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Abstract: The escalating global population necessitates
a paradigm shift in agricultural practices to ensure food
security while minimizing environmental impact.
Traditional farming methods often rely on excessive
chemical inputs, leading to soil degradation, water
pollution, and greenhouse gas emissions. Agro-
nanotechnology, a burgeoning field, offers innovative
challenges by

nanomaterials to enhance crop productivity and

solutions to these leveraging

resource efficiency. Among these, copper oxide
nanoparticles (CuO NPs) have garnered significant
attention due to their multifaceted applications as nano-
fertilizers, nano-pesticides, and soil amendments. This
comprehensive review explores the recent advances
and diverse applications of CuO NPs in sustainable
farming. We delve into various synthesis methods,
emphasizing green chemistry approaches, and critically
examine their mechanisms of action in promoting plant
growth, enhancing nutrient uptake, and providing
robust protection against a spectrum of plant pathogens
and pests. Furthermore, the article addresses the crucial
environmental interactions of CuO NPs within soil and
aquatic systems, considering factors such as pH, organic
matter, their While

highlighting the immense promise of CuO NPs for

and potential ecotoxicity.

revolutionizing agricultural sustainability, this review

also discusses the inherent challenges, including
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concerns fate,
By

synthesizing current knowledge, this article aims to

regarding long-term environmental

bioaccumulation, and regulatory frameworks.
provide a foundational understanding for researchers
and agricultural practitioners, guiding the responsible

development and deployment of CuO NPs for a more

productive, resilient, and environmentally sound
agricultural future.

Keywords: Copper Oxide Nanoparticles, Agro-
Nanotechnology, Agricultural Sustainability, Nano-

Soil
Amendment, Nanomaterials, Sustainable Farming, Plant

Fertilizers, Nano-Pesticides, Crop Protection,

Disease Management.

Introduction: The global population is projected to reach
9.7 billion by 2050, placing immense pressure on
agricultural systems to produce more food, fiber, and
fuel with dwindling resources and under the increasing
[United Nations 2015].
Conventional agricultural practices, characterized by

threat of climate change

intensive use of synthetic fertilizers and chemical
pesticides, have significantly boosted yields but often at
a considerable environmental cost. These include soil
degradation, water contamination, loss of biodiversity,
and increased greenhouse gas emissions [Broberg et al.
2017; Liu et al. 2023]. The challenge for modern
agriculture is to transition towards sustainable farming
systems that can meet the growing demand for food
while simultaneously protecting natural resources and
mitigating environmental impacts.

Nanotechnology, the manipulation of matter on an
atomic, molecular, and supramolecular scale (1-100
nanometers), has emerged as a transformative discipline
with profound implications across various sectors,
including agriculture [Singh et al. 2021; Wani and Kothari
2018]. Agro-nanotechnology, specifically, involves the
application of nanomaterials and nanodevices to
agricultural production, processing, and food safety
[Saritha et al. 2022]. This field offers novel solutions to
enhance crop productivity, improve nutrient use

efficiency, provide targeted pest and disease
management, and reduce the environmental footprint of
farming [Gupta et al. 2023]. The unique properties of
nanoparticles, such as their high surface-to-volume ratio,
quantum effects, and tunable reactivity, enable them to

interact with biological systems in ways that bulk
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materials cannot, leading to enhanced efficacy at lower
concentrations [Singh et al. 2021; Kah and Kookana
2017].

Among the diverse array of nanomaterials, metal oxide
nanoparticles have gained considerable attention for
their potential in agriculture. Copper oxide nanoparticles
(CuO NPs) are particularly promising due to copper's
essential role as a micronutrient for plants and its well-
known antimicrobial properties [Francis et al. 2024; Balu
et al. 2023]. Copper is vital for various physiological
processes in plants, including photosynthesis,
respiration, and enzyme activation [Adhikari et al. 2016].
Furthermore, copper compounds have a long history of
use as fungicides and bactericides in agriculture [Servin
et al. 2015]. By reducing copper to the nanoscale, its
bioavailability and reactivity are significantly altered,
potentially leading to enhanced efficacy as a nutrient
source and a more potent antimicrobial agent, often at
lower dosages compared to conventional copper-based

agrochemicals [Liu et al. 2023; Balu et al. 2023].

