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This review explores the emerging role of copper nanoparticles (CuNPs) as a sustainable alternative to
conventional agrochemicals in plant disease management. With increasing concerns over global food security,
environmental degradation, and the limitations of conventional fungicides, nanotechnology offers innovative
solutions with improved efficiency and reduced ecological impact. CuNPs exhibit enhanced antimicrobial
activity due to their high surface area, increased reactivity, and ability to release bioactive copper ions,
enabling effective control of a wide range of plant pathogens. In addition to their direct antifungal and
antibacterial effects, CuNPs function as defense-elicitors, activating plant defense mechanisms through
modulation of antioxidant enzymes, phytohormone signaling pathways, and expression of defense-related
genes. Advances in characterization techniques have facilitated a deeper understanding of CuNP’s properties
and their interactions with plant systems. Importantly, the physiological and molecular responses of plants to
CuNP’s exposure are highly concentration- and plant species-dependent. Despite their potential, concerns
regarding environmental fate, phytotoxicity, and regulatory challenges persist. Therefore, optimized application
strategies and comprehensive risk assessments are essential to ensure the safe and effective integration of

CuNPs into sustainable agricultural practices.
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INTRODUCTION

The escalating global population, coupled with the
increasingly unpredictable challenges posed by
climate change and environmental degradation,
exerts immense pressure on agricultural systems
to ensure global food security and promote
environmental sustainability.

Plant diseases, instigated by a diverse array of
pathogens including fungi, bacteria, and viruses,
stand as a perpetual and significant threat to crop

*Correspondence: robin.gogoi@adtu.in; r.gogoiiari@gmail.com

yields worldwide. The economic repercussions
of these diseases are staggering, resulting in
billions of dollars in losses annually and directly
impacting the livelihoods of farmers and the
stability of food supply chains (Ristaino et al.
2021; FAO, 2023; Gai and Wang, 2024).
Consequently, the development of efficacious,
economically viable and environmentally
responsible strategies for plant disease control
remains a paramount global research priority
(Burdon et al. 2021).Traditionally, plant disease
management has heavily relied on the
widespread application of synthetic
agrochemicals. While these conventional
chemical control measures have played a crucial
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role in protecting crops, their widespread and
often indiscriminate use has inadvertently given
rise to a cascade of detrimental issues. For
example, the copper-based pesticides (e.g.,
Bordeaux mixture, copper oxychloride) have been
used long-standingly as broad-spectrum
antimicrobial agents (Yu et al. 2023).Copper
(Cu?)is effective due to its ability to disrupt protein
and enzyme functions in pathogens, and it is also
an essential micronutrient for plants (Dey et al.
2023). However, traditional copper formulations
suffer from several critical limitations, including
poor dissolution and uptake necessitating high
application rates, phytotoxicity, the environmental
accumulation of heavy metals in the soil and water
bodies, and the induction of pathogen resistance
(Ghorbani et al. 2024). These inherent limitations
of traditional agrochemicals underscore a
pressing need for innovative solutions that can
deliver targeted efficacy while minimizing
environmental impact and combating the growing
threat of microbial resistance. Nanoscience and
Nanotechnology, involving the manipulation of
matter at the nanoscale (typically 1 to 100
nanometers), offer a revolutionary paradigm shift
for the agricultural sector. However, in “Guidelines
for evaluation of nano-based agri-input and food
products” released by Department of
Biotechnology, Government of India in 2020,
nanomaterials are defined as any material that
ranges in size from 1 to 100 nm at least in one
dimension or any material that possesses
improved properties or phenomenon because of
the effect of the dimension even if the dimensions
falls outside the nanoscale range up to 1000 nm
(Department of Biotechnology, 2020).This
interdisciplinary field presents the opportunity to
overcome the shortcomings of conventional
agriculture by engineering materials with unique
physico chemical properties, such as high
surface area-to-volume ratios, enhanced
reactivity, and quantum effects (Khot et al. 2012;
Kah and Hofmann, 2014; Wang et al. 2016).
Nano-technology’s contributions span the entire
agricultural value chain, from soil health and
nutrient delivery to crop protection and post-
harvest management.Nano-enabled agricultural
innovationsinclude nano-fertilizers for enhanced
nutrient uptake, genetic modification and trait
improvement (RNA interference), environmental
remediation, and climate resilience (Kah et al.
2018; Duhan et al. 2017).
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In crop protection, the development of nano-
pesticides and nano-fungicidesis inarguably one
of the most promising pathways for sustainable
agriculture (Singh et al. 2021; Abd-Elsalam et al.
2024; Singh et al. 2024). The formulation of
Copper Nanoparticles (CuNPs) represents a
compelling and rational advancement in plant
disease management. The use of copper is
grounded in its dual roles as an essential
micronutrient for plant physiology (a cofactor for
enzymes involved in photosynthesis and
respiration) and its established history as a broad-
spectrum antimicrobial agent (Fig. 1).Cu is an
essential plant micronutrient, and it is a cofactor
of various enzymatic activities. It is required in
little amounts, and the critical deficiency level may
fall in the range of 1-5 mg kg' DW, and the
threshold limit for toxicity is over 20-30 mg kg’
DW of the plant (Nguyen et al. 2017). In addition,
Cu has a pivotal role in the electron transport
chain, photophosphorylation, and cell wall
metabolism, and also enhances photosynthetic
activity (Pradhan et al. 2015; Mir et al. 2021). And
it is also a well-known fact that Cu is indispensable
for chlorophyll formation and plant growth (Viera
et al. 2019). CuNPs exhibit a high surface area,
leading to enhanced release of Cu?* ions and
greater contact with pathogen surfaces,
significantly boosting their antimicrobial activity
compared to macro-sized particles (Dizaj et al.
2014). The increased efficacy allows for the use
of substantially lower concentrations of copper,
mitigating the risks of phytotoxicity and
environmental accumulation associated with
traditional high-dose applications. The small size
of CuNPs potentially allows for more effective
coverage and uptake, providing a more uniform
and potent protective layer against
pathogens.Nano-agrochemicals represent
sophisticated formulations where the active
ingredient is either encapsulated within a
nanoscale carrier oris itself a nanoparticle.Nano-
agrochemicals offer enhanced bioavailability and
efficacy, leading to a significant reduction in the
required chemical load, enabling targeted and
controlled release, and can potentially reducethe
rate of resistance development (Nuruzzaman et
al. 2016; Kah et al. 2018). Nanotechnology
enables the creation of smart delivery systems
that are responsive to specific environmental or
biological triggers, such as changes in pH,
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temperature, or the presence of a pathogen (de
Oliveira et al. 2014; Hou et al. 2021; Huanget al.
2018; Jiang et al. 2024).These systems release
the active chemical only when and where it is
needed, minimizing off-target effects and
environmental dispersal. Considering the
remarkable efficacy of CuNPs and their utility in
plant disease management, this review aims to
cover recent advances in CuNPs.While the
benefits are substantial, the introduction of any
new technology, especially at the nanoscale,
necessitates a careful and responsible approach.
Responsible and safe use of nano-
agrochemicals requires rigorous testing to
evaluate their long-term potential environmental
and health impacts and the establishment of clear
regulatory frameworks.

Synthesis and Characterization of Copper
Nanoparticles (CuNPs)

The synthesis of Copper Nanoparticles (CuNPs)
is fundamentally guided by two core strategies,
the Top-Down and Bottom-Up approaches
(Tripathy et al. 2023; Palagati et al. 2024). The
Top-Down approach involves the reduction of bulk
material into nanosized particles, analogous to
carving, offering good control over gross size and
shape, and often being scalable for large-scale
production,like Mechanical Milling, Plasma
Etching (Tripathy et al. 2023; Palagati et al. 2024).
Conversely, the Bottom-Up approach is building
with molecular bricks, involves the assembly of
atoms or molecules into nanoparticles, enabling
precise control over size, shape, and surface
properties, which is crucial for tailored
functionalities. CuNPs synthesis methods are
broadly categorisedinto Chemical, Physical, and
Green (Biosynthesis) routes, each with distinct
advantages in controlling particle morphology
(Tripathy et al. 2023; Palagati et al. 2024).

Chemical synthesis is fundamentally a bottom-
up strategy for producing CuNPs thatinvolves the
reduction of copperions (Cu* or Cu®)in solution,
where the central challenge is the strict control
over nucleation and growth kinetics to achieve
mono-dispersity and the prevention of rapid re-
oxidation of the resultant CuNPs (Kharchenko et
al. 2016; Khan et al. 2016). The predominant
chemical reduction methods utilize various agents
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such as Ascorbic Acid,which is a relatively mild
and eco-friendly choice, often requiring elevated
temperatures (e.g., 80-95°C), a capping agent like
Polyvinyl Pyrrolidone (PVP) for stabilization, and
precise pH adjustment (using NaOH or NH,),
which is critical for controlling morphology.The
reaction’s progression is indicated by a
characteristic colour change associated with the
CuNPs’ Surface Plasmon Resonance (SPR)
band (Pariona et al. 2019; Sadek et al. 2022;
Pham et al. 2019; Wu, 2007) (Fig. 2).

Alternatively, Hydrazine Hydrate is a more potent
reducing agent, frequently paired with natural
stabilizers like Pectin or Sodium Alginate and
sometimes accelerated by microwave irradiation
or catalytic seeds (e.g., AgNPs) (Akturk et al.
2020; Venkatakrishnan et al. 2014; Yu et al. 2015;
Grouchko et al. 2009) while Sodium borohydride
is a very strong reducing agent, necessitating low
temperatures (e.g., 0°C) and robust stabilizers
(e.g., PVP, SDS) to manage its extremely rapid
nucleation rate and inhibit agglomeration (Rajesh
et al. 2016; Solanki et al. 2010). Precise size and
shape control is achieved by tuning the relative
rates of nucleation versus growth where high
reducing agent concentrations and/or high
temperatures generally favour rapid nucleation
and thus smaller particles and through the use of
polymeric stabilizers (like PVP) or surfactants
(like CTAB) which adsorb onto the surface, limit
Ostwald ripening, and stabilize the colloidal
suspension, with the capping agent-to-precursor
ratio being a vital parameter (Solanki et al. 2010;
Hokita et al. 2015).

Physical methods primarily rely on top-down
approach, including techniques like thermal
decomposition (Mott et al. 2007) and those
involving high-energy input. Microwave irradiation
is also utilized to accelerate chemical reactions
(Nikam et al. 2014).The thermal decomposition
involves heating organometallic precursors (e.g.,
Copper Il acetylacetonate) in high-boiling point
solvents (e.g., octyl ether) with surfactants (e.g.,
oleic acid, oleyl amine) to yield CuNPs via
controlled pyrolysis (Mott et al. 2007).In
microwave-assisted synthesis, it provides
uniform and rapid heating, which can lead to
highly crystalline nanoparticles in a short reaction
time (Nikam et al. 2014).
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Green synthesis is highly favoured due to its eco-
friendly nature, eliminating hazardous chemicals,
and operating under ambient conditions, often at
room temperature or slightly elevated. This
method is a crucial application of the Bottom-Up
strategy. It relies on biological entities-primarily
plant extracts, fungi, or bacteriato reduce copper
ions (Cu?* to Cu®) and stabilize the resultant
nanoparticles. Phytochemicals (e.g., flavonoids,
phenolic compounds, terpenoids) in plant extracts
act as both reducing agents (donating electrons
via hydroxyl or carboxyl groups) and capping/
stabilizing agents (adsorbing onto the CuNPs
surface to prevent aggregation). For example,
extracts from Lawsonia inermis, Ficus religiosa
and Tabernaemontana divaricataare being used
to synthesize CuNPs (Nasrollahzadeh et al. 2014;
Sankar et al. 2014; Sivaraj et al. 2014). This
approach is generally performed in aqueous
media and often at mild temperatures, minimizing
energy consumption. Similarly, in fungal and
microbial-mediated synthesis, microorganisms
utilize secreted enzymes (e.g., reductases) and
biomolecules (e.g., proteins, polysaccharides) to
achieve the biogenic reduction of copper ions
(Dorjee et al. 2024a; Truong et al. 2023).
Moreover, several biomolecules such as primary
and secondary amine, amide group, aldehydes
and carboxyl groups have been associated with
CuNPs synthesised using fungi, thought to act
as reducing agent as well as stabilizing agents
(Dorjee et al. 2022, 2024a,b; Kamil et al. 2017).
This method offers potential for highly specific and
monodispersed synthesis, leveraging the native
biochemical pathways of the organism. Methods
used for synthesis and characterization of Cu-
nanoparticles have been laid outin Tables 1& 2.

