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ARTICLE INFO ABSTRACT

Paper Type: Review Paper

The expanding application of nanoparticles raises significant concerns regarding their
environmental, health, and safety implications. Copper oxide nanoparticles (CuO NPs), in
particular, are being investigated for their potential in agriculture. This systematic review,
conducted via a structured process of literature search, study selection, and data extraction
from PubMed and Scopus databases, synthesizes current knowledge on this subject.
Bibliometric analysis was performed using VOSviewer software. The findings indicate
that CuO NPs can be internalized by medicinal plants, accumulating in various tissues with
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ggg;‘:g:sed Nanomaterials effects—both beneficial and detrimental—that are contingent upon plant species,
Human Health nanoparticle concentration, and exposure duration. Internalized NPs can traverse cell
Medicinal Plants membranes, localize within organelles, and interact with biomolecules like DNA, RNA,
Nanoparticle Toxicity and proteins. Crucially3 this bioacgumglation presents a potential route fgr humap exposure
Synthesis through the food chain. Excessive intake beyond tolerance levels is associated with

toxicological effects, including hemolysis, jaundice, liver cirrhosis, and mortality. This
review underscores the necessity for further research to establish safe application methods
and optimal concentrations for the sustainable use of CuO NPs in agricultural practices.
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CuO-NPs are widely applied in industry, agriculture, and medicinal plants.
Shape and size of CuO-NPs affect plant growth and medicinal properties.
CuO-NPs accumulate in soil, influencing uptake and plant performance.
Knowledge gaps remain on uptake thresholds and environmental toxicity.
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1. Introduction

Recognizing the important role medicinal plants play in human
health, their usage is ever-growing and there is renewed
interest in finding ways to improve medicinal plant production
using sustainable tools and strategies (Nekoukhou et al., 2024).
Medicinal plants have therapeutic properties and
phytotherapeutic effects due to the presence of specific
biologically active secondary metabolites (Pirmoghani et al.,

2019). Secondary metabolites serve as the main components
for designing effective drugs today (Nazir et al., 2020).
Although the use of chemical drugs has become common in
recent decades, their harmful effects on life have caused
humans to turn to medicinal plants again (Sonawane et al.,
2022). According to the World Health Organization (WHO),
it is estimated that more than 80% of the world's population in
rural areas uses medicinal plants as primary treatment due to
their direct availability (Yeboah et al., 2022). It is predicted
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that by 2050, the value of international trade in medicinal
plants and their products will reach 5 trillion dollars (USD 5
trillion) (Zahra et al., 2019). Medicinal and industrial plants of
rangelands are one of the most valuable resources in the vast
range of natural resources (Lubbe & Verpoorte, 2011; Feng et
al., 2023). Currently, medicinal plants account for a large part
of agricultural production (Ahmed, 2023).

Cultivation and production of medicinal plants is not only a
means to meet the increasing needs of the current and future
pharmaceutical industries, but also a means to reduce the
excessive exploitation of wild communities of these plants
(Applequist et al., 2020). Therefore, their cultivation can be
used to restore degraded areas (Marcelino et al., 2023). Plant
metabolism is regulated by the presence of essential
macronutrients and micronutrients, with micronutrients
mainly involved in secondary metabolic and enzymatic
processes (Bhat et al., 2020; Tariq et al., 2023). Nanoparticles
can reduce biotic and abiotic stresses and improve
morphological, physiological, and other biological parameters
in medicinal plants and their production (Pandita, 2022).
Nanoparticles act as new and effective inducers and increase
the production of secondary metabolites in medicinal plants by
creating oxidative stress (Javed et al., 2017). Inorganic
materials such as metals and metal oxides have attracted much
attention in the past decade due to their ability to withstand the
conditions of synthesis (Abdallah et al., 2019). Several metal
oxides such as TiO,, NiO, ZnO, MgO, and CuO have been
used in a wide range of different applications, not only because
of their stability under operational conditions but also because

2. Materials and Methods

In this review, we used keywords such as copper
nanomaterials, copper nanocomposite synthesis methods,
nanomaterial toxicity, factors affecting toxicity, and toxic
effects on medicinal plants to find relevant articles. For this
purpose, relevant articles published in various databases,
including PubMed, Google Scholar, and Science Direct, were
searched, and after finding relevant articles, first the title and
abstract and then the full text were reviewed. Based on the
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of their safety (Maroufpoor et al., 2019). Among them, CuO
NPs have attracted attention due to their diverse applications
in agriculture, including nanofertilizers, nanopesticides, and
nanosensors to improve and manage the harmful effects of
pests on crops (Dorjee et al., 2023; Monreal et al., 2016). This
nanoparticle is required for the normal growth and
development of plants, and its deficiency affects younger
leaves and reproductive organs when it is not bioavailable to
plants (Yruela, 2005). However, it can be toxic to plants at
high concentrations. For instance, foliar application of various
concentrations of copper oxide nanoparticles (CuONPs) (0,
40, 80, 160, and 400 mg/L) to Dracocephalum moldavica [L.]
resulted in a significant concentration-dependent increase in
copper bioaccumulation in the shoot, along with elevated
levels of flavonoids and anthocyanins, in response to CuONPs
treatment (Nekoukhou et al., 2023). Likewise, in peppermint,
at 1500 mg/L, CuONPs reduced a-phellandrene, limonene,
and comphene content by 45, 43.8, and 17.2 %, respectively
(Lafmejani et al., 2018; Nekoukhou et al., 2023). Excess can
also negatively impact soil microbiome and other receptors
(Alengebawy et al., 2021). Therefore, as nanotechnology
continues to expand its positive applications, a proportionate
level of responsibility is necessary to address and mitigate
potential risks on the other side. The results of life cycle
assessment study show that most nanoparticles are released
during the use phase and after disposal (Nowack et al., 2015).
Therefore, in the present study, the topic of Copper oxide
nanoparticles in medicinal plant protection products: A review
of soil ecotoxicology and threats to human health, was
investigated.

inclusion criteria, studies whose main objective was the toxic
effects of the use of copper oxide-based nanoparticles on
medicinal plants were reviewed. Additionally, we utilized
VOSviewer software to visualize and analyze the bibliometric
Figures 1 and 2. The bibliometric parameters assessed with
VOSviewer enabled us to identify key citations related to the
primary research topics based on established criteria.
VOSviewer has been widely applied in various studies for
article evaluation and data visualization. As a result, extracted
and cited 248 papers in this review.
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Fig. 2 Density
visualization of keywords
related to the CuO-NPs
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2.1 Definition of Cu-based NPs

The physical and chemical nature of nanoparticles makes them
highly reactive, thus they are used on an industrial scale and
possess biological properties (Idrees et al., 2025;
Sharafudheen et al., 2025). Nanoparticles can be classified into
organic and inorganic forms. However, inorganic
nanoparticles are generally classified as metals and metal
oxides (Iranbakhsh et al., 2021). Metal nanoparticles (MNPs)
include copper (Cu) and zinc (Zn), while metal oxide NPs
(MONPs) are modified forms of their respective MNPs and
include copper oxide (CuO), titanium oxide (TiO>), etc (Rajput
et al., 2019). Thus, they are endowed with high surface-to-
volume ratios, along with reactivity, solubility, strength, and
mobility, as well as unique interface effects and quantum
properties (Croteau et al., 2014). Their fabrication has attracted
the attention of researchers due to their wide applications,
electrical, magnetic, optical, and physical properties
(Zoolfakar et al., 2014).

