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1 Introduction

Agriculture faces significant challenges, including diseases that reduce crop yields and

deficiencies in essential soil nutrients that limit plant growth, decrease productivity, and

compromise global food security (Paramesh et al., 2023; Gai and Wang, 2024). Currently,

these challenges are addressed through the intensive use of conventional synthetic

agrochemicals. However, their excessive or improper application can lead to soil degrada-

tion, water contamination, biodiversity loss, pest resistance, and potential risks to human

health and environmental sustainability (Aktar et al., 2009; Rani et al., 2021). Consequently,

various environmentally friendly options have been studied (Backer et al., 2018; Fasusi et al.,

2021; Cucu et al., 2025; Adkar-Purushothama et al., 2026), with particular emphasis on the

application of nanomaterials as nanofungicides to control crop diseases caused by

phytopathogenic fungi and as nanofertilizers that serve as micronutrient sources to enhance

the growth and productivity of economically important crops (Fu et al., 2020; Ogwu and

Izah, 2025). The growing interest in nanomaterials is primarily due to their unique

physicochemical properties, which differ significantly from those of their bulk counterparts.

Owing to their nanoscale size, high surface area, and enhanced reactivity, nanomaterials can

interact efficiently with biological systems. These characteristics enable their effective

application as nanofungicides and nanofertilizers in agriculture (Fu et al., 2020; Ogwu

and Izah, 2025).

In recent years, nanomaterials —including nanocomposites, nanocarbons, nanogels,

nanocapsules, and nanoemulsions—have emerged as promising alternatives for controlling

phytopathogenic fungi and as advanced fertilizers. Among these, metal nanoparticles have

attracted considerable attention due to their outstanding properties for these applications

(Fu et al., 2020; Ogwu and Izah, 2025). To date, numerous studies have investigated the use

of metal nanoparticles as fungicides or as fertilizers, and these findings have been extensively

discussed across a wide range of review articles (Cruz-Luna et al., 2021; Fatima et al., 2021;

Ndaba et al., 2022; Cruz-Luna et al., 2023; Kumar Balu et al., 2023; Sanguiñedo et al., 2023;
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Raza et al., 2024; Echeverrıá-Pérez et al., 2025; Shashidhara et al.,

2025; Hernández-Ramıŕez et al., 2026). However, these review

articles have predominantly analyzed each application separately.

Recently, the potential of bifunctional metal nanoparticles in

agriculture has gained increasing attention, as these materials can

simultaneously function as nanofertilizers and nanofungicides. This

bifunctionality offers a more efficient and potentially sustainable

strategy, particularly for economically important crops, by integrat-

ing plant protection and nutritional supplementation into a single

nanoparticle-based treatment. To date, the potential of bifunctional

metal nanoparticles has been investigated in different crops

(Zakharova et al., 2019; Keerthana et al., 2021; Lopez-Lima et al.,

2021; Tryfon et al., 2021; Tamil Elakkiya et al., 2022; Deng et al.,

2023; El-Sayed et al., 2023; Shams et al., 2023; Singh et al., 2023;

Wee et al., 2023; Ajiwe and Popoola, 2024; Deng et al., 2024;

Elbasuney et al., 2024; Ashraf et al., 2025; Lopez-Lima et al., 2025;

Mochi et al., 2025; Saikia et al., 2026). Among them, tomato

(Solanum lycopersicum) is the most extensively studied crop

(Lopez-Lima et al., 2021; Deng et al., 2023; Shams et al., 2023;

Ajiwe and Popoola, 2024; Deng et al., 2024; Ashraf et al., 2025),

likely due to its high economic importance and significant nutri-

tional value (Echeverrıá-Pérez et al., 2025). However, to the best of

our knowledge, no review or opinion article has specifically and

comprehensively addressed the simultaneous use of metal

nanoparticles as both fungicides and fertilizers. Therefore, this

opinion article provides a critical assessment of current research

and discusses future perspectives on the development and applica-

tion of bifunctional metal nanoparticles that can act simultaneously

as fungicides and fertilizers in agricultural systems, using tomato as

a model crop because it has been extensively evaluated in

this context.
2 Advances in bifunctional metal
nanoparticles as fungicides and
fertilizers

