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a b s t r a c t

At the forefront of agricultural innovation, copper-based nanoparticles (Cu-based NPs) have seized global
attention in recent years, revolutionizing fields as diverse as electronics, medicine, and, notably, agri-
culture. Their prowess in combating phytopathogenic microorganisms, boosting plant yield and de-
fenses, and their dual role as pesticides or fertilizers - depending on the dosage - positions them at the
epicenter of exciting scientific advancements. However, this is a two-edged sword: the environmental
impact of Cu-based NPs is an escalating concern. The release of these particles post-use raises serious
questions about the accumulation of toxic copper levels in soil and, consequently, in crops. In a market
with rising metal nanoparticles, a deeper exploration is essential to balance the benefits and risks
associated with Cu-based NPs in agriculture. This review synthesizes the state-of-the-art Cu-based NP
synthesis, their application as antimicrobial agents, pesticides, and fertilizers, and their interactions with
soil, highlighting its advantages and disadvantages. Finally, we delve into future perspectives,
spotlighting the research gaps in Cu-based NP studies that beckon for attention in the coming years.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Nanotechnology has swiftly risen to prominence, playing an
indispensable role in many fields, encompassing industry, medi-
cine, agriculture, chemistry, food science, and electronics [1,2]. This
ascent is mainly due to the unique reactivity of nanoparticles (NPs),
Investigaci�on Biotecnol�ogica
Ingeniería y Ciencias, Uni-

ortella).
nications Co., Ltd.

y Elsevier B.V. on behalf of KeAi Co
which stems from their diminutive size (within the 1e100 nm
range) and a substantially increased surface-area-to-volume ratio.
These attributes have propelled the application of NPs to the
forefront of burgeoning scientific inquiry [3]. In particular, the
development of metal and metal oxide nanoparticles (MNPs) has
seen an exponential rise, credited to their superior physicochemical
properties that notably enhance biological activities in agricultural
systems. Prominent MNPs, such as Au, Ag, Fe, Cu, and Zn, have
undergone extensive testing in model organisms to ascertain their
efficacy in fostering plant growth and pest control, underscoring
their potential to revolutionize agricultural practices [4,5].

Despite their promise, MNPs undergo chemical transformations,
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transport, aggregation, and dissolutionwithin agricultural systems,
posing potential environmental risks [6]. The dose-dependent ef-
fects of MNPs have been demonstrated in various studies involving
living model organisms. Notably, MNPs can exhibit toxic effects on
diverse organisms and microorganisms within ecosystems at
higher concentrations, mainly due to bioaccumulation, bio-
magnification, and translocation processes [7]. Considering these
concerns, many research efforts have been directed towards
assessing the environmental impact of MNPs, aiming to compre-
hensively understand their effects on plant-soil ecosystems and
human health [8]. Specifically, copper and copper oxide nano-
particles (Cu-based NPs) have garnered significant interest in
agriculture due to their crucial roles in the biological processes of
animals, plants, and microorganisms [9e11]. A range of Cu-related
products, including copper salts, metallic copper, copper sheets,
bimetallic (Ag-Cu) compositions, and more recently, Cu-based NPs
or copper-polymer composites, have been extensively researched
for their antimicrobial properties against bacteria, yeasts, fungi,
nematodes, and viruses [12e14]. In this context, copper nano-
particles, encompassing various copper forms, are emerging as a
vital tool in agriculture. Their use not only enhances agricultural
yield but also plays a key role in minimizing the impacts of pests,
thereby contributing to more sustainable and efficient agricultural
practices.

Emerging contaminants refer to all chemical compounds or
substances identified with potential or actual hazards to human
health or the environment or those not yet regulated by existing
health standards [15e17]. Nanomaterials and nanoparticles,
including Cu-based nanoparticles, are considered emerging con-
taminants [17] due to the identification of new direct or indirect
pathways through which Cu-based nanoparticles can be spread in
the environment, highlighting their status as a significant concern
worldwide. In recent years, a growing body of research has
endorsed using Cu-based nanoparticles (NPs) in agriculture, high-
lighting their potential to address challenges related to global food
demand and scarcity [18e21]. On one front, Cu-based NPs have
been recognized as a viable alternative to traditional pesticides,
showcasing remarkable antifungal efficacy against a variety of plant
pathogens, including Fusarium kuroshium, Colletotrichum gloeoes-
porioides, Rhizoctonia solani, Pythium aphanidermatum, Botrytis
cinerea, Sclerotinia sclerotiorum, and Phytophthora infestants
[22e26]. Notably, nanocomposites containing Cu-based NPs have
proven effective in combating copper-resistant Xantomonas perfo-
rans, a significant cause of tomato bacterial spots [27]. On another
front, Cu-based NPs have gained attention as potential fertilizers at
lower concentrations, demonstrating an ability to enhance plant
growth and yield [19,20,28,29]. Thus, Cu-based NPs emerge as a
multifaceted tool, offering a sustainable solution to mitigate the
adverse effects of excessive chemical pesticide and fertilizer use.
However, it's crucial to recognize Cu-based NPs as potential
emerging pollutants, especially in water and soil at specific con-
centrations. Several studies have revealed that Cu-based NPs can
disturb various ecological compartments, posing environmental
risks at doses exceeding 0.5 mg kg�1 of Cu-based NPs in soil
[30e33].

This underscores the need for a balanced approach in their
application, ensuring agricultural efficacy while safeguarding
environmental health. Toxicological studies of different Cu-based
NPs have been carried out to determine their ecological and hu-
man impact. It is essential to mention that Cu-based NPs behavior
has depended on their physicochemical properties and environ-
mental chemistry (i.e., salinity, pH, total organic carbon, ionic
strength, temperature, and redox potential, among others), being
relevant parameters to evaluate their toxicity [34]. For instance, Cu-
based NPs at doses from 5 to 20 mg per plant trigger the generation
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of reactive oxygen species (ROS) [35]. In the same study, the authors
unveiled that Cu-based NPs can be rapidly dissolved in water,
oxidized, and transformed into the soil, promoting their persistence
at toxic levels (>50e500 mg L�1). Furthermore, the toxic dose of Cu-
based NPs has been 10 times lower than their ionic form in different
organisms such as rodents, plants, aquatics, and cell cultures,
showing their cytotoxic [36]. Therefore, knowing the risks of using
Cu-based NPs is essential to determine their environmental im-
plications. This review presents comprehensive literature about the
advantages and disadvantages of Cu-based NPs for agriculture, with
particular emphasis on plants.
2. Synthesis of copper-based nanoparticles (Cu-based NPs)

The synthesis of Cu-based NPs is pivotal in advancing nano-
technology and its myriad applications. While this topic is not the
central focus of our review, in-depth explorations regarding ap-
plications in various fields can be found in the works of Bhagat et al.
[37]. Various methods have been employed in synthesizing Cu-
based NPs, from physical and chemical to biological approaches.
Chemical methods, for instance, often involve the reduction of
copper using agents like sodium borohydride [38], aqueous hy-
drazine solution [39], or ascorbic acid [40]. Other notable tech-
niques include hydrothermal synthesis [41], the sol-gel process
[42], laser ablation [43], photochemical reactions [44], and elec-
trochemical methods [45], each offering unique advantages in
terms of particle size control, distribution, and morphology.

