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Introduction 
 

Plant diseases remians one of the major challenge to 

agricultural sustainability (Koul, Yakoob, and Shah, 

2021), of which fungi are the most destructive pathogens 

to plants due to their ability to infect a wide range of 

plant species and tissues and the fact that they can 

survive under diverse environmental conditions. Fungal 

pathogens attack seeds, roots, stems, leaves, flowers, and 

fruits, causing damping-off, wilting, blight, rot, mildew, 

rust-like symptoms, post-harvest spoilage, and chronic 

yield depression, all of which decrease productivity and 

profitability. In addition to direct yield loss, fungal 

diseases can cause reduced nutritional quality, reduced 

seed vigor, changes in aesthetic and market quality, 

shorter storage life, and increased costs of fungicide 
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Phytopathogenic fungi are major constraints to global crop production, causing substantial 

losses in yield and quality, while increasing fungicide resistance and environmental 

concerns challenge conventional disease management. Nanotechnology offers a promising 

alternative through enhanced surface reactivity, tunable properties, controlled release, and 

multifunctional antifungal activity. This review summarizes nanotechnology-based 

approaches for fungal pathogen detection and control, focusing on nanomaterial 

mechanisms, plant defence modulation, and nano-enabled diagnostics. Nanomaterials can 

disrupt fungal membrane integrity, redox balance, metabolism, spore germination, and 

hyphal growth, while also activating plant defence through reactive oxygen species, 

antioxidant systems, phytohormones, and defence-related genes. Advanced tools, including 

nanobiosensors, quantum dots, nanopore sequencing, and microneedle platforms, enable 

rapid pathogen detection. Despite these advantages, concerns regarding ecotoxicity, 

persistence, beneficial microbiota, cost, standardisation, and regulatory frameworks remain. 

Future applications require safe-by-design nanomaterials, mechanistic validation, realistic 

field evaluation, and harmonised regulations for sustainable fungal disease management. 
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application, disease monitoring, and crop replacement 

(Nizamani et al., 2024). Fungal diseases impact not only 

farmers but also the entire value chain, including traders, 

processors, retailers, and consumers. 

 

The importance of fungal diseases is evident in the 

variety of highly destructive plant diseases that continue 

to pose serious problems for worldwide production. 

These include Fusarium oxysporum, Fusarium 

graminearum, Alternaria alternata, Alternaria solani, 

Botrytis cinerea, Rhizoctonia solani, Sclerotinia 

sclerotiorum, Venturia inaequalis, Colletotrichum 

musae, and powdery mildew pathogens such as 

Podosphaera xanthii and Sphaerotheca fuliginea. Other 

organisms that cause plant diseases and have a fungus-

like appearance, such as the oomycete pathogens 

Phytophthora infestans and Phytophthora parasitica, are 

also highly destructive and are often discussed in plant 

pathology because they pose similar management 

challenges in field crops and horticultural systems. These 

pathogens can cause localized epidemics and, in 

favorable climatic conditions, have the potential for 

region-wide outbreaks where the total loss of production 

can be significant. 

 

Fungal diseases have become increasingly problematic in 

recent decades due to the combination ofchanging 

climatic conditions, expanding global trade, and 

intensified agricultural production. Changes in 

temperature, rainfall, and humidity can affect the 

survival, spread, sporulation, infection cycle, and disease 

severity of pathogens (Nizamani et al., 2024). 

Meanwhile, repeated cultivation of genetically similar 

crop varieties and monoculture creates favorable 

ecological conditions for the persistence and adaptation 

of pathogens. Intensive production often brings an initial 

production surge but also increases disease pressure and 

heightens reliance on chemical disease control. This has 

led to a renewed focus on finding alternatives that are 

resilient, effective, and environmentally friendly in 

sustainable crop protection. 

 

The limitations of conventional disease management 

have driven the emergence of nanotechnology in plant 

pathology. While synthetic fungicides have been very 

beneficial in minimizing losses and remain indispensable 

in many production systems; however, their long-term 

use has led to increasing concerns over resistance 

development, environmental sustainability, and non-

target effects. (Koul, Yakoob, and Shah, 2021; Nizamani 

et al., 2024). Traditional fungicides have poor water 

solubility, weak adhesion to the plant surface, readily 

degrade in the field, off-target loses, and require frequent 

reapplication. Repeated use of fungicides with a similar 

mode of action used over successive cropping seasons 

leads to emergence of resistant pathogen strains (Koul, 

Yakoob, and Shah, 2021). Moreover, traditional 

formulations may lead to soil and water pollution, 

disrupts beneficial organisms, and raise concerns about 

food safety. 

 

Nanotechnology provides an entirely new approach due 

to their unique physicochemical properties that are 

distinct from bulk materials. Nanoparticles have a high 

surface-to-volume ratio, high reactivity, tunable 

morphology, and controllable surface chemistry and 

functionalization, which facilitates controlled release, 

targeted delivery, and controlled release in response to 

plant or environmental signals (Nizamani et al., 2024; 

Yadav et al., 2026 a). Collectively, these attributes make 

them valuable in agriculture, particularly for disease 

management, where precision, persistence, and dose 

efficiency are key priorities. In plant disease 

management, nanomaterials perform diverse role such as 

antifungal agents, carriers for conventional fungicides, 

elicitors of plant immunity, nutrient delivery systems, or 

sensing elements in diagnostic devices. 