Characterization methods of copper
nanoparticles

Characterizing CuNPs is essential for
understanding their physicochemical properties,
behaviour, and potential applications, as
nanoparticles exhibit unique size-dependent
electronic and catalytic properties. Among
various techniques ( Tables 3 & 4), transmission
electron microscopy (TEM) provides high-
resolution images that enable direct
measurement of nanoparticle size and shape;
therefore, it serves as an important tool for
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morphological analysis (Fig. 3). Moreover, TEM
data can be used to determine particle size
distribution across different ranges (Rice et al.
2013; Kestens et al. 2021; Cheng et al. 2010; Van
den Berget al. 2016). Since size and shape
significantly influence nanoparticle properties, their
precise determination is critical. However, due to
orientation effects, misleading images can be
generated and quantification of a large number
of particles using TEM is a major challenge
(Mourdikoudis et al. 2018). With advancements
in analytical technologies, high-resolution
techniques such as HRTEM, energy-dispersive
X-ray spectroscopy (EDS), and scanning
tunnellingmicroscopy have further enhanced
characterization accuracy. In addition, scanning
electron microscopy (SEM) is widely employed
to obtain surface morphology and topographical
details along with size estimation (Saranyaadevi
et al. 2014; Usman et al. 2013). LaGrow et al.
(2017)demonstrated that advanced high-
resolution Environmental Scanning Electron
Microscopy can even be used to study the redox
behaviour of CuNPs, revealing dynamic oxidation
and reduction mechanisms. Furthermore, UV-
Vis spectroscopy offers a rapid and simple
method to analyze optical properties, particularly
the surface plasmon resonance (SPR) band,
which depends on particle size, shape, and
aggregation (Dorjee et al. 2023; Moniri et al. 2017,
Thiruvengadam et al. 2019). The position and
intensity of the SPR peak provide valuable
insights into nanoparticle concentration and
uniformity,as shown in Fig. 4 (Pan et al. 2020;
Paramelle et al. 2014). Complementarily, X-ray
diffraction (XRD) is used to determine the
crystalline structure, phase composition, and
lattice parameters, thereby contributing to an
understanding of structural stability(Fig. 5)
(Thakar et al. 2022; Ahamed et al. 2014). Fourier-
transform infrared spectroscopy (FTIR) helps
identify functional groups on the nanoparticle
surface, revealing information about capping
agents and surface interactions influencing their
surface chemistry and stability (Fig. 6) (Dorjee et
al. 2023, 2024a, 2024b; Harishchandra et al.
2020). Energy Dispersive X-ray (EDX) coupled
with SEM or TEM allows analysis of the elemental
composition of CuNPs confirming their copper
content and revealing potential impurities or
surface modifications (Luna et al. 2015; Powar
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et al. 2019).Surface area and porosity affect
CuNPs reactivity and catalytic activity are
analysed using Brunauer-Emmett-Teller analysis
(BET) techniques which determine specific
surface area and pore size distribution, enabling
understanding of the nanoparticles’ surface
properties by measuring gas adsorption (Phul et
al. 2018). It basically calculates the amount of gas
needed to form a monolayer on a solid surface to
evaluate properties like porosity, shelf life, and
catalytic activity (Thommes et al. 2015). Zeta
potential analysis provides information about the
surface charge and stability of CuNPs in various
solvents, which provide insights into the colloidal
stability, aggregation behaviour, and interactions
with surrounding media, and provide insight into
their size and distribution (Dorjee et al. 2023;
Manikandan et al. 2015). Dynamic light scattering
(DLS) measures the fluctuations in scattered light
intensity caused by the Brownian motion of
nanoparticles in a suspension (Rodriguez-Loya
etal. 2023). DLS is based on the Stokes-Einstein
equation, which correlates the diffusion coefficient
of nanoparticles to their hydrodynamic diameter
(Fig. 7) (Izzi et al. 2023; Qi et al. 2017). As
nanoparticles undergo Brownian motion, they
collide with molecules in the surrounding
medium, causing intensity fluctuations in the
scattered light. In addition, thermal analysis
methods such as thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC)
reveal information about the thermal stability,
weight loss, and phase transitions of CuNPs and
associated coatings or capping agents (Al-
thabaiti et al. 2015; Vlyazovkin et al. 2011) (Fig.8).

Mechanisms of antimicrobial action of copper
nanoparticles

Copper nanoparticles (CuNPs) exhibit exceptional
broad-spectrum antifungal activity and possess
numerous advantages over traditional agents,
primarily due to their multiple mechanisms of
action, which contribute to a potentially slower
development of microbial resistance. CuNPs
interact directly with the fungal cell membrane,
inducing structural damage and altering
membrane permeability (Fig 9). This disruption
impairs essential membrane functions,
culminating in cell lysis and mycocidal activity. In
addition, CuNPs catalyze the formation of reactive
oxygen species (ROS) (e.g., hydroxyl radicals)
within fungal cells. These highly reactive
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molecular species cause oxidative stress by
damaging critical cellular macromolecules,
including proteins, lipids, and DNA, ultimately
triggering apoptosis or necrosis. The efficacy of
CuNPs is enhanced by their capacity for
interchange between the cuprous (Cu[l]) and
cupric (Cu[ll]) oxidation states, which facilitates
this ROS generation (Shobha et al. 2014).
Similarly, the release of toxic copper ions (Cu?*/
Cu*) from the nanoparticles interferes with vital
cellular processes and fungal growth.
Furthermore, CuNPs inhibit essential microbial
proteins by binding to the sulfhydryl SH and
carboxyl COOH groups of amino acids, thereby
disrupting cellular functions and membrane
integrity (Shobha et al. 2014).The generation of
ROS, specifically hydroxyl radicals, binds to
microbial DNA strands and cause helix structure
disruption (Chatterjee et al. 2014). They also
cause direct membrane disruption and interfere
with other vital biochemical processes (Shobha
etal. 2014). Beyond direct treatment, CuNPs can
be incorporated into coatings to create
antimicrobial surfaces that prevent fungal
proliferation. The feasibility of their application is
enhanced by their demonstrated relatively low
toxicity to mammalian cells in various contexts
(El-Sherbiny et al. 2025; Kaningini et al. 2025).

Antimicrobial activity of copper nanoparticles

Copper nanoparticles (CuNPs) have gathered
significant attention for their potent antimicrobial
and antifungal properties. As discussed in the
previous section, the antimicrobial action of
CuNPs is multifaceted, involving several key
mechanisms that lead to cellular damage and
death. Experimental evidence strongly supports
the efficacy of CuNPs against a wide range of
fungi, often showing results that are both
concentration and time-dependent. For instance,
CuNPs synthesizedby Pham et al. (2019)
achieved complete inhibition of Fusarium
oxysporum and Phytophthora capsici at a
concentration of 30 ppm within three days. Viet
et al. (2016) demonstrated a sequential increase
in inhibition against Fusarium sp., rising from
67.38% at 450 ppm after 3 days to a near-
complete 93.98% inhibition after nine days. Also,
chitosan-CuNPs exhibited remarkable efficacy
against Rhizoctonia solani and Pythium
aphanidermatum. (Vanti et al. 2020). Moreover,
soil application of CuNPs was found to be highly
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effective against red root rot disease in tea caused
by Poria hypolateritia (Ponmurugan et al. 2016).
The preparation method and form also influence
effectiveness; sodium alginate-capped CuNPs
showed excellent activity against Candida
albicans and Candida krusei with a low Minimum
Fungicidal Concentration (MFC) of only 1 ppm
(Akturk et al. 2020), while ascorbic acid-mediated
CuNPs achieved significant in vitro inhibition
(>92%) against Botrytiscinerea and Sclerotinia
sclerotiorum at 100 ppm, and importantly,
reduced disease incidence in vivo in cucumber
plants at 25 ppm and 50 ppm (Sadek et al. 2022).
Furthermore, sugar-mediated CuNPs exhibited
a high inhibitory effect on Rhizoctonia solani, with
dextrose-mediated CuNPs yielding 98.31%
inhibition at 1x 10-'* M (Ray et al. 2015).Different
studies have highlighted variability in pathogen
sensitivity. Pariona et al. (2019) reported 100%
inhibition of Fusarium solani, Neofusicoccum sp.,
and F. oxysporum at 1 mg mL™", noting that F.
solani was the most sensitive. Shende et al.
(2016) assessed biologically synthesized CuNPs
against various agriculturally relevant pathogens,
finding Alternaria carthamito be the most sensitive
(inhibition zone 18.5 mm), while Rhizo-pus
stolonifer appeared the most tolerant (inhibition
zone 10.5 mm). Similarly, Truong et al. (2023)
established complete inhibition of F. oxysporum
at 80 ppm, and observesmaller size of CuNPs
(26.5 nm) had higher antifungal efficacy than
larger one (29.0 nm). Even copper (l) oxide
nanoparticles (Cu,ONPs) demonstrated efficacy
against root rot fungi like Fusarium solaniboth in
vitro and in vivo, significantly reducing disease
incidence in cucumber (Kamel et al. 2022).
Moreover, the evidence consistently confirms the
robust antimicrobial activity of CuNPs, including
their effectiveness against bacteria like
Staphylococcus aureus, Pseudomonasaerugi
nosa, and Escherichia coli (Usman et al. 2013;
Essa et al. 2016),solidifying their potential as
versatile agents in disease management.

Effect of copper nanoparticles on
physiological traits of crops

The influence of nanoparticles (NPs) on crop
physiology is highly context-dependent,
modulated by factors such as the NPs
composition, concentration, size, shape,
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application method, and the specific plant species
involved. While NPs, including CuNPs, present
exciting avenues for enhancing crop production
and stress resilience, their unique properties and
interactions with plant systems necessitate
careful evaluation due to potential unintended
negative effects on the environment and human
health (Islam, 2025; Okeke et al. 2022; Dorjee et
al. 2023a). Nanoparticles can affect diverse
aspects of plant growth and development, often
reported to stimulate seed germination, root
elongation, and shoot growth, leading to improved
overall plant biomass (Rastogi et al. 2017). They
influence the photosynthetic process by altering
chlorophyll content, pigment composition, and
photosynthetic rates; positive impacts on
photosynthesis and ultimately contribute to
enhanced crop productivity. Furthermore, NPs
can modulate the accumulation of secondary
metabolites like phenolics, flavonoids, and
phytochemicals, which are essential for plant
defense and crop quality. NPs are also
documented to enhance plant tolerance to various
environmental stressors, including drought,
salinity, and heavy metal toxicity, by activating
stress-responsive genes, increasing antioxidant
enzyme activity, and mitigating oxidative damage.
Mechanistically, NPs influence root morphology,
branching, and density, and can also modulate
key plant hormone signaling pathways (auxins,
cytokinins, abscisic acid), thereby regulating
growth, development, and stress responses
(Tripathi et al. 2022).