A critical challenge in synthesizing Cu-based NPs is the rapid
oxidation of copper ions upon exposure to oxygen, which can lead
to unwanted nanoparticle aggregation. This oxidation not only
complicates the synthesis process but also affects the stability and
quality of the nanoparticles. To mitigate this issue, researchers have
developed strategies to protect the nanoparticles. One practical
approach involves coating the nanoparticles with protective poly-
mers such as poly (allylamine) or allylamine, which can prevent
oxidation for extended periods, ranging from 30 to 60 months [46].
Additionally, the use of thiolate capping ligands, particularly those
with short alkyl chains like e(CH2)2e and a hydrophilic carboxylic
acid end group, has been proposed as an effective means to retard
copper oxidation [47]. These innovations in synthesis techniques
enhance Cu-based NPs' stability and expand their potential appli-
cations across various domains, including agriculture, medicine,
and environmental remediation.

Chemical synthesis has been one of the most used methods for
obtaining Cu-based NPs since it is possible to obtain small and
homogeneous nanoparticles by controlling reaction parameters
such as pH, temperature, and reaction time, among others. In this
context, the main disadvantage is the production of toxic wastes
because of the use of solvents, which can negatively impact the
environment. As an alternative, nanobiotechnology proposes using
environmentally friendly and safe methods. Herein, the biogenic
synthesis of nanostructures fulfills these requirements [48].
Generally, various microorganisms, algae, and plants have been
satisfactory in synthesizing Cu-based NPs. Some examples of Cu-
based NPs synthesized through biogenic routes are shown in
Table 1. In plants, extracts of different parts, such as stems, flowers,
or leaves, have been helpful for biogenic synthesis. An important
aspect is that controlling the nanoparticle size is more complicated
in biogenic synthesis. In this sense, the concentration or type of
compounds participating in nanoparticle formation is entirely
different at intraspecific or interspecific levels. For this reason, as
shown in Table 1, sizes are varied but always on a nanometric scale
and efficient in terms of antimicrobial capacity.



Table 1
Copper-based nanoparticles synthesized through biogenic route and their antimicrobial activity.

Biological Source Size (nm) Shape Antimicrobial Activity Dose Reference

Pseudomonas fluorescens and Trichoderma
viride (cell-free extract)

40e100 Irregular-shaped and
spherical

Phytophthora parasitica 100
e150 mg L�1

[169]
20e80

Cynodon dactylon (leaf extract) 120e129 Spherical Escherichia coli
Bacillus subtilis Staphylococcus aureus
Klebsiella pneumoniae

50
e200 mg mL�1

[170]

Delonix regia (leaf extract) 69e108 Marginally spherical Not reported Not reported [171]
Celastrus paniculatus (leaf extract) 2 ± 10 nm Spherical Fusarium oxysporum 0.12e0.24 % w/

w
[172]

Aspergillus terreus (cell free filtrate) 50 Spherical Staphylococcus aereus Bacillus subtilis
Candida albicans
Aspergillus niger
Aspergiullus terreus
Penicillium expansum
Fusarium oxysporum

Not reported [173]

Aspergillus flavus (fungal supernatants) 5e12 Spherical Aspergillus niger
Fusarium oxysporum Alternaria alternata

Not reported [174]

Antartic bacterial strains: Marinomona ef1,
Rhodococcus ef1, Pseudomonas ef1,
Brevundimonas ef1, and Bacillus ef1

40 Spherical/ovoidal Escherichia coli
Staphylococcus aureus Candida albicans

3.12
e25 mg mL�1

[175]

Cassia auriculata (flowers extract) 200 Spherical Staphylococcus aureus Escherichia coli
Serratia sp
Aspergillus niger Aspergillus fumigatus

250
e1000 mg mL�1

[176]

Macrocystis pyrifera (aqueous extract of
brown algae)

2e50 Spherical Not reported Not reported [177]

Sargassum longifolium (aqueous extract of
brown algae)

40e60 Spherical Vibrio parahemolyticus Aeromonas hydrophila
Serratia marcescens
Vibrio harvey

25
e100 mg mL�1

[178]

Hyptis suaveolens (leaf extract) 7.2 Spherical Bacillus cereus
Pseudomonas fluorescens
Saccharomyces cerevisiae

12.5
e200 mg mL�1

[179]

Annona squamosa L (stem barks aqueous
extract)

13.7 ± 3.3 Spherical Staphylococcus aureus Eschericia coli
Candida albicans

1e20% w/v [180]

Averrhoa carambola (leaf extract) 24.8 Spherical, oval and irregular
shaped

Bacillus megaterium Staphylococcus aureus
Escherichia coli
Salmonella typhi
Pseudomonas aeruginosa

6.25
e100 mg mL�1

[181]

Azadirachta indica (leaf extract) 20e80 nm Spherical Escherichia coli
Rhizopus oryzae

25e100 mg L�1 [182]

Spinacia oleracea (leaf extract) 134.8 Oval, spherical, hexagonal
and cubical

Staphylococcus aureus
Escherichia coli
Aspergillus flavus
Rhizopus
Aspergillus fumigatus

Not reported [183]
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3. Cu-based NPs as modulating agents of plant growth

Recent advances in nanotechnology have revealed that Cu-
based NPs exhibit enhanced physicochemical properties
compared to bulk materials, thereby markedly improving their
biological impact on plants [49]. In this sense, copper (Cu) is an
essential microelement that plays a vital role as a cofactor of plant
proteins, having great relevance for the main biochemical functions
in cells and, consequently, in normal plant growth and develop-
ment [50,51]. Cu has a similar role to iron (Fe) at the physiological
level of plants, which can explain why Cu-proteins have Fe co-
factors as a counterpart [51]. However, the conditions for Cu
toxicity are linked to a decreased Fe content at the shoot and root
level. Thus, Cu is associated with homeostasis in the photosynthetic
machinery and the electron transport chain in the mitochondria
and chloroplast [52,53]. For this reason, conventional agrochemi-
cals containing Cu sources have been widely applied in agriculture
to improve crop yield [54].

On the other hand, conventional Cu-based fertilizers tend to
accumulate in the environment, producing detrimental effects on
non-target organisms. The excess of Cu in plants adversely affects
their development, leading to their withering and death. In this
sense, Cu-based NPs have emerged as an essential tool to decrease
the Cu concentration in the agricultural environment with better
3

plant action efficiency. The slow release of Cu ions from nano-
particles constitutes an important alternative to reduce the appli-
cation of conventional fertilizers (bulk material) and their negative
impacts [55]. An appropriate concentration of Cu-based NPs can
positively affect plants at biochemical, morphological, and physi-
ological levels, enhancing crop productivity (Fig. 1) [6].

Diverse plant species have been evaluated to determine the
impact of Cu-based NPs (Table 2). For instance, the exposure of
Lycopersicum esculentum to 20 mg L�1 of Cu-based NPs improved
the seed germination percentage to 95% [57]. However, germina-
tion was reduced at higher concentrations (40e160 mg L�1) of Cu-
based NPs, indicating seed stress. Root length, shoot length,
biomass, and seedling vigor index were increased up to 20 mg L�1

of Cu-based NPs. These results suggest that the decrease of the
parameters at concentrations above 20 mg L�1 can be produced by
the aggregation of Cu-based NPs aggregation, the stopping up of
the root pores, and the uptake of nutrients. Leaf pigments of
L. esculentum as chlorophyll and carotenoids were also increased at
the same concentration, highlighting their importance in
improving photosynthesis. The same study showed increased
antioxidant enzymes (superoxide dismutase and glutathione
peroxidase) as the Cu-based NPs concentration increased. Another
study focused on the Cu-based NPs impact on nutrient modulation
of Medicago sativa [58]. The results showed that macronutrients



Fig. 1. Main pathways and effects of Cu-based NPs foliar application on plant growth modulation.
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(Ca, Mg, P, and S) maintained their concentration after exposure to
Cu-based NPs at the root and shoot levels. Fe increased at the root
and leaf levels. As expected, Cu content increased in roots, shoots,
and leaves after applying 80 and 280 mg L�1 of Cu-based NPs. The
same study showed that the root and shoot length increased
compared to the control, with 80 mg L�1 of Cu-based NPs being the
most efficient concentration. Additionally, this study compared the
effect of Cu-based NPs, the bulk, and ionic forms of Cu, presenting
significant evidence that Cu-based NPs alter most poorly the ho-
meostasis of nutrients at the shoot, leaves, and root levels.