 

Controlled-release nanoformulations are particularly 

promising because they can maintain active ingredient 

levels over time and reduce the number of spray 

applications (Yadav et al., 2026 b). Nanoencapsulation 

also offers increased stability and resistance to fungicide 

degradation before reaching the target site due to 

exposure to sunlight, temperature fluctuations, or wash-

off. 

 

Taken together, these properties make nanotechnology an 

attractive platform for next-generation crop protection 

systems. Although several reviews have summarized 

nanotechnology against plant pathogens, most primarily 

emphasize nanoparticle synthesis or antimicrobial 

activity. Few integrate pathogen detection, plant immune 

priming, mechanisms of antifungal action, nano-enabled 

diagnostics, biosafety, and commercialization within a 

single framework. Therefore, this review examines the 

emerging use of nanotechnology as a novel approach to 

controlling plant-pathogenic fungi and investigates its 

potential beyond its effects on pathogens. The focus is 

not just on nanomaterials for disease control but also the 

mechanisms by which they affect fungal cells, plant 

defense systems, and the diagnosis of plant pathogens in 
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the field and the laboratory. The review also takes into 

account the operational limitations that still hinder the 

broader adoption of these technologies in agriculture, 

particularly regarding biosafety, non-target effects, 

commercialization, and regulation (dos Santos et al., 

2024). 

 

Nanomaterials for Management of Plant 

Pathogenic Fungi 
 

Plants are naturally associated with various 

microorganisms, many of which are beneficial for 

nutrient cycling, nitrogen fixation, and rhizosphere 

balance. However, many interactions between plants and 

microbes can also be harmful, and pathogenic fungi are 

among the most significant causes of disease and 

developmental abnormalities in crops (Oqwus et al., 

2025). 

 

The metallic nanoparticles and their oxides are among 

the most widely studied materials. Historically, silver 

nanoparticles have been well known for their 

antimicrobial properties, with a spectrum of activity that 

includes both Gram-positive and Gram-negative bacteria 

(Richards, 1991; Zhen et al., 2019), and they remain 

among the most thoroughly investigated nanomaterials in 

plant disease research. They have also demonstrated 

antifungal activity against Fusarium oxysporum, F. 

graminearum, Phytophthora parasitica, and powdery 

mildew pathogens of cucumber and pumpkin (Lamsal et 

al., 2011; Tarazona et al., 2019). Mikhailov & 

Mikhailova (2019) found that the survival rate of tobacco 

infected with P. parasitica was 96.3% and 77.8% after 

application of Ag nanoparticles at 100 and 10 µg/mL, 

respectively. Ag nanoparticles suppressed the abundance 

of pathogens such as P. xanthii and S. fuliginea in 

cucumber and pumpkin systems in a dose-dependent 

manner and exhibited curative activity in addition to 

preventive activity, even when commercial fungicides 

were also used (Lamsal et al., 2011). Ag nanoparticles 

have also been used alongside biocontrol agents such as 

Bacillus subtilis, Pseudomonas fluorescens, and 

Trichoderma viride, resulting in greater suppression of 

Fusarium wilt than when using nanoparticles alone 

(Ahmad et al., 2022). The results indicate that silver 

nanoparticles can be used in integrated disease 

management and as stand-alone antifungal agents. 

 

Copper-based nanoparticles have attracted considerable 

attention due to the long-standing use of its compounds 

in crop protection. The advancement of nanotechnology 

has led to the development of various copper-based 

nanostructures, including CuO, Cu₂O, CuS, and 
Cu(OH)₂. Among these, copper phosphate trihydrate has 
been identified as an environmentally safer alternative to 

conventional fungicides, as it does not accumulate in the 

environment.Giannousi et al., (2013) demonstrated that 

nano-CuO and nano-Cu/Cu₂O composites effectively 
inhibited lesions of Phytophthora infestans on tomato at 

low concentrations. Similarly, El-Abeid et al., (2024) and 

Kamel et al., (2022) reported that CuO nanoparticles 

synthesized using plant extracts significantly reduced the 

severity of Fusarium root rot in tomato, while Cu₂O 
nanoparticles improved the anatomical structure of 

cucumber under root rot stress conditions. 

 

In watermelon, applications of copper oxide and copper 

phosphate formulations were found to reduce symptoms 

of Fusarium oxysporum f. sp. niveum and enhance fruit 

yield. These findings suggest that nano-copper 

formulations can be applied at lower nominal metal input 

(NMI) while maintaining higher efficacy against plant 

pathogens. This reduction in copper usage is particularly 

important for ensuring long-term environmental 

sustainability. 

 

Zn-based nanoparticles were also found to possess wide-

spectrum inhibitory activity against various fungal 

pathogens, especially ZnO nanoparticles. It is active 

against Alternaria alternata, Botrytis cinerea, Fusarium 

oxysporum, Rhizoctonia solani, Rhizopus stolonifer, and 

Sclerotinia sclerotiorum (Sardella et al., 2017; Subha et 

al., 2024; Jamdagni et al., 2018). The nanoparticles have 

been evaluated alone and in combination biocontrol 

agents and appear to inhibit mycelial growth and alter 

cell-surface interactions while remaining compatible with 

beneficial microbes such as Pseudomonas chlororaphis 

O6 (Dimpka et al., 2013; Goodman et al., 2016). The 

commercial potential of nano-Zn is highlighted by the 

registration of products such as ZinkicideTM, which is 

moving from experimental to commercial validation. 