In regard to copper-based nanoparticles, impact
on seed germination and subsequent growth
parameters is demonstrably species- and
concentration-dependent, ranging from
stimulatory effects at lower doses to significant
toxicity at higher exposures (Dimkpa et al. 2012;
Dorjee et al. 2023a; Yang et al. 2020; Gautam et
al. 2017). For instance, a recent study
demonstrated that application of copper
nanoparticles enhanced biomass, root and shoot
length, germination percentage, chlorophyll a, b
and carotenoid content in maize leaves when
subjected to copper based nanoformulation at
optimum concentration of 250 mg/l; however,
reduction of higher concentration caused
phytotoxicity and also reduction in concentration
of Mn and Zn in leaves of maize (Dorjee et al.
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Table 1 : Chemical reduction methods reported for the synthesis of copper nanoparticles and copper-based nanoparticles

Precursor Reducing agent Capping agent/Stabilizer Solvent Conditions (temperature References

and duration)
CuSO4 Ascorbic Acid and NaBH; PEG-8000 Water 100°C and 2 h 40 min Dorjee et al. (2023a)
CuS0,.5H,0 Ascorbic acid PVP Water 4h Sadek et al. (2022)
CuS0,.5H,0 Hydrazine hydrate Sodium Alginate Starch 600 W and 2 min Akturk et al. (2020)
CuCl, Ascorbic acid PVP Water 80°Cand4h Pham et al. (2019)
CuS04.5H,0 Ascorbic acid sodium citrate tribasic dihydrate ~ Water 95°C and 90 min Pariona et al. (2019)
Cu (CH;COO0), Ascorbic acid Dextrose, dextrin -10,andp - Water Ray et al. (2015)

Cu (CHCOO),
Cu (CHCOO),
Cu (CH,CO0),
Cu (CHCOO),
Cu (CHCOO), 2H20

Cu (NOs),

CuCl,

Cu (NOs).
CuCh.2H,0
Cu (NO3),

Cu (NOs),

Cu (NOs),
Cu (NOs),
Cuw,ONPs

CuCl,

CuChL.2H,0
CuCl,
CuCl,
CuCl,
CuCl,
CuCl,
CuCl,

CU(SOy)2.5H,0

CuS0,.5H,0
CuS04.5H,0

CuSO4

NaBHs4

Hz (3 bar)
NoH,
Glucose
Ribose

NzH,.H20

NaBH,
NaBHs4
Glucose
N2H,

NzHs
NzHs
Ascorbic acid

N,H,4

NzHs.H,0

Fructose

NaBHs4

Ascorbic acid
Microwave-assisted
NasPO,4

Ascorbic acid

NaOH

Glucose
Ascorbic acid

3-mercaptopropoic acid

cyclodextrin
1-Decyne
PVP

1-Amino-2-propanol

PAA

PVP

Tergitol NP-9

Oleic acid+oleylamine
Ethylenediamine

PEG

Amino acids

Span-80+Tween-80+0Oleic acid

SiO; shel

Pectin

Tris (trimethylsilyl)silane
Fructose
Ammonia

Triton-X 100

Branched polyetheyleneimine

L-Arginine

SLS
Ascorbic acid

Histidine

Water and ethanol
Glycerol

Ethylene glycol
Water

Water

Water

Ethanol

Water + ethylene glycol
Water + ethanol

Water

Water

Alkaline aqueous solution
n-butanol+ parafilm
Water

Water

Oleylamine

Water
Water+cyclohexane
Castor oil

Ethylene glycol
Water

Water

Water

Water + ethylene glycol
Water

Water

0°Cand3h
100°C and 180 h
25°Cand 24 h
70°Cand 2h
70°Cand 2h

Catalyzed by pre -formed
AgNPs

RT and 8 h

RTand2h

50°Cand 12 h

70°C and 30 min
75,100, and

150°C

80°C and 30 min
60°Cand 6h

Acid assisted reduction

RT

120°Cand 10 h
60°Cand 1h

RT and 5 min
80°C

185°C and 30 min
60°C and 20 min

90°Cand 3 h

70°C
80°Cand 14 h

28°C and 2 days

Liu et al. (2014)
Chahdoura et al. (2014)
Hokita et al. (2015)
Sabbaghan et al. (2015)
Sabbaghan et al. (2015)

Grouchko et al. (2009)

LaGrow et al. (2014)
Dharmadasa et al. (2013)
Li et al. (2014)

Ye et al. (2014)

Ananth et al. (2015)

Yu et al. (2015)
Sun et al. (2011)
Shaygan et al. (2015)

Venkatakrishnan
etal. (2014)

Cui et al. (2015)
Sarkar et al. (2014)
Solanki et al. (2010)
Wang et al. (2014)
Kawasaki et al. (2011)
Huang et al. (2015)
Tang et al. (2015)

Bhattacharjee
et al. (2015)

Shenoy et al. (2013)
Xiong et al. (2011)

Sharma et al.(2015)

2023a). Positive effects of CuNPs on the maize
werealso reported by Van Nyugen et al. (2022),
where they found that under the drought stress,
priming with CuNPs increased plant biomass,
water content of leaf, chlorophyll, carotenoid and

anthocyanin content. In consensus, CuO NPs
application resulted in an increase in root length,
root tip number, total biomass, and photosynthetic
rate, but a led tosignificant decrease in the
concentration Mg, Ca, and Mn in Brassica
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Table 2: Biological methods reported for the synthesis of copper nanoparticles and copper-based nanoparticles
Precursor Reducing agent Capping Solvent Conditions References
agent/Stabilizer (temperature and
duration)
CuSO;, Bifurcaria bifurcate Bifurcaria bifurcate Water 100-120°C and 24h  Abboud et al. (2014)
extract extract
CuSO4 Macrophomina Primary and Water 28°C and 5-6 days  Dorjee et al. (2022)
phaseolina secondary amines
CuSO4 Aspergillus niger strain Water 30°Cand 24 h Noor et al. (2020)
STA9
CuCl2-:2H20 Shizophyllum commune Water 28°Cand 48 h Fatima et al. (2022)
Cu(OAc), Kigelia africana fruit Kigelia africana fruit Water 24 h Alao et al. (2022)
extract extract
Cu(OAc), Curcuma longa extract Curcuma longa Water 200W power and Jayarambabu et al.
extract 180s (2020)
CuS0O4 Trichoderma virens and  Primary and Water 28°C and 5-6 days Dorjee et al. (2024a)
Chaetomium globosum  secondary amines
CuSO4 Fusarium verticillioides Amines and amides Water 28°C and 5-6 days Dorjee et al. (2024b)
and Bipolaris maydis
CuSO0..5H,0 Lawsonia inermis leaf Lawsonia inermis leaf  Water Nasrollahzadeh etal.
extract extract (2014)
CuSO;, Albizia lebbeck Water 37°C and 24-72 h Jayakumarai et al.
(2015)
CuS04.5H,0 Extract of Extract of T. Water 37°C and 24-72 h Sivaraj et al. (2014)
Tabernaemontana divaricata
divaricata
CuS04.5H,0 Hydranium hydroxide Extract of Water 100°C and 7 h Khanehzaei etal.
Kappaphycus (2014)
alvarezii
CuSO0..5H,0 Leaf extract of Ficus Leaf extract of Ficus Water Incubation at RT Sankar et al. (2014)
religiosa religiosa
Cu (NO3),.3H,O  Leaves extract of Leaves extract of C. Water 400°Cand 2 h Sharma et al. (2015)

Calotropis gigantea

gigantea

chinensis L. (Di et al. 2023). Possibly due to higher
oxidative activity of copper oxide nanoparticles
(CuO NPs), phytotoxicity to rice was reported at
a low concentration of 62.5 mg/l; roots and shoots
length, biomass, chlorophyll and carotenoid
content were drastically reduced (Yang et al.
2020). CuONPs have also been reported to
reduce the chlorophyll content in Hordeum
vulgare L. (Shaw et al. 2013). In another study,
CuNPs alone werereported to enhance the
seedling characteristics of maize,viz., root and
shoot biomass, root and shoot length,
germination, and vigor (Dorjee et al. 2023b). A

recent interesting study showed that CuNPs at
300 mg/l, mitigated drought stress by improving
physiological traits viz., chlorophyll content, spike
length, plant height, water use efficiency, leaf
turgor potential, 1000 grain weight, stomatal
conductance of wheat, improving drought
resilience and overall grain yield (Raza et al.
2024). A similarstudy on wheat provided clear
evidence ofimprovement in yield and drought
tolerance due to CuNPs by rendering better water
retention and nutrient uptake (Ahmed et al. 2021).
However, Zhangand his co-workers recorded
CuNPs inhibiting the elongation of primary root
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Table 3 : Different characterization methods for copper nanoparticles

Characterization methods

Primary property determined

Specific insight provided

TEM/HRTEM/ SEM Morphology/topography

X-ray diffraction analysis Crystalline structure

UV-Vis spectroscopy Optical properties

Fourier Transform Infrared Surface chemistry

Spectroscopy

Energy Dispersive X-ray Elemental composition

Spectroscopy
Colloidal stability/size

Dynamic light scattering

Brunauer-Emmett-Teller Analysis

Surface area/porosity

Thermogravimetric Analysis/ Thermal properties

Differential Scanning Calorimetry

Size, shape, spatial distribution, surface details

Crystal phase, lattice parameters, crystal size

Surface plasmon resonance (SPR), concentration,

uniformity

Determination of Functional groups, identification of

capping agents

Confirmation of copper content, purity, surface

modifications

Hydrodynamic diameter, size distribution,

aggregation. behaviour

Colloidal stability, tendency for aggregation

Thermal stability, weight loss, phase transitions

but enhancing the lateral root emergence and
reduction of relative growth rate of roots by 60%
in wheat,which they attributed to an increase in
uptake of nitrogen and an increase in
concentration of auxin in lateral roots resulting
toxicity (Zhang et al. 2018). Growth parameters,
photosynthetic pigments and fruit quality of
strawberry were also reported to enhance
significantly upon the application of CuNPs under
drought stress (Liu et al. 2024).However, CuO-
NPs at 200 ppm acted as a potent stimulant in
soybean, resulting in a 15% improvement in seed
germination and a substantial 50.08% increase
in the Seed Vigor Index relative to the control,
although application of a higher concentration
proved detrimental, reversing these beneficial
metrics (Gautam et al. 2017). Similarly, studies
utilizing increased concentrations consistently
highlight CuO-NPs’ phytotoxicity. Zafar et al.
(2016) reported marked negative effects on
Brassica nigra seed germination and growth,
where the maximum concentration of 1500 ppm
drastically reduced germination percentage and

led to severe growth inhibition, with plant height
shrinking to 0.85 cm compared to the 3.68 cm
control, alongside a considerable reduction in root
length. Furthermore, Zuverza-Mena et al. (2015)
observed 50% reduction in the germination of
Coriandrum sativum when exposed to nano-CuO
at 80 mg/kg, accompanied by 12.4% reduction in
shoot elongation, although CuO-NPs’ effect on
rice was less severe, reducing germination by
only 7% at 1000 ppm (Shaw and Hossain, 2013).
A high toxicity with changes in phenotype,
decrease in photosynthetic pigments, reduction
in overall biomass, damage to root plasma
membrane leading to leakage of electrolyte have
been documented when cucumber was exposed
to CuNPs (Mosa et al. 2018). In a comparative
study, Yasmeen et al. (2015) found that while
CuNPs enhanced wheat seed germination,
excessive exposure time, specifically, prolonged
soaking (over 2 h) in the CuNPs suspension, led
to a measurable decrease in seed germination.
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Precursor

CusO,

CusO,

CuS0,.5H20

CuS0,.5H,0

CusO,

CusO,

CuCl,

CuS0:.5H.0

Cu(CH,CO0),

CusO,

CuClz,Cu
(NO),

CusO,

CuS0:.5H.0

CuCl,

(CuS0,4-5H,0)

Copper
chloride
(CuCl,-2H,0)

CuO

Reducing agent

NaBH,

NaBH, and
Ascorbic acid

Ascorbic acid

Hydrazine
hydrate

Aspergillus niger

Shizophyllum
commune

Ascorbic acid

Ascorbic acid

Leaf extract
Artocarpus
heterophyllus

Ascorbic acid

Leaf extract
Ageratum
houstonianum
Mill.