The foliar application of Cu-based NPs on Solanum lycopersicum
has been studied by various authors due to its importance to both a
healthy diet and the economy. The beneficial effect of Cu-based NPs
on S. lycopersicum was demonstrated due to the increase of K-
content in the fruit, which is fundamental for its quality [28]. The
firmness, pH, and electrical conductivity increased in the fruit after
exposition to 250 mg L�1 Cu-based NPs, thus enhancing the cell
wall hardening and, consequently, the S. lycopersicum shelf-life.
Furthermore, total proteins, vitamin C, lycopene, glutathione,
phenols, and flavonoids increased. Likewise, catalase and super-
oxide dismutase activity increased after exposure to Cu-based NPs,
suggesting their essential role in eliminating reactive oxygen spe-
cies (ROS) [28]. However, the same authors reported high concen-
trations of Cu-based NPs (500 mg L�1) induced negative effects on
S. Licopersicum. It notes that S. lycopersicum is a crop adversely
affected by saline stress. Thus, a study prospected the impact of
foliar application of Cu-based NPs to mitigate it. The results
demonstrated that 250mg L�1 of Cu-based NPsmitigated the saline
stress by improving the ratio of Naþ/Kþ. Besides, it increased the
phenol content in leaves and fruits, vitamin C, flavonoids, and
glutathione [59]. The Cu-based NPs application enhanced the
antioxidant enzymatic activities of ascorbate peroxidase, gluta-
thione peroxidase, phenylalanine ammonia-lyase, and superoxide
dismutase. These findings suggest that the foliar application of Cu-
based NPs is a critical tool to mitigate the negative impact of salt
stress on S. lycopersicum production through the activation of
enzymatic and non-enzymatic pathways [59]. Hern�andez-
Hern�andez et al. tested the joint application of Cu-based NPs with
4

selenium nanoparticles (SeNPs). The authors reported that
applying 10 mg L�1 of Cu-based NPs together with 20 mg L�1 of
SeNPs increased the average weight of plants. On the other hand, a
concentration of 1 mg L�1 SeNPs combined with 10, 50, and
250 mg L�1 of Cu-based NPs triggers an increase in chlorophyll
content, glutathione, superoxide dismutase, glutathione peroxi-
dase, and phenylalanine ammonia-lyase on S. lycopersicum [60].
These results show an increased capacity to maintain ROS balance
in plant cellular reactions. The application of both NPs also
improved the fruit quality by increasing vitamin C, flavonoids, total
soluble solids, firmness, and titratable acidity. Specifically, vitamin
C (ascorbate) is one of the most important antioxidants that
participate as a cofactor of redox enzymes in photosynthesis due to
its participation in eliminating free radicals. Lopez-Lima et al. evi-
denced that Cu-based NPs increased the chlorophyll content index
and Cu leave content after the application from 0.5 to 1 mg mL�1

[61]. Moreover, 0.5 mg mL�1 increased stem and root length, and
the leaves number at 0.5 and 0.75 mg mL�1.

Additionally, other plant species of commercial interest have
been studied in recent years. A study by Shende et al. indicated that
Cu-based NPs at 20 mg L�1 promoted the Cajanus cajan growth,
stimulating the increase of root length, fresh and dry weight, and
performance index [62]. The study highlights the transport and
accumulation of Cu in plant cells, specifically in chloroplast, cytosol,
mitochondria, and vacuole. Rawat et al. reported that Cu-based NPs,
their bulk and anionic forms at 125, 250, and 500 mg kg�1, did not
affect the foliar area, chlorophyll content, biomass, and productivity
of Capsicum annum [63]. Likewise, physiological parameters such as
evapotranspiration, stomatal conductance, and photosynthesis
were not affected by Cu-based NPs but decreased with the appli-
cation of bulk and ionic Cu, mainly at 250 and 500 mg kg�1

On the other hand, Wang et al. showed that the Cu-based NPs
application in Lactuca sativa promoted its growth by increasing the
shoot biomass [29]. At a physiological level, 200mg L�1 of Cu-based
NPs increased the transpiration rate and stomatal conductance
without affecting the photosynthetic rate and intercellular CO2
concentration. More recently, it was reported that wheat seedlings
respond to Cu-based NPs in a dose-response manner, where



Table 2
Experimental conditions to test plant growth modulated by Cu-based NPs.

Cu-based NPs Plant species Doses Best dose Bioassays Growth parameter Reference

Cu-based NPs Medicago sativa 80 mg L�1

280 mg L�1
80 mg L�1 Soil potting - Cu content

- Root and shoot fresh weight.
-Root and shoot length.

[58]

Cu-based NPs Zea mays 69.4 mM 69.4 mM Soil potting
Controlled conditions

- Shoot biomass
- Shoot dry weight
- Leaf water control
- Anthocyanin content
- Antioxidant activity.

[66]

Cu2ONPs Lycopersicum
esculentum

20 mg L�1

40 mg L�1

60 mg L�1

80 mg L�1

100 mg L�1

120 mg L�1

140 mg L�1

160 mg L�1

20 mg L�1 In vitro -Germination percentage
- Root length
- Shoot length
- Biomass
- leaf pigments

[57]

Cu-based NPs Lactuca sativa 200 mg L�1

400 mg L�1
200 mg L�1 Soil potting - Shoot biomass

-Stomatal conductance
- Transpiration rate

[29]

Cu-based NPs Zea mays 3 mg L�1

4 mg L�1

5 mg L�1

Controlled and field conditions - Mass
- Productivity
- Antioxidant enzymes
- Chlorophyll concentration
- Anthocyanin
- Germination rate

[56]

Cu-based NPs (Size: 50 nm)
þ
Salt conditions

Solanum lycopersicum 250 mg L�1 250 mg L�1 Nutrient solution
Greenhouse conditions

- Fruit quality
-Antioxidants accumulation

[59]

Cu-based NPs
þ
SeNPs

Solanum lycopersicum 10 mg L�1

50 mg L�1

250 mg L�1

Depend on
parameter

Soil potting
Greenhosue conditions

- Fruit weight
- Yield of fruit
- Chlorophyll content
- Antioxidant activity.