Bifunctional metal nanoparticles represent an innovative strat-

egy to simultaneously act as fungicides and fertilizers in agricultural

systems. Metal nanoparticles can exhibit antifungal activity against

phytopathogenic fungi, thus reducing disease incidence. At the

same time, these metals are essential micronutrients that, in

controlled concentrations, support key physiological processes

such as photosynthesis and enzyme synthesis. This bifunctional

approach could reduce reliance on conventional agrochemicals,

optimize nutrient use efficiency, and promote more sustainable

agriculture. To date, the potential of bifunctional metal

nanoparticles has been investigated in different crops such as

bean (Phaseolus vulgaris) (El-Sayed et al., 2023), eggplant

(Solanum melongena) (Elbasuney et al., 2024), okra (Abelmoschus

esculentus) (Keerthana et al., 2021), coffee (Coffea arabica) (Lopez-

Lima et al., 2025), mung bean (Vigna radiata) (Mochi et al., 2025),

tea (Camellia sinensis) (Saikia et al., 2026), mustard (Brassica nigra)

(Tamil Elakkiya et al., 2022), lettuce (Lactuca sativa) (Tryfon et al.,

2021), wheat (Triticum aestivum) (Zakharova et al., 2019),
Frontiers in Plant Science 02
watermelon (Citrullus lanatus) (Deng et al., 2023), maize (Zea

mays) (Singh et al., 2023; Wee et al., 2023), and tomato (Solanum

lycopersicum) (Lopez-Lima et al., 2021; Deng et al., 2023; Shams

et al., 2023; Ajiwe and Popoola, 2024; Deng et al., 2024; Ashraf et al.,

2025). Among these, tomato is the most extensively studied crop.

Therefore, we present advances in the bifunctional use of metal and

metal oxide nanoparticles, demonstrating their effectiveness in

agricultural applications using tomato as a model crop.

2.1 Metal nanoparticles

2.1.1 Cu nanoparticles

Some studies have investigated the bifunctionality of Cu

nanoparticles as fungicides and nanofertilizers (Lopez-Lima et al.,

2021; Ajiwe and Popoola, 2024). For instance, Cu nanoparticles were

used to control Fusarium oxysporum f. sp. lycopersici and promote

tomato plant growth (Lopez-Lima et al., 2021). The Cu nanoparticles

were produced via a green synthesis method, with sizes ranging from

200 to 500 nm. Figure 1a shows that the antifungal activity of the Cu

nanoparticles under in vitro conditions was higher than that of cupric

hydroxide at all studied concentrations (0.1, 0.25, 0.5, 0.75, and 1 mg/

mL). For Cu nanoparticles at 1 mg/mL, antifungal activity exceeded

80% (Figure 1a). Subsequently, the antifungal efficacies under in vivo

conditions (tomato plants of 60 days post-inoculation with Fusarium

oxysporum) of the Cu nanoparticles (concentrations of 0.5, 0.75, and 1

mg/mL) were compared against copper hydroxide (commercial prod-

uct at 1 mg/mL) and the positive control (infected with Fusarium

oxysporum but without any antifungal). For tomato plants treated with

Cu nanoparticles, the incidence (Figure 1b) and severity (Figure 1c) of

the disease were significantly reduced compared with copper hydroxide

and the positive control. Simultaneously, the effects of Cu nanoparticles

on various plant growth parameters were investigated. For Cu

nanoparticle treatments, most growth parameters were higher com-

pared to the negative control (tomato plants unaffected by Fusarium

oxysporum and untreated with any antifungal). The best results were

obtained with 0.5 mg/mL Cu nanoparticles, where most growth

parameters (stem length, stem/leaf dry mass, and root dry mass)

increased compared with the negative control (Figures 1d–h). This

improvement can be attributed to an optimal Cu supply that enhances

photosynthesis, enzymatic activity, and biomass accumulation without

inducing phytotoxicity. At higher concentrations, excess Cu may

disrupt metabolic processes, limiting further growth improvement

(Lopez-Lima et al., 2021). Also, all growth parameters were significantly

lower in the positive control than in the negative control (Figures 1d–

h), which can be attributed to the fact that no antifungal treatment was

applied to the tomato plants infected by Fusarium oxysporum.

Although the results are promising, the particle sizes reported here

fall outside the typical nanoscale range (1–100 nm), which may

influence their effectiveness as nanofungicides and nanofertilizers.

Future studies should therefore prioritize precise size control and

systematically evaluate its impact on bifunctional performance.