Ocimum
tenuiflorum leaf
extract

Ascorbic acid

Sodium
hypophosphitem
onohydrate
(NaH,PO,.H,0)

Trisodium
citrate, myristic
acid and

hydrazine
hydrate (N2H,)

Sodium
phosphinate

monohydrate
(NaH-PO,H,0)
and diethylene
glycol

UV-Vis (A) nm

Peak at 574 nm

Peak at 466 nm

Peak at 480 nm

Peak at 560 nm

Final peak at
586 nm at4h

Peak at 640 nm

Peak at 326 nm

Peak at 735 nm

Peak at

600 nm

XRD (nm)

Crystalline plane
(hKl of 111,200
and 200)

Face-cubic
structure (FCC)
(hkl) 111, 200,
and

220); size:
29.208 nm

Crystalline plane
(hKl of 111 and
200)

Face-centered
cubic structure
(FCC);
Crystalline
nature

FCC; Crystalline
nature

Crystal structure

FCC; Crystalline
nature

FCC

FCC

Average size: 32
nm; FCC

Average
crystallite size:
30 nm

Copper peak at
932.0 eV
together with
weak CuO
peaks at

934.2eV

FTIR PSA

Peaks at 619.50 cm”
"and 791.24 cm’’

Peaks at 1418,
1051, 875, and 801
cm’”

Peaks at 3330.07""
and 1636.91 cm™

Peak at 3435.89
cm'', 2079.04 cm’’
and 1633.84 cm™

Peaks at 3428,
2925, 1614, 1382,
1103, 655.8 cm’™

3420 and 1635 cm”’

Peaks at 3236.34,
2918.71,235.93,
1595.13 cm’!

Peaks at 3429,
1645.98, nm;
1394.58,1246.06

and 1072.46 cm™
nm

Peak at 22.09

Size: 1-120

TEM DLS

Average Hydrodyna

size: 38.48 mic size:

nm 91.28nm

Size: 2-12

nm
Hydrodyna
mic size:
263.8 nm

Size: 5to

100 nm

Size: 40 to

65 nm

Shape:

Spherical;

Size: 120

nmatpH7

Size: 200-

500 nm

Size: 10nm  Around
100 nm

Size: 80 nm  Size:100
nm

Size: 22.09

nm

Shape

:spherical

Size: 30 and

65 nm

Agglomerate
d particles

Size: 1.5
nm.

SEM

Size: 67 +
28 nm

Size: 500
nm

132 nm

Nanowire of
size:
142.14+42.6
um

Size: 200
nm

Size: 100-
250 nm

Shape:
spherical

Size: 30 and
65 nm

Revealed
the

formation of
fluffy
agglomerate
s

Size: 45-63
nm

AFM

References

Truong et
al. (2023)

Dorjee et
al. (2023b)

Sadek et
al. (2022)

Akturk et
al. (2020)

Noor et
al. (2020)

Fatima et

al. (2022)

Pham et
al (2019)

Pariona et
al (2019)

Rayet al.
(2015)

Sharon et
al. (2018)

Tang et
al. (2015)

Chandraker
etal.(2020)

Ramadhan
etal.(2019)

Weisany

et al.(2019)

Lee etal.

(2008)

Khanna et
al.(2007)

Park et al.
(2007)
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CuSO04-5H,0 Hydrazine Peak: 500-600 Size: 10-15 nm. bands at 3,358cm”, Size: 50 nm Size: 50-270 Usman et
(N2H4) and nm to 300 nm nm al. (2013)
ascorbic acid

CuSO,- 5H,0 Ascorbic acid Size: 35 nm Kathadand

Gajera,
(2014)
CuSO, Dendrimers G3:310 nm Two broad peaks G3:5.6 nm Jin etal

centered at 1543cm’ (2008)

with a trimesy! G4:310 nm 1 G4:4.8 nm

core (G3-G6),

G5: 307 nm ca 1648 and G5:3.9nm

G6: 311 nm G6:3.4 nm

CuNOs Chitosan peak at Size: 35.5 mV Zain etal.
solution and (2014)
ascorbic acid 550 nm

(CH3COO)2Cu  Syzygium FCC; Crystallite Shape: Shape: Rajesh et

H20 aromaticum size: 12 nm spherical; spherical; al. (2018)

Size: 15nm Size: 20 nm
CuSO, Peak at 551 nm Shift of peak from Size: 9 nm Shape: Khani et
3398 cm' to 3432 spherical; al. (2018)
cm”, 1624 cm™ to Size: 5-20
191364 cm™', 2932 nm
cm™ and 2898 cm’'
are
shifted to 1637 cm”,
1374 cm’”, 2939 cm'
' and 2899.63 cm”,
respectively,
629.73cm™ and
1027.06 cm™ is to
614.43 cm” and
1021.11 cm’'
CuChL.5H,0 NaBH, Peaks at 597 to 1226 cm—1 band to Ali
569 nm 1234 cm-1in Soomro et
capped Cu NPs. al. (2014)
[Cu(CH3;COO)]  NaHs Peak at 567 nm Peak at 1200, 1700 Size: 30-85 Kaur et al.

[C12H2sNH;]2

cm™ and 3400 cm’’

nm

(2014)

Role of Copper nanoparticles in the
expression of defense-related genes in plants

CuNPs and other nanoparticles (NPs) act as
elicitors, inducing a complex activation of defense-
related genes in plants, which is a core
component of their defense mechanisms against
various stressors, including potential
phytopathogens and oxidative stress (Cheng et
al. 2022; Elmer et al. 2018). This response
possibly involves the perception of NPs by cell-
surface receptors, triggering intricate signal
transduction pathways like the mitogen-activated
protein kinases (MAPKs) and phytohormone
pathways (jasmonic acid (JA) and salicylic acid
(SA), ultimately leading to the transcriptional
upregulation of defense genes. In support of the
statement, OsCERKH1, an established Lysin Motif
Receptor-like Kinase (LysM-RLK), known for
conferring basal resistance in rice, was found
associated withstress rendered by CuO NPs and
also CuO NPs recognition by OsCERK1 led to
enhanced resistance against Magnaporthe
oryzae (Chen et al. 2022). Specifically focusing
on CuNPs and Copper Oxide Nanoparticles

(CuONPs), they are shown to activate genes
involved in combating oxidative stress, such as
those encoding antioxidant enzymes like
superoxide dismutase (SOD), peroxidase (POD),
and ascorbate peroxidase (APX), which help to
neutralize reactive oxygen species (ROS) that are
often generated upon NP exposure (Da Costa
et al. 2016; Kamel et al. 2022;
Zhao etal. 2017). Forinstance, CUONPs or their
formulations, like Cu-chitosan NPs, have been
documented to elevate the activity and expression
of SOD, POD, and phenylalanine ammonia-lyase
(PAL) in maize and cucumber, conferring
resistance against diseases such as Curvularia
lunata and Fusarium solani (Chaudhary et al.
2017; Kamel et al. 2022). Furthermore, CUONPs
have been observed to upregulate pathogenesis-
related (PR) genes (e.g., PR-1 and LOX-17) in
barley, tobacco, and cucumber, suggesting a
defense response similar to that against
pathogens (Abbasirad et al. 2025; Chen et al.
2022; Kamel et al. 2022).In addition, antioxidant
genes like ascorbate peroxidase and catalase
were also found to be upregulated (Abbasirad et
al.2025). In tomato plants under salt stress,
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Fig. 1: Multifunctional role of copper nanoparticles (CuNPs) in enhancing plant health and environmental assam.

CuNPs combined with chitosan-polyvinyl alcohol
hydrogels upregulated JA and SOD genes,
although other genes like PR-1 and catalase
(CAT) were downregulated, indicating the context-
dependent and often concentration-dependent
nature of the nano-elicitation effect (Hernandez
et al. 2018). It has been shown that at low
concentration CuNPs, normal cell functioning
remainsunaffected of Zea mays, rather
defencegenes such as ascorbate peroxidase,
metallothionein, and catalase get upregulated
significantly (Valdes et al. 2020). Similarly,
important defense genes chitinase 2 (PR-3), PR-
1, and &-1, 3-glucanases (PR-2) were expressed

when maize was exposed to an optimum
concentration of copper based nanofungicides
(Dorjee et al. 2025). Also, an increase in the
activity of various antioxidant enzymes viz., 4-1,
3-glucanase, PAL, POX, and PPO, and non-
enzymatic antioxidants i.e., total phenol have been
documented, which play an important role in plant
defense especially against necrotrophic
pathogens (Dorjee et al. 2023a). Even in
cucumber, an increase in expression of
antioxidant and detoxification related genes such
as Glutathione peroxidase4 (GPX4), Glutathione
peroxidase (GPX), Monodehydroascorbate
reductase (MDAR), POD, WRKY6, SOD,
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Fig 2 : Approaches to nanoparticles synthesisA. Bottom-up approach and B. Top-up approach

Fig. 3: TEM images of copper nanoparticles
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Fig. 4:UV Spectrum of copper nanoparticles showing
characteristics absorption peak at 566 nm (Dorjee et al. 2023a)

although authors didn’t implicate it to
defenceagainst pathogens (Zhao et al. 2017).
These cellular and molecular responses, including
the up-regulation of detoxification genes like
glutathione S-transferases (GST) and the
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synthesis of protective secondary metabolites,
demonstrate the promising role of CuNPs as
potent inducers of plant phytoimmunity (Zhao et
al.,2017; Kamel et al. 2022).

Nevertheless, excessive ROS generation due to
CuNPs can cause oxidative damage and
disruption of signalling pathways, eventually
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Fig.5: X-ray diffraction pattern of copper nanoparticles with
diffraction peak at 43.2992%, 50.4372%, and 74.1392% which
correspond to miller indices (hkl) 111, 200, and 220, respectively,
indicating face-cubic structure (FCC) of EGC (Dorjee et al. 2023a)
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Fig. 7: Dynamic light scattering image indicating hydrodynamic
size of around 91 nm(Dorjee et al. 2023a)

leading to downregulation of defense-related
genes. Forinstance, birch micro-clones exposed
to CuNPs and pathogens (Alternaria alternata and
Fusarium spp.) led to downregulation of
Dehydration-Responsive Element-Binding
Protein 2 (DREB2), PAL, MYB46, PR-1, and PR-

Roles of copper nanoparticles in plant defense and growth
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Fig. 8: Zeta potential of copper nanoparticles, which indicated
the surface charge, hence the stability (Dorjee et al. 2023a)

10 (Grodetskaya et al. 2022). CuNPs genotoxicity
has been reported by several workers, and it is
obvious to see such a result due to the high
oxidative properties of copper ions (Mosa et
al.2018; AlQuraidi et al. 2019; Mehrian et al.
2016).Therefore, the impact of CuNPs on plants
is concentration-dependent, and the same
nanoparticles may elicit varying responses
across different plant species. Hence, careful
experimentation and precise modulation of
CuNPs are essential to optimize their beneficial
effects while minimizingpotential toxicity.