[60]

Cu-based NPs Lactuca sativa
Daucus carota

0.1 mg L�1

0.5 mg L�1

4.7 mg L�1

23.6 mg L�1

47.3 mg L�1

Hydroponic system - Root diameter [70]

Cu-based NPs Solanum lycopersicum 50 mg L�1

125 mg L�1

250 mg L�1

500 mg L�1

250 mg L�1 Soil potting

Cu-based NPs Oryza sativa 2.5 mg L�1

10 mg L�1

50 mg L�1

100 mg L�1

1000 mg L�1

Depend on
parameter

Petri dishes
Hydroponic system

- Uptake of Cu
- Shoot dry weight
- Root fresh mass

[68]

Cu-based NPs Cajanus cajan 20 mg L�1 20 mg L�1 Soil potting - Height
- Root length
- Fresh and dry weight
- Performance on index of seedlings

[62]
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0.06 mg mL�1 increased shoot and root at 172 and 215 %, respec-
tively, while Chlorophyll A and B enhanced at the same concen-
tration [64]. Other studies have conducted experiments on plant
species subjected to abiotic stress. For instance, the Cu-based NPs
application to Zea mays improved its productivity after exposure to
4 mg L�1 [56]. The same study showed that using Cu-based NPs
with Fe and Co-NPs increased the germination rate and growth as
well as the superoxide dismutase and peroxidase, leading to the
best tolerance to drought stress in Z. mays. Additionally, Cu-based
NPs stimulated the Z. mays growth under drought conditions,
increasing the leaf water content and biomass [65]. The Obtained
data showed that, compared with the control, Cu-based NPs
enhanced the anthocyanin, chlorophyll, and carotenoid content of
Z. mays. A decrease in ROS in primed plants with Cu-based NPs is
also worth mentioning. Therefore, this study showed the vital role
of Cu-based NPs in favoring the growth of Z. mays by an increase in
the water balance, photosynthesis pigments, and stress tolerance
through the activation of ROS-scavenging system and anthocyanin
5

biosynthesis. Otherwise, Nechitailo et al. reported that 0.004,
0.0008, and 0.00016 mg L�1 of Cu-based NPs improved the radical
activity and root length on Capsicum annuum [66]. It notes that Cu-
based NPs can be crucial in enhancing the plant tolerance to abiotic
stress.

Other studies have demonstrated adverse or contradictory ef-
fects despite the positive results found in plants after Cu or Cu-
based NPs exposure. For example, Da Costa and Sharma [67] re-
ported that the exposition of Oryza sativa to 2.5, 10, 50, 100, and
1000 mg L�1 (<30 nm) of Cu-based NPs induced stress impact,
which was reflected by the low number of thylakoids per granum,
and the declined photosynthetic rate, transpiration rate, photo-
synthetic pigments, and stomatal conductance [67]. This study
showed that Cu accumulated in the chloroplast, causing photo-
synthetic alterations. Thus, the stress was evidenced at the oxida-
tive and osmotic levels [67]. Previously, Cu-based NPs exhibited a
toxic effect on Phaseolus radiatus and Triticum aestivum under
in vitro conditions, demonstrating bioaccumulation and particle
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agglomeration at higher concentrations of 200e1000 mg L�1 [68].
Afterward, Margenot et al. reported that Cu-based NPs increased
the root diameter of Lactuca sativa and Daucus carota in all con-
centrations tested (0.8e798.9 mg L�1) but decreased the root
length and germination rate as the applied Cu-based NPs increased
[69]. Another study evidenced that Cu-based NPs (50e200 mg L�1)
produced a phytotoxic effect in Cucumis sativus grown in a hydro-
ponic medium for 4 days. In particular, phenotypic changes, such as
decreased biomass and photosynthetic pigments, were observed
[70]. The same study reported adverse effects on the root plasma
membrane and increased hydrogen peroxide and malondialdehyde
in C. sativus.

In general, the studies concerning the impact of Cu-based
nanoparticles (NPs) on plant growth and development, as
mentioned above, demonstrate a differential effect contingent
upon the applied concentration. Thus, there is a pressing need for
additional research to ascertain their true impact on plants through
dose-response bioassays. Moreover, it is crucial to elucidate the
mechanisms of action to gain a more comprehensive understand-
ing of the physiological, morphological, and biochemical effects on
plant development. Such insights will enhance our knowledge of
nanoparticle-plant interactions and pave the way for safer and
more effective applications of nanotechnology in agriculture,
ensuring the sustainability of ecosystems and the protection of
biodiversity.

4. Cu-based NPs as potential pest control management in
crops

4.1. Antimicrobial

Fungi are considered to be one of the most problematic micro-
organisms. Consequently, different fungal diseases have negatively
impacted farming production. Fungi present a more significant
challenge than bacteria in agriculture for numerous reasons, and
their resilience to conventional pesticides is an important concern
worldwide [71]. Unlike bacteria, which can often be targeted and
eliminated with specific antibiotics or pesticides, fungi possess
complex life cycles and robust cellular structures, making them
inherently more resistant to chemical control [72]. Their spores can
survive in harsh conditions and lie dormant in the soil for a pro-
longed time, springing back to life when conditions become
favorable. Furthermore, fungi attack mode is more hostile, often
invading plant tissues deeply and causing systemic infections that
are hard to control [73]. Their robust survival mechanisms, ability
to quickly evolve resistance, and limited chemical fungicidal op-
tions make these microorganisms a formidable enemy in agricul-
ture, posing a persistent threat to crop health and yield. In this
regard, some fungi, such as Botrytis cinerea, Colletotrichum spp.,
Fusarium spp., and Phytophthora spp., among others, have caused
significant crop losses [74]. Nowadays, synthetic fungicides are the
main controllers against different fungal species. However, the
need for organic foods or food free of chemicals (i.e., pesticides,
antibiotics, or hormones) is increasing. This relies on the fact that a
strong resistance toward conventional antifungals has been re-
ported, leading to the search for friendly alternatives [18]. In this
perspective, Cu-based NPs have been considered a friendly anti-
fungal to apply to crops, mitigating the negative impact of con-
ventional fungicides. It has been shown that the fungicidal activity
of Cu-based NPs depends on the sensibility of the fungus species.
Research studies have been performed in the last years to test their
effectiveness. Ghasemian et al. presented significant evidence that
Cu-based NPs (10 nm) at concentrations from 20 to 100 mg L�1

inhibited the growth of Penicillium chrysogenum, Alternaria alter-
nata, Fusarium solani, and Aspergillus flavus [75]. As the
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concentration of Cu-based NPs applied increased, the antifungal
action increased, indicating its important activity on filamentous
fungi despite the different susceptibility. Furthermore, Cu-based
NPs of 3e10 nm have inhibited the growth of Phomadestructiva
(DBT-66), Curvularialunata (MTCC no. 2030), Alternaria alternata
(MTCC no 6572), and Fusarium oxysporium (MTCC no. 1755) [76].
Later, a study performed by Viet et al. presented significant evi-
dence of Cu-based NPs at 450 mg L�1 causing the inhibition of
93.98% of F. oxysporium [77].