 

Silicon and silica-based nanoparticles are unique in that 

they can also provide disease suppression both directly 

and indirectly. Several tudies indicate that the primary 

benefit of silicon is to increase plant resistance rather 

than its ability to produce antifungal activity against 

Alternaria solani, Aspergillus niger, and Fusarium 

oxysporum and that its therapeutic efficacy may be as a 

carrier agent for delivering fungicides in a controlled 

manner (Suriyaprabha et al., 2013; Derbalah et al., 2018; 

Pan et al., 2020). The application of the 



Int.J.Curr.Microbiol.App.Sci (2026) 15(10): 62-78 

65 

 

nanoencapsulated PRO-MON-CaC system is particularly 

noteworthy because it significantly improved lesion 

suppression compared with free prochloraz and 

maintained protection for a longer period after 

application Gao et al., (2020). This application is one of 

the best cases for using nanotechnology in agriculture: 

even though a nanomaterial is not very fungitoxic on its 

own, it can greatly enhance the delivery and longevity of 

the active ingredient it carries. 

 

Another group of potentially interesting nanoparticles is 

the sulfur nanoparticles, although they remain 

comparatively unexplored. Although sulfur has been 

used as a fungicide for many years, nanosulfur 

formulations appear to provide similar or better disease 

control while reducing overall sulfur inputs (Gogoi et al., 

2013). Sulfur nanoparticles inhibited the conidial 

germination of powdery mildew pathogens and 

subsequently demonstrated a concentration- and size-

dependent effect on reducing Fusarium oxysporum f. sp. 

lycopersici infection in tomatoes (Cao et al., 2021). 

Surface-coated nano-sulfur also significantly increased 

the marketable yield of tomato plants by more than 

threefold under infested conditions, highlighting that 

nanotechnology-driven strategies can help manage the 

disease and improve crop productivity (Wang et al., 

2022). 

 

Other key categories include titanium dioxide, cerium 

oxide, and chitosan-based nanoparticles. TiO₂ 
nanoparticles, particularly those doped with silver, 

exhibit light-dependent antifungal activity that may be 

mediated by the photocatalytic generation of ROS, 

though this activity varies across pathogens (Wu et al., 

2019). In tomato plants inoculated with Fusarium 

oxysporum, cerium oxide nanoparticles enhanced disease 

suppression, plant growth, antioxidant enzymes, and 

fruit-related traits (Adisa et al., 2017). The chitosan-

based nanoparticles are especially attractive due to their 

high antifungal activity, biodegradability, and 

biocompatibility. Chitosan-Cu nanoparticles, Ag-

chitosan nanocomposites, and chitosan-carrageenan 

systems have been found to exhibit excellent activity 

against Alternaria, Fusarium, Botrytis, and Sclerotinia, 

as well as against postharvest pathogens, and to reduce 

fruit deterioration during storage (Saharan et al., 2015; 

Moussa et al., 2013; Riseh et al., 2022). The increased 

use of such systems is indicative of a broader trend 

towards composite nanomaterial systems, whose core is a 

metal toxicant, complemented by stability and plant 

compatibility provided by a polymer component. 

Carbon-based nanomaterials such as multi-walled carbon 

nanotubes, graphene oxide, reduced graphene oxide, and 

fullerene-related nanostructures have further explanded 

the range of nanomaterials available in plant disease 

management. Surface-based carbon nanotubes exhibit 

enhanced inhibition of fungal spore germination 

compared with their pristine counterparts, underscoring 

the pivotal role of surface chemistry in governing their 

antifungal activity. (Wang et al., 2017). Graphene-related 

materials could enclose spores, prevent water absorption, 

and block germination/hyphal growth. While not as 

developed in actual farming applications as metal-based 

nanoparticles, the materials show a wide range of 

possibilities for disease management through 

nanotechnology against fungi. A comparative summary 

of the major nanomaterials, representative pathogens, and 

reported antifungal activities is presented in Table 1. 

 

Mechanisms Underlying Nanoparticle-Mediated 

Antifungal Activity 
 

Nanomaterials exert antifungal activity through multiple 

interconnected mechanisms that collectively inhibit 

fungal growth, development, and pathogenicity. Unlike 

traditional fungicides, which primarily target a single 

biochemical pathway, nanoparticles simultaneously 

target multiple pathways and cellular structures (Liu & 

Lal, 2015). This multi-target activity can decrease the 

likelihood of resistance development and can be more 

effective against pathogens with complex infection 

biology. 

 

A well-known mechanism is direct contact with the 

fungal cell surface. Nanoparticles may bind spores, germ 

tubes, hyphae, or fungal membranes, and destabilize the 

integrity of the cell envelope. For instance, Ag 

nanoparticles have been reported to penetrate the cell 

membrane of Fusarium oxysporum spores, disrupt 

homeostasis, and ultimately kill the spores (Abkho & 

Panjehkeh, 2017). The same kind of damage has been 

reported for sclerotium-producing fungi, in which Ag 

nanoparticles can penetrate hyphal walls, causing 

plasmolysis (Wang et al., 2019). Surface contact can 

disrupt membrane permeability, allow leakage of cellular 

contents, disrupt ionic balance, and disturb nutrient 

uptake. Nanoparticles have a very high reactive surface 

area, which means they interact more efficiently with 

biological membranes than larger particles. 