2.1.2 Ag nanoparticles

Ag has also been studied for controlling phytopathogenic fungi

and as a potential fertilizer (Ashraf et al., 2025). In this context, Ag
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nanoparticles synthesized using Pongamia pinnata leaf extract,

exhibiting spherical morphology and sizes below 3 nm, were

evaluated against Fusarium oxysporum f. sp. lycopersici in tomato

crops under both in vitro and in vivo conditions. Additionally, their

potential to enhance plant growth parameters, fruit weight and

number, and bioactive compound content was assessed (Ashraf

et al., 2025). The antifungal activity of Ag nanoparticles was
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examined under in vitro conditions at concentrations of 50, 100,

125, and 150 µg/mL. Fungal radial growth decreased significantly in

a dose-dependent manner. Subsequently, in vivo experiments were

conducted to evaluate their efficacy under greenhouse and field

conditions. In both settings, the application of Ag nanoparticles to

infected tomato plants significantly reduced disease incidence and

severity. Moreover, treated plants exhibited improved growth and
FIGURE 1

(a) Fungal growth inhibition under in vitro conditions of Fusarium oxysporum f sp. lycopersici exposed to Cu nanoparticles and cupric hydroxide at
concentrations of 0.1, 0.25, 0.5, 0.75, and 1 mg/mL. Evaluation of the antifungal efficacy under in vivo conditions: (b) incidence and (c) severity of Cu
nanoparticles for Fusarium wilt on plants 60 days after inoculation at concentrations of 0.5, 0.75, and 1 mg/mL. Effect of different treatments on
various growth parameters: (d) stem length, (e) root length, (f) leaf number, (g) stem/leaf dry mass, and (h) root dry mass of plants 60 days post-
inoculation with Fusarium oxysporum treated with Cu nanoparticles at concentrations of 0.5, 0.75, and 1 mg/mL. N.C., Negative control, C.H., Cupric
hydroxide (Cupravit® Hidro at 1 mg/mL), and P.C., Positive control. Bars with the same letters indicate values that are not significantly different
according to Tukey’s test (p <0.05). Modified from Lopez-Lima et al., 2021.
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productivity, including increased plant height, biomass, fruit

weight, and fruit number, as well as enhanced accumulation of

bioactive compounds such as lycopene, flavonoids, vitamin C, and

total proteins (Ashraf et al., 2025).

2.2 Metal oxide nanoparticles

2.2.1 CuO nanoparticles

As with the metal Cu, CuO has also shown promise for

controlling phytopathogenic fungi while simultaneously serving as

a source of the essential micronutrient Cu. In this context, nega-

tively and positively charged CuO nanospikes, as well as negatively

charged CuO nanosheets, were synthesized via microwave-assisted

hydrothermal synthesis and evaluated as nanofungicides and

nanofertilizers in tomato plants via foliar application (Deng et al.,

2023). Tomato plants infected with Fusarium oxysporum showed a

significant reduction in disease progression when treated with

negatively charged CuO nanosheets. Moreover, these nanosheets

tended to increase shoot biomass in infected plants compared to

other nanoparticle treatments. All Cu-based treatments in infected

plants resulted in higher Cu accumulation in fruits relative to the

control. Additionally, the concentrations of S, Ca, Mg, P, and Fe in

infected tomato fruits increased due to the application of Cu

nanomaterials (Deng et al., 2023). These results highlight that

both nanoparticle morphology and surface charge play a funda-

mental role in determining their antifungal efficiency and their

interaction with plant tissues, which is consistent with the well-

established understanding that nanoparticle physicochemical prop-

erties govern their performance in agriculture (Cruz-Luna

et al., 2021).

2.2.2 ZnO nanoparticles

ZnO has also demonstrated promising potential for controlling

phytopathogenic fungi while simultaneously serving as a source of

the essential micronutrient Zn. In this context, commercial ZnO

nanoparticles (30 ± 5 nm in particle size, spherical shape) were

evaluated for controlling Fusarium solani and enhancing the

vegetative growth and development of cherry tomato plants

under greenhouse conditions at different concentrations (250,

1500, and 3000 mg/L) (Shams et al., 2023). Foliar application of

ZnO nanoparticles reduced the severity of Fusarium wilt.

Additionally, ZnO nanoparticles exhibited biostimulant effects in

infected tomato, enhancing vegetative growth parameters (plant

length, plant height, and number of leaves per plant), increasing leaf

micronutrient concentrations (Mn, Zn, and Fe), and improving

chlorophyll content and phenylalanine ammonia-lyase activity in

cherry tomato leaves. The antifungal activity and biostimulant

effects were dependent on nanoparticle concentration; both effects

increased with nanoparticle concentration (Shams et al., 2023).