The antifungal activity of Cu-based NPs was tested against
B. cinerea. In this study, a dose of 50mg L�1 was adequate to protect
rose petals [78]. Eslami Chalandar et al. formulated Cu and Cu-
based NPs that inhibited the growth of Penicillium italicum and
P. digitatum on orange fruits at concentrations from 5 to 15% [79]. In
the same year, Sidhu et al. reported the efficient activity of copper
sulfide nano-aquaformulations (8e12 nm) to suppress the growth
of A. alternata, Drechslera oryzae, and Curvularia lunata [80]. Doses
from 3 to 15 mg mL�1 reached 100 % radial growth inhibition of the
tested fungi, which is more efficient than a commercial fungicide
(Captan). Afterward, Haghighi and Ghorbani showed that Cu-based
NPs (~50 nm) with a 5%e20% concentration suppressed the Peni-
cillium sp growth [81]. In the same year, it was reported that Cu-
based NPs (5e35 mg L�1) inhibited the growth of Oomycetes
such as Meripilus giganteus, Rhizoctonia solani, Fusarium redolens,
F. oxysporium and wood-decay fungi as Fistulina hepatica, Meripilus
giganteus, and Sparassiscrispa under controlled conditions [82]. This
study suggested the important role of Cu-based NPs in protecting
seedlings and safeguarding trees and woods against pathogenic
fungi. Other species of fungi can be suppressed by Cu3(PO4)2$3H2O
nanosheets at 10 mg L�1 and Cu-based NPs at 1000 mg L�1, which
inhibited the growth of F. oxysporium f sp. niveum on Citrullus
lanatus after foliar application [83].

Du et al. synthesized Cu2O-Cu NPs (5.4 nm) stabilized by algi-
nate to control Neoscytalidium dimidiatum, fungus-producing
brown spot disease on dragon fruit plants [84]. The study showed
that 30mg L�1 of Cu2O-Cu NPs inhibited fungus growth by 100 %. In
the same year, Pariona et al. presented important evidence of Cu-
based NPs (0.1e1 mg L�1) as antifungal against Fusarium solani,
Neofusicoccum sp., and F. oxysporium through morphological
changes in mycelium and damage in cell membranes [85]. ROS at
the cellular level was found in all the evaluated fungi. Another
study affirmed that colloidal Cu-based NPs (5e20 mg L�1) with
sizes from 53 to 174 nm inhibited F. oxysporium and Phytophthora
capsici after 3 days of exposure [86]. Oussou-Azo et al. reported that
Cu-based NPs (40e60 nm) and Cu-based NPs (<50 nm) suppressed
the Colletotrichum gloeosporioides growth, where the colony
diameter decreased after exposure to 100e1000mg L�1 of NPs [24].
The results indicated ~90e100 %mycelium inhibition after applying
50e100 mg L�1. Microscopic observations showed that hyphae
have a swollen appearance and the loss of filamentous structure,
suggesting a destruction of the hyphal cell wall. Furthermore, Cu-
based NPs (26 nm, 100 mgmL�1) synthesized by the biological
route had antifungal activity against Aspergillus niger and Candida
albicans.

Phytopathogenic bacteria also adversely affect crops worldwide,
producing economic losses in global food production [87]. In this
context, few reports have described the antimicrobial activity of
Cu-based NPs against soilborne bacterial pathogens. Cu-based NPs
(<17 nm) can have a great impact on soil bacterial species such as
Bacilli, Flavobacteria, and Gamma proteobacteria, of which 11
species were highly sensitive, according to the described by
Concha-Guerrero et al. [88]. In this study, Cu-based NPs had a toxic
effect at 25 mg L�1, and cell membrane damage on bacterial species
was induced above 160 mg L�1. Cu-based NPs also produced the
killing of Chryseobacterium indoltheticum strain CSA28,
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Pantoeaananatis strains CSA34 and CSA35, and Brevibacillus later-
osporus strain CSS8. Other studies have reported antibacterial ac-
tivity on specific species. For example, the research by Kala et al.
showed that Cu-based NPs had action against Xanthomonas oryzae
pv. oryzae, responsible for the leaf blight of paddy [89]. Another
study reported that Pseudomonas syringae was inhibited after
exposure to 200 mg L�1 of Cu-based NPs. It should be noted that no
negative effect on Rhizobium etli, Rhizobiummeliloti, and Rhizobium
tropici was found, indicating its selective effect [18].

Ralstonia solanacearum is a pathogen bacterium adversely
affecting diverse fruit families (i.e., banana, peanuts, and cucumber,
among others). It was reported that 250 mg L�1 of Cu-based NPs
(size: 40e80 nm) kill R. solanacearum by inhibiting the biofilm
formation and decreasing the ATP production and swarming
motility. Photographs captured by transmission electron micro-
scopy (TEM) evidenced the ultrastructural damage at the cellular
level. Molecular techniques showed the downregulation of genes
associated with pathogenesis and motility [90]. Xanthomonas is
also a relevant bacterial disease affecting tomato production. Xan-
thomonas perforans is one of the main pathogens belonging to this
genre. It was evidenced that Cu-based NPs from 100 to
1000 mg mL�1 had strong inhibition on the X. perforans population,
and its combination through the synthesis of a hybrid of Cu/Zn NPs
improved the efficiency. The authors observed a significant
reduction in the leaves damage twenty days after exposure to Cu/
Zn hybrid NPs (50e500 mg mL�1) [91]. Later, El-Batal et al. pre-
sented an innovative study showing the effect of Cu-based NPs and
streptomycin on bacterial diseases in potato plants [92]. The results
showed a film inhibition of Clavibactern michiganensis sub sp.
sepedonicus, R. solanacearum, and Dickeyasolani, ranging between
83 and 90 % inhibition. Although the inhibitionwas less than 95%, it
is interesting to mention that antibiotic penetration is slowed or
ineffective in the presence of exopolysaccharides (EPS) in the bio-
films [93]. Therefore, the results obtained by the authors with CuO
NPs-streptomycin nano-drug are highly encouraging, mainly
because it was used at a low dosage (10.0 mg mL�1).

4.2. Insecticidal activity

The development of nanotechnology has been demonstrated to
be efficient for controlling microorganisms. Nevertheless, few
studies have been carried out on the management of insects [94].
Applying Cu-based NPs and Cu-based NPs for insect pest manage-
ment has emerged as an economical, efficient, and eco-friendly
strategy [12]. A study on Spodoptera littoralis (Lepidoptera: Noc-
tuidae) showed that CuO nanostructures incorporated through an
artificial diet produce larval mortality. Specifically, 50e300 mg
concentrations for 150 mL of artificial diet produced larval mor-
tality from 40 % on day 1e~100% on day 4 [95]. It was observed that
mouth pupae and adult insects deform. Insects of Spodoptera lit-
toralis (2nd instar larvae) were exposed to doses from 150 to
600 mg L�1 of CuO nanostructures (200e300 nm), which were
dispersed on the surface of Ricinus communis L leaves. The results
showed that as the concentration of nanostructures increased, the
mortality of S. littoralis also increased after three days of applying
the treatments (LC50¼ 232mg L�1). A biochemical characterization
indicated that carbohydrates, proteins, and lipids decreased while
phenol oxidase and chitinase activities increased [96]. In the same
year, Dorri et al. reported a significant reduction of Tetranychus
urticae. Koch. (Acari: Tetranychidae) After applying the CuO
nanocapsule was tested by spraying different concentrations
(1e5.5 g L�1) on the leaves of Phaseolus vulgaris [97]. Moreover,
important effects of Cu-based NPs were observed on Phenacoccus
solenopsis Tinsley (Hemiptera: Pseudococcidae), where the data
indicated toxicity after 96 h of treatment applied: 40 % of mortality
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rate and a significant cell viability reduction (30e38 %) [98]. Tri-
bolium castaneum (Coleoptera: Tenebrionidae), characterized for
being an important stored grain pest, has also been controlled for
Cu-based NPs. In this sense, El-Saadony et al. performed a bioassay
using 2 mL containing 50e300 mg mL�1 of Cu-based NPs
(48.07 nm), which were applied to insects cultured in 20 kg of
cereal [99]. In this study, the mortality was dose-dependent on the
Cu-based NPs applied, obtaining 30, 67 and 100 %mortality on days
1, 3, and 5 after the application of 300 mg mL�1 of Cu-based NPs
(LC50 ¼ 36.89 mg mL�1 after 5 days).