 

Beyond membrane damage, nanomaterials also interfere 

with essential metabolic pathways, thereby disrupting 
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fungal growth and development. Nanoparticles can 

disrupt the respiration, ATP production, enzymatic 

activity, and DNA replication (Derbalah & Elsharkawy, 

2019; Jung et al., 2008). A few nanoparticles can interact 

with NADH dehydrogenase or other enzymes in the 

respiratory chain, thereby inducing decoupling of energy 

metabolism. Carbon nanotubes and graphene derivatives 

can envelop fungal spores, reducing water uptake and 

inhibiting spore germination, thereby inducing a 

plasmolysis-like effect. (Wang et al., 2014). Thus, 

nanoparticle action can manifest in both mechanical and 

chemical ways. 

 

Another important pathway of the antifungal activity of 

nanoparticles is the generation of ROS. Once cells are 

exposed to ZnS, Ag, TiO₂, and other nanomaterials, it 

can trigger ROS generation either on their surfaces or 

inside cells, resulting in oxidative stress that damages 

lipids, proteins, membranes, and nucleic acids 

(Lakshmeesha et al., 2020). Oxidative stress might lead 

to decreased ergosterol levels, increased lipid 

peroxidation, membrane damage, and, finally, cell death. 

Single- or double-strand breaks, oxidation of bases, and 

disruption of pentose sugars are all possible ways in 

which DNA can be damaged (Ogunyemi et al., 2020; 

Soares et al., 2021). 

 

Meanwhile, nanoparticles' action is not limited to the 

pathogen. Many nanoparticles have also been found to 

have toxic effects on plants, particularly involving the 

activation of defense signaling, redox modulation, and 

hormonal reprogramming. For instance, nanoparticles of 

silica have been reported to induce salicylic-acid-

mediated resistance responses, while affecting 

antioxidant machinery and defense-related transcription 

(El-Shetehy et al., 2021). Thus, the mechanism of action 

of the nanomaterials in plant disease management is two-

fold direct attack on the pathogen and also priming the 

host to respond to the pathogen attack. This is one of the 

distinctions between many of the nanomaterials and 

traditional fungicides. A schematic overview of the 

principal mechanisms underlying nanoparticle-mediated 

suppression of plant-pathogenic fungi is presented in 

Figure 1. 

 

Nano-enabled Detection and Early Diagnosis of 

Plant Pathogenic Fungi 
 

The best way to manage a disease is to achieve a rapid, 

accurate diagnosis before it reaches severity. However, in 

reality, diagnosis occurs after the pathogen has already 

spread, making interventions less effective (Sarmah et 

al., 2025). Although traditional methods such as PCR, 

immunoassays, and FISH are very useful, they can be 

expensive, require specialised equipment, and necessitate 

trained personnel to handle samples during preparation 

(Dayou et al., 2018). Nanotechnology has provided a 

new generation of diagnostic systems that are more 

sensitive, have shorter detection times, and can be used 

for in-field disease surveillance. 

 

One of the most innovative diagnostic method is 

microneedle-based sampling. Polymeric microneedle 

patches are made with an array of tiny needles that can 

quickly extract nucleic acids from plant tissue without 

extensive extraction. These patches were also shown by 

Paul et al., (2019) to enable rapid DNA extraction for the 

detection of Phytophthora infestans, and, more recently, 

the sampling step was combined with amplification for 

field diagnosis in approximately 30 minutes (Paul et al., 

2021). The speed of sample preparation is frequently a 

bottleneck for the molecular diagnosis of plant 

pathogens; therefore, this method is very useful. 

 

Another promising diagnostic application of 

nanotechnology is nanopore sequencing. Real-time 

sequencing of DNA or RNA could be achieved by 

measuring changes in electrical current as the nucleic 

acids pass through a nanopore, as is possible with a 

portable device such as the Oxford Nanopore MinION 

(Clarke et al., 2009). Recent studies have demonstrated 

the utility of nanopore sequencing for identifying fungal 

phytopathogens and profiling microbial communities in 

olive twigs and greenhouse irrigation water, highlighting 

its potential for real-time plant disease surveillance 

(Theologidis et al., 2023; Kudjordjie et al., 2024).While 

low read precision and some data analysis issues are 

significant drawbacks, nanopore sequencing is a practical 

means to enable on-site pathogen surveillance and 

epidemiological monitoring in a timely fashion. 

 

Quantum dots and nanobiosensors have emerged as 

highly sensitive nanotechnology based diagnostic 

plastforms for rapid detection of phytopathogens. 