CONCLUSION

CuNPs hold significant potential to revolutionize
plant disease management by integrating
efficiency with sustainability. Their unique
physicochemical properties, particularly high
surface area and reactivity, enable strong
antimicrobial activity against a wide range of plant
pathogens with reduced chemical load, and
improved environmental compatibility. In addition
to direct pathogen suppression, CuNPs also
function as plant defence elicitors. These include
the upregulation of antioxidant enzymes and
pathogenesis-related genes, ultimately enhancing
plant resilience against biotic and abiotic stresses.
At optimal concentrations, CuNPs improveplant
growth, photosynthetic efficiency, and other
physiological attributes, thereby contributing to
overall crop productivity. However, their effects
are highly dependent on factors such as
concentration, particle size, method of application,
and plant species. While lower concentrations can
stimulate beneficial physiological and molecular
responses, higher doses may induce oxidative
stress, genotoxicity, and phytotoxic effects,
leading to impaired growth and suppression of
defense-related pathways. Moreover, long-term



64(2) June, 2026]

CuNPs @

B |

Dama us_ﬁilmums
Inhibits Protein Translation

Lham Dorjee and others

255

Disruption of Electron
Transport Chain

Disruption of Melanin
Synthesis Pathways

Altered Cell Wall
Integrity &

Formation of ROS . ., Pigmentation
(Reactive Oxygen Species) ’****K >y :_} LW'I.} P
Oxidative Stess 4/ % a2 01 * g™
o8 e Denatures Proteins
\ X and Disrupts Signaling

Disruption of Amino Acid & Polweys,

Carbohydrate Metabolism

Inhibits Glycolysis & TCA Cycle NEW
Block Amino acid synthesis Perturbs Essential

® Cell Signaling Pathways

(e.g., siress response,
growth signals)

Fig. 9: Putative mechanism of action of copper nanoparticles in a microbial cell

environmental accumulation, potential toxicity to
non-target organisms, and regulatory challenges
remain.

Looking ahead, future research should prioritize
onthe development of standardized protocols for
synthesis, which can synthesize CuNPs of high
monodispersity and field application of CuNPs.
Greater emphasis is needed on understanding
nano-plant-microbe interactions at the molecular
and ecosystem levels. The design of smart,
targeted, and stimulus-responsive nano-
formulations could further enhance efficacy while
minimizing unintended impacts. Additionally,
integrating CuNPs into existing integrated
disease management (IDM) frameworks and
exploring their synergistic interactions with
biocontrol agents and other eco-friendly inputs
can be fruitful. Establishing clear and standardize
regulatory guidelines and comprehensive risk
assessment frameworks will also be essential
for safe deployment.

DECLARATION

Conflict of interest. Authors declare no conflicts
of interest in regard to publication of this article.

REFERENCES

Abbasirad, S., Ghotbi-Ravandi, A. A. 2025. Toxicity of copper
oxide nanoparticles in barley: induction of oxidative
stress, hormonal imbalance, and systemic
resistances. BMC Plant Biol. 25: 187.

Abboud, Y., Saffaj, T., Chagraoui, A., El Bouari, A., Brouzi, K.,
Tanane, O., Ilhssane, B. 2014. Biosynthesis,
characterization and antimicrobial activity of copper oxide
nanoparticles (CONPs) produced using brown alga
extract (Bifurcaria bifurcata). Appl. Nanosci. 4: 571-
576.

Abd-Elsalam, K. A. 2024. Nanofungicides: The next-generation
of agrochemicals. In: Nanofungicides (pp. 3-22).
Elsevier.

Ahamed, M., Alhadlaq, H. A., Khan, M. M., Karuppiah, P., Al-Dhabi,
N. A. 2014. Synthesis, characterization, and antimicrobial
activity of copper oxide nanoparticles. J.
Nanomater.2014: 1-4.

Ahmad, A., Mukherjee, P., Mandal, D., Senapati, S., Khan, M. I.,
Kumar, R., Sastry, M. 2002. Enzyme-mediated extracellular
synthesis of CdS nanoparticles by the fungus, Fusarium
oxysporum. J. Am. Chem. Soc.,124: 12108-12109.



256

Ahmad, A., Mukherjee, P., Senapati, S., Mandal, D., Khan, M. I.,
Kumar, R. and Sastry, M. 2003. Extracellular biosynthesis
of silver nanoparticles using the fungus Fusarium
oxysporum. Coll. Surfaces B: Biointerfaces 28: 313-
318.

Ahmed, F., Javed, B., Razzaq, A., & Mashwani, Z. U. R. 2021.
Applications of copper and silver nanoparticles on wheat
plants to induce drought tolerance and increase yield. IET
Nanobiotechnol. 15: 68-78.

Akturk, A., Giler, F. K., Taygun, M. E., Galler, G., Kiglikbayrak, S.
2020. Synthesis and antifungal activity of soluble starch
and sodium alginate capped copper nanoparticles.
Materials Res. Express, 6: 12509g3.

Al-thabaiti, S. A., Obaid, A. Y., Khan, Z., Bashir, O., Hussain, S.
2015. Cu nanoparticles: synthesis, crystallographic
characterization, and stability. Colloid Polym. Sci.
293:2543-2554.

Alao, I. I., Oyekunle, I. P., lwuozor, K. O.,Emenike, E. C. 2022.
Green synthesis of copper nanoparticles and
investigation of its anti-microbial properties. Adv. J. Chem.
Sect. B, 4:39-52.

Ali Soomro, R., Tufail Hussain Sherazi, S., Memon, N., Raza Shah,
M., Hussain Kalwar, N., Richard Hallam, K.,Shah, A. 2014.
Synthesis of air stable copper nanoparticles and their
use in catalysis. Adv. Mater. Lett. 5:191-198.

AlQuraidi, A. O., Mosa, K. A.,Ramamoorthy, K. 2019. Phytotoxic
and genotoxic effects of copper nanoparticles in
coriander (Coriandrum sativum- Apiaceae). Plants 8: 19.

Ananth, A., Dharaneedharan, S., Heo, M. S., Mok, Y. S. (2015).
Copper oxide nanomaterials: Synthesis, characterization
and structure-specific antibacterial performance. Chem.
Eng. J.262:179-188.

Bhainsa, K. C. D’souza, S. F. 2006. Extracellular biosynthesis of
silver nanoparticles using the fungus Aspergillus
fumigatus. Colloids Surf. B Biointerfaces 47:160-164.

Bharde, A., Rautaray, D., Bansal, V., Ahmad, A., Sarkar, I., Yusuf,
S. M., Sastry, M. 2006. Extracellular biosynthesis of
magnetite using fungi. Small 2: 135-141.

Bhattacharjee, A., Ahmaruzzaman, M. J. M. L. 2015. Facile
synthesis of 2-dimensional CuO nanoleaves and their
degradation behavior for Eosin Y. Mater. Lett. 161: 20-
25.

Burdon, J. J., Jiasui, Z. H. A. N. 2021. Triple bottom-line
consideration of sustainable plant disease management:
From economic, sociological and ecological
perspectives. J. Integr. Agric. 20: 2581-2591

Chahdoura, F., Pradel, C., Gémez, M. 2014. Copper (I) Oxide
Nanoparticles in Glycerol: A Convenient Catalyst for Cross
Coupling and Azide—-Alkyne Cycloaddition Processes.
Chem. Cat. Chem. 6: 2929-2936.

Chandraker, S. K., Lal, M., Ghosh, M. K., Tiwari, V., Ghorai, T. K.,
& Shukla, R. (2020). Green synthesis of copper
nanoparticles using leaf extract of Ageratum
houstonianum Mill. and study of their photocatalytic and
antibacterial activities. Nano Express 1: 010033.

Chatterjee, A. K., Chakraborty, R., Basu, T. 2014. Mechanism of
antibacterial activity of copper nanoparticles.
Nanotechnol. 25: 135101.

Chen, J. N.,, Wy, L. T,, Kun, S. O. N. G, Zhu, Y. S., Wei, D. I. N.
G.2022. Nonphytotoxic copper oxide nanoparticles are
powerful “nanoweapons” that trigger resistance in
tobacco against the soil-borne fungal pathogen
Phytophthora nicotianae. J. Integr. Agric. 21:3245-3262.

Chen, Y., Liu, Z., Meng, S., Shen, Z., Shi, H., Qiu, J.,Kou, Y. 2022.
OsCERK?1 contributes to cupric oxide nanoparticles
induced phytotoxicity and basal resistance against blast
by regulating the anti-oxidant system in rice. J. Fungi 9:
36.

Cheng, G., Hight Walker, A. R. 2010. Transmission electron
microscopy characterization of colloidal copper

Roles of copper nanoparticles in plant defense and growth

[J. Mycopathol. Res :

nanoparticles and their chemical reactivity. Anal. Bioanal.
Chem. 396: 1057-1069.

Cheng, X., Dai, T., Hu, Z., Cui, T., Wang, W., Han, P., Liu, X. 2022.
Cytochrome P450 and glutathione S-transferase confer
metabolic resistance to SYP-14288 and multi-drug
resistance in Rhizoctonia solani. Front. Microbiol.13:
806339.

Cui, F, Yu, Y., Dou, L., Sun, J., Yang, Q., Schildknecht, C.,Yang,
P. 2015. Synthesis of ultrathin copper nanowires using
tris (trimethylsilyl) silane for high-performance and low-
haze transparent conductors. Nano Lett. 15: 7610-7615.

Da Costa, M. V. J., Sharma, P. K. 2016. Effect of copper oxide
nanoparticles on growth, morphology, photosynthesis,
and antioxidant response in Oryza sativa.
Photosynthetica 54: 110-119.

de Oliveira, J. L., Campos, E. V. R., Bakshi, M., Abhilash, P. C.,
Fraceto, L. F. 2014. Application of nanotechnology for
the encapsulation of botanical insecticides for sustainable
agriculture: prospects and promises. Biotechnol. Adv. 32:
1550-1561.

Department of Biotechnology. (2020). Guidelines for evaluation
of nano-based agri-input and food products in India.
Ministry of Science and Technology, Government of India.
https://static.pib.gov.in/WriteReadData/userfiles/
NanoAgri_15.6.2020.pdf.

Dey, S., Biswas, A., Kundu, R., Paul, S. 2023. Role of Copper in
Tolerance Against Different Environmental Stress.
In: Biology and Biotechnology of Environmental Stress
Tolerance in Plants (pp. 351-386). Apple Academic
Press.

Dharmadasa, R., Jha, M., Amos, D. A., Druffel, T. 2013. Room
temperature synthesis of a copper ink for the intense
pulsed light sintering of conductive copper films. ACS
Appl. Mater. Interfaces 5. 13227-13234.

Di, X., Fu, Y., Huang, Q., Xu, Y., Zheng, S., Sun, Y. 2023.
Comparative effects of copper nanoparticles and copper
oxide nanoparticles on physiological characteristics and
mineral element accumulation in Brassica chinensis
L. Plant Physiol. Biochem. 196: 974-981.

Dimkpa, C. O., McLean, J. E., Latta, D. E., Manangén, E., Britt, D.
W., Johnson, W. P., Anderson, A. J. 2012. CuO and ZnO
nanoparticles: phytotoxicity, metal speciation, and
induction of oxidative stress in sand-grown wheat. J.
Nanopart. Res.14: 1125.

Dizaj, S. M., Lotfipour, F., Barzegar-Jalali, M., Zarrintan, M.
H.,Adibkia, K. 2014. Antimicrobial activity of the metals
and metal oxide nanoparticles. Mater. Sci. Eng.: C, 44:
278-284.