This article provides a comprehensive review of the
recent advances and diverse applications of copper
oxide-based nanoparticles in agro-nanotechnology,
focusing on their contributions to sustainable farming.
We will explore the various methods used for their
synthesis, with a particular emphasis on environmentally
friendly "green" approaches. The review will then delve
into the specific applications of CuO NPs as nano-
fertilizers for enhancing crop growth and nutrient
uptake, and as nano-pesticides/fungicides for effective
pest and disease management. Crucially, we will also
address the critical aspect of their environmental
interactions and fate within agricultural ecosystems,
that

mobility, and potential ecotoxicity. Finally, we will

considering factors influence their stability,
discuss the broader implications, challenges, and future
research directions for the responsible and widespread

adoption of CuO NPs in sustainable agriculture.

2. Methodology

This review employed a systematic literature search and
analysis approach to identify, synthesize, and critically
evaluate research pertaining to copper oxide-based
nanoparticles in agro-nanotechnology. The objective was
to provide a comprehensive overview of their advances,
applications, and implications for sustainable farming.

https://www.theamericanjournals.com/index.php/tajabe
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2.1 Literature Search Strategy

The literature search was conducted across major
scientific databases to ensure broad coverage of relevant
peer-reviewed publications. The primary databases
utilized included:

e PubMed: For biological and health-related aspects,
including plant physiology and toxicology.

e Scopus: Comprehensive database covering various
scientific  disciplines, including environmental
science, materials science, and agriculture.

e Web of Science: For interdisciplinary research and
citation analysis.

e Google Scholar: For broader coverage, including
conference proceedings and preprints, and to
identify highly cited foundational works.

e The search queries were constructed using a
combination of keywords to capture the breadth of
research on CuO NPs in agriculture:

e '"copper oxide nanoparticles" OR "CuO
nanoparticles"

e "agro-nanotechnology" OR "nanotechnology
agriculture" OR "sustainable agriculture"

e "nano-fertilizer" OR "nanofertilizer" OR "plant
growth" OR "nutrient uptake"

e "nano-pesticide" OR "nanopesticide" OR "fungicide"
OR "plant pathogen" OR "pest management"

e "green synthesis" OR "biosynthesis"

e '"environmental fate" OR "ecotoxicity" OR "soil
interaction" OR "aquatic environment"

Boolean operators (AND, OR) were used to combine
these keywords effectively. The search was not limited by
publication year to capture the historical development
and recent advancements in the field. Reference lists of
highly relevant review articles and primary research
papers were also manually screened for additional
pertinent publications (backward citation chaining).
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2.2 Inclusion and Exclusion Criteria

Inclusion Criteria:

Studies focusing on the synthesis, characterization,
and application of copper oxide nanoparticles (CuO
NPs) in agricultural contexts.

Research investigating the effects of CuO NPs on
plant growth, nutrient uptake, crop yield, and stress
tolerance.

Studies exploring the pesticidal, fungicidal, or
insecticidal properties of CuO NPs against plant
pathogens and pests.

Papers discussing the environmental fate,
transformation, mobility, and ecotoxicity of CuO
NPs in soil, water, and biological systems relevant to
agriculture.

Review articles synthesizing knowledge on
nanotechnology in agriculture or specific
nanomaterials.

Publications in English.
Exclusion Criteria:

Studies focusing on other metal oxide nanoparticles
(e.g., ZnO NPs, TiO2 NPs) unless they provided direct
comparative data with CuO NPs or discussed general
principles highly relevant to CuO NPs.

Research on bulk copper materials without specific
nanoparticle properties.

Studies primarily focused on industrial applications
of CuO NPs (e.g., catalysis, electronics) without
agricultural relevance.

Clinical or medical applications of CuO NPs not
directly related to plant or soil health.

Non-peer-reviewed articles, conference abstracts
without full papers, or informal publications, unless
they represented a seminal or unique contribution
not found elsewhere.