Quantum dots are nanocrystals of semiconductors that 

have special fluorescence properties, narrow emission 

peaks, and a wide excitation spectrum. They can be very 

useful as signal probes for detecting nucleic acids and 

other biomolecules (Sutherland et al., 2002). Metabolites, 

toxins, volatile compounds, or other biomolecules 

characteristic of pathogens can be detected by biosensors 

that respond to them optically, electrochemically, or 



Int.J.Curr.Microbiol.App.Sci (2026) 15(10): 62-78 

67 

 

plasmonically using metal or metalloid nanoparticles. In 

electrochemical systems, these have been modified with 

Cu nanoparticles to monitor salicylic acid levels 

associated with Sclerotinia sclerotiorum infection, and in 

maize systems, a colloidal gold-based immunoassay has 

been employed to detect Fusarium species (Xu et al., 

2019). The aggregation state of gold nanoparticles 

significantly affects their optical properties, particularly 

those used in Localized Surface Plasmon Resonance 

(LSPR)-based platforms, which are visually and 

analytically detectable (Kulabhusan et al., 2022). 

Moreover, modified electrodes with metal oxide 

nanoparticles, such as SnO₂ and TiO₂, have been used to 
detect Volatile Organic Compounds (VOCs) during 

Phytophthora cactorum infection of plants (Fang et al., 

2014). The progress showcased here illustrates that 

nanotechnology is not only beneficial when diseases 

occur but also advantageous in managing disease before 

it occurs through early, more sensitive detection. A 

comparative overview of the major nano-enabled 

approaches for plant pathogen detection, including their 

detection principles, representative applications, 

strengths, and limitations, is presented in Table 2. 

 

Nanoparticle-Mediated Plant Immune Responses 
 

One of the greatest paradigm shifts in recent 

nanotechnology research has been the recognition that 

nanoparticles do not simply directly inhibit pathogens. 

They are also known to modify plant physiology to 

enhance stress tolerance, activate plant immunity, and 

reduce the fungus's ability to invade. The latter is 

significant because it is integral to the broader increase in 

host resistance, which is essential for sustainable disease 

management, Combined, nano-enabled plant protection 

involves pathogen inhibition, stress biology, redox 

regulation, and immune priming. 

 

Antioxidant Defence Activation 
 

ROS play a central role in the plant's response to 

pathogen attack and nanoparticles. The generation of 

ROS can damage proteins, membranes, and nucleic 

acids, whereas physiologically it serves as a warning 

signal that triggers downstream defence mechanisms 

(Sharma et al., 2012; Mitter et al., 2022). Thus, the 

antioxidant defence system is an important factor in 

determining whether nanoparticle exposure causes stress 

injury or priming. Superoxide dismutase (SOD) is the 

first major enzyme in the defence against oxidative 

injury, as it reduces superoxide radicals to hydrogen 

peroxide. Catalase (CAT) subsequently breaks down 

hydrogen peroxide into water and oxygen, preventing the 

buildup of a detrimental product in cells. Peroxidases 

(PODs), such as guaiacol peroxidase and related 

enzymes, also play a role in the scavenging of hydrogen 

peroxide and in lignification/strengthening of the cell 

wall during stress responses. These antioxidant enzymes 

are activated in a coordinated manner, which may help 

plants maintain redox homeostasis and are also involved 

in defence responses as signalling molecules for ROS. 

 

Several reports demonstrate that nanoparticle use 

enhances the antioxidant machinery in infected plants. 

For instance, cerium oxide nanoparticles (CeO₂) were 
observed to enhance the activity of peroxidase and 

catalase in tomatoes in the presence of Fusarium, 

whereas selenium nanoparticles (SeNPs) were correlated 

with the production of antioxidants and the accumulation 

of defence-related metabolites in tomatoes in the 

presence of Fusarium (Adisa et al., 2017; Maqbool et al., 

2025). In a broader sense, the activation of SOD, CAT, 

and POD by nanoparticles indicates a transition from 

passive stress tolerance to active defence preparedness. 

Nanomaterials enhance the antioxidative network, 

thereby enabling plants to cope with oxidative stress 

caused by pathogen attacks and their own immune 

signalling. 

 

Induced Resistance 
 

Induced resistance is a physiological state in which plants 

are more responsive to pathogen attack following 

exposure to either biotic or abiotic elicitors. There is 

growing interest in using nanoparticles as elicitors, since 

they can trigger early warning pathways without causing 

visible toxicity. For example, it has been reported that 

silica nanoparticles enhance salicylic acid-related 

signalling and systemic acquired resistance (SAR), a 

broad-spectrum defence state associated with 

pathogenesis-related proteins and long-distance immune 

communication (El-Shetehy et al., 2021). Other 

nanomaterials can affect jasmonic acid- and ethylene-

related pathways under varying conditions, such as 

across different crops, pathogens, and formulations. 

 

The real-life application of nanoparticle-mediated 

induced resistance has dual role: preventive protection 

against pathogen invasion and enhanced defence during 

disease progression. The primary goal of nanopriming in 

plants is to enhance their ability to limit pathogen 

penetration, delay colonisation and limit lesion expansion 
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when the pathogen is encountered, rather than trying to 

suppress the disease after it becomes established. Induced 

resistance can include accelerated callose deposition, 

increased phenol accumulation, increased lignification, 

increased activation of PR proteins, and increased 

expression of defence-associated transcription factors. 

This is particularly important for fungal pathogens, as the 

early stages of invasion often influence the success of an 

epidemic in later stages. 