Copper (Cu), a first-row transition metal with a molar mass of
63.5 g/mol, has some interesting physicochemical properties.
In particular, Cu is attractive because of its high natural
abundance and low cost (Deka et al., 2019). Cu-based NPs can
promote and catalyze a variety of chemical reactions due to the
different oxidation states of Cu (Cu0, Cul, and Cull), which
facilitate reactivity through one- and two-electron pathways
(Gawande et al., 2016). CuO is a p-type semiconductor with a
band gap energy of 1.2 eV, making it one of the metal-based
compounds in this class. The production and use of CuO NPs
is of great importance from both a practical and a theoretical
perspective (Moumen et al., 2022; Ali et al., 2024). CuO NPs
have unique crystal structures and high surface areas, which
make them highly valuable antimicrobial agents. These NPs
are robust and stable, and have a longer half-life than other
organic antimicrobial agents (Vaidehi et al., 2018). Therefore,
the controlled production of CuO NPs with specific geometric
shapes can be useful for creating new structures that exhibit
improved properties (Velmurugan et al., 2024). Advanced
materials processing technologies have emphasized the
development of various types of composites to produce
materials with improved mechanical, physical, chemical, and
functional properties (Singh et al., 2023). One of the most

O oI Prope e
coppee W

e 412 rarres e

e
noparticles

antioxident acuvity
hesis
O Y nod
S turdhuheeg bt bt e

Dacensl reMance

AR senamy

prominent material systems in the past few decades is metal
matrix composites (MMCs), in which two or more components
are used to construct a new material (Shirvanimoghaddam et
al., 2017). By formulating a composite, it is possible to utilize
the unique advantages of different components in a
complementary manner to overcome the limitations of each
component (Surappa, 2003; Sharma et al.,, 2014). The
development of nano/micro/macro composites, in particular
(MMCs), significantly fulfills most of these requirements for
strength and functional properties (Bansal et al.,, 2022).
Recently, researchers have sought to achieve -efficient
performance of CuO NPs through metal doping. It has been
shown that the incorporation of different metals significantly
affects the structural, optical, electrical, magnetic,

morphological, electrochemical, and dielectric properties of
the resulting nanomaterials (Sarfraz et al., 2024). Transition
metal doping offers a simple and effective way to tune the
optical, electrical, and magnetic properties of CuO NPs (Singh
et al., 2020).

Fig. 3 Scanning electron micrograph of greenly synthesized
CuO-NPs (Idrees et al., 2025).

2.2 Importance of toxicity effects on medicinal plants

One of the important aspects in studying the interaction of
engineered CuO NPs with plants is the uptake and transport of
these nanomaterials, which is of great importance due to the
risk of accumulation of engineered nanomaterials in the food
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chain (Auffan et al., 2009). The increasing number of CuO NP
products and their use leads to an increase in the release and
accumulation of NPs in the environment, including soil (Zhou
et al., 2020). In 2010, the annual global production of Cu-
based NPs (including Cu and CuO nps) reached 2.0x10° kg/yr
and is estimated to reach 1.6 x 10° kg/yr by 2025 (G. Huang et
al., 2022). Global estimates of NP emissions show that soils
(approximately 8-28%) receive the largest share, followed by
emissions to aquatic and air environments (7 and 1.5% of the
production volume, respectively) (Keller et al., 2013). Plants
serve as the basis of terrestrial food and drug chains, provide
oxygen, and play a key role in carbon sequestration (Wahab et
al.,, 2023). Studies have shown that plants rapidly and
completely absorb nanofertilizers (Elsayed et al., 2022). A
study by Shi et al. (2014) investigating the phytotoxicity and
accumulation of CuO NPs in Elsholtzia splendens (a Cu-
tolerant plant) under hydroponic conditions showed that CuO
NPs could be taken up by roots and transported to shoots in E.
splendens. In addition, inhibition of seedling growth in mung
bean plants treated with different concentrations of CuO NPs
was observed (Lee et al., 2008). However, alongside these
promising developments, there is a parallel increase in
potential risks. Pollution caused by nanopollutants (NPOs),

Fig. 4 Pathways through which the toxicity of copper
oxide-based nanoparticles affects humans

L

3. Overview of the impact of nanoparticles on plant
growth and development

Nanotechnology is continuously offering new products and
solutions in many branches of industry (Josko et al., 2020).
However, knowledge about the penetration and movement of
Cu NPs within the plant is required before such applications
can be developed (Salem et al., 2023).

3.1 Root intake and foliar application

The primary route of entry of CuNPs into plants is through
their roots. 1) As plants absorb water and nutrients from the
soil, CuNPs can be absorbed along with these essential
resources. The porous structure of the root cell wall allows
CuNPs to penetrate into the root tissues (Yusefi-Tanha et al.,
2020). 2) In foliar application, nanoparticles enter the leaves
mainly through stomata and are transported to different parts
of the plant via apoplastic and symplastic routes (Hong et al.,
2021). Therefore, the amount of NPs absorbed by plants on the
leaf surface varies at different stages of growth and, after being
internalized, can move upwards through the plant vascular
system (Dev et al., 2017; Gao et al., 2023). 3) Movement

n""t S (%
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also known as “invisible pollution,” is considered the most
serious type of pollution that needs to be controlled and
managed (Garcia-Mayagoitia et al., 2023). Therefore, CuO
NPs induce oxidative stress in human pulmonary epithelial
cells, increase toxicity, and can damage DNA and
mitochondria, posing a serious threat to human health
(Perreault et al., 2012). To control and eliminate these risks,
environmental monitoring of CuO NPs is required, which
provides research on their fate in the environment and residual
concentrations in edible plant parts. This is particularly
important in the case of aromatic medicinal plants, a large
group of economically important plants that provide raw
materials (roots, stems, leaves, and fruits) for the
pharmaceutical, perfumery, food (dairy products), and
cosmetic industries (Slikkerveer, 2006). CuO NPs may be
toxic to non-target organisms due to their potential toxic
effects (Ruiz et al., 2015; Grigore et al., 2016) Fig 4. The
results suggest that specific concentrations of metal oxide NPs
can impact the physiology of cells within the excretory system
of various mammals, including humans, and pave the way for
comparing the toxic effects between ions and nanoparticles for
further nanotoxicological studies (Mavil-Guerrero et al.,

2024).
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within plant stems and leaves: After entering through the roots,
CuNPs can be transported to other parts of the plant. This
movement is carried out through vascular tissues, which
include xylem and phloem. CuNPs move upward through
xylem vessels from the root to the stem and leaves (Gao et al.,
2023). This movement allows them to reach the aerial parts of
the plant (Singh et al., 2024). These nanomaterials can also
move downward from the leaves to other plant organs through
the phloem. This bidirectional transport provides distribution
throughout the plantn (Thiruvengadam et al., 2024).