2.2.3 Fe3O4 nanoparticles

The effects of positively charged (20.8 ± 2.76 nm) and negatively

charged (21.00 ± 2.97 nm) Fe3O4 nanoparticles were evaluated on

tomato plant growth and for controlling Fusarium oxysporum f. sp.
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lycopersici under both greenhouse and field conditions (Deng et al.,

2024). Both positively and negatively charged Fe3O4nanoparticles

significantly reduced the severity of Fusarium wilt by 41.4% and

44.6%, respectively, and increased shoot biomass by 327.6% and

455.0% compared with the diseased control. Moreover, positively

charged Fe3O4 nanoparticles exhibited greater efficacy than their

negatively charged counterparts in alleviating disease damage and

modulating the accumulation of Na, Si, and Cu, highlighting the

crucial role of nanoparticle surface charge in their biological

performance. From an agronomic and physiological perspective,

these elemental changes are relevant, as Na regulation may improve

ionic homeostasis. At the same time, Si and Cu contribute to

structural defense and redox-related plant immunity. Thus, their

charge-dependent modulation suggests enhanced nutrient balance

and stress tolerance, which is consistent with reports indicating that

nanoscale iron properties, particularly particle size, control iron

speciation, transport, and related metabolic responses (Li

et al., 2026).
3 Discussion

Significant advances have been made in the bifunctional use of

metal nanoparticles as both nanofungicides and nanofertilizers,

with numerous studies highlighting their promising multifunctional

potential across various crops (Zakharova et al., 2019; Keerthana

et al., 2021; Lopez-Lima et al., 2021; Tryfon et al., 2021; Tamil

Elakkiya et al., 2022; Deng et al., 2023; El-Sayed et al., 2023; Shams

et al., 2023; Singh et al., 2023; Wee et al., 2023; Ajiwe and Popoola,

2024; Deng et al., 2024; Elbasuney et al., 2024; Ashraf et al., 2025;

Lopez-Lima et al., 2025; Mochi et al., 2025; Saikia et al., 2026).

Nevertheless, several aspects require further investigation before

these bifunctional metal nanoparticles can be implemented on a

large scale in agriculture.
1. Characteristics of metal nanoparticles: The bifunctional

utilization of metal nanoparticles as nanofungicides and

nanofertilizers is influenced by different nanoparticle char-

acteristics, such as shape, size, crystalline structure, surface

chemistry, dispersion, stability, solubility, and specific sur-

face area (Cruz-Luna et al., 2021). In bifunctional applica-

tions, these physicochemical properties not only determine

their effectiveness against phytopathogenic fungi but also

regulate nutrient release, bioavailability, and interaction

with plant tissues, which has been demonstrated with

CuO (Deng et al., 2023) and Fe3O4 (Deng et al., 2024)

nanoparticles. Nevertheless, to date, the effects of

nanoparticle shapes and sizes on antifungal performance

and nutrient delivery efficiency have been only partially

addressed (Zakharova et al., 2019; Keerthana et al., 2021;

Lopez-Lima et al., 2021; Tryfon et al., 2021; Tamil Elakkiya

et al., 2022; Deng et al., 2023; El-Sayed et al., 2023; Shams

et al., 2023; Singh et al., 2023; Wee et al., 2023; Ajiwe and

Popoola, 2024; Deng et al., 2024; Elbasuney et al., 2024;

Ashraf et al., 2025; Lopez-Lima et al., 2025; Mochi et al.,
frontiersin.org

https://doi.org/10.3389/fpls.2026.1821016
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Rosas-Diaz et al. 10.3389/fpls.2026.1821016

Fron
2025; Saikia et al., 2026). Therefore, it is essential to

systematically investigate how size and shape influence

their simultaneous role as antifungal agents and nutrient

sources. Furthermore, other characteristics, including crys-

talline structure, surface chemistry, dispersion, solubility,

stability, and specific surface area, must be carefully studied

to fully understand their contributions to antifungal mech-

anisms, controlled nutrient release, plant uptake, and overall

agronomic performance.

2. Synthesis methods: Metal nanoparticles intended for bifunc-

tional applications as fertilizers and fungicides have been

synthesized mainly through biological and chemical routes

(Zakharova et al., 2019; Keerthana et al., 2021; Lopez-Lima

et al., 2021; Tryfon et al., 2021; Tamil Elakkiya et al., 2022;

Deng et al., 2023; El-Sayed et al., 2023; Shams et al., 2023;

Singh et al., 2023; Wee et al., 2023; Ajiwe and Popoola, 2024;

Deng et al., 2024; Elbasuney et al., 2024; Ashraf et al., 2025;

Lopez-Lima et al., 2025; Mochi et al., 2025; Saikia et al.,

2026). The biological route has gained particular attention as

a greener alternative, since it uses microorganisms or plant

extracts as reducing and stabilizing agents, thereby mini-

mizing the use of hazardous chemicals and reducing envi-

ronmental impact. In contrast, chemical methods may

generate toxic by-products if not properly managed.