 

Defence-Related Metabolites and Signalling 
 

In addition to these phenotypic effects, nanoparticles 

regulate the biosynthesis of defence related metabolites 

and modulate signalling pathways that coordinate plant 

immune response. The phytohormones affected by the 

nano-treatment such as abscisic acid, indole-3-acetic 

acid, and cytokinins help coordinate the growth–defence 

balance through interactions with key defence signalling 

networks. It is critical because plants need to reallocate 

their resources to defence when they detect a pathogen, 

thereby achieving immunity. 

 

At the signalling level, the perception of nanoparticles 

triggers complex processes involving pattern-recognition 

receptors, calcium fluxes, ROS bursts, activation of 

MAPK signalling, and the activation of transcription 

regulators such as WRKY, MYB, and ERF family 

proteins (El-Shetehy et al., 2021). These signals lead to 

the expression of defence genes and metabolites that 

inhibit pathogen growth. These metabolites and structural 

defences include polyphenols, phytoalexins, lignin, 

callose, hydrogen peroxide and pathogenesis-related 

proteins. The study also describes immune receptor 

systems, such as MdCERK1, and to PRR-associated 

reactions involved in antifungal defence, along with 

greater accumulation of H₂O₂, polyphenols, and callose 
following infection. These observations suggest that, in 

addition to biochemical mechanisms, gene regulatory 

pathways are also involved in the amplification of host 

immunity by nanoparticles, but further mechanistic 

integration is needed. 

 

In practice, these findings mean nanomaterials can serve 

as immunomodulators rather than just toxicants. Thus, 

their potential to protect crops may be most important 

when combined with other management strategies and 

applications that can prime beneficial defence processes 

without inducing chronic stress. It will be important for 

future research to establish the dose thresholds, particle 

properties, and crop-specific conditions under which 

these defence responses are most beneficial. 

 

Application of nanoparticles to foliage, seeds, or soil 

leads to plant-surface interactions and cellular uptake. 

This triggers an early burst of ROS and calcium 

signalling, followed by activation of pattern-recognition 

receptors and MAPK-associated signalling cascades. 

Downstream transcription factors such as WRKY, MYB, 

and ERF activate defence-responsive genes, leading to 

elevated activities of SOD, CAT, and POD; modulation 

of salicylic acid and related hormones; accumulation of 

phenolics and lignin; callose deposition; PR-protein 

induction; and ultimately enhanced resistance to fungal 

infection (El-Shetehy et al., 2021). The overall sequence 

of nanoparticle-mediated plant immune activation, 

including nanoparticle uptake, ROS and Ca²⁺ signalling, 

activation of pattern-recognition receptors (PRRs) and 

MAPK signalling cascades, induction of defence-related 

transcription factors and genes, enhanced antioxidant 

responses, and the establishment of resistance against 

fungal pathogens, is illustrated in Figure 2. 
 

Challenges, Biosafety Considerations and Future 

Perspectives 
 

Although significant advances have been made in using 

nanotechnology to combat fungal diseases, the 

translation of these experimental findings into 

agricultural practice is not yet achieved. Most of the 

evidence available today comes from in vitro 

experiments, or controlled experiments conducted under 

greenhouse conditions, with limited environmental 

variation (dos Santos et al., 2024). The behaviour of 

nanoparticles in the field is much more complicated due 

to interactions with the sun, rain, soil type, pH, organic 

matter, soil microorganisms, the developmental stage of 

plants, and interactions with fertilisers or pesticides 

already present in the system. Therefore, it is important 

to note that a formulation effective in the laboratory 

might not work as well in commercial farming, or it 

might be less stable. 

 

Environmental and Ecotoxicological Concerns 
 

One of the most significant issues remains the 

environmental and ecotoxicological concerns that hinder 

widespread implementation. The movement of 

nanoparticles in soil and water systems is not entirely 

predictable and can cause them to change chemical 

composition, dissolve or aggregate, or remain 

unchanged. Their small size and high reactivity, which 
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are beneficial in disease management, can also lead to 

unintended interactions with plant tissues, soil colloids, 

aquatic systems, or non-target organisms (Nizamani et 

al., 2024; dos Santos et al., 2024). Particular concern has 

been raised regarding the metal-based nanoparticles (e.g., 

silver, copper) that could be deposited in soils through 

multiple uses, thereby leading to exposure in food chains. 

Much systematic studies are needed to determine safe 

concentration limits, chronic effects, and residues in 

edible parts of the plant. 

 

Impact on Non-Target Microorganisms 
 

An important component of healthy agricultural soils is 

the complex microbial community that helps regulate 

nutrient cycling, root growth, organic matter 

decomposition, and natural disease suppression. If 

formulation and dose are not carefully optimised, the 

broad-spectrum nanoparticle may exert detrimental 

effects on beneficial fungi such as rhizobacteria, 

mycorrhizae, decomposers or introduced biocontrol 

agents, as well as fungal pathogens (dos Santos et al., 

2024). Although several studies have reported 

compatibility of certain nanoparticles with specific 

beneficial bacterial species, these findings alone are 

insufficient to establish their general biosafety. 

Comprehensive evaluations across diverse non-target 

microorganisms, soil ecosystems, and field conditions are 

required before broad agricultural application can be 

considered (Ameen et al., 2021). The rhizosphere is a 

highly dynamic environment, and the long-term effects 

on microbial diversity, functional resilience, and 

ecological balance are still poorly understood (Yadav et 

al., 2026 b). 

