potential for efficient 

delivery by both application routes, the chemical/physical properties that optimize outcomes will 

differ dramatically as a function of pathway, particularly considering differences in soil (e.g., pH, 

organic matter/clay content, CEC, and soil microbiome) and leaf surface (e.g., age, stomatal 

number, size and distribution) environments. Thus, formulations that meet the specific soil or 

foliar requirements for a given crop system are needed. 

4. Engineered nanomaterials as pesticides or plant health products for controlling 

pathogenic diseases

Nanopesticides can be defined as any pesticide formulation or product containing 

engineered nanomaterials as active ingredients and having biocidal properties, either as a whole 

or part of the engineered structure.98,99 The primary aim of any nanopesticide is to serve as a 

sustainable agricultural amendment with improved ability to prevent or suppress the severity of 

plant fungal, bacterial and oomycete disease. Thus, based on their nano-scale properties, it is 

anticipated that such amendments will be more potent, require lower application doses, and 

maintain, if not improve productivity, compared to conventional products of similar chemical 
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composition. In fact, there has been recent increased interest in the use of ENMs as pesticides for 

protecting plants against a range of diseases. Notably, the ability to use ENM pesticides at lower 

rates than their conventional equivalents would reduce over application, run-off of the active 

ingredients into the environment, and thus, resultant environmental contamination. These 

benefits are in addition to reduced energy and water inputs that would be needed for material 

production. Taken together, this will also lower the economic cost of pesticide inputs by 

farmers.27 

Studies have demonstrated the potential of ENMs to act as superior alternatives to 

conventional pesticides, further increasing interest in the production of antimicrobials that 

incorporate NMs, either polymers, or as stand-alone materials.27 A variety of strategies have 

been employed in developing nano-enabled versions of conventional antimicrobials, including 

inorganic and organic polymeric materials with a variety of morphologies.98-100 Nanospheres, 

nanocapsules, nanogels, and nanofibers are forms of polymer-based nanoformulations with 

varying degrees of biodegradability. The active ingredients are homogenously distributed into 

the polymeric matrix in nanospheres, whereas in nanocapsules they are located at the core and 

are surrounded by the polymer matrix.99 In contrast, nanogels are cross-linked biopolymer 

networks, with pores filled with the active ingredient.98,100 Nanogels containing pheromones, 

essential oils, or copper as active ingredients have been proposed to meet organic farming 

standards.101 As noted, pesticides may also be encapsulated (nanoencapsulation) by manipulating 

the outer shell using nanoscale materials to engender slow or controlled release of the active 

ingredient over an extended period of time. Alternatively, the solubility and efficacy of 

antimicrobials can also be enhanced by using nanoemulsions of water or oil.102 Overall, the 

design of nanoencapsulations are aimed at creating smart or responsive materials, effectively 
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regulating the bioavailability of the active ingredient to the pathogen of interest, while reducing 

or preventing unintended effects on non-target organisms.

Certain elements have demonstrated antimicrobial activity. Notably, some of these 

elements are plant-required nutrients. This has resulted in the use of nutrient element-based 

ENMs to simultaneously suppress plant disease, increase yields, and enhance nutrient use 

efficiency. The efficacy of element-based ENMs in suppressing plant pathogenic diseases at the 

laboratory, greenhouse, and field scales is increasingly being evaluated. Of these, the most 

widely studied are metals and metallic oxides of Ag, Cu and Zn. However, others such as Mn, Ti 

and Ce, as well as biopolymers such as chitosan and β-D-glycan nanoparticles, have also been 

studied.10,20,22,65 Table 2 provides a summary of the different types of ENMs that have been 

evaluated against plant diseases. The section below enumerates the antimicrobial potential of the 

recently evaluated ENMs. 

4.1 Silver-based nanopesticides

Several in vitro studies have demonstrated the inhibitory activity of Ag NMs against the 

growth of different pathogens.103 The mechanism of Ag NM toxicity is still not completely 

resolved; however, it appears to be largely derived from the release of ionic Ag+. Ag ions are 

widely known  to be highly toxic; membrane disruption of the pathogen by binding to cysteine-

containing proteins on the plasma membrane is a well characterized mode of action.6 In one 

report, exposure to biosynthesized Ag NMs exhibited in vitro antifungal activity by reducing 

spore count and biomass in Alternaria solani by 100% and 73% after 3 and 7 days, 

respectively.104 Similarly, in vitro exposure to Ag nanoparticles at 2, 4 and 10 mg/L inhibited 

fungal conidial growth in Bipolaris sorokiniana, as compared with untreated control.105 In 
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addition, Ag nanoparticles prepared on double-stranded DNA and graphene oxide were shown to 

inhibit the activities of Xanthomonas perforans both in vitro (at 16 mg/L by 100%) and in 

planta.106 The authors suggested that Ag nanoparticles and the Ag ions released from the 

nanoparticles reacted with functional groups (thiol, carboxyl, hydroxyl, amino, phosphate, and 

imidazole) on the bacterial cell, triggering inactivation and eventual death. Enhanced 

antimicrobial efficacy of nanoencapsulated Ag on gram negative bacteria (Pseudomonas 

aeruginosa) have been demonstrated, in which Ag (2.9 μg/mL in contained in a nanochitosan 

(193.3 μg/mL) carrier showed a minimum inhibitory concentration (MIC) that was lower than 

sole Ag NMs.107 Liang et al.108 also demonstrated inhibitory potential of a graphene oxide/Ag 

NM composite against a bacterial blight disease causative organism in rice (Xanthomonas oryzae 

pv. Oryzae). The nanocomposite was 4-fold more effective than Ag NP alone, and was prepared 

using graphene oxide powder, poly (N-vinyl-2-pyrrolidone) and 1 mM AgNO3.108 Notably, the 

environmental fate and toxicity of Ag from an ENM perspective is still a major concern. 

However, reports have suggested that Ag NP biotransformation in aqueous and soil 

environments to Ag2S, AgCl, Ag0, or Ag-cysteine, among others, can reduce toxicity and 

modulate any short-term unintended environmental impacts.109,110 

Compared to direct in vitro assays, a limited number of studies have investigated the 

antimicrobial activity of ENMs in actual plant-pathogen systems under greenhouse or field 

conditions, with most conducted on fungal pathosystems. In one case, the antimicrobial potential 

of Ag nanoparticles was demonstrated by spraying biosynthesized particles (5 mg/L) on tomato 

plants to protect against early blight disease caused by A. solani.104 The Ag nanomaterial reduced 

disease progression by ⁓49% compared to untreated infested plants. Notably, with the moderate 

concentration, the chlorophyll content and fruit fresh weight increased by ⁓24 and ⁓33%, 
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respectively. However, a non-nano Ag source or a conventional pesticides was not included in 

the study. In addition, biosynthesized Ag NMs (2-10 mg/L) demonstrated strong antifungal 

efficacy against spot blotch disease in wheat caused by B. sorokiniana (100%),105 and collar rot 

disease caused by Sclerotium rolfsii in chickpea (50-95%).111 The authors suggest that disease 

suppression was as a result of sclerotial rind disruption due to Ag+ penetration, and subsequent 

accumulation inside the pathogen cells.111 In another study, inhibition of P. parasitica and P. 

capsici in tobacco by Ag NMs synthesized from aqueous extract of Artemisia absinthium at 100 

mg/L was as effective as the a commercial fungicide (mefenoxam) but more effective than 

untreated control.112 In addition, another in vivo study demonstrated inhibitory activity of 

"Tween 80-stabilized" Ag NMs against tobacco wilt caused by Ralstonia solanacearum at 7 

(97%), 14 (90%), and 21 (84%) days exposure, compared with untreated control.113 Similarly, 

wilt disease in Crossandra spp. caused by Fusarium incarnatum (Desm.) Sacc. was reduced 

(19%) by foliar exposure to 800 mg/L of Ag NMs, relative to the untreated control.114 The 

concentration of Ag NMs employed in this study was relatively high; thus, its effects on non-

target microbes and the environmental health is a major concern. Strayer et al.115 also revealed 

that  an Ag-based nanocomposite (Ag-dsDNA-GO) at 75-100 mg/L more efficiently suppressed 

bacterial spot disease (68-84%) caused by copper-tolerant Xanthomonas perforans in tomato 

plant than did the conventional Cu-mancozeb and negative controls.  

Taken together, these studies indicate that Ag ENMs may be more efficient against 

various plant pathogens. However, most of the studies did not compare the findings with 

conventional pesticides, and virtually all are conducted in controlled environments. Hence, field 

trials are necessary to ascertain the optimal conditions for efficient functions of the ENMs. 
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Importantly, the environmental implications and economic limitations of Ag NMs use in the 

suppression of plant disease  are still a concern. 