2.3 Data Extraction and Analysis

https://www.theamericanjournals.com/index.php/tajabe
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For each selected publication, the following information
was systematically extracted and meticulously analyzed:

experimental, review,

e Type of Study: (eg.,

modeling).

e Synthesis Method of CuO NPs: (e.g., green synthesis,
chemical, physical).

e Application Area: (e.g., nano-fertilizer, nano-
pesticide, seed priming).

e Observed Effects/Outcomes: (e.g., increased
biomass, disease suppression, altered nutrient
uptake).

e Mechanism of Action: (e.g., oxidative stress, nutrient
delivery, physical barrier).

e Environmental Interactions: (e.g., aggregation,
dissolution, mobility in soil/water, impact on
microbes).

e Benefits: Stated advantages for sustainable
agriculture.

e Challenges/Limitations: Identified drawbacks, risks,
or knowledge gaps.

e Cited References: For cross-referencing and ensuring
comprehensive coverage.

The extracted data were then synthesized and grouped
based on the categorization framework outlined in the
results section. A qualitative synthesis approach was
employed to identify recurring themes, emerging trends,
and areas of consensus or divergence within the
literature. Critical evaluation of methodologies and
findings was conducted to assess the robustness of the
evidence.

3. Results: Advances and Applications of Copper Oxide
Nanoparticles in Sustainable Farming

The review of current literature reveals significant
progress in the development and application of copper
oxide nanoparticles (CuO NPs) across various facets of
sustainable agriculture. These advances span from
innovative synthesis methods to diverse applications in
crop nutrition, protection, and soil management.
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3.1 Synthesis of CuO Nanoparticles for Agricultural
Applications

The method of nanoparticle synthesis significantly
influences their physicochemical properties (size, shape,
surface area, stability), which in turn dictate their
biological activity and environmental fate. Recent trends
emphasize "green synthesis" due to its environmental
friendliness, cost-effectiveness, and reduced toxicity
compared to traditional chemical methods.

3.1.1 Green Synthesis Approaches

Green synthesis utilizes biological entities such as plant
extracts, fungi, bacteria, or algae as reducing and capping
agents, eliminating the need for hazardous chemicals
and high energy inputs [Ogwuegbu et al. 2024; Shah et
al. 2022; Sedefoglu et al. 2023; Labanni et al. 2023;
Bhuvaneshwari et al. 2018; Lakshimi et al. 2015].

Plant Extracts: Various plant extracts (e.g., Ligustrum
lucidum, Calotropis procera, Ocimum americanum,
macrofungi) have been successfully employed to
synthesize CuO NPs [Ogwuegbu et al. 2024; Shah et
al. 2022; Sedefoglu et al. 2023; Manikandan et al.
2023]. These methods are often simple, scalable, and
produce NPs with good stability and controlled
morphology.

e Advantages: Green synthesis offers several benefits,
including reduced environmental impact, lower
production costs, and the potential for enhanced
biocompatibility and reduced toxicity of the resulting
nanoparticles. The bioactive compounds from the
plant extracts can sometimes impart additional
beneficial properties to the NPs.

3.1.2 Other Synthesis Methods

While green synthesis is gaining prominence, other
methods are also used:

e Sol-gel Synthesis: This method allows for the
production of porous CuO nanoparticle aggregates
with tunable specific surface areas, which can be
advantageous for controlled release applications
[Dorner et al. 2019].

https://www.theamericanjournals.com/index.php/tajabe
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e Chemical and Physical Methods: Traditional chemical
and thermal
employed to

produce CuO NPs with specific characteristics,

precipitation, hydrothermal,

decomposition methods are still

though they may involve harsher chemicals or higher
energy consumption.

3.2 CuO Nanoparticles as Nano-fertilizers

Copper is an essential micronutrient for plants, crucial for
processes like photosynthesis, respiration, and lignin
synthesis. CuO NPs, due to their nanoscale properties,
offer enhanced nutrient delivery and utilization.