Dorjee, L., Gogoi, R., Kamil, D., Kumar, R., Balamurugan, A. 2024b.
Fungal-mediated synthesis of copper nanoparticles for
effective management of Xanthomonas oryzae pv.
oryzae. J. Mycol. Pl. Pathol. 54: 247-260.

Dorjee, L., Gogoi, R., Kamil, D., Kumar, R. 2022. Biosynthesis of
copper nanoparticles using Macrophomina phaseolina
and evaluation of its antifungal activity against Fusarium
verticillioides and Sclerotium rolfsii. Pharm. Innov. J. 11:
2212-20.

Dorjee, L., Gogoi, R., Kamil, D., Kumar, R., Verma, A. 2023b.
Copper nanoparticles hold promise in the effective
management of maize diseases without impairing
environmental health. Phytoparasitica 51: 593-619.

Dorjee, L., Gogoi, R., Kamil, D., Kumar, R., Bashyal, B. M., Mondal,
T. K., Gurung, B. 2025. Copper-based nanoformulation
stimulates host defense response in maize against
Bipolaris maydis. Indian Phytopathol. 78: 385-397.

Dorijee, L., Gogoi, R., Kamil, D., Kumar, R., Mondal, T. K., Pattanayak,
S., Gurung, B. 2023a. Essential oil-grafted copper
nanoparticles as a potential next-generation fungicide
for holistic disease management in maize. Front.
Microbiol. 14: 1204512.



64(2) June, 2026]

Dorjee, L., Kamil, D., Kumar, R., Khokhar, M. K., Aggarwal, R.,
Gogoi, R. 2024a. Synthesis of promising copper
nanoparticles utilizing biocontrol agents, Trichoderma
virens and Chaetomium globosum. Indian J. Agric.
Sci. 94: 061-067.

Duhan, J. S., Kumar, R., Kumar, N., Kaur, P., Nehra, K., Duhan, S.
2017. Nanotechnology: The new perspective in precision
agriculture. Biotechnol. Rep. 15:11-23

Duran, N., Marcato, P. D., Alves, O. L., De Souza, G. |. Esposito, E.
2005.Mechanistic aspects of biosynthesis of silver
nanoparticles by several Fusarium oxysporum strains.
J. Nanobiotechnol. 3:8.

El-Sherbiny, G. M., Shehata, M. E., Kalaba, M. H. 2025. Biogenic
copper and copper oxide nanoparticles to combat
multidrug-resistant Staphylococcus aureus: Green
synthesis, mechanisms, resistance, and future
perspectives. Biotechnol. Rep. 46: 00896.

Elmer, W., Ma, C., White, J. 2018. Nanoparticles for plant disease
management. Curr. Opin. Environ. Sci. Health6:66-70.

Essa, A. M., Khallaf, M. K. 2016. Antimicrobial potential of
consolidation polymers loaded with biological copper
nanoparticles. BMC Microbiol.16: 1-8.

Fatima, F., Wahid, |. 2022. Eco-friendly synthesis of silver and
copper nanoparticles by Shizophyllum commune fungus
and its biomedical applications. Int. J. Environ.
Sci.Technol. 19: 7915-7926.

Food and Agriculture Organization of the United Nations. 2023.
The hidden health crisis: How plant diseases threaten
global food security. https://www.fao.org/one-health/
highlights/how-plant-diseases-threaten-global-food-
security/en

Gai, Y.,Wang, H. 2024. Plant disease: A growing threat to global
food security. Agron. 14:1615.

Gajbhiye, M., Kesharwani, J., Ingle, A., Gade, A. and Rai, M.
2009. Fungus mediated synthesis of silver nanoparticles
and their activity against pathogenic fungi in combination
with fluconazole. Nanomed.: Nanotech. Biol. Med. 5:382-
386.

Gautam, S., Misra, P., Shukla, P. K.,Ramteke, P. W. 2016. Effect of
copper oxide nanoparticle on the germination, growth
and chlorophyll in soybean (Glycine max L.). Vegetos29:
157-160.

Ghorbani, A., Emamverdian, A., Pehlivan, N., Zargar, M., Razavi,
S. M.,Chen, M. 2024. Nano-enabled agrochemicals:
mitigating heavy metal toxicity and enhancing crop
adaptability for sustainable crop
production. J.Nanobiotechnol. 22: 9.

Grodetskaya, T. A., Evliakov, P. M., Fedorova, O. A., Mikhin, V. I,
Zakharova, O. V., Kolesnikov, E. A., Gusey, A. A. 2022.
Influence of copper oxide nanoparticles on gene
expression of birch clones in vitro under stress caused
by phytopathogens. Nanomater. 12: 864.

Grouchko, M., Kamyshny, A., Ben-Ami, K.,Magdassi, S. 2009.
Synthesis of copper nanoparticles catalyzed by pre-
formed silver nanoparticles. J. Nanopart. Res.11: 713-
716.

Harishchandra, B. D., Pappuswamy, M., Shama, G., Arumugam,
V. A., Periyaswamy, T., Sundaram, R. 2020. Copper
nanoparticles: a review on synthesis, characterization
and applications. Asian Pac. J. Cancer Biol. 5: 201-210.

Hernandez-Hernandez, H., Juarez-Maldonado, A., Benavides-
Mendoza, A., Ortega-Ortiz, H., Cadenas-Pliego, G.,
Sanchez-Aspeytia, D., Gonzalez-Morales, S. 2018.
Chitosan-PVA and copper nanoparticles improve growth
and overexpress the SOD and JA genes in tomato plants
under salt stress. Agron.8: 175.

Hokita, Y., Kanzaki, M., Sugiyama, T., Arakawa, R., Kawasaki, H.
2015. High-concentration synthesis of sub-10-nm copper
nanoparticles for application to conductive nanoinks. ACS
Appl. Mater. Interfaces 7: 19382-19389.

Lham Dorjee and others

257

Hou, Q., Zhang, H., Bao, L., Song, Z., Liu, C., Jiang, Z.,Zheng, Y.
2021. NCs-delivered pesticides: A promising candidate
in smart agriculture. Int. J. Mol. Sci., 22: 13043.

Huang, B., Chen, F.,, Shen, Y., Qian, K., Wang, Y., Sun, C., Cui, H.
2018. Advances in targeted pesticides with
environmentally responsive controlled release by
nanotechnology. Nanomateri. 8: 102.

Huang, H., Huang, W., Xu, Y., Ye, X., Wu, M., Shao, Q., Hu, P.
2015. Catalytic oxidation of gaseous benzene with ozone
over zeolite-supported metal oxide nanoparticles at room
temperature. Catal. Today 258: 627-633.

Islam, S. 2025. Toxicity and transport of nanoparticles in
agriculture: effects of size, coating, and aging. Front.
Nanotechnol. 7:1622228.

I1zzi, M., Oliver, M., Mateos, H., Palazzo, G., Cioffi, N., Mir6, M.
2023. Analytical probing of membranotropic effects of
antimicrobial copper nanoparticles on lipid vesicles as
membrane models. Nanoscale Adv.5: 6533-6541.

Jayakumarai, G., Gokulpriya, C., Sudhapriya, R., Sharmila, G.,
Muthukumaran, C. 2015. Phytofabrication and
characterization of monodisperse copper oxide
nanoparticles using Albizia lebbeck leaf extract. Appl.
Nanosci.5: 1017-1021.

Jayarambabu, N., Akshaykranth, A., Rao, T. V., Rao, K. V., Kumar,
R. R. 2020. Green synthesis of Cu nanoparticles using
Curcuma longa extract and their application in
antimicrobial activity. Mater. Lett. 259: 126813.

Jiang, X., Yang, F.,, Jia, W., Jiang, Y., Wu, X., Song, S., Shen, J.
2024. Nanomaterials and nanotechnology in agricultural
pesticide delivery: A review. Langmuird0: 18806-18820.

dJin, L., Yang, S. P,, Tian, Q. W., Wu, H. X. Cai, Y. J. 2008. Preparation
and Characterization of copper metal nanoparticles using
dendrimers as protectively colloids. Mater. Chem.
Phys.112: 977-983.

Kah, M.,Hofmann, T. 2014. Nanopesticide research: current trends
and future priorities. Environ. Int. 63:224-235.

Kah, M., Kookana, R. S., Gogos, A., Bucheli, T. D.2018. A critical
evaluation of nanopesticides and nanofertilizers against
their conventional analogues. Nat. Nanotechnol. 13:677-
684.

Kamel, S. M., Elgobashy, S. F., Omara, R. I., Derbalah, A. S.,
Abdelfatah, M., El-Shaer, A., Elsharkawy, M. M. 2022.
Antifungal activity of copper oxide nanoparticles against
root rot disease in cucumber. J. Fungi 8: 911.

Kamil, D., Prameeladevi, T., Ganesh, S., Prabhakaran, N.,
Nareshkumar, R.,Thomas, S. P. 2017. Green synthesis
of silver nanoparticles by entomopathogenic fungus
Beauveria bassiana and their bioefficacy against mustard
aphid (Lipaphis erysimi Kalt.). Indian J. Exp. Biol. 55:
555-561.

Kaningini, A. G., Motlhalamme, T., More, G. K., Mohale, K. C.,Maaza,
M. 2023. Antimicrobial, antioxidant, and cytotoxic
properties of biosynthesized copper oxide nanoparticles
(CuO-NPs) using Athrixia phylicoides DC. Heliyon 9:
e15265.

Kathad, U. Gajera, H. P. 2014. Synthesis of copper nanoparticles
by two different methods and size comparison. Int. J.
Pharma Bio. Sci.5: 533-540.

Kaur, R., Giordano, C., Gradzielski, M. Mehta, S. K. 2014.
Synthesis of highly stable, water dispersible copper
nanoparticles as catalysts for nitrobenzene reduction.
Chem. Asian J. 9: 189-198.

Kawasaki, H., Kosaka, Y., Myoujin, Y., Narushima, T., Yonezawa,
T., Arakawa, R. (2011). Microwave-assisted polyol
synthesis of copper nanocrystals without using additional
protective agents. Chem Comm. 47: 7740-7742.

Kestens, V., Gerganova, T., Roebben, G., Held, A. 2021. A new
certified reference material for size and shape analysis
of nanorods using electron microscopy. Anal. Bioanal.
Chem. 413: 141-157.



258

Khan, A., Rashid, A., Younas, R., Chong, R. 2016. A chemical
reduction approach to the synthesis of copper
nanoparticles. Int. Nano Lett. 6: 21-26.

Khanehzaei, H., Ahmad, M. B., Shameli, K., Ajdari, Z. 2014.
Synthesis and characterization of Cu@ Cu20 core shell
nanoparticles prepared in seaweed Kappaphycus
alvarezii Media. Inter. J. Electrochem.Sci. 9: 8189-8198.

Khanna, P. K., Gaikwad, S., Adhyapak, P. V., Singh, N.,Marimuthu,
R. 2007. Synthesis and characterization of copper
nanoparticles. Mater. Lett. 61: 4711-4714..

Kharchenko, A., Lebedev, O. |., Zholobenko, V., de Waele, V.,
Mintova, S. 2016. Formation of copper nanoparticles in
LTL nanosized zeolite: kinetics study. J. Phy. Chem.
C, 120: 26300-26308.

Khot, L. R., Sankaran, S., Maja, J. M., Ehsani, R., Schuster, E. W.
2012. Applications of nanomaterials in agricultural
production and crop protection: a review. Crop
Protec. 35: 64-70.