3.2 Effect of Cu NPs on plant growth and development

1) Cu plays an important role in plant growth, metabolism, and
defense (Elbanna et al., 2024). Generally, both the reduced
(Cu*) and oxidized (Cu®*) forms of Cu are used in agriculture.
Cu participates as a metal cofactor in various metabolic
pathways in plants, including electron transport and oxidative
stress response; 2) In chloroplasts, Cu is a component of
plastocyanin (Pc), an essential protein in early photosynthetic
reactions. In addition, it in the structure of Cu/Zn superoxide
dismutase (Cu/Zn-SOD) helps to protect against reactive
oxygen species produced during photosynthesis (Michiels et
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al., 1994). Rahmani et al. (2016) reported that ZnO and Cu NPs
at a concentration of 10 mg/L increased the growth of the
Brassica napus L. oilseed plant. Meanwhile, they found that
exposing germinated rapeseed seeds to NPs caused changes in
the transcript levels of all four genes including Auxin
Responsive Protein, protein kinase, MPK3 and MPK4 in root
and stem tissues.

3.3 Sources of CuO-based NPs

In principle, any soluble Cu salt can be used as a precursor for
the preparation of CuO nanostructures without modification or
with minimal modification. Various Cu salts such as copper
chloride (CuCl,), copper nitrate (Cu(NO3)2), copper sulfate
(Cu(S0s),), and copper acetate (Cu(CH3COO),) have been
used to prepare CuO NPs (Siddiqui et al., 2016). The use of
microorganisms such as bacteria, yeasts, algae, fungi, and
actinomycetes in the biosynthesis of metal nanoparticles has

been reported in the literature (Mandal et al., 2006) Fig 5.
Rubilar et al. studied the synthesis of Cu NPs by bacteria,
fungi, and plant extracts and reported that biosynthesis is a
cost-effective, simple, and non-polluting process (Rubilar et
al., 2013). Labaran et al. (2024) investigated the use of
Alstonia scholaris for the biosynthesis of Cu NPs and its
antimicrobial studies. The observed color changes confirmed
the successful formation of Cu NPs and Cu had the highest
relative abundance of 67.41 wt%, confirming the colloidal
purity of Cu NPs. This material can be used as an
antimicrobial, antibacterial and antifungal agent, etc (Naika et
al., 2015 Naika). Cu and Cu-based compounds have effective
biocidal properties, which are commonly used in insecticide
formulations and some hygiene applications (Borkow &
Gabbay, 2009).

Fig. 5 Flow chart showing the protocol for the biosynthesis of CuO-NPs
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3.4 Common methods of synthesizing Cu-based NPs

Cu NPs can be synthesized through various methods. The most
common methods for synthesizing Cu NPs include: 1)
chemical reduction method, which is a widely used method for
synthesizing Cu NPs and involves the reduction of Cu salts,
such as copper sulfate or copper chloride, using reducing
agents such as sodium borohydride, hydrazine, or ascorbic
acid (Ravele et al., 2022): 2) thermal decomposition method,
in which copper-based precursors, such as copper acetate or
copper acetylacetonate, are thermally decomposed to produce
copper nanoparticles. The decomposition process is carried out
in the presence of stabilizing agents or surfactants to control
the size and morphology of the nanoparticles (Betancourt-
Galindo et al., 2014): 3) electrochemical synthesis, which
involves the reduction of copper ions at the electrode surface
to form Cu NPs. The size and morphology of the nanoparticles
can be controlled by adjusting electrochemical parameters
such as current density, potential, and electrolyte composition
(Kokorekin et al., 2017): 4) biological synthesis, in this
approach, natural organisms such as bacteria, fungi, enzymes
or plant extracts are used to synthesize Cu NPs. The
biomolecules present in these organisms act as reducing and

stabilizing agents, leading to the formation of Cu NPs (Shobha
et al., 2014). Green synthesis of Cu NPs is an ecofriendly
approach. These biomolecules act as metal ion reducing agents
and capping agents to minimize the aggregation of
nanoparticles, thus improving the biological potential (Singh
et al., 2019). This method usually involves the reduction of Cu
salts using plant extracts, microbial cultures or other bio-
derived compounds that act as both reducing and stabilizing
agents (Asemani & Anarjan, 2019; Fouda et al., 2022). Green
synthesis of Cu NPs is advantageous because it is a
sustainable, cost-effective and non-toxic process compared to
conventional chemical synthesis methods (Akintelu et al.,
2020). Nguyen et al. (2018) reported that CuO NPs produced
by P. acerifolium are more stable and exhibit less toxicity to
the unicellular Chlamydomonas reinhardtii alga. CuO NPs
produced using this method have wvarious applications,
including catalysis, antimicrobial coatings, and medical
applications such as cancer treatment, antifungal and
antibacterial properties, and drug delivery, in addition to their
use as insecticides and seed priming (Jayarambabu et al., 2020;
Geremew et al., 2024). In this regard, several plants have been
investigated for the synthesis of CuO NPs Table 1.
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Table 1 Studies on plant-mediated synthesis of CuO NPs, their morphology and various applications