3.2.1 Enhanced Nutrient Uptake and Plant Growth

Numerous studies have demonstrated the positive
effects of CuO NPs on various crops:

e Growth Promotion: Foliar application or soil
amendment with CuO NPs has been shown to
promote biomass accumulation, increase
photosynthetic pigments (e.g., chlorophyll), and
enhance overall plant growth in crops like lettuce
(Lactuca sativa), cowpea (Vigna unguiculata),
dragonhead (Dracocephalum moldavica), and wheat
(Triticum aestivum) [Kohatsu et al. 2021; Mustafa et
al. 2024; Nekoukhou et al. 2023; Alhaithloul et al.

2023; Ibrahim et al. 2022].

e Nutrient Absorption: CuO NPs can improve the
absorption of not only copper but also other
essential nutrients, leading to better plant nutrition
[Francis et al. 2022; Singh et al. 2019; Alhaithloul et
al. 2023]. This is attributed to their small size, which
facilitates uptake through root pores or stomata, and
their high reactivity, which can mobilize nutrients in
the soil.

e Yield Enhancement: Studies on cowpea and wheat
have reported enhanced crop vyield attributes
following CuO NP application [Mustafa et al. 2024;
Alhaithloul et al. 2023].

e Stress Tolerance: CuO NPs have also shown potential
in mitigating stress, for example, reducing the toxic
effects of nanoparticles themselves when surface-
doped with substances like Indole-3-acetic acid (I1AA)
[Hanif et al. 2023].
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3.2.2 Nano-priming for Seed Germination and Seedling
Growth

with
nanoparticles, is an innovative technique to enhance

Nano-priming, the pre-treatment of seeds

germination, seedling vigor, and early plant

development.

e Improved Germination: CuO NPs have been
effectively used in nano-priming to improve

germination rates and uniformity in various seeds,
including Vigna radiata [Sarkar et al. 2021; Rohilla et
al. 2020] and wheat [Rai-Kalal and Jajoo 2021].

Seedling Growth: This
promotes robust seedling growth by stimulating

e Enhanced technique
metabolic and antioxidant activities [Singh et al.
2017; Imtiaz et al. 2023; Faraz et al. 2023].

e Mechanism: Nano-priming likely works by facilitating

water uptake, improving enzyme activity, and
enhancing nutrient availability to the germinating
embryo, leading to stronger and healthier seedlings
that are more resilient to environmental stresses
[Singh et al. 2016; Pereira et al. 2021; Pandey et al.

2024; Shelar et al. 2021; Khalaki et al. 2021].
3.2.3 Mechanisms of Action as Nano-fertilizers

The efficacy of CuO NPs as nano-fertilizers stems from
several key mechanisms:

e Increased Surface Area: The high surface-to-volume
ratio of NPs allows for greater interaction with plant
roots and leaf surfaces, facilitating more efficient
nutrient absorption [Jakhar et al. 2022].

e Controlled Release: NPs can be engineered to
release nutrients slowly over time, providing a
sustained supply to plants and reducing nutrient
leaching, thereby improving fertilizer use efficiency
[Elsabagh et al. 2024; Martins et al. 2024].

e Enhanced Bioavailability: The nanoscale size can
increase the solubility and mobility of copper in soil,
making it more available for plant uptake compared
to bulk copper [Gupta et al. 2023; Saurabh et al.
2024].

https://www.theamericanjournals.com/index.php/tajabe
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e Stimulation of Plant Metabolism: CuO NPs can
influence various physiological and biochemical
pathways in plants, including photosynthetic activity,
antioxidant defense systems, and enzyme activities,
leading to improved growth and stress tolerance
[Singh et al. 2017; Kohatsu et al. 2021].

3.3 CuO Nanoparticles as Nano-pesticides and

Fungicides

Plant diseases and insect pests pose significant threats to
global food security, causing substantial crop losses
annually [Savary et al. 2019; Figueroa et al. 2018].
Traditional pesticides often have negative environmental
impacts and lead to resistance development. CuO NPs
offer a promising alternative due to their broad-
spectrum antimicrobial and insecticidal properties.