Kowshik, M., Ashtaputre, S., Kharrazi, S., Vogel, W., Urban, J.,
Kulkarni, S. K., Paknikar, K. M. 2002. Extracellular
synthesis of silver nanoparticles by a silver-tolerant
yeast strain MKY3. Nanotechnol. 14:95.

LaGrow, A. P., Sinatra, L., Elshewy, A., Huang, K. W., Katsiev, K.,
Kirmani, A. R., Bakr, O. M. 2014. Synthesis of copper
hydroxide branched nanocages and their transformation
to copper oxide. J. Phy. Chem. C, 118:19374-19379.

LaGrow, A. P.,Ward, M. R., Lloyd, D. C., Gai, P. L., Boyes, E.
D.(2017. Visualizing the Cu/Cu20 interface transition in
nanoparticles with environmental scanning transmission
electron microscopy. J. Am. Chem. Soc. 139:179-185.

Lee, Y., Choi, J. R., Lee, K. J., Stott, N. E., Kim, D. 2008. Large-
scale synthesis of copper nanoparticles by chemically
controlled reduction for applications of inkjet-printed
electronics. Nanotechnol. 19: 415-604.

Li, G, He, D., Qian, Y., Guan, B., Gao, S., Cui, Y., Wang, L. 2011.
Fungus-mediated green synthesis of silver nanoparticles
using Aspergillus terreus. Int.J. Mol. Sci. 13: 466-476.

Li, S., Chen, Y., Huang, L., Pan, D. 2014. Large-scale synthesis
of well-dispersed copper nanowires in an electric
pressure cooker and their application in transparent and
conductive networks. Inorg. Chem. 53: 4440- 4444.

Liu, A., Xiao, W., Lai, W., Wang, J., Li, X,, Yu, H., Zha, Y. 2024.
Potential application of selenium and copper nanoparticles
in improving growth, quality, and physiological
characteristics of strawberry under drought
stress. Agricult. 14: 1172.

Liu, K., Song, Y., Chen, S. 2014. Electrocatalytic activities of
alkyne-functionalized copper nanoparticles in oxygen
reduction in alkaline media. J. Power Sources 268: 469-
475.

Longoria, E. C., Velasquez, S. M., Nestor, A. V., Berumen, E.
A.,Borja, M. A. 2012. Production of platinum nanoparticles
and nanoaggregates using Neurospora crassa. J.
Microbiol. Biotechnol. 22: 1000-1004.

Luna, I. Z., Hilary, L. N., Chowdhury, A. S., Gafur, M. A., Khan, N.,
Khan, R. A. 2015. Preparation and characterization of
copper oxide nanoparticles synthesized via chemical
precipitation method. Open Access Lib. J. 2: 1.

Manikandan, A., Sathiyabama, M. 2015. Green synthesis of
copper-chitosan nanoparticles and study of its
antibacterial activity. J. Nanomed. Nanotechnol 6: 1.

Mehrian, S. K., De Lima, R. 2016. Nanoparticles cyto and
genotoxicity in plants: Mechanisms and abnormalities.
Environmental Nanotechnology Monitor. Manag., 6: 184—
193.

Mir, A. R., Pichtel, J., Hayat, S. 2021. Copper: Uptake, toxicity and
tolerance in plants and management of Cu-contaminated
soil. Biometals 34: 737-759.

Moniri, S., Ghoranneviss, M., Hantehzadeh, M. R., Asadabad, M.
A. 2017. Synthesis and optical characterization of copper

Roles of copper nanoparticles in plant defense and growth

[J. Mycopathol. Res :

nanoparticles prepared by laser ablation. Bull. Materials
Sci40: 37-43.

Mosa, K. A., ElI-Naggar, M., Ramamoorthy, K., Alawadhi, H.,
Elnaggar, A., Wartanian, S., Hani, H. 2018. Copper
nanoparticles induced genotoxicity, oxidative stress, and
changes in superoxide dismutase (SOD) gene expression
in cucumber (Cucumis sativus) plants. Front. Plant Sci.
9: 872.

Mott, D., Galkowski, J., Wang, L., Luo, J., Zhong, C. J. 2007.
Synthesis of size-controlled and shaped copper
nanoparticles. Langmuir 23: 5740-5745.

Mourdikoudis, S., Pallares, R. M., Thanh, N. T. 2018.
Characterization techniques for nanoparticles:
comparison and complementarity upon studying
nanoparticle properties. Nanoscale 10: 12871-12934.

Nasrollahzadeh, M., Sajadi, S. M., Khalaj, M. 2014. Green synthesis
of copper nanoparticles using aqueous extract of the
leaves of Euphorbia esula L. and their catalytic activity
for ligand-free Ullmann-coupling reaction and reduction
of 4-nitrophenol. RSC Adv., 4: 47313-47318.

Nguyen, T. X. T., Amyot, M., Labrecque, M. 2017. Differential
effects of plant root systems on nickel, copper and silver
bioavailability in contaminated soil. Chemosphere 168:
131-138.

Nikam, A. V., Arulkashmir, A., Krishnamoorthy, K., Kulkarni, A. A.,
Prasad, B. L. V. 2014. pH-dependent single-step rapid
synthesis of CuO and Cu, O nanoparticles from the same
precursor. Cryst. Growth Des. 14: 4329-4334.

Nithya, R., Ragunathan, R. 2009. Synthesis of silver nanoparticle
using Pleurotus sajor caju and its antimicrobial study.
Digest J. Nanomater. Biostruct. 4: 623-629.

Noor, S., Shah, Z., Javed, A., Ali, A., Hussain, S. B., Zafar, S.,
Muhammad, S. A. 2020. A fungal-based synthesis method
for copper nanoparticles with determination of anticancer,
antidiabetic and antibacterial activities. J.
Microbiol. Methods 174: 105966.

Nuruzzaman, M. D., Rahman, M. M., Liu, Y., Naidu, R. 2016.
Nanoencapsulation, nano-guard for pesticides: A new
window for safe application. J. Agric. Food Chem. 64:
1447-1483.

Okeke, E. S., Ezeorba, T. P. C., Mao, G., Chen, Y., Feng, W., Wu,
X. 2022. Nano-enabled agrochemicals/materials: Potential
human health impact, risk assessment, management
strategies and future prospects. Environ. Poll. 295:
118722.

Palagati, S., Reddy, J. 2024. Synthesis by top-down and bottom-
up approaches. In:Advanced Materials: Production,
Characterization and Multidisciplinary Applications.
(Eds. M. U. Gaikwad, A. Parihar, & R. Khan), CRC
Press,177-197.

Pan, Y., Chu, L., Liu, J., Lv, B., Belfiore, L. A., Tang, J. 2020.
Precise control of copper-localized surface plasmon
resonance in the near infrared region for enhancement
of up-conversion luminescence. Metals 10: 628.

Paramelle, D., Sadovoy, A., Gorelik, S., Free, P., Hobley, J., Fernig,
D. G. 2014. A rapid method to estimate the concentration
of citrate-capped silver nanoparticles from UV-visible
spectra. Analyst 139: 4855-4861.

Pariona, N., Mtz-Enriquez, A. |., Sanchez-Rangel, D., Carrién, G.,
Paraguay-Delgado, F., Rosas-Saito, G. 2019. Green-
synthesized copper nanoparticles as a potential antifungal
against plant pathogens. RSC Advances, 9: 18835—
18843.

Park, B. K., Jeong, S., Kim, D., Moon, J., Lim, S., Kim, J. S. 2007.
Synthesis and size control of monodisperse copper
nanoparticles by polyol method. J. Colloid Interface Sci.,
311: 417-424.

Pham, N. D., Duong, M. M., Le, M. V., Hoang, H.A. 2019. Preparation
and characterization of antifungal colloidal copper
nanoparticles and their activity against Fusarium



64(2) June, 2026]

oxysporum and Phytophthora capsici. Comptes Rendus
Chimie, 22(11-12): 786-793.

Phul, R., Kaur, C., Farooq, U., Ahmad, T. 2018. Ascorbic acid-
assisted synthesis, characterization and catalytic
application of copper nanoparticles. Mater. Sci. Eng. Int.
J. 2: 90-94.

Ponmurugan, P., Manjukarunambika, K., Elango, V., Gnanamangai,
B. M. 2016. Antifungal activity of biosynthesized copper
nanoparticles against red root-rot disease in tea plants.
J. Experiment. Nanosci.11: 1019-1031.

Powar, N. S., Patel, V. J., Pagare, P. K., Pandav, R. S. 2019.
Copper nanoparticles: Synthesis, characterization and
application. Chem. Methodol. 3: 457—-480.

Pradhan, S., Patra, P., Mitra, S., Dey, K. K., Basu, S., Chandra, S.,
Palit, P., Goswami, A. 2015. Copper nanoparticle
nanochain arrays with reduced toxicity: A biophysical
and biochemical outlook on Vigna radiata. J. Agri. Food
Chem. 63: 2606—-2617.

Qi, X, Dong, Y. N., Wang, H., Wang, C., Li, F. 2017. Application of
Turbiscan in the homo- and heteroaggregation of copper
nanoparticles. Colloids Surf. A: PEA 535: 96-104.

Rajesh, K. M., Ajitha, B., Reddy, Y. A. K., Suneetha, Y., Reddy, P.
S. 2018. Assisted green synthesis of copper
nanoparticles using Syzygium aromaticum bud extract:
Physical, optical and antimicrobial properties. Optik 154:
593-600.

Rajesh, K. M., Ajitha, B., Reddy, Y. A. K., Suneetha, Y., Reddy, P.
S. 2016. Synthesis of copper nanoparticles and role of
pH in particle size control. Mater. Today Proc. 3: 1985-
1991.

Ramadhan, V. B., NiMah, Y. L., Yanuar, E., Suprapto, S. 2019.
Synthesis of copper nanoparticles using Ocimum
tenuiflorum leaf extract as a capping agent. AIP Conf.
Proc., 2202: 020067-1- 020067-10.

Rastogi, A., Zivcak, M., Sytar, O., Kalaji, H. M., He, X., Mbarki, S.,
Brestic, M. 2017. Impact of metal and metal oxide
nanoparticles on plants: A critical review. Front. Chem.
5. 78.

Ray, D., Pramanik, S., Mandal, R. P., Chaudhuri, S., De, S. 2015.
Sugar-mediated green synthesis of copper nanoparticles
with high antifungal activity. Mater. Res. Exp. 2: 105002.

Raza, M. A. S., Amin, J., Valipour, M., Igbal, R., Aslam, M. U.,
Zulfigar, B., Elsalahy, H. H. 2024. Copper nanoparticles
enhance sustainable growth and yield of drought-
stressed wheat through physiological responses. Sci.
Rep. 14: 14254,

Rice, S. B., Chan, C., Brown, S. C., Eschbach, P., Han, L., Ensor,
D. S., Grulke, E. A. 2013. Particle size distributions by
transmission electron microscopy: An interlaboratory
comparison study. Metrologia 50: 663—678.

Ristaino, J. B., Anderson, P. K., Bebber, D. P., Brauman, K. A.,
Cunniffe, N. J., Fedoroff, N. V., Wei, Q. 2021. The
persistent threat of emerging plant disease pandemics
to global food security. Proc. Nat. Acad. Sci.118:
€2022239118.

Rodriguez-Loya, J., Lerma, M., Gardea-Torresdey, J. L. 2023.
Dynamic light scattering and its application in controlling
nanoparticle aggregation in colloidal systems: A review.
Micromachines, 15: 24.

Sabbaghan, M., Beheshtian, J., Liarjdame, R. N. 2015. Preparation
of Cu, O nanostructures by varying reducing agents and
their optical properties. Mater. Lett. 153: 1-4.