4.3. Antinematode

Copper NPs have been useful in pest control; however, scarce
studies exist on their activity in nematodes. Kucharska et al. re-
ported that Cu-based NPs at 2 and 5 mg L�1 induced 50 % mortality
in Steinernema feltiae (Filipjev, 1934) on day 5 [100]. Furthermore,
Cu-based NPs at concentrations from 1.8 to 15.9 mg L�1 produced
significant changes in Caenorhabditis elegans: a reduction in body
length, changes in feeding behavior, and a reduction in reproduc-
tion. It was also observed neuronal deformation, which contributes
to the stress response. Similarly, Mashock et al. evidenced a higher
sensibility of C. elegans to Cu-based NPs than CuSO4, which was
demonstrated by a reduction in body length, reproduction capacity,
and feeding behavior [101]. Mohamed et al. presented substantial
evidence about the nematocidal effect of Cu-based NPs (100 nm)
againstMeloidogyne incognita at a concentration of 0.2 g L�1, which
produced 100% of its mortality [102].

4.4. Antiviral activity

Copper-based nanoparticles have also emerged as potent
against viruses, showcasing remarkable virucidal activities
[103e105]. Their efficacy has been demonstrated in the fight
against various human and animal viruses [103,104]. These nano-
particles exhibit a dual mode of action; not only do they disrupt the
structural integrity of viral particles, preventing them from infect-
ing host cells, but they also induce the production of reactive ox-
ygen species (ROS) or activation of metabolite production in plants,
further degrading viral components [106,107].

As mentioned above, Cu-based NPs have been extensively
researched and proven effective against various human and animal
viruses, highlighting their potential as a potent antiviral agent.
Despite their success in these areas, there remains a significant gap
in our understanding of their effectiveness against plant viruses.
The application of copper nanoparticles for controlling diseases
caused by viruses in plants is still in its early stages, with limited
information on their potential and efficacy. This presents a unique
challenge for researchers and agriculturalists alike. Bridging this
knowledge gap is essential for unlocking the full potential of copper
nanoparticles in agriculture, offering a promising avenue for
developing sustainable and environmentally friendly solutions for
plant disease management.

5. Toxicity of Cu-based NPs on plants

Cu-based NPs have been widely reported for their positive ef-
fects on inducing plant growth and controlling phytopathogens.
However, some adverse effects of Cu-based NPs have been reported
on plants [108]. Although copper is an important micronutrient,
some concentrations have a toxic effect on plant tissue, depending
on the species. For instance, Xiong et al. indicated that Cu-based
NPs could harm the production of leafy vegetables due to their
ability to be translocated through plant tissue, where a high uptake
was evidenced in lettuce and cabbage at 10 and 250 mg per plant,
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decreasing the photosynthesis, plant weight, and water content
[109]. Furthermore, Olchowik et al. evidenced that 50 ppm of Cu-
based NPs produced disturbance in plastids, starch content, and
plastoglobules of Quercus robur L [110]. Concentrations from 10 to
80 mg L�1 of Cu-based NPs produced tissue damage of Allium cepa
by altering the root apical meristem, the nucleus of meristematic
cells, and disrupting the cell and nuclear membrane [111]. It was
demonstrated that applying Cu-based NPs modulates some nutri-
ents' concentration, decreasing the Fe and P content in the shoots of
Medicago sativa [112]. Moreover, Cu-based NPs (100e500 mg L�1)
harm the growth of Glycine max L by altering physiological mech-
anisms such as the expression of genes related to the generation of
reactive oxygen species and oxidative stress [113]. Cu-based NPs
reduce the seed germination of Coriandrum sativum at concentra-
tions of 20 and 80 mg kg�1 soil [114]. Similarly, Cu-based NPs
inhibit the germination rate of Oryza sativa, and even decrease
photosynthetic parameters, transpiration rate, and stomatal
conductance at 1000 mg L�1 [67].

6. Cu-based NPs interacting with soil

6.1. Entry routes

Recent reports have forecasted the MNPs production for the
following years, including Cu-based NPs. For instance, Reports and
Data (2023) informed a MNP market size of USD 2.40 Billion just in
2021 [115]. This value is expected to growwith a compound annual
growth rate (CAGR) of 11.5% between 2022 and 2030, being the
most demanded of platinum, gold, silver, and copper nanoparticles.
The rise in demand for Cu-based NPs can be associated with their
growing use in electronics, semiconductors, catalyst applications,
and agriculture to a lesser extent. A report by Allied Market
Research in 2022 estimated a global nano copper oxide market of
$39.09 million in 2021, expected to grow at a CAGR of 8.1% to reach
$84.81 million in 2031 [116]. These data demonstrate that the
concentration of metals in wastewater treatment plants (WTTPs),
such as copper from Cu-based NPs, is also expected to increase after
using and disposing of MNPs. Fig. 2 shows the main entry routes
and fate of Cu-based NPs in soil. In WTPs, more than 70% of the
MNPs from the influents can be removed, while the remaining can
persist in sewage sludges, commonly used as a soil amendment
[117]. In this context, a more recent study evidenced a dose-
dependent effect of the sludge concentration for the attachment
of different MNPs, where the ionic strength can influence their
sorption. Also, more saline concentrations in sludges could
decrease the metal sorption. The authors also observed that the
sorption effect in the sewage sludge was specific for different
metals [118]. This fact denotes the importance of considering
environmental conditions when sludges are used in agriculture
because metals' bioavailability will depend on the sorption/
desorption capacity of MNPs in sludges (see Fig. 3).

Different studies have already estimated the impact of MNPs
once released into the environment in the last few years. For
instance, by 2010, Keller et al. estimated that 63e91% of the global
nanoparticle production (260,000e309,000 metric tons) finished
in landfills [119]. From this total, 200 metric tons would have cor-
responded to Cu-based NPs, having as predominant environmental
fates soil and water. Kaegi et al. estimated that MNPs were around
<10 mg kg�1 in the sewage sludge, where Cu-based NPs were also
detected [120]. As mentioned above, the MNPs, including Cu-based
NPs, can reach soil through sewage sludge as an agricultural
nutritional additive. Herein, the copper content in Union Europe
countries varies between 27.2 and 578.1.mg kg�1 [121]. Specifically
in Germany, 1.9 million tons of sewage sludges were produced in
2010, and 30% were used for agriculture, containing
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300e350 mg kg�1 of copper [122]. In the case of Chile, it is around
15% [123]. This relatively common agricultural practice links the
transport of MNPs to valuable lands, and a continuous application
can elevate the metal presence in soil, reaching toxic levels for
benefic microorganisms (those participating in biogeochemical
cycles) or for human health. In this regard, a study evidenced that at
a determined concentration, Cu-based NPs contained in composted
sewage sludge enhance rice's biomass production and increase
soil's N and K levels. However, adding Cu-based NPs at pollutant
levels in the sludge (>1500 mg kg�1 of Cu according to the
respective country legislation) increased the Arsenic in rice grain to
a toxic level, thus endangering human health [124].