 

Commercialisation and Regulatory Challenges 
 

Despite substantial advances in nanotechnology-based 

plant disease management, the commercialization and 

regulatory approval of nanoparticle-based products 

remain major barriers to their widespread agricultural 

adoption. Nano-enabled fungicides or nano-biosensors 

need to be reliably produced at scale, not degrade over 

time or in transit, be effective in all situations and across 

crops, and remain cost-effective for growers. This 

process is challenging due to the sensitivity of nanoscale 

formulations to particle-size distribution, aggregation, 

coating chemistry, release behaviour, and capping agents. 

In addition, regulatory frameworks in many nations do 

not fully account for the application of nanotechnology in 

agriculture. This gap can be addressed by assessing its 

specific modes of action (Nizamani et al., 2024). In many 

countries, the regulatory assessment of nanoparticles 

continues to be conducted under existing chemical or 

pesticide regulations, despite their unique 

physicochemical properties. The lack of harmonised 

standards negatively impacts product approval and 

creates uncertainty for developers and end users. 

 

Future Research Directions 
 

Future studies should focus on several complementary 

directions to address current limitations and facilitate the 

safe and effective implementation of nanotechnology in 

plant disease management. Multi-location field trials are 

needed to test efficacy, persistence, and crop safety of 

nanomaterials under field conditions. Second, 

mechanistic investigation should be conducted to 

differentiate between the effects of intact nanoparticles 

and those of ions they released, particularly in silver- and 

copper-based systems.  

 

Third, long-term ecotoxicity tests need to be conducted 

not only on short-term effects but also on the 

accumulation of the substance in the soil, food chain 

transfer, and effects on beneficial micro-animals, and 

they should be repeated in each season. Fourth, research 

should focus on safe-by-design formulations that offer 

the highest efficacy and reduced environmental mobility 

and non-target toxicity. 

 

There is also an intriguing synergy between the 

integration of nanotechnology with precision agriculture 

and systems biology. Nanoformulations may be 

combined with smart delivery systems, biosensors, and 

plant immune profiling, based on omics analysis and 

machine learning, for diagnostics and to develop more 

responsive, site-specific crop protection solutions. In the 

future, the best nano-based plant protection systems 

could be those that integrate diagnosis, targeted delivery, 

host defense priming, and environmental compatibility. 

The successful implementation of nanotechnology for 

sustainable fungal disease management requires the 

integration of rapid pathogen detection, targeted 

nanoparticle delivery, plant immune activation, precision 

agriculture, and environmentally safe crop protection 

strategies. A comprehensive framework illustrating the 

sequential workflow of nano-enabled integrated 

management of plant-pathogenic fungi, together with its 

agricultural outcomes and future perspectives, is 

presented in Figure 3. 
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Figure.1 Mechanisms of Nanoparticle-Mediated Suppression of Plant Pathogenic Fungi 
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Figure.2 Nanoparticle-mediated enhancement of plant immunity 
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Figure.3 Nano-enabled Integrated Management of Plant Pathogenic Fungi 
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Table.1 Representative nanomaterials used against plant pathogenic fungi 

 

Nanomaterial Major examples Representative 

pathogens 

Reported effects References 

Silver 

nanoparticles 

Ag NPs, 

biosynthesized 

Ag NPs 

Fusarium 

oxysporum, 

Phytophthora 

parasitica, 

Podosphaera xanthii, 

Sphaerotheca 

fuliginea, 

Colletotrichum 

musae 

Direct antifungal 

activity, preventive 

and curative action, 

synergy with 

biocontrol agents and 

fungicides 

Lamsal et al., 

2011; Ahmad et 

al., 2022 

Copper-based 

nanoparticles 

CuO, Cu₂O, CuS, 
Cu(OH)₂, 
Cu₃(PO₄)₂·3H₂O 

Phytophthora 

infestans, Fusarium 

oxysporum f. sp. 

niveum, root rot 

pathogens 

Reduced lesion 

formation, lower 

disease incidence, 

improved anatomy and 

yield in some crop 

systems 

Giannousi et al., 

2013; El-Abeid 

et al., 2024 

Zinc-based 

nanoparticles 

ZnO NPs, coated 

Zn NPs 

Alternaria, Botrytis, 

Rhizoctonia, 

Fusarium, 

Sclerotinia spp. 

Broad-spectrum 

inhibition, membrane 

interaction, 

compatibility with 

some biocontrol agents 

Goodman et al., 

2016; Dimpka et 

al., 2013 

Silicon/silica 

nanoparticles 

Nano-Si, 

mesoporous silica 

NPs 

Aspergillus niger, 

Fusarium 

oxysporum, 

Alternaria solani 

Disease suppression in 

some systems, 

improved delivery, 

support for induced 

resistance 

Suriyaprabha et 

al., 2013; Pan et 

al., 2022 

Sulfur 

nanoparticles 

Elemental sulfur 

NPs 

Erysiphe 

cichoracearum, 

Fusarium oxysporum 

f. sp. lycopersici 

Reduced germination 

and disease incidence, 

improved biomass and 

marketable yield 

Gogoi et al., 

2013; Cao et al., 

2021; Wang et 

al., 2022 

Chitosan-based 

nanomaterials 

Chitosan-Cu NPs, 

Ag-chitosan, 

chitosan-

carrageenan 

composites 

Alternaria solani, 

Fusarium 

oxysporum, Botrytis 

cinerea, Sclerotinia 

sclerotiorum, 

Rhizopus stolonifer 

Strong mycelial 

inhibition, reduced 

post-harvest decay, 

plant-safe 

multifunctional 

activity 

Saharan et al., 

2015; Moussa et 

al., 2013; Saqib 

et al., 2020 

Carbon-based 

nanomaterials 

MWCNTs, 

graphene oxide, 

reduced graphene 

oxide 

Fusarium 

graminearum, 

Fusarium poae 

Restricted spore 

elongation and 

germination, enhanced 

activity after surface 

modification 

Wang et al., 

2017 
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Table.2 Nano-enabled approaches for plant pathogen detection 