4.2 Copper-based nanopesticides

Similar to Ag, studies have demonstrated in vitro antimicrobial activity of Cu-based 

NMs. For example, using the Kirby–Bauer disc diffusion method, Cu NM at 20 µg/disc reduced 

the growth of the plant pathogens Alternaria alternate, Curvularia lunata, and Phoma 

destructiva.120 In this technique, standard paper discs impregnated with Cu NM were placed at 

four corners of potato dextrose agar (PDA) plates inoculated with fungal spore suspensions in 6 

mm diameter petri dish. In different studies, in vitro exposure to Cu NMs at high concentrations 

(440 mg/L) inhibited the growth of Fusarium sp. by 64% after 9 days,121 and at 50, 100 and 200 

mg/L, reduced the growth of Botrytis cinerea after 72 h exposure by 18, 17 and 13%, 

respectively, compared with untreated control.122 In addition, Cu NMs also reduced the radial 

expansion of three common plant pathogenic Fusarium sp., F. culmorum (19 mm), F. oxysporum 

(20 mm) and F. equiseti (25 mm), relative to amphotericin used as a positive control.123 

Similarly, Zabrieke et al.124 demonstrated that CuO NMs can inhibit the growth of pathogenic 

Pythium isolates of wheat; namely, P. ultimum and P. aphanidermatum. In that study, citrate was 

added in the growth media to enhance the release and efficacy of the Cu. At 250 and 500 mg/L, 

CuO NMs showed blue coloration in the plates, indicating the release of Cu2+ ions from the 

NMs. At 500 mg/L, CuO NMs reduced the growth of P. ultimum and P. aphanidermatum to 

⁓10% and ⁓35% of untreated controls, respectively, showing species-dependent differences in 

the bio-response. It was also shown that the CuO NMs inhibited the activity of the mycelia-

bound ferric reductase, an enzyme required to supply Fe to the pathogen.
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Copper has historically been a component of many plant antimicrobial formulations.125 

Copper-based fungicides are widely used in United States. A 2012 EPA report revealed that 

about 3-5 million pounds of copper-based pesticides were used as active ingredient fungicides in 

United States.126 Annually, about 7300 tons of copper pesticides were used in California alone. 

Copper-based pesticides generally contain 56% by weight organic Cu-compounds, 34% CuSO4, 

6% Cu2O and 4% CuO.125 Based on the scale of use of Cu products, interest in the use of nano-

scale Cu, including Cu(OH)2 and CuO, as microbicides has increased significantly.126 Copper 

NMs are characterized by slow release of Cu2+, which implies prolonged efficacy relative to 

CuSO4. Compared to the negative control and the reference products (Kocide 2000 and Kocide 

Opti), CuO NMs were more effective at protecting tomato plants against Phytophthora 

infestans.127 However, the authors did not clearly state the concentrations of Cu NMs used in the 

experiment. Applied foliarly, CuO NMs at 500-1000 mg/L suppressed Fusarium wilt disease 

caused by Fusarium oxysporum f. sp niveum in watermelon, more effectively than Cu-fungicides 

(Kocide 2000), with increased yield relative to untreated controls and other NMs (MnO, SiO, 

TiO, and ZnO).128 In addition, the effect of bulk equivalents of various NPs concentrations when 

compared with the results proved to be less effective. However, the concentrations of Cu-based 

NMs used in the experiment was high. Biosynthesized Cu NMs at 2.5 mg/L were used in a field 

study to suppress red root-rot disease (by 80%) caused by Poria hypolateritia in tea plants. 

However, it was demonstrated that carbendazim was equally effective as the ENMs treatment.129 

Effective suppression of tomato bacterial spot disease caused by Xanthomonas spp was reported 

under greenhouse conditions, using an advanced Cu composite containing core-shell Cu, 

multivalent Cu, and fixed ammonium Cu.130  Moreover, in field studies, the Cu nanocomposites 

significantly reduced disease incidence caused by copper-tolerant X. perforans when used at 
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20% of the Cu content of a commercial product, copper-mancozeb, with no significant increase 

in the yield.130 This is an important finding considering that bacterial spot disease has become 

resistant to many conventional copper-based bactericides. The antimicrobial potential of Cu-

based NMs, applied at low doses, can potentially serve as alternative strategy to replace or 

augment conventional pesticides in agricultural practice. Moreover, commercially available Cu-

based pesticides are currently excessively applied in agricultural fields, resulting in the 

development of Cu-resistance among plant pathogens. Most of the studies demonstrated higher 

efficacy of Cu-based NMs or its composites against pathogens, with increased yield, often at 

relatively low concentrations.  

4.3 Zinc-based nanopesticides

Green-synthesized ZnO nanoparticles have shown in vitro antimicrobial activity against 

bacterial (Staphylococcus aureus, Serratia marcescens, Proteus mirabilis and Citrobacter 

freundii) and fungal (Aspergillus flavus, Aspergillus nidulans, Aspergillus niger, Botrytis 

Cinerea, Penicillium expansum, Fusarium graminearum, Trichoderma harzian and Rhizopus 

stolonifer) pathogens.6,131-134 Mechanistically, ROS released on the surface of the ZnO 

nanoparticles were thought to have severely damaged the microbial cell wall and subsequently, 

inactivating the organisms. More specifically, growth inhibition of F. graminearum was reported 

after a 7-day exposure in mung bean broth agar (75% inhibition) and in sand (63% inhibition) 

amended with ZnO NM (500 mg/L).132 Similarly, growth inhibition of  A. flavus and A. niger by 

ZnO NMs (25 mg/L) plate assays was reported, with maximum inhibitory zones of 19 and 22 

mm observed for each fungus, respectively.133  Also, ZnO NM at 3-12 mmol significantly 

inhibited the growth of B. Cinerea (63-80%) and P. expansum (61-91%).134 In vitro studies have 
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also demonstrated that ZnO nanoparticles reduced the radial expansion of F. oxysporum (at 1000 

mg/L)7 and inhibited Pythium isolates (at 50-500 mg/L)124 compared with their respective 

controls. Taken together, these studies indicate that ZnO NMs can be a broad spectrum 

antimicrobial for inhibiting fungal, bacterial and oomycete pathogens. Moreover, based on the 

results from studies involving Ag-, Cu- and Zn-containing NMs, it appears that Zn-based NM are 

less toxic to plants, and may be a preferred option as a nanopesticide, with less expectation of 

negative environmental impacts. 

Accordingly, there has been significant interest in the use of Zn in plant disease 

management, both because of its antimicrobial activity and as an essential nutrient in human 

nutrition. However, to date limited research has been conducted to evaluate its potential role in 

disease suppression in vivo. In both field and greenhouse trials, two different ZnO NM 

formulations, namely plate-like Zinkicide SG4 and particlulate-like Zinkicide SG6, were used in 

grapefruit to suppressed citrus canker lesion disease caused by Xanthomonas citri subsp. Citri.135 

In another study, Paret et al.136 developed a light-activated TiO2/Zn NM composite which was 

evaluated for disease suppression in an open-field pot experiment. The formulation (500-800 

mg/L) reduced bacterial leaf spot disease caused by Xanthomonas sp by 62-71% in rose plants 

compared with untreated control. However, although the nanoformulation was effective in 

suppressing leaf spot disease, the concentration used was quite high. For this reason, the 

potential impact on non-target organisms needs to be assessed, and a comparative analysis with 

commercial pesticides should be conducted. Elmer and White7 reported disease suppression of 

tomatoes with ZnO NMs (1 mg/L) in the greenhouse when plants were affected with wilt 

diseases. Generally, there are knowledge gaps in the research efforts to explore the full potential 

of Zn NMs as pesticides. Since the effect of Zn varies across plant species, there is a need for 
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better understanding of appropriate conditions for beneficial use of Zn NMs in agriculture. 

Moreover, currently, most reported researches are mainly on vegetables. Perhaps, the research 

needs to be extended to flower and fruit bearing plants, and also the effect of Zn NMs in the 

presence of heavy metals and other organic contaminants needs to be examined. There is a limit 

to amount of zinc in human nutrition, hence, it is highly important to understand the trophic 

transfer of Zn across the food chain in order to avoid zinc toxicity in human foods. 