Plant Part of Active compounds morphology and Various applications Ref.
plant size
used
Rosmarinus  leaf Polyphenols crystalline 20-30 These green methods are low (Mohamm
Officinalis nm cost, fast, efiicient, and generally ad Shafiee
lead to the formation of et al.,
crystalline nanostructures with a 2016)
variety of shapes.
Eichhornia leaf flavonoids, proteins and  spherical 28 + 4 nm  antifungal activity against plant (Vanathi et
crassipes other functional groups pathogens. al., 2016)
present
Aloe leaf flavonoids, proteins Crystalline health related applications of CuO  (Gunalan
barbadensis 15and 30 nm nanoparticles et al.,
Miller 2012)
Ixoro leaf alcohols and phenolic Spherica 180— Environmental friendly method (Vishveshv
coccinea 110 nm ar et al.,
2018)
Piper betle leaf various phytochemicals  Spherical 10 to 50 antibacterial potential (Ahmad et
nm al., 2024)
basil extract  dry flavonoid quasi-spherical -less nanofertilizers on the (Abbasifar
matter of than 100nm morphological and biochemical et al.,
the plant attributes of plant 2020)
Achillea whole phytochemicals semi-spherical Their Effects as Larvicidal, (Al-
fragrantissim plant - range of 15-40 nm Molluscicidal and Antimicrobial Ghabban
a- Nigella seeds in size Agents & Eldiasty,
sativa 2022)
Macroptiliu ~ leaf flavonoids, formed CuO NPsis  biological applications such as (Prabu &
m extract polyphenols, found to be antioxidant, antibacterial, Losetty,
Lathyroides terpenoids, saponins, spherical shaped cytotoxicity, anticancer and 2024)
@) and alkaloids crystals with the antifungal behaviours
size between 6 nm
to 32 nm and the
average size 18.9
nm
Eryngium leaf olyphenols, Rod-shaped-  size Anticancer, antimicrobial and (Daimari
foetidum extract carbohydrates, ranged from 7 to 23 antioxidant activity & Deka,
flavonoids nm with an average 2024)
size of 16.49 nm
Plectranthus  leaf Monoterpenoids, spherical, circular- anti-larvicidal activity manifested  (Velsankar
amboinicus  extract Geranyl acetate shaped the potent inhibition on et al.,
nanoparticles with Anopheles subpictus . 2020)
size in 5-30 nm
range
Panicum extract diethyl phthalate rectangular shaped  applied as a biocompatible, cost- (Velsankar
sumatrense seeds nanoparticles and effective insecticides, drugs and et al.,
their average fertilizers. 2022)
particle size was in
between 15 and 35
nm
Capsicum leaf phytochemicals micrographs The antibacterial and biofilm (Velsankar
frutescens extract illustrated the activities against Gram-positive etal.,
spherical and (Bacillus anthracis, and Listeria 2021)
rectangular-rod monocytogenes) and Gram-
shaped negative (Klebsiella pneumoniae)
nanoparticles with
its diameter (width)
ranging from 20 to
40 nm
Environ. Water Eng.
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Plant Part of Active compounds morphology and Various applications Ref.
plant size
used
Azadirachta  leaf flavonoids,  proteins, particles are Development of an eco-friendly (Nagar &
indica extract terpenoids, polyphenols crystalline, cubical ~ process Devra,
shape with the 2018)
average size 48 nm
and highly stable
garlic extracts Flavonoids crystalline size of activity against Gram-positive (Senthilku
of garlic 14 nm (Escherichia coli, Vibrio cholera) mar et al.,
husk and Gram-negative (Bacillus 2024)
cereus, Staphylococcus aureus)
microorganisms
Foenum- seed phytochemicals Average crystallite experimentation -Drug delivering  (Rinita et
Graecum extract size of the CuO agent al., 2023)
NPs is about 36 nm.
Eucalyptus leaf polyphenols nanoparticles are To optimize dye removal (Alhalili,
Globoulus extract spherical and have a  efficiency, 2022 Alhali
mean particle size L)
of 88 nm
foenum- seed phytochemicals spherical forms- Notably, our findings highlight (Kumar et
graecum extract small crystallite the exceptional photocatalytic al., 2024)
size of 6.23 nm, activity of these NPs, particularly
in the degradation of the resilient
MG dye under UV irradiation.
Piper fruit phenol compounds spherical forms- The synthesized CuNPs have (Amaliyah
retrofractum  extracts crystalline size of relatively good stability and could etal.,
Vahl 2—-10 nm inhibit Escherichia coli and 2020)
Staphylococcus aureus.
Inula whole is rich in were found to be have potential as antimicrobial, (Alangari
graveolens aerial pharmacologically around 20 nm in antioxidant, and anticancer agents et al.,
part of active compounds such  size and spherical in  and as efficient adsorbents. 2024)
plant as terpenoids shape
(including
sesquiterpene lactones
and dimers, diterpenes,
and triterpenoids
Gloriosa Leaves alkaloid spherical in shape, activity against pathogenic (Naika et
superba L. and the size is bacterial al., 2015)

found to be in the
range 5-10 nm.

3.5 Applications of CuO NPs
3.5.1 Agriculture

Cu NPs interact with plant pathogens and plants themselves in
a variety of ways, which reduces the chance of developing
resistant strains of the pathogen (Khan et al, 2022).
Engineered Cu-based NPs have several advantages: 1)
Antimicrobial action: Cu NPs exhibit potent antimicrobial
properties at concentrations considered safe for humans and
the environment (DeAlba-Montero et al., 2017): ii) Low
production cost: The starting materials and production
methods for these nanoparticles are inexpensive (Ojha et al.,
2017): iii) Green synthesis: In addition to traditional chemical
methods, green routes including biogenic methods allow for
the sustainable preparation of Cu-based NPs (Thiruvengadam
et al., 2019): iv) Historically, Cu has been used in agriculture
as a key component of fungicides to combat plant diseases.
However, recent advances in the design of Cu-based NPs have

opened up new avenues for crop protection and (Viet et al.,
2016): v) Compared to bulk copper, these nanoparticles show
superior results with less toxic effects (Gomes et al., 2022).

3.5.2 Seed priming

In many medicinal plants, seed survival, germination, and
rapid seedling propagation are major challenges due to seed
dormancy, hard seed coat, and slow seedling growth rate
(Soltani & Soltani, 2015). By definition, pre-sowing seed
treatment is a process by which seeds undergo the initial stages
of germination but do not germinate due to low water uptake
(Paparella et al., 2015), and it induces changes in metabolic
and signaling processes to activate the early stages of seed
germination, thereby increasing germination rate, growth, and

crop quality .

Since plant species are physiologically diverse, nanopriming
has been effective in these areas mainly due to its small size
and unique physicochemical properties (Bambharoliya et al.,
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2025). Several studies have shown that NPs have the ability to
penetrate the seed coat and increase water uptake, which
enhances germination and growth (Abbasi Khalaki et al.,
2021; Amin & Aziz, 2025). Proline, a highly soluble molecule
with low molecular weight, provides a defense mechanism
against stress in plants through cellular osmotic adjustments to
maintain  membrane integrity and  enzyme/protein
stabilization. Studies have also reported an increase in proline

content in mustard plants when treated with CuO NPs as a
foliar spray (Faraz et al., 2022). Also, studies conducted in
Table 2 point to a number of benefits of nano-priming seeds,
including increased plant growth and development, increased
productivity, reduced use of pesticides and fertilizers by
modulating biochemical pathways, balance between reactive
oxygen species and plant growth hormones, and improved
resistance to stress and disease.

Table 2 Applications of CuO NPs in various fields

Summary of positive results Plant species Usage Ref.
Medicine oilseed

Can be effectively used to increase the Brassica juncea v (Faraz et al.,

performance of B. juncea 2023)

seed germination and cyto-physiological Fenugreek v (Kavitha et

responses al., 2022)

Potential variation in biochemical constituents Peanut plant leaves V4 (Suresh et al.,
2016)

It improved the plant's water use efficiency, and Maize v (Gomes et al.,

by creating a better root-to-stem ratio, it helped 2024)

the plant become more resistant to water

shortages.

Some growth and physiological parameters Brassica napus N4 (Rahmani et
al., 2016)

Molecular level responses Arabidopsis N4 (Prakash et
al., 2014)

Morphological, physiological and molecular seed crop Brassica juncea L v (Nair &

level effects Chung,
2015b)

Improved photosynthetic activity Elodea densa Planch v (Nekrasova et
al., 2011)

Highest rate of seeds germination were a Echinacea purpurea v (Ahmed &

chieved Omran, 2024)

Lowest treatment concentration (3 pM, Cu) Matricaria chamomilla v (Kovacik et

stimulated potassium absorption. al., 2008)

3.6 Phytotoxic activity and applications

Cu-based NPs have been studied particularly in pest
management due to their phytotoxic activity. Common forms
of these materials include copper sulfate (CuSOs), copper
oxide (CuO/Cu,0), and copper hydroxide (Cu(OH),). These
nanoparticles can inhibit the development of pathogenic
microorganisms and limit their spread among agricultural
crops (Gabal et al., 2018). Researchers have investigated
greenly synthesized Cu NPs as potential antifungal agents,
emphasizing their role in protecting crops against pests and
diseases (Liu et al.,, 2022). Ultimately, the design and
application of Cu-based NPs offer promising solutions for
sustainable agriculture. Their antimicrobial properties, low
cost, and environmentally friendly synthesis methods make
them valuable tools in pest management (Feigl, 2023).