 

Detection tool Basis of detection Application Major 

strength 

Key 

limitation 

References 

Microneedle 

patch 

Direct sampling 

and extraction of 

DNA from plant 

tissue 

Rapid detection of 

Phytophthora 

infestans from 

infected leaves 

Fast, 

simple, 

field-

oriented 

sample 

preparation 

Requires 

downstream 

amplification 

and validation 

Paul et al., 

2019 

Integrated 

microneedle-

amplification 

platform 

Extraction plus 

rapid nucleic acid 

amplification 

Field diagnosis 

within about 30 

minutes 

Rapid on-

site 

diagnosis 

Technology 

still emerging 

Paul et al., 

2021 

Nanopore 

sequencing 

Real-time 

sequencing through 

nanopore current 

changes 

Min ION-based 

fungal/endophyte 

detection in plant-

associated samples 

Portable, 

high-

throughput, 

long-read 

capability 

Lower read 

precision, 

bioinformatics 

demand 

Theologidis 

et al., 2023 

Quantum 

dots 

Fluorescence-based 

nanoscale probes 

CdTe quantum dots 

synthesised using 

Fusarium 

oxysporum systems 

High 

sensitivity 

and optical 

tunability 

Potential 

toxicity and 

assay 

complexity 

Paul et al., 

2021 

Nanobiosenso

rs 

Optical/electroche

mical signal 

transduction using 

nanomaterials 

Au-NP-, Cu-NP-, 

and SnO₂/TiO₂ 
based sensors for 

pathogen markers 

Rapid, 

sensitive, 

potentially 

non-

destructive 

Requires field 

robustness and 

standardisation 

Theologidis 

et al., 2023 

 
Nanotechnology has emerged as a transformative 

approach for the sustainable management of plant-

pathogenic fungi, offering innovative solutions to 

overcome many of the limitations associated with 

conventional fungicides. This review demonstrates that a 

wide range of nanomaterials, including silver, copper, 

zinc, sulfur, silica, titanium dioxide, cerium oxide, 

chitosan-based systems, and carbon-based 

nanomaterials, possess significant antifungal potential 

through multiple complementary mechanisms. These 

include disruption of fungal cell membranes, induction 

of oxidative stress, interference with cellular respiration, 

impairment of nucleic acid integrity, and inhibition of 

spore germination. Beyond their direct antifungal 

activity, nano-enabled formulations enhance fungicide 

stability, enable controlled and targeted delivery, 

improve bioavailability, and activate plant defence 

mechanisms, thereby providing an integrated strategy for 

disease management. Moreover, recent advances in 

nano-enabled diagnostic technologies, including 

microneedle platforms, nanopore sequencing, quantum 

dots, and nanobiosensors, have created new 

opportunities for rapid, sensitive, and field-deployable 

detection of fungal pathogens, enabling timely disease 

surveillance and precision crop protection. 

 

Despite these promising developments, several 

challenges continue to hinder the large-scale adoption of 

nanotechnology in agriculture. Critical knowledge gaps 

regarding nanoparticle behaviour under field conditions, 

long-term environmental fate, ecotoxicological impacts, 

interactions with beneficial soil microbiota, formulation 

stability, cost-effectiveness, and harmonized regulatory 

frameworks. Addressing these issues will require 

standardized experimental protocols, comprehensive 

multi-location field evaluations, life-cycle risk 

assessments, and the development of safe-by-design 

nanomaterials that balance efficacy with environmental 

sustainability. 

 

Future research should move beyond laboratory-scale 

evaluations toward integrated, interdisciplinary 
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approaches that combine nanotechnology with plant 

pathology, molecular biology, microbiology, toxicology, 

materials science, precision agriculture, and artificial 

intelligence. The development of smart nano-

formulations capable of simultaneous pathogen 

detection, targeted delivery, controlled release, immune 

priming, and real-time disease monitoring represents an 

exciting direction for next-generation crop protection 

systems. Such multifunctional platforms have the 

potential to reduce dependence on conventional 

fungicides while improving disease control efficiency 

and environmental stewardship. 

 

In conclusion, nanotechnology is poised to play a pivotal 

role in the future of sustainable fungal disease 

management. Continued advances in material design, 

mechanistic understanding, biosafety assessment, and 

regulatory harmonization will determine the successful 

translation of nano-enabled technologies from 

experimental research to practical agricultural 

applications. With responsible development and 

multidisciplinary collaboration, nanotechnology has the 

potential to revolutionize the diagnosis, prevention, and 

management of plant fungal diseases, contributing 

significantly to resilient crop production and global food 

security. 
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