4.4 Chitosan and other ENMs as pesticides

As stand-alone products, chitosan NMs (CNMs) can act as a potent antimicrobial towards 

pathogenic bacteria, fungi, and viruses.20 Alternatively, they can be incorporated with other 

ENMs to form nanocomposites to both improve their function as microbicides and engender the 

slow delivery of nutrients and active ingredients to plants. An anionic protein solution isolated 

from a Penicillium oxalicum culture was added to chitosan to generate CNM. 71 Subsequently, 

the antifungal potency of the biologically synthesized CNM was evaluated against Pyricularia 

grisea, A. solani, and F. oxysporum.6 The CNMs significantly inhibited the in vitro growth of all 

three pathogenic fungi, as well as improved the in vivo seed germination, seed vigor index and 

the biomass of chickpea.71 Similarly, CNMs significantly reduced the mycelial expansion of 

Ceratocystis fimbriata in vitro, altering hyphal morphology and inducing irreversible membrane 

damage.137 In addition, leakage of intracellular components, especially potassium ions, as a result 

of membrane permeability induced by the NMs was also observed. Moreover, a significant 

reduction in the number of viable cells revealed that the CNMs caused necrotic cell death, and 

within three hours of exposure, 70% of the spores were dead.137 CNMs and its composite with 

silver (CAgNCs) were shown to damage the membrane structure of F. oxysporum. Both NMs 
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caused morphological and ultrastructural changes in the pathogen, but the CAgNCs inhibited 

pathogen radial expansion to a greater extent than CNMs alone.21 Xing et al.138 reported similar 

impacts of oleoyl-chitosan nanocomposite on Verticillium dahliae. Furthermore, a 

bionanocomposite containing chitosan NMs and chitosan/pepper tree (Schinus molle) essential 

oil exhibited antifungal potency against Aspergillus parasiticus spores.139 The nanocomposite at 

12.5-200 µg/mL reduced the viability of A. parasiticus cells by 40-50%.139 The authors 

suggested that the efficacy of the nanocomposite relies on the individual strength of the 

components, although the function of CNMs is suspected to play a vital role. Overall, most data 

from in vitro studies investigating the antimicrobial activity of these NMs suggest a mechanism 

based on ROS generation, clearly highlighting that these materials may act directly as 

bactericides or fungicides. However, for many of these materials it is unclear if such a direct 

mode of action is sufficient to protect plants against pathogens under field-based agricultural 

conditions.

To test this hypothesis, greenhouse and field experiments have been conducted using 

CNMs. In one example, pretreatment of wheat with CNMs at 1000 mg/L prior to pathogen 

inoculation effectively suppressed Fusarium head blight disease caused by F. graminearum.140 

However, the concentration of CNM used in the experiment was high, with unknown 

environmental impact. Moreover, the efficacy against the pathogen was less than that observed 

with conventional “Tilt” fungicide with propiconazole as an active ingredient. A detached leaf 

assay demonstrated that CNM, at 500 µl/leaf,  effectively suppressed rice leaf blast disease 

caused by Pyricularia grisea by 50%, compared with untreated infested control.141 Clearly, 

further study is required to fully understand the mechanism of action of chitosan in the rice-

pathogen system. Similarly, Sathiyabama and Manikandan142 reported that CNMs delayed the 

Page 31 of 97 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31

onset blast disease symptoms in infested finger millet from 15 days to 25 days and reduced the 

disease by 64% on day 50, compared with the untreated infested controls. The authors further 

reported increases in peroxidase activity and ROS production, which were plant responses 

ostensibly induced by the CNM treatment that led to disease suppression.142 This finding 

suggests ROS generation as a possible mechanism by which CNMs may positively impact plant 

growth in diseased systems. In other plant-pathogen systems, the incidence of downy mildew 

disease caused by Sclerospora graminicola was significantly reduced (~82%) in millet seeds 

exposed to CNMs (250 mg/kg soil), compared with untreated infested control, but less effective 

than the commercial fungicide (metalaxyl, 92%).143 The observed disease suppression was 

correlated with the expression of genes encoding ammonia lyase, catalase, peroxidase, 

polyphenol oxidase, phenylalanine and superoxide dismutase, all of which were upregulated in 

the treated plants.143 Similarly, a Cu-chitosan nanocomposite was reported to boost the defense 

mechanisms of finger millet against P. grisea,144 and of maize against Curvularia lunata70 and 

Fusarium verticillioides.145 Significant yield improvement of these crops in the presence of the 

nanocomposite was noted. Notably, combining seed treatment and foliar application of the 

nanocomposite was more effective against P. grisea in finger millet when compared with foliar 

treatment only. The seed treatment was specifically suggested to protect the plant against 

invasion by the pathogen by enhancing a range of defense enzymes. 

Observations on the disease suppression potential of CNMs and Cu-chitosan 

nanocomposites are summarized in Table 2. Clearly, there is still limited understanding of the 

mechanisms of action of chitosan-based NMs. However, in general and as with other ENMs, 

particle antimicrobial activity relies on material size, surface charge, exposure concentration, 

solubility, biodegradability and penetrability in living systems. It is also likely that additional 
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modifications of the physicochemical properties of CNMs could further enhance their function as 

antimicrobial agents. 

Other ENMs such as those based on carbon, non-nutrient metallic ENMs other than Ag, 

and composite ENMs have also been evaluated in a range of disease systems. With fullerene 

amendment (50 mg/L), Botrytis cinerea growth was reduced by 20% after 72 h inoculation.123 Si 

NM reduced disease incidence caused by Aspergillus niger and F. oxysporum in maize.146 

However, the mechanisms of action of these ENMs remain poorly understood.6,147 Under 

greenhouse conditions, the mesoporous alumina NM and tolclofos-methyl (a commercial 

fungicide) equally suppressed root rot disease caused by F. oxysporum, and yielded 20-fold 

greater survival of tomato plants compared with the untreated control.148 Hao et al.149 

demonstrated that the proliferation of Turnip mosaic virus (TuMV) infection in tobacco 

(Nicotiana benthamiana) plants was inhibited upon foliar treatment with Fe2O3 NPs, TiO2 NPs, 

or carbon-based NMs (MWCNTs and C60).149 As with human viruses, plant viruses are 

inherently more difficult to manage, and host nutrition is critical in this regard. In Hao et al.149 

study, fully developed new tobacco leaves were inoculated with the virus after pre-treatment of 

the plants with the ENMs (50 or 200 mg/L) for 21 days. After 5-day of inoculation with TuMV, 

proliferation of the virus on the leaf surface was significantly reduced by ENM treatment as 

compared to the untreated control. The metallic- (at 50 mg/L) and carbon-based (at 50 and 200 

mg/L) ENMs increased tobacco fresh biomass of infected plants by 55% as compared to the 

untreated infected control.149 Although there was accumulation of the metallic NMs in the plant 

chloroplast, cellular integrity of the plants was not compromised. Significant reduction in the 

amount of TuMV coat proteins and elevated (40%) phytohormone levels both point to the 

potential mechanisms of action of the ENMs in the observed disease suppression.149 In another 
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study with turmeric plants infested with rhizome rot disease, foliar treatment with β-D-glycan 

nanoparticles (0.1%, w/v) increased the activities of defense enzymes, including peroxidase, 

polyphenol oxidase, protease inhibitors and β-D-glucanase.22 The increased activity of these 

enzymes resulted in a 77% reduction in disease incidence relative to the untreated control.22 

Overall, although the evaluated studies demonstrated antimicrobial activities of several 

ENMs, this was often at high concentrations.7,114,128,136,140 Moreover, a substantial number of the 

studies did not compare their findings to conventional pesticides to evaluate the potency of the 

tested ENMs,7,15,69,104-106,11-114,118,123,141,142,144,146,149,151,152,154-156  and some studies15,104-106,111-

115,118,123,127,140-144,146,148,149,152,154-156 were conducted only in controlled environments without 

associated field trials. That being said, a limited number of studies utilized ENMs at moderate 

concentrations, and compared their findings with conventional pesticides, and were conducted 

under field conditions.116,117,119,129,130,145,153 In spite of these promising findings, there are still 

substantial knowledge gaps with regard to the potential of ENMs as antimicrobial agents for 

controlling plant diseases. Of critical importance is a thorough understanding of the mechanisms 

of disease suppression or inactivation by ENMs to ensure efficacy, as well as an understanding 

of the fate and implications of ENMs in agroecosystems. Also, given the unique risks associated 

with food production and the narrow economic profit margin in agriculture, only sustainable 

strategies will be successfully deployed on a large scale. These facts highlight the importance for 

functionally optimized materials that achieve improved efficiency with responsive and tunable 

capability. In addition, one of the primary benefits behind the use of ENMs, relative to 

conventional agrichemicals, is the reduction in the overall load of material required for food 

production. These outcomes can be realized through several formulation-specific properties, 

including but not limited to: improved solubility, increased adhesion and absorption to plant 

Page 34 of 97Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



34

leaves, controlled and responsive release of active ingredients, targeted delivery, enhanced 

bioavailability and biodegradability, and improved stability of active ingredients in the 

environment.150 If the physicochemical properties of ENMs or nano-enabled agrichemicals can 

be manipulated and optimized to sustainably attain these characteristics, nano-enabled 

agrichemicals can become a critical component to achieve and maintain global food security.