3.6.1 Nanoparticles and herbal medicine

The innovative physical and chemical properties of
nanomaterials potentially provide applications in various
medical fields, including antidiabetic, anti-inflammatory, and
antioxidant activity (Ringu et al., 2024). Also, in recent years,
the rapid growth of the global nanomaterials market has
stimulated research on the potential use of copper
nanoparticles for diagnostics, biomarkers, drug development
and delivery, cell labeling, cancer therapy, and wound healing

of antiviral and antimicrobial agents (Antonio-Pérez et al.,
2023). And due to antibiotic resistance, nanoparticles have
been incorporated as antibacterial agents in the development
of various products such as burn and wound treatment creams
and skin care products (Salvioni et al., 2021; Ermini et al.,
2023). In a study, products with copper-containing surfaces
can be used for sterilization processes in hospitals, and the use
of copper-containing alloys may limit the spread of multidrug-
resistant bacteria in hospitals (Mikolay et al., 2010). Copper
and its alloys are able to kill 99.9% of pathogenic bacteria
within 2 hours and were recognized by the Environmental
Protection Agency (EPA) as the first effective metal
antimicrobial agents in 2008 (Robinson et al., 2024). However,
changing the membrane potential (depolarisation) is
considered as the main method for causing toxicity by copper
(Mitra et al., 2019). Also, CuONPs are made extracellularly or
intracellularly by wvarious biological organisms such as
bacteria, fungi, actinomycetes, algae and plants (Al-Ghabban
& Eldiasty, 2022).

3.6.2 Toxicity Effects on Medicinal Plants

The toxicity of CuO NPs depends on their shape and surface
properties, as both can affect the interaction of nanoparticles
with cells as well as the rate of penetration into cells (Jampilek
& Kralova, 2015). Phytotoxicity: Cu NPs can have adverse
effects on plant health and lead to phytotoxicity Fig 6. Some
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of the toxicities caused to plants include: 1) inhibition of plant
growth- Cu NPs may inhibit plant growth by disrupting
cellular processes, affecting nutrient uptake, and altering
hormonal balance (Wang et al., 2020): 2) alterations in plant
cell structure- Cu NPs can damage cell membranes, organelles,
and cell walls, altering plant integrity (Da Costa & Sharma,
2016): 3) oxidative stress- Cu NPs produce reactive oxygen
species (ROS), which cause oxidative stress. ROS can damage
proteins, lipids, and DNA of plant cells (Nair & Chung,
2015a): 4) Genotoxic damage- Cu NPs may cause genetic
mutations or DNA damage, which affects plant reproduction
and overall fitness (Abdelkader et al., 2022).

Some medicinal plants, such as Hypericum perforatum L. or
Matricaria recutita L., are resistant to excess metals and
accumulate high concentrations of toxic metals in their aerial
parts/leaves (Masarovi¢ova et al., 2010; Sz6l16si et al., 2020).
Therefore, to ensure food safety, cultivation of medicinal
plants for commercial use under natural conditions should be
carried out in soils uncontaminated by toxic metals (Salamon
et al., 2007). In addition, metals and metal oxides at the
nanoscale can also be cytotoxic and genotoxic, causing cell
cycle arrest and apoptosis induction, as well as serious DNA

Fig. 6 Cu accumulates to a greater extent in the root,
stem, and leaves

[Cu] in plants

3.6.3 Impact on plant physiology, growth, and yield

The size and nature of the nanoparticles, the method of
application, environmental conditions, rhizosphere and
phyllosphere environment, and plant species are the main
factors affecting the performance, and these superior
properties of nanoparticles can enhance plant metabolism
(Zhao et al., 2010). Since the size of NPs is very small; once
inside plants, they allow for multiple applications (Cifuentes
et al., 2010), they can cross the cell membrane and enter with
various organelles and biomolecules such as DNA, RNA, and
proteins, and can also transport DNA and chemicals into the
plant cell (Nikalje, 2015). In studies reviewed by Atha et al.
(2012), it was shown that CuO-NPs cause DNA damage in
plants. Significant accumulation of mutagenic and oxidatively
modified DNA lesions (7,8-dihydro-8-oxoguanine;2,6-
diamino-4-hydroxy-5-formamidopyrimidine;4,6-diamino-5

formamidopyrimidine) and severe inhibition of plant growth
were observed under controlled conditions in vitro. Keller et
al. (2017) reported that Cu NPs effectively control pests when
used as pesticides in agriculture. However, even at low doses
(5-20 mg Cu per plant), there are metabolic effects due to Cu

damage (Cavallo et al., 2023). Therefore, for each plant
species, it is necessary to determine the concentrations that
have plant growth-stimulating effects as well as plant growth-
inhibitory effects. CuO NPs at different concentrations (0, 2,
4, 8, and 16 mg/L) were investigated on mustard plant growth.
The results showed that among different concentrations of
CuO NPs, 8 mg/L was the most optimal foliar spray treatment,
as CuO NPs interacted with meristematic cells and initiated
biochemical pathways that increased growth characteristics,
but at higher concentrations it was proven to be inhibitory and
decreased proline levels (Faraz et al., 2022). According to the
study by Naderi et al. two foliar sprays CuO NPs (at the five-
leaf stage and before flowering) with concentrations of 5 and
10 mg/L positively affected biomass, height, grain yield, and
harvest index of fennel plant. In contrast, foliar application
with a concentration of 20 mg/l of showed lesser effects on
most of the above traits and the essential oil content of the plant
compared to the 5 and 10 mg/L concentrations. Therefore, the
use of an appropriate concentration of copper oxide
nanoparticles improves plant tolerance, grain yield, and
essential oil content of the aerial parts of fennel under drought
stress (Naderi & Amooaghaie, 2023).

Mcdiu? 4
\

Excess Cu

High

accumulation and production of reactive oxygen species
(ROS).

3.6.4 Mechanisms of toxicity at the cellular and molecular
levels

At least three distinct mechanisms are involved in the toxicity
of nanoparticles (Brunner et al., 20006). First, ions released
from nanoparticles are released into the environment. For
example, Cu ions (Cu") released from Cu NPs or other toxic
ions released from dissolved nanoparticles, which can
contribute to DNA damage. Fe?*, Ag®, Cu’, Mn?*, Cr’*, and
Ni?* are effective metal ions in the production of reactive
oxygen species through Fenton-type reactions (Kruszewski et
al., 2011). These ions can also bind to DNA bases (Robertazzi
& Platts, 2006). Second, reactive oxygen species (ROS) are
produced through surface reactions. Several studies have
suggested a possible chemical reaction of hydrogen peroxide
(H20,) with Cu NPs, which is estimated to lead to the
formation of Cu+ inside the cell (Liang et al., 2018). Third, the
direct physical interaction of nanoparticles with physiological
targets can be attributed to the interaction of carbon nanotubes
with membranes and DNA. Cu NPs can also interact with
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mitochondria and other cellular components and disrupt their
function. As reported, Cu NPs cause the production of reactive
oxygen species, which can lead to DNA damage, by disrupting
the mitochondrial respiratory chain and disrupting ATP
synthesis (Lerner et al., 2016; Zhou et al., 2021).