According to these findings, it is evident that the input of Cu-
based NPs will unavoidably increase. This can be aggravated by
the constant use of sewage sludges as an amendment in agriculture
and the expected increase in Cu-based nano pesticide production
for the following years. The main issue in this sense is the need for
an appropriate evaluation of adverse effects on non-target organ-
isms and the lack of techniques to quantify MNPs in complex media
like sewage sludge [32]. It has to be highlighted that regulations
and limits for MNPs in sewage sludges are limited, which concerns
the scientific community.

6.2. Behavior in soil and impact on its microorganisms

Currently, Cu-based NPs and Cu-based NPs are being applied in
many consumer products and studied to find new applications (e.g.,
high thermal and electrical conductivity products, catalysts, lubri-
cation, dental supplies, and agronomic products) [125e128]. In this
sense, soil is considered the primary environmental endpoint of
MNPs, and it has been demonstrated that they could interact in
different forms depending on the physicochemical characteristics
of both nanoparticles and soil. Some parameters, mainly pH, have
influenced the stability of Cu-based NPs and other MNPs in soil. For
instance, it has been estimated that the dissolution of Cu ions
(Cu2þ) frommineral CuO increases one magnitude order due to 0.5
unit decreased pH [129]. Julich and G€ath found a positive correla-
tion between the Cu-based NPs sorption in soil with organic matter
content, iron oxides, and the pH of soil solution [130]. In this study,
the nanoparticle sorption was higher compared to Cu ions (Cu2þ),
which can be associated with different agglomeration/aggregation
processes of nanoparticles, according to the authors.

On the other hand, it has been generally assumed that metal
oxide dissolution in calcareous soils can be negligible. Nevertheless,
even in alkaline soils, the dissolved natural organic matter and
aqueous carbonates can dissolve Cu ions from Cu-based NPs
through complexation, similar to those at more acidic conditions
[131]. Additionally, the aging of Cu-based NPs in soil is an important
parameter. Sekine et al. discussed the easy process of CuNP disso-
lution in soil in 3 days [132]. The nanoparticle behavior rapidly
aligned to the copper ions dissolved from copper chloride, where
the effect also depended on the soil solution pH. Thus, the higher
the pH, the slower copper dissolution.

Other parameters influencing the MNPs behavior in soil are
intrinsic to their chemical characteristics, such as their surface
coating and aggregation or disaggregation abilities, which affect
their water transport and, consequently, their adsorption or
desorption to soil particles [133,134]. In this sense, capping agents
(such as chitosan, polyethylene glycol, and polyvinyl pyrrolidone)
have been used to stabilize Cu-based NPs and avoid copper
oxidation [135,136]. These compounds alter the physicochemical
properties of nanoparticles and, consequently, their biological ac-
tivities and environmental impact.

The concern regarding the environmental impact of Cu-based
NPs is increasing since some studies have evidenced their effect



Fig. 2. Physiological impacts of copper nanoparticles to pest control on fungi, bacteria, insects, and nematode.

Fig. 3. The main entry routes and interactions of Cu-based NPs in soils.

G. Tortella, O. Rubilar, P. Fincheira et al. Emerging Contaminants 10 (2024) 100352
on soil microorganisms. For instance, Frenk et al. evaluated the
harmful effect of different Cu-based NPs concentrations on two soil
biotas: a sandy clay loam (SCL) and a sandy loam (SL) [137]. The
fullness of bacteria (e.g., Bacilli class) was reduced after the expo-
sure to 0.1% Cu-based NPs in the SL soil, while in the SCL, this
occurred at 1%. Rhizobiales or Sphingobacteriaceae were also
negatively affected. These effects were related to the clay and
organic matter content interacting with Cu-based NPs, which can
be a potential mechanism to reduce their toxicity in soil microor-
ganisms. Cu-based NPs and copper ions have also provoked
9

significant changes in the Phragmites australis and Halimione por-
tulacoides rhizosphere (salt marsh plants) and their associated
communities [138]. Consequently, this indicates that Cu-based NPs
might cause perturbation in ecosystem activities. Findings from
Shah et al. demonstrated that Cu-based NPs (50 mg) significantly
impact microbial communities of acidic soils, which is influenced
by the high organic carbon content that prolongs the Cu-based NP
retention in soil [133].

Some studies have evaluated the influence of different contexts
in soil. For instance, Cu-based NPs between 100 and 1000 mg kg�1



G. Tortella, O. Rubilar, P. Fincheira et al. Emerging Contaminants 10 (2024) 100352
have negatively impacted flooded paddy soil. Herein, a decline in
soil microbial biomass and enzyme activities (including urease,
phosphatase, and dehydrogenase) was observed, consistent with
the increased copper bioavailability in soil solution and microbial
cells [139]. The authors also observed that the elevated stress ratio
values exerted by Cu-based NPs might also affect the soil micro-
organisms, impacting by modifying their nutrient bioavailability.
Differences between a rhizospheric and a bulk soil have also been
found. In detail, Gao et al. observed a higher influence of the rhi-
zospheric soil on the dissolution and toxicity of 500 mg kg�1 Cu-
based NPs, compared with bulk, which was associated with the
influence of the root exudates affecting the copper ions dissolution
[140]. Therefore, distinct effects on soil microbial communities
could be anticipated. Parada et al. observed that Cu-based NPs (at
0.05 and 0.15% w/w) coexisting with atrazine (at a field dose of
3 mg kg�1) caused a significant impact on the abundance of nitri-
fying bacteria and archaea communities of a soil-plant system,
thus, imposing a negative effect on the nitrification capacity of a
soil-plant system [32]. However, over 30 days, these communities
were gradually adapted, and nitrification was recovered. This study
also evidenced a dose-dependent assimilation of copper in plants,
which could have influenced the microbial impact of Cu-based NPs.

Other studies focused on the influence of the shape or size of
nanoparticles. Zhai et al. found that spherical Cu-based NPs at
100 mg L�1 were more toxic to soil microbial communities than
rod-shaped ones, suggesting that their morphology influenced
their dissolution capacity (copper ions released fromnanoparticles)
[141]. Qiu et al. observed that different sizes of Cu-based NPs
(50 nm and 80 nm) showed a different aggregation behavior in
eight different soils [142]]. The 80 nm Cu-based NPs formed hetero/
homo-aggregates when their zeta potential was near zero in the
soil. The aggregation size for 50 nmCu-based NPs rapidly decreased
to reach stability via forming hetero agglomerates with natural
colloids in soil. Thus, they exhibited a higher sedimentation rate. In
this process, pH affected zeta potential, consequently affecting
CuONP stability, and the dissolved organic matter increased the
CuONP suspension in the soil solution.

6.3. Co-existence with other pollutants

The clay and organic matter contents are critical factors con-
trolling the pollutant's adsorption in soil, particularly agrochemi-
cals such as pesticides [143]. However, the metal presence in the
soil also significantly impacts pesticide behavior [144e146]. Pre-
vious knowledge has demonstrated the formation of metal/pesti-
cide complexes or the competition betweenmetal and pesticide for
adsorption sites in soil [147,148]. For instance, Morillo et al.
observed that copper could adsorb to soil directly or form bonds
with glyphosate previously adsorbed [149]. Yu et al. demonstrated
that glyphosate had a major influence on copper sorption/desorp-
tion in soil compared to methamidophos, which occurred due to a
stronger complexation capacity with Cu2þ ions [150]. Similarly, an
increase in the lead amount provoked higher adsorption of
glyphosate, acting as a bridge between the herbicide and soil [151].
In the case of carbendazim, its capacity has been demonstrated to
suppress cadmium adsorption to soil [152]. It has to be mentioned
that different contexts of soil parameters were considered in these
studies, such as pH and organic matter content, which had an
important influence. Only a few studies have related the pesticide
adsorption in soil with titanium, zinc, or silver. Instead, they were
evaluated in pesticide removal from water [153,154].