5. Postulated mechanisms of disease suppression by ENMs: ROS generation and essential 

nutrient biofortification 

The nano-size scale, large surface area, and other unique features of ENMs result in 

significantly enhanced activity and functionality in biological systems. Different ENMs can be 

taken up and biotransformed differently in plant systems relative to their bulk or ionic 

counterparts.157,158 However, the impact of ENMs on plants are also influenced by a range of 

biotic and abiotic factors. In the presence of pathogens, plant response to ENM exposure differs 

across different NMs and plant species. The study of El-Argawy et al.152 presents plausible 

mechanisms of antimicrobial action of NMs. The authors discuss how cations such as Ag+, Cu2+, 

Zn2+, and Ti4+, among others, bind to sulfhydryl or other functional groups in proteins upon their 

release from ENMs.152 This interaction alters the activity and function of important membrane 

proteins and disrupts the cellular membrane structure. Moreover, released ions and parent NMs 

could be genotoxic, interrupting the electron transport chain (ETC) and altering overall DNA 

structure/function. Together, these impacts can result in compromised cellular integrity and 

eventual pathogen death. This is the likely mode of action of chitosan-based NMs, where 

microbial cell wall and cell membrane destabilization are reported.20 ENMs and released ions 

may also induce ROS generation, which may interfere a number of important processes in 
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pathogenic organisms.27,152 The interaction between ENMs and plants in the presence of bacterial 

and fungal pathogens is complex, and understanding the mechanisms of activity will be critical 

to successfully deploying ENMs as sustainable agrichemicals. ENMs can mitigate pathogenic 

diseases in crops by two primary pathways: direct antimicrobial action or indirect action based 

on nutrition-induced stimulation of plant defense and secondary metabolic processes.6

In the direct pathway, a variety of toxicity mechanisms are possible. Generally, ENMs 

can penetrate and accumulate in the microbial cell membrane, subsequently causing cell lysis.159 

A scanning electron microscopy image presented by Lamsal et al.116,117 indicated severe 

morphological disruption in fungal mycelia of Golovinomyces cichoracearum, Sphaerotheca 

fusca and Colletotrichum spp due to Ag NMs. Furthermore, stress caused by ENMs may 

stimulate the generation of cellular ROS.116 Elevated ROS production disrupts microbial cellular 

homeostasis, creating an oxidative burst that damages microbial cells at several levels, which can 

eventually lead to cell death (apoptosis).160 ROS are natural intracellular byproducts of the 

diffusion of electrons onto O2 from the electron transport reactions in cellular organelles such as 

mitochondria, chloroplast, and plasma membrane. However, ROS can also be generated via a 

range of metabolic processes in different cellular compartments.161-163 ROS includes hydrogen 

peroxide (H2O2), superoxide anions (O2
*-), hydroxyl radicals (*OH), hydroxyl ions (*OH-) and 

molecular oxygen (O2).164,165 To maintain homeostasis, the level of cellular ROS must be low; at 

high concentrations, ROS induces toxicity. Specifically, excess ROS causes DNA damage, lipid 

peroxidation, enzyme inhibition and cellular apoptosis. Under normal conditions, cells must 

balance the processes by which ROS are generated and scavenged (Figure 2). Indeed, a well-

coordinated ROS scavenging pathway from different cellular compartments has evolved, which, 

under normal metabolic conditions, gives rise to low concentrations of potentially harmful RO 
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intermediates in most cells.161 ROS at low or moderate concentrations can be described as 

secondary messengers in many biomolecular processes in cells, conferring tolerance to different 

biotic and abiotic stresses in plants and other organisms. Such response has been described for 

intracellular hormone-mediated signaling cascades, including apoptosis, stomatal closure, 

gravitropism, and plant responses to biotic and abiotic stresses.166-169 Notably, pathogen infection 

typically triggers significant generation of intracellular ROS in plants. The presence of pathogens 

in plant systems is often recognized by  generation in the apoplast of O2
*-, or its dismutation 

product, H2O2.170 Relative to the control, higher concentrations of H2O2 and MDA have been 

detected in the leaves of Vicia faba upon infection with yellow mosaic virus, which was 

indicative of ROS stimulation by pathogen infection.171 As previously noted, most cells possess 

complex anti-oxidative defense mechanisms to mitigate ROS generation, including increasing 

the level of endogenous antioxidant defense172 through non-enzymatic or enzymatic pathways 

(Figures 3 and 4). The non-enzymatic component of plant cellular antioxidant defense involves 

phytochemicals such as phenolic compounds, carotenoids, and tocopherol, as well as essential 

cellular redox buffers, including glutathione and ascorbic acid. Apart from their role in plant 

defense, these secondary metabolites interact with many cellular components, or act as 

antioxidants and enzyme cofactors, all of which positively influence plant growth and 

development.161,173 Various studies have implicated ENMs in the stimulation of secondary 

metabolites and involvement in the suppression of diseases in plants.104-106 For example, the 

maximum total phenol content was found in Ag NM-treated tomato plants, ostensibly serving as 

the first line of plant defense against the pathogen A. solani.106 Alternatively, the enzymatic 

components of ROS response include antioxidants such as ascorbate peroxidase (APX), catalase 

(CAT), glutathione reductase (GR), guaiacol peroxidase (GPX), and superoxide dismutase 
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(SOD), among others.174 Plants respond to oxidative stress by concerted protein synthesis from 

different cellular compartments. Notably, plant antioxidant defense mechanisms against 

pathogens involving ROS can be manipulated using external analytes.161 Several studies have 

reported significant increase in enzyme/antioxidant activities in plants exposed to 

ENMs.15,22,79,107,130,175 For example, Shah et al.175 reported that the activity of antioxidative 

enzymes was elevated in metal-stressed plants.  Thus, pre-treating plants with ENMs could 

contribute to alleviating ROS generated by pathogen infection (Figure 5). Moreover, ENMs such 

as CeO2 have been reported to exhibit redox state-dependent catalase activity.17,176 Specifically, 

the antioxidant potential of CeO2 NMs relies on its mimetic catalase activity at either +3 or +4 

oxidation states in plant cells, in addition to its superoxide scavenging activity.176 Indeed, these 

characteristics may account for the antimicrobial activity of CeO2 NMs, whereby exposure 

suppressed Fusarium wilt disease in tomato plants.15 

 As a biologically derived nano-formulation, it is interesting to better understand the 

mechanism of action of chitosan-based nanopesticides. The potential modes of action of CNMs 

as an antimicrobial agent have been highlighted.20 The authors noted that the positively charged 

surface of CNMs, rendered by the presence of amino functional groups present in the natural 

biopolymer, confer antimicrobial activity to the CNM. The positively charged surface of chitosan 

enhances its affinity towards anionic surfaces on the microbial cell membrane and also increases 

chelation with metals present in the cellular environment.20 The electrostatic interaction between 

polycationic CNMs and anionic components of the pathogens can cause cell membrane 

permeability, leakage of intracellular materials, and eventual cell lysis.20,137 Based on a similar 

mechanism as that in bacteria, chitosan NMs can also act electrostatically against fungi by 

disrupting the cell wall/membrane.134 Such action is achieved by direct inhibition of  enzymes 
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involved in the biosynthesis of glucans, an important biomolecule involved in strengthening the 

fungal cell wall.177 Furthermore, CNMs can also interact with fungal DNA, inhibiting mRNA 

and protein synthesis.140 The binding of amino functional groups of CNMs to the negatively 

charged phosphate groups and anionic amino acids of DNA can cause deactivation of enzymes 

involved in the biosynthesis of important proteins in the target organisms.140

Biofortification of plants with ENM-derived nutrients has been explored as an indirect 

strategy for disease management. Plants, like all biological species, can be protected against 

pathogenic infections through a robust nutritional regimen. Evidence6,7,10 suggests that plants 

treated with a more balanced nutrient composition are healthier than those treated with less-

balanced nutrient composition, and thus, are better able to resist pathogen infection. However, 

obtaining sufficient nutrients from soil, particularly under stressed conditions such as during 

infection or drought, is often confounded by low element availability as a function of soil 

chemistry. Moreover, plants are generally less able to basipetally transport metal ions if supplied 

via foliar application.6 If a sufficient amount and diversity of nutrients are available, the 

mechanism of plant response to pathogen attack involves the triggering of a sequence of 

biochemical reactions which lead to the synthesis of secondary metabolites that ultimately confer 

resistance against the pathogen. Notably, many of the reactions involved in the synthesis of these 

secondary metabolites are catalyzed by enzymes requiring micronutrients as cofactors. 