3.6.5 Mechanisms of Toxicity

CuO NPs have been reported to affect plant growth by
reducing germination rate, biomass reduction, root and shoot
length, altering photosynthesis and transpiration rate,
inhibiting chromatin compaction, and lipid peroxidation
(Karlsson et al., 2009). Xiong et al. showed that most CuO NPs
deposited as micrometer-sized aggregates either on the leaf
surface or in stomata and could also block stomata. The
stomatal opening also similarly changed shape to abiotic stress
(Xiong et al., 2019). CuO NPs accumulation exhibited a
disordered substructure in leaves, especially in the
photosynthetic apparatus, by reducing the number of
thylakoids per grain, plastoglobules, starch content, and
stomatal opening (Olchowik et al., 2017). Genetic studies on
Arabidopsis thaliana have shown that at a concentration of 0.2
mg/L, CuO NPs do not affect the expression of genes related
to oxidative stress responses, sulfur uptake, glutathione, and
proline biosynthesis, whereas gene expression is upregulated
at higher concentrations (Prakash et al., 2014). It has also been
observed that CuO NPs negatively affect photosynthetic
activity by inactivating the reaction centers of photosystem II
(PS 1I), reducing electron transport, the number of thylakoids
per grain, the rate of photosynthesis, photosynthetic pigments,
transpiration rate, and stomatal conductance (Perreault et al.,
2014). Phytohormones have also been observed to change in
response to CuO NPs (Le Van et al., 2016; Nair & Chung,
2017).

3.7 Factors affecting the uptake and accumulation of CuO
NPs in plants

CuO NPs can enter plant cells through endocytosis or non-
endocytotic penetration. They can be taken up by roots and
transported to the stems through the vascular system (Doherty
& McMahon, 2009; Milewska-Hendel et al., 2019). However,
their effects on plant metabolism and growth depend on the
hydrodynamic size, surface chemistry, concentration, and
chemical conditions of the subcellular deposition site of CuO
NPs (Dietz & Herth, 2011). Within leaves, the cell wall is a
biological barrier with hydrophobic and hydrophilic
components, with the waxy cuticle of the leaf epidermis and
stomata being the main routes for delivery of nanomaterials to
plant leaves (Hu et al., 2020). In a study by Sutuliené et al.
(2024), they investigated the effects of different HPS and LED
lights combined with CuO NPs on the plant
(Mesembryanthemum). When plants were combined with
CuO NPs and HPS lighting, Cu accumulation was higher.

3.7.1 Role of nanoparticle size, and

exposure duration in toxicity effects

concentration,

Nanomaterials behave differently from their bulk counterparts
for two reasons: A: Surface effect (increased fraction of
surface atoms in nanoparticles). B: Quantum effects (physical
properties of electrons with decreasing particle size) (Roduner,
2006), which can affect the chemical reactivity of materials
and lead to interactions with living organisms (Farré et al.,

2011) Fig 7. The smaller size of CuO NPs is associated with
greater surface reactivity, which can increase the
bioavailability of nanoparticles compared with their ionic
counterparts or bulk samples (Ju et al., 2022).

Nanoparticle

p—

PR

Q@ & AD

Fig. 7 Physicochemical properties of nanomaterials

The potential toxicity of Cu NPs on plant metabolism, defense
systems, and growth may depend on the method of application,
the concentration used, particle size, morphology,
composition, and surface chemistry properties, including the
chemical environment, intracellular locations, and plant
species (Lin & Xing, 2008; Nuruzzaman et al., 2016).
Jampilek & Kralova (2019) reported that higher
concentrations of nanoscale materials have adverse effects on
plants and algae, can impair their photosynthetic performance,
inhibit photosynthetic electron transport or CO; reduction by
suppressing Rubisco activity, and enhance the production of
reactive oxygen species. Accordingly, Cu NPs, similar to other
nanomaterials, are likely to enter the environment and enter the
human body through various routes such as wastewater,
leakage during transportation and storage, consumer products
and disposal, etc (Chen et al., 2006; Jain et al., 2021). CuO
NPs cause dose-dependent pulmonary toxicity after inhalation
(Gosens et al., 2021). It is well known that CuO NPs are highly
toxic in vitro. In human alveolar epithelial cells, the
mechanism of toxicity is most likely related to oxidative stress
caused by intracellular soluble copper ions, ultimately leading
to apoptotic or autophagic cell death (Moschini et al., 2023). If
copper intake exceeds the human tolerance level, it causes
toxic effects such as hemolysis, jaundice, liver cirrhosis, and
even death (Zietz et al., 2003). The results of a study showed
that copper intake at high concentrations caused negative
effects on lipid profiles, which were associated with oxidative
stress and decreased antioxidant enzyme activity (Galhardi et
al., 2004).

3.7.2 Approaches to reduce the toxicity of CuO-based NPs
on medicinal plants
3.7.1 Microbial synthesis

The environmentally friendly synthesis of CuO NPs is a
challenging field in nanobiotechnology and is presented as a
promising alternative to chemical routes because it avoids the
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production of secondary pollutants that affect the environment
(Ibraheem et al., 2016). A large amount of CuO NPs is
synthesized annually, but only a few of them are usefully
utilized. Synthesized nanoparticles with desired morphology,
size, and stability can enhance their overall quality for future
applications (Govindaraju et al., 2008). Singh et al. (2010)
found that microbial synthesis of CuO NPs using E. coli not
only plays a role in the reduction of Cu(I) to CuO NPs, but
also plays an important role in stabilizing the formed
nanoparticles at room temperature. The formed CuO NPs had
variable sizes and shapes. Bacteria-mediated biosynthesis
offers a promising approach for scaling up the synthesis of
commercially and technologically important MNPs and
MONPs. This is an ecofriendly and safe approach to
synthesize CuO NPs without the involvement of any toxic or
stabilizing chemicals (Rautaray et al., 2003). Castro et al.
reported a rapid and green synthesis method to obtain CuO
NPs using protein fragments isolated from the aqueous extract
of the brown alga Macrocystis pyrifera as reducing and
capping agents. The use of water-soluble proteins from brown
algae represents a green and facile method for the synthesis of
homogeneous nanosized CuO NPs that exhibit high stability
(Araya-Castro et al., 2020). Furthermore, the use of fabricated
Cu and CuO NPs as biomedical, environmental remediation,
and agricultural applications is also essential. Attention should
be focused on their biocompatibility (Roy & Rhim, 2019).
Physicochemical methods use toxic chemicals and energy-
intensive routes, which makes these options environmentally
hazardous and prevents their application for biomedical and
clinical applications.