Sadek, M. E., Shabana, Y. M., Sayed-Ahmed, K., Abou Tabl, A. H.
2022. Antifungal activities of sulfur and copper
nanoparticles against cucumber postharvest diseases
caused by Botrytis cinerea and Sclerotinia sclerotiorum.
J. Fungi 8: 412.

Sankar, R., Maheswari, R., Karthik, S., Shivashangari, K. S.,
Ravikumar, V. 2014. Anticancer activity of Ficus religiosa-
mediated copper oxide nanoparticles. Mater. Sci. Eng. :
C, 44: 234-239.

Lham Dorjee and others

259

Saranyaadevi, K., Subha, V., Ravindran, R. E., Renganathan, S.
2014. Synthesis and characterization of copper
nanoparticles using Capparis zeylanica leaf extract. Int.
J. Chem. Tech. Res. 6: 4533-4541.

Sarkar, S., Chatterjee, N., Roy, M., Pal, R., Sarkar, S., Sen, A. K.
2014. Nanodomain cubic cuprous oxide as a reusable
catalyst in one-pot synthesis of isoindolinones in aqueous
medium. RSC Adv., 4: 7024—-7029.

Shaligram, N. S., Bule, M., Bhambure, R., Singhal, R. S., Singh, S.
K., Szakacs, G., Pandey, A. 2009. Biosynthesis of silver
nanoparticles using aqueous extract of a compactin-
producing fungal strain. Process Biochem. 44: 939-943.

Sharma, A., Dutta, R. K. 2015. Enhanced photocatalytic
degradation of acid orange-74 dye using TPPO-capped
CuO nanoparticles with electron capturing agents. RSC
Adv. 5: 43815-43823.

Sharon, E. A., Velayutham, K., Ramanibai, R. 2018. Biosynthesis
of copper nanoparticles using Artocarpus heterophyllus
against dengue vector Aedes aegypti. Int. J. Life Sci.
Sci. Res. 4: 1716.

Shaw, A. K., Hossain, Z. 2013. Impact of nano-CuO stress on
rice (Oryza sativa L.) seedlings. Chemosphere 93: 906—
915.

Shaw, A. K., Ghosh, S., Kalaji, H. M., Bosa, K., Brestic, M., Zivcak,
M., Hossain, Z. 2014. Nano-CuO-induced modulation of
antioxidative defense and photosynthetic performance
in barley (Hordeum vulgare L.). Environ.Exp. Bot. 102:
37-47.

Shaygan Nia, A., Rana, S., Dohler, D., Jirsa, F., Meister, A.,
Guadagno, L., Binder, W. H. 2015. Carbon-supported
copper nanomaterials as recyclable catalysts for Huisgen
[3+2] cycloaddition reactions. Chem. Eur. J. 21: 10763—
10770.

Shende, S., Gaikwad, N., Bansod, S. 2016. Synthesis and
evaluation of antimicrobial potential of copper
nanoparticles against phytopathogens. Synthesis 1: 41—
47.

Shenoy, U. S., Shetty, A. N. 2013. One-step solution phase
synthesis of copper nanofluid using glucose reduction
method. Synth. React. Inorg. Met.-Org. Nano-Met. Chem.
43: 343-348.

Shobha, G., Moses, V., Ananda, S. 2014. Biological synthesis of
copper nanoparticles and its impact. Int. J. Pharm. Sci.
Invent. 3: 6-28.

Singh, A., Rawat, S., Rajput, V. D., Minkina, T., Mandzhieva, S.,
Eloyan, A., Ghazaryan, K. 2024. Nanotechnology
products in agriculture and environmental protection:
Advances and challenges. Egypt. J. Soil Sci. 64: 1355—
1378.

Singh, H., Sharma, A., Bhardwaj, S. K., Arya, S. K., Bhardwaj, N.,
Khatri, M. 2021. Recent advances in nano-agrochemicals
for sustainable agriculture. Environ. Sci.: Process.
Impacts 23: 213-239.

Sivaraj, R., Rahman, P. K., Rajiv, P., Salam, H. A., Venckatesh, R.
2014. Biogenic copper oxide nanoparticles synthesis
using Tabernaemontana divaricate leaf extract.
Spectrochim. Acta A 133: 178-181.

Solanki, J. N., Sengupta, R., Murthy, Z. V. P. 2010. Synthesis of
copper sulphide and copper nanoparticles by
microemulsion method. Solid State Sci. 12: 1560-1566.

Sun, L., Zhao, Y., Guo, W., Tao, X., Zhang, Z. 2011. Microemulsion-
based synthesis of copper nanodisk superlattices. Appl.
Phys. A 103: 983-988.

Thakar, M. A, Jha, S. S., Phasinam, K., Manne, R., Qureshi, Y.,
Babu, V. H. 2022. XRD analysis and antioxidant activity
of CuO nanoparticles from Cissus vitiginea. Mater. Today
Proc. 51: 319-324.

Thirumurugan, G., Shaheedha, S. M., Dhanaraju, M. D. 2009. In
vitro antibacterial activity of silver nanoparticles using
Phytophthora infestans. Int. J. Chem. Tech. Res. 1: 714—
716.



260

Thiruvengadam, M., Chung, |. M., Gomathi, T., Ansari, M. A.,
Khanna, V. G., Babu, V., Rajakumar, G. 2019. Green
synthesis and pharmacological potential of CuNPs.
Bioprocess Biosyst. Eng. 42: 1769-1777.

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodriguez-
Reinoso, F., Rouqueral, J., Sing, K. S. 2015. Physisorption
of gases for surface area evaluation (IUPAC report).
Pure Appl. Chem. 87: 1051-1069.

Tripathi, D., Singh, M., Pandey-Rai, S. 2022. Crosstalk of
nanoparticles and phytohormones under stress. Plant
Stress 6: 100107.

Tripathy, S., Rodrigues, J., Shimpi, N. G. 2023. Top-down and
bottom-up approaches for nanoparticle synthesis.
Nanobiomaterials 145: 92—-130.

Truong, H. T., Nguyen, L. C. T., Quang Le, L. 2023. Antifungal
activity of CuNPs against Fusarium oxysporum. Mater.
Res. Express 10: 065001.

Usman, M. S., Zowalaty, M. E. E., Shameli, K., Zainuddin, N.,
Salama, M., Ibrahim, N. A. 2013. Synthesis and
antimicrobial properties of CuNPs. Int. J. Nanomed. 8:
4467—-4479.

Vahabi, K., Mansoori, G. A., Karimi, S. 2011. Biosynthesis of
silver nanoparticles by Trichoderma reesei. Insciences
J.1: 65-79.

Valdes, C., Cota-Ruiz, K., Flores, K., Ye, Y., Hernandez-Viezcas,
J. A, Gardea-Torresdey, J. L. 2020. Antioxidant responses
in corn under Cu exposure. Ecotoxicol. Environ. Saf.
206: 111197.

Van den Berg, R., Elkjaer, C. F., Gommes, C. J., Chorkendorff, I.,
Sehested, J., de Jongh, P. E., Helveg, S. 2016. Formation
of copper nanoparticles studied by electron microscopy.
J. Am. Chem. Soc. 138: 3433-3442.

Van Nguyen, D., Nguyen, H. M., Le, N. T., Nguyen, K. H., Nguyen,
H. T, Le, H. M., Van Ha, C. 2022. CuNPs enhance maize
growth under drought stress. J. Plant Growth Regul. 41:
364-375.

Vanti, G. L., Masaphy, S., Kurjogi, M., Chakrasali, S., Nargund, V.
B. 2020. Chitosan-copper nanoparticles against damping-
off pathogens. Int. J. Biol. Macromol. 156: 1387-1395.

Venkatakrishnan, S., Veerappan, G., Elamparuthi, E., Veerappan,
A. 2014. Aerobic synthesis of CuNPs as antibacterial
agents. RSC Adv.4: 15003-15006.

Viera, |., Perez-Galvez, A., Roca, M. 2019. Green natural colorants.
Molecules 24: 154.

Viet, P. V., Nguyen, H. T., Cao, T. M., Hieu, L. V. 2016. Antifungal
activity of CuNPs via chemical reduction. J. Nanomater.
2016: 1957612.

Vigneshwaran, N., Ashtaputre, N. M., Varadarajan, P. V.,
Nachane, R. P., Paralikar, K. M., Balasubramanya, R. H.

Roles of copper nanoparticles in plant defense and growth

[J. Mycopathol. Res :

2007. Biological synthesis of silver nanoparticles using
Aspergillus flavus. Mater. Lett. 61: 1413-1418.
Vlyazovkin, S., Burnham, A. K., Criado, J. M., Pérez-Maqueda, L.
A., Popescu, C., Sbirrazzuoli, N. 2011. ICTAC kinetics

recommendations. Thermochim. Acta, 520: 1-19.

Wang, A., Chen, L., Xu, F., Yan, Z. 2014. In situ synthesis of
CuNPs in microemulsions. RSC Adv. 4: 45251-45257.

Wang, P., Lombi, E., Zhao, F. J., Kopittke, P. M. 2016.
Nanotechnology in plant sciences. Trends Plant Sci. 21:
699-712.

Weisany, W., Samadi, S., Amini, J., Hossaini, S., Yousefi, S.,
Maggi, F. 2019. Nano-encapsulation enhances antifungal
activity of essential oils. Ind. Crops Prod. 132: 213-225.

Xiong, J., Wang, Y., Xue, Q., Wu, X. 2011. Stable nanosized
copper dispersions synthesis. Green Chem. 13: 900-
904.

Yang, Z., Xiao, Y., Jiao, T., Zhang, Y., Chen, J., Gao, Y. 2020.
Effects of CuO nanoparticles on rice seedlings. Int. J.
Environ. Res. Public Health 17: 1260.

Yasmeen, F., Razzaq, A., Igbal, M. N., Jhanzab, H. M. 2015. Effect
of metal nanoparticles on wheat germination. Int. J. Biosci.
6: 112-117.

Ye, S., Rathmell, A. R., Stewart, I. E., Ha, Y. C., Wilson, A. R,,
Chen, Z., Wiley, B. J. 2014. Synthesis of copper
nanowires for conducting films. Chem. Commun. 50:
2562-2564.

Yu, J. C., Zhao, F. G, Shao, W., Ge, C. W., Li, W. S. 2015. Shape-
controlled synthesis of copper nanocrystals. Nanoscale
7: 8811-8818.

Yu, Y., Liu, H., Xia, H., Chu, Z. 2023. Sustainable application of
copper-based antimicrobials. Int. J. Mol. Sci. 24: 10893.

Zafar, H., Ali, A., Zia, M. 2017. CuO nanoparticles effect on
Brassica nigra. Appl. Biochem. Biotechnol. 181: 365-
378.

Zain, N. M., Stapley, A. G., Shama, G. 2014. Green synthesis of
Ag and Cu nanoparticles using chitosan. Carbohydr.
Polym. 112: 195—02.

Zhang, Z., Ke, M., Qu, Q., Peijnenburg, W. J. G. M., Lu, T., Zhang,
Q., Qian, H. 2018. Impact of CuNPs on wheat root
morphology. Environ. Pollut. 239: 689-697.

Zhao, L., Hu, Q., Huang, Y., Fulton, A. N., Hannah-Bick, C.,
Adeleye, A. S., Keller, A. A. 2017. Antioxidant gene
activation in cucumber exposed to Cu nanopesticide.
Environ. Sci.. Nano 4: 1750-1760.

Zuverza-Mena, N., Medina-Velo, I. A., Barrios, A. C., Tan, W.,
Peralta-Videa, J. R., Gardea-Torresdey, J. L. 2015. Copper
nanoparticles impact on cilantro physiology. Environ. Sci.:
Process. Impacts 17: 1783-1793.