Specifically, Mn, Cu, and Zn have been implicated in the activation of enzymes involved in plant 

defense systems.6 The aforementioned nutrients, when presented to infected or stressed plants in 

nanoscale form, have been demonstrated to enhance plant defense mechanisms,7,10 presumably 

via greater availability/activity that results in greater in planta content of these nutrients. It is 

noteworthy that the amount of micronutrients present in the plant cellular compartments can 
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influence the synthesis of these defense metabolites during pathogen infection. However, as 

indicated above, the availability of these elements may be restricted by different factors in the 

soil.6,178 In several instances, the use of ENMs as nanoscale micronutrients as a comprehensive 

agricultural amendment has been shown to increase the bioavailability of elements upon 

infection. In those instances, infected plants were better able to suppress disease progression, 

resulting in greater yields in spite of disease pressure.6,7,15,128 Clearly, these are very promising 

advances. Overall, most studies indicate that ENMs have significant advantage over 

conventional pesticides by improving efficacy against pathogens, increasing yield, enhancing 

mineral nutrients uptake, directed delivery of active ingredients, all with lower amount applied to 

reduce environmental impact. However, continued validation under field conditions where plants 

may be simultaneously perturbed by a broader range of biotic and abiotic stresses is required. In 

addition, the tuning or functionalization of these nanoscale nutrients may lead to the 

development of responsive advanced materials that are more effective both temporarily and 

spatially, as well as being applicable against broader range of plant-pathogen systems.

5. Use of ENMs as insecticides and herbicides

There is growing interest in the use of ENMs in plant production as pesticides against 

insect pests and pathogenic nematodes, and as herbicides to control weed species. However, 

much less work has been done in this area compared to ENM use as antimicrobials. Currently, a 

limited number of available reports suggest that ENM platforms may provide effective strategies 

for the control and management of insect pests and weed species. Nano-enabled formulations 

involving the incorporation of ENMs into conventional insecticides/herbicides such as through 

nano-emulsification and nano-encapsulation can be used to enhance active ingredient solubility, 
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penetrability, stability, and controlled-release properties against target species.179,180  Similar to 

nanofertilizers and nano-enabled antimicrobials, increasing the accuracy and precision of active 

ingredient delivery will reduce the load of material released to the environment, thereby limiting 

unintended impacts on non-target species and the environment.31 

 One novel strategy in this regard is the use of ENM for the delivery of genetic material 

and other active ingredients directly into host plant tissues to protect against insect pests, as has 

been reported for Callosobruchus maculatus, Drosophila melanogaster Sitophilus oryzae and 

Rhyzopertha dominica.181 A second example is the slow release of active ingredients from a 

nano-emulsion containing polyethylene glycol (PEG) coated NMs embedded in garlic essential 

oils; this platform enhanced the insecticidal efficacy of PEG against adult Tribolium castaneum 

by 80%.182 One of the early studies demonstrating the insecticidal potential of NMs involved use 

of nanostructured alumina against two major insect pests, S. oryzae and R. dominica.183 After 3 

days of continuous exposure of wheat plants to alumina NM, significantly greater pest mortality 

was recorded (LD50 127-235 mg/kg) as compared with a commercial insecticidal dust.183 

Subsequent laboratory and field bioassays have further demonstrated the insecticidal activity of 

nano-structured alumina against other insects, including the leaf-cutting ant Acromyrmex 

lobicornis.184 In this study, nanostructured alumina (0.08-0.5 mg/g) showed an LC50 of 0.14 

mg/g, with stronger toxicity against A. lobicornis when compared with diatomaceous earth (LC50 

= 0.36 mg/g). Nanostructured alumina is an amorphous material with strong sorptive properties, 

which coupled with its unique NM properties in terms of size and shape, enhances its insecticidal 

efficacy. Although nanostructured alumina is effective compared to the respective controls in the 

above-mentioned study, it should be noted that the study was conducted in a controlled 

environment. Thus, additional studies in actual crop production scenarios in which other 
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environmental factors are at play are required to fully understand the potential of nanostructured 

alumina in agriculture. In addition, the ecotoxicological risks of nanostructured alumina need to 

be characterized. Similar to alumina, formulations containing silica NM have been shown to 

exhibit slow release of the active ingredient, thereby protecting plant seeds from insect attacks. 

This has been demonstrated in pigeon pea (Cajanus cajan), horse gram (Macrotyloma 

uniflorum), black gram (Vigna mungo), green gram (Vigna radiata), chick pea (Cicer arietinum), 

cowpea (Vigna unguiculata), wheat (Triticum aestivum L.) and barley (Hordeum vulgare) 

against different insects species, including Callosobruchus maculatus, R. dominica F. and 

Tribolium confusum Jacquelin du Val .185-189 Insects utilize a variety of cuticular lipids to protect 

their water barrier against desiccation.189 Mechanistically, silica NMs are absorbed into the insect 

cuticular lipid, disrupting the structures and causing desiccation. In Europe, use of stable 

aggregated synthetic amorphous SiO2 NMs with size >1 µm as an insecticide has been 

approved.99 Other metal-based NMs including Ag, Al2O3, TiO, and ZnO NMs have also been 

shown to be effective in the control of insects such as rice weevil (Sitophilus oryzae).20 

Similarly, a recent study190 revealed the insecticidal potential of nanostructured CuO and CaO 

against cotton leafworm (Spodoptera littoralis), with higher mortality rates from CuO NM after 

3 days (LC50 =232.75 mg/L) compared to CaO NM (LC50 = 129.03 mg/L) after 11 days of 

exposure.190 The difference in the mode of action of the NMs was attributed to their unique 

physicochemical properties and interactions with the insect midgut and cuticle layer. 

Unfortunately, the authors did not compare the NMs with a positive control such as a known 

commercial insecticide. Moreover, the relatively high concentrations of the NMs (150-600 

mg/L) used in the experiment may have negative impacts on non-target organisms.
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Biologically derived ENMs have also been evaluated for their insecticidal ability. For 

example, Sahab et al.191 reported the insecticidal activity of Chitosan-g-poly (acrylic acid) (PAA) 

NMs against three insect pests of soybean (Aphis gossypii, Callosobruchus maculatus, and 

Callosobruchus maculatus). Another study192 investigated the insecticidal activity of CNM-based 

formulations against Helicoverpa armigera. The CNM composites, with 32-90 nm size range, 

were synthesized by separately crosslinking CNM with glutaraldehyde (GLA) or 

tripolyphosphate (TPP), or by interacting CNM with a patented botanical pesticide, 

PONNEEM®. The CNMs, prepared in different combinations, were all highly stable, and. at 0.1, 

0.2, and 0.3% exposure levels, exhibited toxicity against the insects. At 0.3% exposure level, 

specific combinations of the nano-formulation demonstrated significant anti-feedant (CNMs-

TPP-PONNEEM, 20%), or larvicidal (CNMs-TPP-PONNEEM, 18%; and CNMs- GLA-

PONNEEM, 15%) activity against H. armigera relative to the commercial neem pesticide 

(0.15% emulsifiable concentrate) as a reference control.192 The nano-formulations also distorted 

the growth of the insect at the larval stage. Taken together, the study of Paulraj et al.192 clearly 

demonstrates efficient pesticidal activity against a pest species using a relatively low 

concentration (0.3%) of the nano-formulations, regardless of the crosslinking agent (TPP or 

GLA) involved.

ENMs have also been investigated for the control of soil nematodes. For example, Yin et 

al.101 demonstrated higher nematicidal efficacy of lansiumamide B against Bursaphelenehus 

xylophilus and second stage juveniles of Meloidogyne incognita.101 Subsequently, the 

nanocapsules reduced the root knot disease incidence in water spinach (Ipomoea aquatica) by 

68% compared with untreated control. Lansiumamide B has low solubility in water101 and 

nanogels can be used to significantly enhance loading and release of active ingredients. Notably, 
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as stated above, a limited number of studies have been conducted on this aspect of ENMs 

utilization. Among the reported data, few184,191 were conducted in real agricultural fields, and 

evaluated the insecticidal potential of the NMs relative to conventional insecticides.101,183,184,192

Similarly, nano-enabled herbicides can play an important role in the sustainable 

eradication of unwanted weed species.98,99 The long-term use of conventional herbicides may 

lead to accumulation of residues in the soil, and to herbicide resistance in the target species. For 

instance, atrazine is one of the most widely used herbicides in the United States, with strong 

potential to contaminate agricultural soils and drinking water sources. Currently, there is debate 

over the potential of atrazine to affect human/animal health through endocrine disruption.193 

However, encapsulation of herbicides in polymeric NMs can be a strategy to enhance the 

environmental safety and efficacy of current herbicides such as atrazine, significantly reducing 

the rate of application .23 Herbicides can be embedded in specific ENM formulations for targeted 

delivery into the roots of weed species. Due to high penetrability facilitated by the ENMs, the 

herbicide can be taken up into the weed root tissues and transferred to target cells, where 

obstruction of significant metabolic pathways such as glycolysis can lead to toxicity and death.23 

Schnoor et al.194 evaluated the herbicidal efficacy of synthesized poly (lactic-co-glycolic-acid) 

(PLGA) loaded with atrazine, using potato as the test plant. Controlled slow release of the 

atrazine was achieved, with only 15% of the compound released after 72 h of application on the 

potato plants. The nano-formulation significantly inhibited potato root length in vitro. Based on 

this finding, the authors concluded that the formulation can be presented as a nano-herbicide for 

controlling weed growth. However, the formulation should be evaluated on an actual weed 

species, preferably in the presence of a non-target food crop and with a non-nanoscale form for 

comparison. In addition, the interaction of PLGA, atrazine, and solvents can be improved if the 
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mechanism of toxicity of the nano-formulation against weed species is better understood. 