3.7.2 Concentration

Many laboratory studies have shown dose-dependent
phytotoxicity of CuO NPs. Root shortening occurs in a range
of plants grown in hydroponic, sand and soil conditions after
exposure to CuO NPs (Adams et al., 2017). Therefore,
knowledge of the concentration used is very important when
using these materials. Kavitha et al. (2022) reported that the
use of CuO NPs at concentrations of 10 mg/L on seed
germination of fenugreek and Vigna radiata had a positive
effect on germination and cellular physiology of fenugreek.
Therefore, CuO NPs at low concentrations perform better in
plant species. Yadav et al.’s study on the effects of
cyanobacterial-based CuO NPs at different concentrations (5,
10, and 15 mg/L) showed that the use of nanoparticle
formulations significantly enhanced plant growth under
hydroponic conditions (Yadav et al., 2024). Chang et al.
(2024) also reported that Cu?>" amendment at low and medium
concentrations resulted in the agglomeration and adsorption of
CuO NPs in alkaline soils, but decreased at high
concentrations. These findings provide important insights into
the fate of CuO NPs in soil environments, with significant
implications for environmental risk assessment and soil
amendment strategies. Although biofabrication of MNPs from
plants and microorganisms does not leave toxic residues in the
environment, their safe disposal is essential and special
attention should be paid to their biocompatibility (Siddiqi &
Husen, 2020).

3.7.3 Surface to volume ratio

As mentioned, several routes for the uptake of NPs by plant
cells have been proposed. CuO NPs can enter plant cells by
binding to carrier proteins, through aquaporins, ion channels,
or endocytosis, by creating new pores, or by binding to organic
chemicals in the environment (Watanabe et al., 2008; Kurepa
et al., 2010). Due to the increased surface-to-mass ratio of
nanoparticles compared with bulk metals, they are thought to
be more reactive with their surroundings (Parveen et al., 2016).

Therefore, surfactants or functional groups are added to the
surface of nanoparticles to reduce their activity of
nanoparticles, thereby reducing toxicity (Rico et al., 2011). In
a study by Huang et al. (2022), it was reported that surface
coatings with trisodium citrate (TC) and polyethylene glycol
(PEG) could reduce the health risks of CuO NPs to adults and
increase the safety of CuO nanofertilizer application. This
suggests that the coating can be designed to target
nanoparticles to a specific part of the plant.

3.7.4 Morphology changes of NPs

Further research shows, some shapes of nanomaterials can be
more toxic, for example, sharper shapes may be more toxic and
spherical shapes may be less toxic (Helmlinger et al., 2016). In
addition, rod-shaped nanomaterials such as carbon nanotubes
are more toxic than spherical nanoparticles due to their ability
to enter the cell membrane and cause mechanical damage
(Deline et al., 2020). CuO NPs synthesized using Heliotropium
bacciferum plant extract with spherical morphology and an
average particle diameter of 24.8 nm have been used as
antifungal biological control agents and also for various
sustainable agricultural applications (Hamdy et al., 2024).
Moreover, smaller-sized nanomaterials will have the ability to
cross the biological barriers of the body, interact with cells and
cellular components, and cause toxicity. Meanwhile, smaller-
sized nanoparticles will have a higher surface-to-volume ratio,
which will cause more activity of the nanoparticles and the
production of more amounts of reactive oxygen species
(Carlson et al., 2008; Canaparo et al., 2020). Hence, smaller
sizes will cause cytotoxicity (Sohaebuddin et al., 2010; Wei et
al., 2014). Therefore, changing the morphology of
nanomaterials can change their toxicity. In addition,
temperature has a significant effect on the morphology and
size of nanoparticles. Mott et al. (2007) investigated that the
size, shape, and stability of Cu NPs strongly depend on the
reaction temperature, such that the particle size increases
almost linearly with increasing reaction temperature.

3.7.5 Addition of organic compounds to the surface of NPs

By adding compounds such as polymers to the surface of
nanomaterials, the toxicity of nanomaterials can be reduced
(Nikzamir et al., 2021; Wang et al., 2022). The base of the
nanoparticles should be chosen to have lower toxicity; for
example, instead of using Cu NPs, chemical compounds with
less toxicity should be used (Nel et al., 2006; Jeevanandam et
al., 2018). The addition of biostable polymers, proteins, and
small organic molecules can prevent the aggregation of
nanoparticles, affect the surface charge and reactivity of the
nanomaterial surface, and reduce reactive oxygen species and
oxidative stress (Sanita et al., 2020; Kumar et al., 2021). Fig 8
The results of a study showed that the surfactant
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Bis(ethylhexyl)hydrogen phosphate HDEHP is very effective
in resisting the oxidation of Cu NPs in nonpolar solvents (Song
et al., 2004). Therefore, it can lead to a decrease in the

oxidation of Cu in solvents and the entry of Cu into the solvent,
followed by toxicity to the environment and living organisms.

Fig. 8 Use of PAMAM dendrimer to encapsulate copper (Cu?")

metal ions

3.7.6 Potential benefits
application in agriculture

3.7.6.1 Benefits

and risks

of nanoparticle

CuO NPs/Cu NPs have attracted increasing attention as one of
the most important MNPs due to their beneficial properties for
plants in terms of defense, growth, and nutrition (Eid et al.,
2023). The use of CuO NPs in agriculture reduces chemical
emissions, nutrient losses, increases crop yield, and
productivity, and its effect varies with applied concentrations,
physicochemical properties, and plant species (Aqeel et al.,
2022). The use of CuO NPs as abiotic stimuli can be a useful
strategy to increase phytochemical productivity in plant
biotechnology (Chung et al., 2018). Cu-based NPs seem to
have the potential to replace traditional bulk Cu materials and
reduce Cu concentrations in the ecosystem (Borgatta et al.,
2018). Ji et al. reported (2022) that the optimum concentration
of Cu NPs of 10 mg/kg increased the uptake of some
macronutrients and micronutrients in Medicago polymorpha
L. compared with untreated plants. Thus, it enhances plant
nutrition without disturbing soil texture and may vary
depending on factors such as concentration and duration of
exposure. It was reported in a study that CuO NPs controlled
the growth of bacterial blight caused by Xanthomonas
axonopodis pv (Mondal & Mani, 2012). In addition, since CuO
NPs are inorganic, they are used in many industries due to their
environmentally sustainable properties and high economic
benefits compared with their organic counterparts (Dankovich
& Smith, 2014; Shahane & Kumar, 2022).

3.7.6.2 Risk and environmental impact assessment

a) Reduced yield: CuO in food plants can reduce crop yield.
Accumulation of CuO in plant tissues may lead to reduced
productivity (Rawat et al., 2018).

b) Human health risks: When humans use plants containing
CuO, there is a potential risk of human exposure to these
nanomaterials. Understanding the transport and toxicity of
CuO NPs in plants is crucial for risk assessment (Letchumanan
etal., 2021).

METAL pM3*) Npn
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BENDNIASER

DENDRIMER
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METAL Mpa(m %y

¢) Long-term accumulation: Repeated application of biosolids
(containing CuO NPs) to soil or the use of nanoagricultural
methods can lead to long-term accumulation of CuO NPs in
plants, with subsequent widespread risks (Burachevskaya et
al., 2021).