However, for bifunctional applications, the key challenge

is whether these synthesis strategies can produce

nanoparticles with sufficiently consistent physicochemical

properties to ensure reliable bifunctional performance under

field conditions. In this regard, although biological synthesis

offers environmental advantages, variability in biological

extracts may lead to heterogeneity in size, morphology,

and surface charge, potentially affecting nutrient release

and antifungal efficiency. Conversely, chemical methods

provide better control over these parameters, which are

critical for achieving predictable nutrient delivery and

pathogen inhibition, and are more suitable for large-scale

production. Therefore, selecting an appropriate synthesis

strategy is crucial to balance environmental sustainability

with the physicochemical consistency required for effective

and reproducible bifunctionality in agricultural systems.

3. Synthesis of multimetal nanoparticles: It is fundamental to

produce and evaluate bimetal and trimetal nanoparticles

designed for bifunctionality as both antifungal agents and

nanofertilizers. Multimetal nanoparticles are particularly

promising because they can exhibit improved physicochem-

ical properties compared to their pure metal counterparts

(Cruz-Martıńez et al., 2021; Idris and Roy, 2023; Nyabadza

et al., 2023). By combining two or more metals, it is possible

to enhance not only selectivity against phytopathogenic

fungi but also their fertilizing capabilities. These combina-

tions enable synergistic effects, in which the metals interact

to generate novel multifunctional properties that are not

present individually (Cruz-Martıńez et al., 2021; Idris and

Roy, 2023; Nyabadza et al., 2023), thereby integrating

d i s e a s e c o n t r o l a n d c r o p nu t r i t i o n w i t h i n

metal nanoparticles.
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4. Environmental risks and concerns: When metal

nanoparticles are proposed for bifunctional use as

nanofungicides and nanofertilizers, their potential environ-

mental and biological implications become particularly

significant. Like conventional synthetic agrochemicals, the

repeated and prolonged application of metal nanoparticles

may pose risks to non-target organisms and negatively affect

beneficial soil microorganisms, which are essential for

maintaining soil fertility (Islam, 2025). Moreover, when

applied at high concentrations or with unsuitable physico-

chemical properties, metal nanoparticles can induce phyto-

toxic effects, including oxidative stress, cell membrane

damage, alterations in photosynthetic processes, and overall

growth inhibition (Islam, 2025). Some nanoparticles may

also accumulate in plant tissues and potentially enter the

food chain, raising concerns about long-term ecological and

human health effects (Djanaguiraman et al., 2024; Islam,

2025). In addition, leaching or runoff can transport

nanoparticles into aquatic systems, where they may affect

algae, invertebrates, and fish, mainly through membrane

damage and oxidative stress mechanisms (Djanaguiraman

et al., 2024). In this context, modern technologies are

essential for addressing the environmental fate and impacts

of bifunctional metal nanoparticles in agriculture. Advanced

techniques, including high-resolution microscopy and spec-

troscopy, enable accurate detection and physicochemical

characterization of nanoparticles in plant tissues, improving

understanding of their uptake, translocation, accumulation,

and potential entry into the food chain. Omics approaches

and ecotoxicological assays further reveal phytotoxic effects

and impacts on non-target organisms, including soil micro-

organisms and aquatic biota. Collectively, they strengthen

risk assessment, guide nanoparticle design and application,

and support more sustainable agriculture. Nevertheless,

comprehensive studies on long-term fate, root-to-fruit

translocation, ecological safety, and potential fungal resis-

tance remain necessary before large-scale implementation.

In conclusion, metal nanoparticles exhibit strong bifunctional

potential, suppressing phytopathogenic fungi while simultaneously

enhancing plant growth. This bifunctionality, demonstrated across

metal nanoparticles such as Cu, Ag, CuO, ZnO, and Fe3O4,

highlights their promise for integrating disease control and plant

nutrition in sustainable agriculture. However, key knowledge gaps

remain, including the need to elucidate the role of nanoparticle

physicochemical properties, assess long-term environmental and

toxicity impacts, standardize field application strategies, and better

understand uptake, translocation, and accumulation mechanisms

in plants.
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