Similarly, a nanocapsule of poly (ɛ-caprolactone) containing ametryn and atrazine was reported 

to be more effective against algae (Pseudokirchneriella subcapitata) as compared to the free 

herbicides (ametryn and atrazine).195 Although the study showed that the nanocomposite was 

relatively toxic to the algae, the herbicidal potential should also be assessed on other weed 

species, preferably under field conditions. Similar to atrazine, glyphosate-based herbicides 

(GBHs) are also heavily used in United States, with  about 109 million kilograms used in 

2014.196,197 However, there is growing concern about glyphosate accumulation and persistence in 

crops due to continuous exposure, with environmental, and possibly, human health 

implications.198 Recently, glyphosate has been considered a probable carcinogen by the World 

Health Organization’s International Agency for Research on Cancer.197 However, it remains an 

open question whether the rise in glyphosate resistance and societal discomfort with genetically 

modified glyphosate-tolerant crop plants will foster the development and use of nano-enabled 

herbicides as  alternatives. Along this line, the herbicidal potential of a nanocomposite 

containing glyphosate, amino silicon oil (ASO), attapulgite (ATP), azobenzene (AZO), and 

biochar was investigated in a greenhouse experiment.199 The nanocomposite significantly 

promoted light-responsive controlled release performance against Bermuda weeds. The authors 

proposed strong adhesion of the nanocomposite on the leaf surface as a mechanism enhancing its 

efficacy. Ostensibly, enhanced adhesion reduced glyphosate run-off and loss, potentially 

decreasing unwanted environmental impacts. Although biochar-ATP was added in the 

formulation as a carrier for Glyphosate and ASO, the complex interactions among the different 

components need to be further examined, considering that ATP contains elements (Mg and Si) 
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that can evoke plant responses contrary to the herbicidal effects. Moreover, the possible impact 

of the formulation on non-targeted plant species also needs to be assessed.

Herbicidal activity of encapsulated Ag-chitosan NMs has also been shown to form 

necrotic lesions on the plant Eichhornia crassipes.200 Slow release of the active ingredient from 

the formulation was observed, with 90% release during 24 h. Notably, soil nutrient (macro and 

micro) levels, soil enzymes, microflora seedling emergence, and growth of black gram (Vigna 

mungo) were unaffected when compared with untreated control.200 Other studies have also 

demonstrated enhanced controlled release of herbicides using CNMs. For instance, Yu et al.164 

reported efficient controlled release of diuron by glutathione-responsive stably loaded 

carboxymethyl chitosan NMs (250 nm). Interestingly, at neutral pH the diuron-loaded NMs 

exhibited herbicidal activity against Echinochloa crusgalli, with no growth inhibitory effect 

observed on non-targeted plant species (Zea mays). This study demonstrated that glutathione at 

high concentration (2-3 mM) slowed the release of diuron from the nano-formulation, thus 

enhancing herbicidal efficacy. Similarly, Maruyama et al.165 demonstrated smart and efficient 

delivery of encapsulated herbicides (imazapic and imazapyr) in highly stable alignate-chitosan 

and chitosan-TPP NMs. Cytotoxicity and genotoxicity assays using the nano-formulations 

demonstrated efficacy exceeding 60% against Bidens pilosa (black-jack), with reduced toxicity 

towards non-target soil microorganisms.165 The nano-formulations, when applied on the target 

weed species at the same concentration (400 g/ha) used in the field, significantly inhibited  root 

and shoot growth as compared with the untreated control and free imazapic and imazapyr.165 

This study highlights the use of nano-formulations as promising alternative herbicidal products, 

with reduced toxicity against non-target organisms. 
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Nanoformulations containing other NMs (Ag, Cu, CuO, Fe, Mn and Zn) have also been 

shown to possess herbicidal activity against Allium cepa (L.), Cucurbita pepo, Raphanus sativus, 

Lolium perenne, Lolium rigidum, Fagopyrum esculentum, Elodea densa and Cucumis sativus.23 

Overall, none of the reported studies164,165,194,195,199,200 evaluated the herbicidal potential of ENMs 

in real agricultural fields, and few165,194,195,199 that compared the findings with conventional 

herbicides. Despite these impressive advances, continuous evaluation of these novel nano-based 

herbicide is necessary, bearing in mind the effect of dosage, and impact on non-target plant and 

animal species. In addition, molecular evaluation of the mechanism of toxicity is needed to 

characterize any nanoscale-specific effects. 

8. Limitations, knowledge gap and future directions

Although ENMs have demonstrated potential in a wide array of applications in 

agriculture, significant limitations and knowledge gaps remain. For example, as noted above, 

more soil and field-based studies are necessary to demonstrate the efficacy and, importantly, the 

reproducibility of ENM effects under realistic agricultural conditions. Furthermore, the 

beneficial effects of ENMs as plant disease suppressing agents are dependent on multiple factors, 

including material properties (size/morphology/charge/coating), exposure concentration, plant 

species, pathogen presence, and timing of application. Thus, the selection of appropriate ENM 

type, dosage, and application regime are critical for ensuring beneficial outcomes. It must also be 

noted that the majority of ENMs are metallic in nature. As such, large-scale application of such 

ENMs could potentially lead to metal contamination of soil. Thus, careful consideration of 

application dose and establishment of an efficient and targeted delivery strategy are required 

prior to utilization.65,201-203 Clearly, it is necessary to ensure that nanopesticides do not affect 
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non-target plant growth-promoting microbes or other symbiotic microbial species, in the plant, or 

soil. Furthermore, considering the evolutionary pressure driving microbial pathogens to develop 

resistance upon repeated application of conventional pesticides, critical assessment of similar 

tendency towards ENMs-based nanopesticides should be made.

Undoubtedly, nanofertilizers and nanopesticides hold great promise for nano-enabled 

agriculture. Yet, more research is needed prior to their widespread use. Understanding the basic 

mechanisms of action of ENMs will enable a more clear understanding of the material properties 

driving positive (or negative) effects. This, in turn, will enable the synthesis and manipulation of 

materials with desired properties, resulting in highly tunable, responsive and smart nano-enabled 

agrochemicals that can be applied on a situational basis. For instance, coating ENMs' surface 

with certain agents may improve their antimicrobial properties and change their bio-

interactions.204 Considering the anticipated goal of reducing environmental impact of ENMs as 

agrochemicals, developing standard strategies for measuring their physicochemical properties 

will be crucial.201 Ultimately, the economic viability, societal acceptance, and regulatory 

compliance must all be considered in order to realize the goal of commercialization of nano-

fertilizers and nano-pesticides for large-scale agricultural application. 

9. Conclusion

 Collectively, the evidence provided in this review strongly indicate that nanotechnology 

has immense potential to improve the efficacy of agrochemical delivery and utilization by crops. 

As a result of extensive research on plant exposure to nanoparticles, it is clear that ENMs can 

have detrimental effects at higher concentrations. However, lower dose applications of select 

ENMs under specific conditions will yield beneficial effects, including enhanced delivery of 
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nutrients, antimicrobial and disease suppression, and insecticidal and herbicidal applications. 