3.8 Future Research Directions
3.8.1 Nanoparticles on medicinal plants

Environmental implications of Cu-based metal and metal
oxide nanoparticles clearly have the potential to induce
oxidative DNA damage in plants (Gowtham et al., 2024).
Plants show varying degrees of tolerance (formation and
accumulation of DNA damage) to CuO NPs exposure,
depending on the species (Kacziba et al., 2023), but all species
show concentration-dependent growth inhibition induced by
CuO NPs for the range of concentrations tested (Rao &
Shekhawat, 2016). Wang et al. suggested that the ability of
CuO NPs to induce oxidative DNA damage is an important
toxicological endpoint that should be investigated in future
studies (Wang et al., 2016). In particular, the ability of CuO
NPs to induce DNA damage in plants grown in different soil
types and plant species should be studied (Tripathi et al.,
2024). The effect of low concentrations of nanoparticles for
long periods, and the biochemical mechanisms underlying
interspecific variability in plants in their ability to produce this
damage, are other important research topics (Rajput, Minkina,
Sushkova, et al., 2020). It is likely that the accumulation of
mutagenic DNA damage in various drug-resistant strains
could have profound generational effects on plant viability
(Ma et al., 2018; Zigau et al., 2024). Moreover, a study by Nie
et al. (2020) reported that CuO NPs cause phytotoxicity
through physical damage and biochemical disruption of the
cell wall, leading to loosening of the connections between
cellulose microfibrils in the cell wall and disruption of cell
adhesion in Arabidopsis. These findings contribute to a better
understanding of the negative effects of CuO NPs on plant
cellwalls.
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3.8.2 Importance of long-term impacts on plant health
and the ecosystem

Reports on consumer nanotechnology-based products and
online databases indicate that more than 600 products and
2870 products contain NPs, respectively (Vignesh et al.,
2024). Engineered nanoparticles can enter the environment
through various routes and accumulate in the environment,
causing high contamination in various environmental matrices
in the atmosphere (Duhan et al., 2017). In agricultural soils,
especially when amended with sewage sludge from
wastewater treatment plants, in drainage water from
agricultural fields that flows into rivers, lakes, and streams
(Brar et al., 2010). Studies have shown that CuO may cause
damage to the embryogenesis process in fish through non-
point source contamination (Zhang et al., 2018). Studies show
that the increasing number of nanoproducts and their use leads
to increased release and accumulation of engineered
nanoparticles in the environment, including soil. At the same
time, soil provides essential nutrition for food crops, which can
act as a reservoir for Cu NPs (Kusiak et al., 2022). Stamou &
Antizar-Ladislao (2016) showed in a life cycle assessment
(LCA) study that the impacts of nanoparticle-contaminated
compost on human health endpoints and ecosystems are
enhanced by the presence of NPs. Their accumulation in
agricultural soils can also negatively affect the environment
and soil microbial health (Fernandez-Triana et al., 2024). This
accumulation may occur in the original form of NPs or in the
form of metal ions. This can vary according to the
physicochemical properties. To this end, the accumulation of
Cu NPs can alter plant physiological processes and affect the
integrity of cellular and subcellular organelle organizations,
modifying proteins, lipids, and nucleic acids by generating
hydroxyl radicals (Rajput, Minkina, Mazarji, et al., 2020).
Such a change in the physical properties of the membrane
subsequently leads to the stimulation of an internal signaling
cascade that disrupts the cells (Hussain et al., 2014; Khanna et
al., 2021). The NPs then dissolve to release cell-permeable
ions (which are toxic in nature) through toxic pathways on the
cell surface.

3.9 Summary of key findings on the toxicity effects of CuO-
based NPs on medicinal plants

CuO produces reactive oxygen species (ROS) that cause
oxidative stress (Manceau et al., 2008). The toxicity of CuO
NPs to medicinal plants depends on the concentration used,
soil type, climatic conditions, and plant species sensitivity
(Fedorenko et al., 2021). In a study, it was found that higher
concentrations of Cu reduced root and hypocotyl elongation,
germination, and chlorophyll and carotenoid concentrations in
E. haichowensis (Lou et al., 2004). CuO may inhibit plant
growth by disrupting cellular processes, affecting nutrient
uptake, and altering hormonal balance. Kovacik et al. (2008)
showed that total chlorophyll and leaf water content decreased
when Cu was applied at higher concentrations. CuO NPs also
affect plant growth by reducing germination rate and altering
photosynthetic processes.

3.9.1 Implications for sustainable agriculture and plant
health

CuO is an essential micronutrient that plays a role in carbon
fixation and nitrogen metabolism, as well as in lignin

biosynthesis, which not only strengthens cell walls but also
prevents wilting (Malhi, 2009). The use of NPs as
nanofertilizers has a positive effect on plant growth,
development, and interaction with soil microflora, and this
effect depends on the chemical composition of the NPs, the
applied concentration, environmental conditions (e.g., pH,
temperature, humidity, EC, and soil type), and also on the plant
species (Achari & Kowshik, 2018). The behavior and
environmental fate of MNPs have a clear impact on the
quantity of MNPs, considering their adsorption, accumulation,
stability, aggregation, and mobility in different environments.
This increases the potential for environmental and human
exposure to these particles (Gao et al., 2013). Water is known
to be an important factor in the transport and fate of MNPs,
which can enter aquatic environments along with chemicals
used in landfill leachate, road runoff, sewage, etc (Bernhardt
et al., 2010). In terrestrial ecosystems, soil-microbiota and
plants are among the main environmental receptors of
nanoparticles. In particular, soil microbial biomass acts as a
reservoir of nutrients and is a sensitive indicator of microbial
changes in the soil (Atlas, 1984). Therefore, it is not surprising
that the conservation of soil-microbial biomass and diversity
is one of the main challenges for sustainable resource use
(Torsvik & @vreéds, 2002).

4. Conclusion

In general, this study Copper oxide nanoparticles in medicinal
plant protection products: A review of soil ecotoxicology and
threats to human health, and the conclusion are as follows:

1. Although the use of CuO NPs can increase the productivity
of medicinal plants, their bioaccumulation, exposure time, and
unique properties may lead to a wide range of adverse effects
in humans.

2. Exposure of medicinal plants to different concentrations of
CuO NPs initiates some stress strategies to reduce
physiological and biochemical responses in cells. This study
showed that the accumulation of CuO NPs in medicinal plant
tissues varies based on the plant species and the concentration
used.

3. The environmental fate of CuO NPs must be precisely
determined, and criteria for sustainable applications in
different plants should be established. In addition, the impact
of NPs on humans and the identification of acceptable limits
are also essential.

4. However, various detoxification mechanisms are involved
in the uptake, transport and storage of CuO NPs in plants,
which vary depending on the sources of contamination and the
routes of exposure. Unfortunately, these mechanisms have not
yet been fully investigated because they are not well
understood, so further study is needed in this area.

5. The size and shapes of nanoparticles can be predicted by
considering the preparation factors, reaction conditions,
materials used and their concentration. The efficiency and
practical application of nanofertilizers in agriculture strongly
depend on their physical properties, including size, charge,
shape, surface-to-volume ratio, crystal structure and density.

Therefore, understanding their benefits requires continued
innovation and more interdisciplinary research is still needed
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to achieve the size, morphology, quality, and real cost of
production, product type and its structural specifications.
Therefore, by tuning their physical properties and addressing
formulation challenges, their full potential can be exploited
and create more sustainable and efficient agricultural systems.
As a result, it will improve food security and contribute to
environmental sustainability.
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