Scarce information exists about the interaction between MNPs
and other pollutants. However, the physicochemical properties of
nanoparticles are known to be different from their respective bulk
(i.e., non-nano materials). Thus, their adsorption to soil
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components can also differ [130,155]. Some studies have evidenced
that MNPs, including Cu-based NPs, exhibit a higher affinity for soil
components (e.g., organic matter, humic acid) than metals' bulk
form [120,156,157]. In this sense, a study focused on the atrazine
(ATZ) adsorption in the presence of Cu-based NPs in soil and the
microbial community's change. The results showed that after 30
days, ATZ adsorption increased by the presence of Cu-based NPs
(0.05e0.15% w/w). However, Cu-based NPs at 0.15 % w/w signifi-
cantly decreased the ATZ removal, enhancing 10-fold its half-life. In
the case of CuSO4 at the same dose, the half-life increased 7-fold,
supporting the idea that nanoparticles can increase the negative
impact. The microbial community profiles (fungi, bacteria, and ni-
trifying bacteria) remained unaltered, which suggests that Cu-
based NPs could enhance the ATZ persistence in soil, probably
due to physicochemical interaction over soil particles instead of a
microbial impact [31]. This was consistent with a previous study
that examined the effects of Cu-based NPs on the microbial com-
munity composition and enzyme activity of agricultural soil
amendedwith biosolids over 30 days, where no significant effect on
soil or enhanced enzyme activity was found [158].

Identifying the effects of MNPs on pesticide adsorption in soil
might be a priority for an adequate environmental risk assessment
in agriculture. It can be generalized that studies involving more
realistic field conditions are still necessary. Specifically, short, and
long-term studies must address possible interferences of MNPs on
the adsorption processes and bioavailability of pesticides.

6.4. Importance of copper speciation in the environment

In our comprehensive assessment of the environmental and
biological impacts of copper-based nanomaterials, we must high-
light the significance of chemical speciation and the distinct
toxicity profiles of various copper compounds [159]. The differen-
tial toxicity observed, for example, between copper sulfate (CuSO4),
which poses a heightened risk to soil microbial biomass [160,161]
and other copper forms (Cu0, Cu2O, Cu(OH)2, Cu2S and CuO), un-
derscores the complexity of ecological risks associated with these
nanomaterials. Particularly notable is the comparison between the
toxicity levels of copper oxide (CuO) and copper hydroxide
(Cu(OH)2) [162], which illustrates the critical importance of
chemical form in determining environmental impact. The trans-
formation and affinity of Cu-based NPs for soil components varied
between soils depending on their speciation [163]. Applying Cu-
based nanoparticles to 21 different soils demonstrated differences
in the relative abundance of Cu species (Cu0, Cu2O, and CuO)
depending on the soil type and pH, also influencing microbial
community change index (MCC50) [163]. Similar results were re-
ported by [164], demonstrating that Cu-based nanoparticle speci-
ation and microbial properties were influenced mainly by land
management, where labile Cu fraction significantly affected soil
microbial properties.

On the other hand, the ecological interaction of copper with
sulfur or sulfates leads to copper sulfide (Cu2S) formation. This
process significantly alters the bioavailability of copper in the soil,
thereby modulating its toxicity and highlighting the intricate dy-
namics of Cu environmental behavior [165]. In this regard [120],
reported that sulfidation is crucial in altering various metals and
metal oxide nanoparticles during wastewater treatment, effectively
diminishing their potential harmfulness to environmental organ-
isms. The binding of copper to sulfur, reducing its mobility and
uptake by organisms, acts as a natural control mechanism, poten-
tially mitigating the adverse effects of copper-based nanomaterials
on both target and non-target organisms [165]. Nonetheless,
studies have shown that when Cu-based nanoparticles undergo
sulfidation in water-based solutions, they have a more significant
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negative impact on Oryzias latipes embryos than CuO nanoparticles.
The authors reported that this increased harmful effect is likely due
to the higher levels of free copper ions released from the Cu2S
nanoparticles, leading to a substantial rise in oxidative stress and
toxicity in embryos [166]. Understanding these interactions is
essential for accurately evaluating the risks and managing the ap-
plications of copper-based nanomaterials in environmental
contexts.

7. Future directions

As nanotechnology tools continue to overlap with modern
agricultural science, the potential of Cu-based NPs in modulating
plant growth has become a matter of keen relevance. In the sub-
sequent years, more research is expected to focus on delineating
the specific physiological or molecular mechanisms that Cu-based
NPs activate and influence plant cellular processes, such as
nutrient uptake, photosynthesis, and/or hormonal regulation.
Moreover, it is necessary for advanced research that aims at fine-
tuning the size, concentration, and application method to opti-
mize the positive effects on crops while minimizing any adverse
impacts on plants or the environment. Furthermore, as global food
security becomes more pressing, the researchers might explore the
synergistic effects of combining Cu-based NPs with other growth-
promoting agents or techniques. Ultimately, a holistic approach,
integrating genomics, nanotechnology, and plant physiology, will
be pivotal in harnessing the full potential of Cu-based NPs for
sustainable and enhanced crop production.

As the quest for sustainable and eco-friendly crop pest control
solutions increases, the potential of Cu-based NPs in agricultural
pest management is quickly gaining more attention worldwide.
Future research needs to focus on the specific action modes of Cu-
based NPs against crop pests and pathogens, understanding their
impact on insect, fungal, or bacterial physiology, behavior, and
reproduction. Moreover, due to increased concerns about antibiotic
resistance in pests, research into the synergistic use of Cu-based
NPs with other bio-control agents might become prevalent.
Comprehensive field trials and long-term ecological impact studies
will be crucial in establishing the safety, feasibility, and economic
viability of integrating Cu-based NPs into mainstream agricultural
pest control strategies.

Finally, the long-term environmental impacts of Cu-based NPs
on soil ecosystems and non-target organisms are not fully under-
stood. Continuous use might lead to accumulation in soil, affecting
its quality. In addition, more studies are required to understand the
potential effects of Cu-based NPs in the presence of other con-
taminants or combined with environmental abiotic stressors. Un-
derstanding the environmental impact of materials such as copper
nanoparticles becomes paramount as our global reliance on
nanotechnology grows. In upcoming years, studies on the effects of
copper nanoparticles in soil ecosystems are expected to delve
deeper into their sub-microscopic interactions with soil microbes,
plants, and invertebrates. We anticipate a surge in research
exploring the long-term accumulation effects and potential bio-
magnification up the food chain. Advanced molecular biology and
imaging techniques will likely shed light on the nanoparticle's in-
fluence on microbial community structures, enzymatic activities,
and genetic expressions within the soil. Given the potential wide-
spread use of copper nanoparticles in various industries, a multi-
disciplinary approach that integrates toxicology, ecology, and
nanotechnology will be critical in guiding regulations and ensuring
the sustainable use of these materials without jeopardizing the
health and balance of our soil ecosystems. As with any emerging
nanotechnology, there will be a need for clear policies and regu-
lations for the safe use of Cu-based NPs in agricultural lands.
11
However, this might vary from country to country, complicating
international trade.
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