One very significant development associated with ENMs is that they can significantly reduce the 

amount of metals/agrichemicals being released into the environment, when compared to 

conventional formulations.  ENM-based soil or foliar fertilization can be achieved through 

macro- and micronutrient amendments; whereas, the suppression of plant pathogens in infected 

systems can be attributed to in vivo generation of ROS and activation of antioxidant enzymes by 

ENMs and other secondary metabolites. Enhanced nutrition through nano-fertilizers could 

promote inherent plant defense and systemic resistance pathways. Notably, studies often 

compare ENM effects against untreated controls, with claims of positive outcomes. It is 

important that all assessment of ENM effects on plants as nano-fertilizers or nano-pesticides 

involve the corresponding conventional equivalents.9,144,201,203 Also, in all cases, a cost-benefit 

analysis of the use of ENMs should be conducted. Without such comparisons, accurate claims of 

the efficacy and cost effectiveness of nano-enabled agrochemicals cannot be made. Given the 

small profit margin associated with agriculture/food production, novel strategies will have to be 

equally effective to conventional approaches, both in terms of economics and efficacy.  If 

developed and applied properly, nanoenabled agricultural approaches such as those described in 

this review will be a critical component in achieving and sustaining global food security and 

safety.
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Nanomaterial Concentra
tion

Plant Application
Type

Details Reference

Ag/Ag-Gum 
acacia

Ag-
photochemica

l loaded

CeO2/
PVP-CeO2

CeO2

CuO

0-60 mg/L

2.5 mg/L

100 mg/kg

10-00 
mg/kg

125 mg/kg

0.02-8 
mg/L

10-500 
mg/L

Common 
bean 

(Phaseolus 
vulgaris L.)

Alternanthera 
sesselis

Soybean 
(Glycine max  

L.)

Radish 
(Raphanus 

sativus) 

Wheat 
(Triticum 

aestivum  L.)

Maize (Zea 
mays  L.)

Tomato 
(Solanum 

lycopersicum)
and

Foliar

Petri dish

Root 

Root

Root 

Root and 
Foliar

Root

All tested concentrations 
increased plant height, root 
length, number of leaves and leaf 
area, total fresh and dry weight, 
and bean yield. Improved 
phytohormone balance in the 
two varieties of beans, compared 
with untreated control.

Significantly enhanced 100% 
multiple shoot bud regeneration, 
and 2-fold shoot elongation

Both coated and uncoated NMs 
increased plant yield (70%) and 
improved the WUE and 
photosynthetic activity in highly 
wet soil, compared with 
untreated control.  

Increased fresh biomass (2- 
fold), chlorophyll content 
(12.5%) and enhanced 
antioxidant activity, compared 
with the untreated control.

Stimulated the plant growth at 
2nd generation and altered the 
nutrient accumulation in above 
ground tissues, compared with 
untreated control.

Both solution culture and foliar 
exposure enhanced maize 
growth (51%) and regulated 
different enzyme activities, 
compared with untreated control.
Root length (18%), chlorophyll 
(14%) and sugar (7%) contents 
increased in tomato plant at 10 
mg/L, compared with the 

[74]

[75]

[76]

[77]

[78]

[48]

[79]
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Cu/Kinetin

Cu-chitosan-
PVA

Cu-chitosan

Fe2O3

50, 100 
mg/kg

0.02-10 
mg/kg

0.06 g/L

0.25-1 g/L

100-200 
mg/L

2-1000 
mg/L

50-800 
mg/L

Cauliflower 
(Brassica 

oleracea var. 
botrytis)

Kidney bean 
(Phaseolus 
vulgaris)

Tomato 

Tomato 

Soybean

Spinach 
(Spinacea 
oleracea) 

Peanut 
(Arachis 

hypogaea)

Tomato 

Root 

Root 

Root 

Foliar

Root 

Root 

Root 

untreated control. Concentration 
dependent increase in 
antioxidant enzyme activities, 
and lignin deposition observed in 
both plants.

50 and 100 mg/kg increased the 
pod biomass by 140 and 30%, 
independent of kinetin, 
compared with untreated control.

At 10 mg/kg, tomato yield 
(17%), stem diameter (13%) and 
dry biomass (30%) increased. At 
0.02 mg/kg, the lycopene 
content, and antioxidant capacity 
(10%) increased, compared to 
untreated control.

Enhanced the plant growth (21-
29%) and yield (30%), stomata 
conductance (7%), and increased 
the leaf catalase (462%) and fruit 
lycopene content (12%), 
compared with untreated control.

Increased the grain yield by 
48%, compared with untreated 
control

At 200 mg/kg, the plant biomass 
(~340%), and Fe uptake 
(~100%) increased in the plant, 
compared with untreated control.

Increased root and shoot length, 
biomass, and chlorophyll 
content. Regulated the phyto-
hormone content and the 
antioxidant enzyme activity. 
Enhanced Fe uptake in the plant, 
compared with the control.
Enhanced seed germination and 
increased the plant growth and 
total biomass, compared with 
untreated control.

[80]

[81]

[73]

[82]

[83]

[46]

[84]
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FeS

TiO2

TiO2-
activated 
Carbon 

composite

SiO2

ZnO

2-10 mg/L

500, 1000 
mg/kg

0.5-4 g/L

0-500 
mg/L

15-120  
mg/L

20-80 
mg/L

6 mg/kg

2-16 mg/L

Mustard 
(Brassica 
junceae)

Barley 
(Hordeum 

vulgare  L.)

Tomato 

Tomato and 
Mungbean (V. 

radiata)

Cucumber 
(Cucumis 
sativus L.)

Strawberry 
(Fragaria × 
ananassa)

Sorghum 
(Sorghum 
bicolor)

Tomato 

Foliar 

Root 

Root

Presoaked 
seed

Foliar 

 Root and 
foliar

Root and 
foliar

Root 

Induced growth and yield of the 
plant, and increased the 
antioxidant enzyme activities, 
compared with untreated control.

Stimulated the plant growth by 
increasing germination rate, 
number of tiller, and plant 
height, compared with nCeO 
treated and untreated control.

Significantly enhanced the plant 
growth by 50%, and increased 
the photosynthetic parameters at 
low concentrations (0.5-2 g/L), 
compared with untreated control.

Increased the germination rate 
by 10-20% in both plants, 
compared with untreated control.

Increased plant height, leaf size, 
number of fruit, yield and total 
biomass, more significant at 60 
mg/L, compared with untreated 
control.

Increased the uptake of macro 
and micro nutrients; K, Ca, Mg, 
Fe, Mn, and Si in the plant, 
compared with the untreated 
control. Better results obtained at 
60 mg/L.

Improved plant productivity and 
stimulated grain nutritional 
values and N use efficiency, 
compared with untreated control.

At 8 mg/L, shoot length (35.8%), 
root length (28.6%), leaf area 
(27.9%), antioxidant activities; 

[85]

[86]

[87]

[88]

[89]

[90]

[17]

[91]
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ZnO-compost

Zn-chitosan

Chitosan

50-1600 
mg/L

1-100 
mg/kg

25-200 
mg/L

100-500 
mg/L

20  mg/g 
(w/w)

10-100 
mg/L

Corn 

Lettuce 
(Lactuca 
sativa L.)

Cotton 
(Gossypium hi

rsutum L.) 

Peanut
Arachis 

hypogaea 

Wheat 
(Triticum 
durum)

Wheat 

Germination 
study

Root 

Root 

Foliar

Foliar 

Foliar 

CAT (70%), POX (650%), SOD 
(80%), proline content (65%) 
and photosynthetic rate 
increased, compared with 
control. 
 
At different temperature, ZnO 
NMs increased the root growth, 
Zn accumulation, and ascorbate 
peroxidase activity in the 
seedlings.

ZnO NP at 10 mg/L increased 
the biomass (6%) and 
photosynthetic rate (6%), 
compared with untreated control.

Significantly increased the 
growth (131%), total biomass 
(131%), total chlorophyll 
(~139%), carotenoids (139%), 
total soluble protein contents 
(179%), and SOD (264%) and 
POX (183%) activities, 
compared with untreated control.

In Zn-deficient soil, the NMs 
(most effective at 300 mg/L) 
improved the germination and 
growth rates of the plant. 
Increased the total biomass, 
yield, chlorophyll content, total 
phenol, and total sugar.

Enhanced Zn uptake in the plant 
grown in Zn-deficient soil. 
About 27 and ∼42% increase in 
the two wheat varieties, 
compared to the control.

Increased the growth rate, total 
biomass, and grain yield, 
compared with untreated control.

Increased the leaf area, 

[92]

[93]

[94]

[95]

[96]

[36]
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30-90 
mg/L

Barley Root and 
foliar

chlorophyll content, number of 
grain per spike, grain yield and 
harvest index, compared with 
untreated control.

[97]
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Table 2: Summary of different types ENMs used as pesticides to manage plant diseases.

Nanomaterials Conc. Plant Application
Type

Pathogen Disease 
Suppression

(+/-)

Details Reference

Ag

 Ag

5 mg/L

10, 30, 
50, 100 
mg/L

100 
mg/L

2, 4, 10 
mg/L

Tomato

Cucumber 
and 

pumpkin

Pepper

Wheat

Foliar

Foliar

Foliar, 
pretreated

Detached 
leaf assay

Alternaria solani

Golovinomyces 
cichoracearum or 

Sphaerotheca 
fusca

Colletotrichum 
sp.

Bipolaris. 
Sorokiniana

+

+

+

+

Reduced early blight disease, 
increased plant fresh weight 
(32.58%) and chlorophyll 
content (23.52%), compared 
with untreated control.

Maximum powdery mildew 
disease suppression (25%) 
recorded at the highest 
concentration in cucumber 
and pumpkin leaves, 
compared with the control 
and more effective than 
commercial fungicides. 
Mycelia and conidia growth 
distorted.

Mycelia growth distorted. 
Suppressed pepper 
anthracnose in the field more 
effective than the 
commercial fungicides.
 

Spot blotch disease was 
suppressed, and conidia 
germination was inhibited 
(100%) by all treatments, 

[104]

[116]

[117]

[105]
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DNA-Directed 
Ag on graphene 

oxide 
composite

Ag-Na 
Tallowate

CuO/Cu/Cu2O

800 
mg/L

50 mg/L

100 
mg/L

100 
mg/L

150-350 
mg/L

Crossandra 
spp. 

Rice 

Tomato

Tomato

Tomato

Foliar

Foliar

Foliar

Foliar

Foliar

Fusarium 
incarnatum 

(Desm.) Sacc

R. solani

Xanthomonas 
perforans

Phytophthora inf
estans and  A. 

solani

P. infestans

+

+

+

+

+

compared with untreated 
control.

Reduced the disease 
incidence from 75% to 55%, 
compared with untreated 
control. 

Efficiently reduced lesion 
development on the leaves. 
Increased the fresh and dry 
weight of the rice plant, 
compared with untreated 
control.

Effectively suppressed the 
bacterial spot disease by 
32%, compared with 
untreated control.

Suppressed both pathogens, 
increased leaf surface area 
(+41 cm2/plant), tomato yield 
(35%) and antioxidant 
enzymes, relative to 
untreated control.

CuO NP decrease leaf 
lesions by ~40%, 3 days after 
application to ~61%, 7 days 
after application, compared 
with untreated control and the 
reference products.

[114]

[118]

[106]

[119]

[127]
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CuO

Cu-composite

CuO

500-
1000 
mg/L

2.5 
mg/L

100 
mg/L

1000 
mg/L

1000 
mg/L

0.1% 
w/v

Watermelon

Tea plant

Tomato

Tomato

Eggplant

Finger 
millet 

Foliar

Foliar

Foliar

Foliar

Foliar

Presoaked 
seed/Foliar

Fusarium 
oxysporum f. sp 

niveum

Poria 
hypolateritia

Xanthomonas 
spp.

Fusarium 
oxysporum

Verticilium 
dahliae

Pyricularia 
grisea

+

+

+

+

+

+

Reduced the Fusarium wilt 
incidence (25%) and 
increased tomato yield (21-
53%), compared with 
untreated control and 
commercial fungicides.

Suppressed red root-rot 
disease in tea plants in a field 
study (80%) and increased 
the total leaf yield (30%), 
compared with untreated 
infested control.

Decreased bacterial spot 
disease in tomato plants 
more effectively than Cu NP. 

Suppressed Fusarium wilt 
disease and increased yield 
more effective than ZnO and 
MnO NP.

Suppressed Verticilium wilt 
disease and increased yield 
more effective than ZnO and 
MnO NP.

Reduced blast disease 
incidence by 75%. Increased 
the number of leaves by 22% 
(foliar) and 33% (combined 

[128]

[129]

[130]

[7]

[7]

[144]
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Cu-chitosan

ZnO

ZnO NM 
formulations 

(pale-like 
Zinkicide SG4 

and particlulate-
like Zinkicide 

SG6)

TiO/Zn

0.04-
16% w/v

100mM

100 
mg/L

31-250 
mg/L

500-800 
mg/L

Maize 

Wheat

Sugar beet

Grapefruit 
trees

Rose

Foliar 

Foliar

Presoaked 
seeds

Foliar

Foliar

Culvularia lunata

Fusarium 
graminearum

F. oxysporum f. 
sp., betae, S. 
rolfsii and R. 

solani

Xanthomonas 
citri subsp. citri.

Xanthomonas sp

+

+

 
+

  

+

+

exposure). Increased 
activities of defense enzymes 
observed.

Reduced leaf spot disease 
incidence in the plant. 
Increased grain yield, shoot 
length, chlorophyll content, 
and the antioxidant and 
defense enzymes activities in 
both greenhouse and field 
trials.

Significantly reduced disease 
incidence and reduced the 
mycotoxin in the grain.

Reduced root rot fungal 
disease severity by 86%, 
compared with untreated 
control. Increased the plant 
growth by 45%, sugar 
content and PPO activity.

Decreased citrus canker 
lesion disease incidence in 
greenhouse and field studies.

Suppressed bacterial leaf 
spot disease on rose by 99% 
at day 15, compared with 
non-coated control.

[69]

[151]

[152]

[135]

[136]
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TiO2 

CeO2

MgO

0.1 
mg/L

100 
mg/L

50-250 
mg/L

5 mg/L

100 
mg/L

Sugar beet

Sugar beet

Tomato

Tomato

Sugar beet

Foliar 

Presoaked 
seeds

Root and 
foliar

Root

Presoaked 
seeds

Cercospora 
beticola

F. oxysporum f. 
sp., betae, S. 
rolfsii and R. 

solani

Fusarium 
oxysporum

Ralstonia 
solanacearum

F. oxysporum f. 
sp., betae, S. 
rolfsii and R. 

solani

+

+

+

+

+

Significantly reduced disease 
at 1st (57%) and 2nd (51%) 
seasons, compared with 
untreated infested control.

Reduced root rot fungal 
disease severity by 95% 
mean, compared with 
untreated control. Increased 
the plant growth by 85%, the 
sugar content and the PPO 
activity.

Suppressed Fusarium wilt 
disease at 250 mg/L (root, 
53% and foliar, 57%), 
improved the productivity, 
and altered the defense and 
stress enzyme activities. 

Reduced the disease 
incidence significantly by 
30%, compared with 
untreated infested control..

Reduced the root rot fungal 
disease severity by 92% 
mean, compared with 
untreated control. Increased 
the plant growth by 60%, the 
sugar content and the PPO 
activity.

[152]

[153]

[15]

[154]

[153]
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Se/Trichoderma 
asperellum

Fe2O3/TiO2 or 
WCNTs/ C60

β-D-glycan

Chitosan

150-250 
mg/L

50 or 
200 

mg/L

0.1% 
w/v

100-
1000 
mg/L

1000 
mg/L

0.1% 
w/v

0.1% 

Pearl millet

Tobacco 
plant 

(Nicotiana 
benthamian

a)

Turmeric 
plant

Maize (Zea 
may)

Wheat 

Rice 

Foliar 

Foliar

Foliar

Grain 
exposure

Foliar 

Detached 
leaf assay

Presoaked 

Sclerospora gra
minicola

Turnip mosaic 
virus

Pythium 
aphanidermatum

Fusarium 
graminearum

Fusarium 
graminearum

Pyricularia 
grisea

Pyricularia 
grisea

+

+

+

+

+

+

Suppressed downy mildew 
disease in pearl millet and 
improved early plant growth

Inhibited virus growth and 
reduced the disease 
incidence. Increased the 
shoot biomass by 50%.

Suppressed rhizome rot 
disease and increased 
activities of defense enzymes 
such as peroxidases, 
polyphenol oxidases, 
protease inhibitors and β-D-
glucanases.

Induced resistance against 
the disease and reduced the 
mycotoxin in the maize 
grain.

Suppressed the pathogen 
attack by 41.8% after 4 
weeks of inoculation, relative 
to control.

Reduced the disease 
incidence 100% on day 10.

Suppressed the blast disease 

[155]

[149]

[22]

[156]

[140]

[141]
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w/v Finger 
millet

seeds + in treated plants by 64% at 
day 50 after inoculation. [142]
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Figure Legends 

Fig 1.  Comparative effects of ENMs exposure on infected plants 

Fig 2. Effect of ROS and antioxidant levels in plant homeostasis 

Fig 3.  Mechanism of ROS generation and role of enzymatic and non-enzymatic antioxidants 

Fig 4. Impact of the ROS-based stress and its potential toxicity to plant cells (Modified from 

Reddy et al., 2018)

Fig 5.  Proposed anti-bacterial mechanisms of engineered nanomaterials 
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                                                           Fig 3 
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                                                                  Fig 5
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