3.3.1 Disease Suppression and Pathogen Management

CuO NPs exhibit potent activity against various plant
pathogenic fungi and bacteria:

e Fungicidal Activity: They have been shown to
suppress fungal diseases like Fusarium wilt in
chrysanthemum and Alternaria alternata [Elmer et
al. 2021; Balu et al. 2023; Zhu et al. 2022]. They can
inhibit fungal and

growth, spore germination,

mycelial development [Zabrieski et al. 2015].

Bactericidal Activity: CuO NPs also demonstrate
antibacterial properties

bacteria [Ali et al. 2021].

against plant pathogenic

Mechanism: The antimicrobial action of CuO NPs is
primarily attributed to the generation of reactive oxygen
species (ROS), which cause oxidative stress, leading to
cell membrane damage, DNA damage, and protein
denaturation in pathogens [Muhammad et al. 2022; Liu
et al. 2023; Manzoor et al. 2023]. The release of copper
ions from the NPs also contributes to their toxicity.
Additionally,
mechanisms, enhancing the plant's natural resistance to
pathogens [Chen et al. 2022; Karmous et al. 2023].

CuO NPs can trigger plant defense

3.3.2 Insect Pest Management

Beyond pathogens, CuO NPs show potential in managing
insect pests:

The American Journal of Agriculture and Biomedical Engineering 6

e larvicidal and Antifeedant Effects: Studies have
reported larvicidal and antifeedant effects of copper
nano-pesticides pests like
Spodoptera frugiperda [Rahman et al. 2022].

against agricultural

e Mechanism: The insecticidal action can involve direct
toxicity through ingestion or contact, disruption of
digestive enzymes, or interference with insect

physiology 2022].

pesticides can offer targeted delivery and controlled

[Muhammad et al. Nano-
release, reducing the overall amount of active
ingredient needed [Hou et al. 2024; Dangi et al.

2021].
3.3.3 Advantages over Conventional Pesticides

e Reduced Dosage: Nanoparticles often achieve

efficacy at lower concentrations compared to
conventional bulk pesticides, potentially reducing

chemical load in the environment [Liu et al. 2023].

be
designed for targeted delivery to specific plant parts

e Targeted Delivery: Nano-formulations can

or pests, minimizing off-target effects.

e Reduced Resistance Development: The multi-modal
action (e.g., oxidative stress, ion release) of metal
oxide NPs may make it harder for pathogens and
pests to develop resistance compared to single-
target conventional pesticides.

3.4 Environmental Interactions and Fate of CuO

Nanoparticles

Understanding the environmental behavior of CuO NPs
is crucial for their safe and sustainable application in
agriculture. Their fate and transport in soil and aquatic
environments are influenced by various physicochemical
parameters.

3.4.1 Influence of Environmental Parameters

e pH: Soil and water pH significantly affect the
dissolution, aggregation, and surface charge of CuO
NPs [Tiwari et al. 2022; Qiu et al. 2020; Peng et al.
2017; Khan et al. 2019; Siddiqui et al. 2017]. Lower
pH (acidic conditions) generally increases dissolution

potentially enhancing

and copper ion release,

bioavailability but also increasing toxicity. Higher pH

https://www.theamericanjournals.com/index.php/tajabe
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(alkaline conditions) can promote aggregation and
reduce dissolution.

e lonic Strength and Electrolytes: The concentration of

ions in soil solution or water influences NP
aggregation. High ionic strength tends to reduce
electrostatic repulsion between NPs, leading to
aggregation and sedimentation [Chao et al. 2021; Wu

et al. 2020].

e Natural Organic Matter (NOM): NOM (e.g., humic
acids, fulvic acids) plays a dual role. It can stabilize
NPs by coating their surfaces, preventing aggregation
and enhancing mobility [Liu et al. 2020; Khort et al.
2022; Yu et al. 2022]. However, NOM can also
facilitate the dissolution of CuO NPs by complexing
with released copper ions, thereby increasing copper
bioavailability [Liu et al. 2020].

e Clay Fraction and Soil Type: The composition of the
soil, particularly its clay content, affects the retention
and mobility of NPs. Clay minerals can adsorb NPs,
reducing their transport [Tiwari et al. 2022].

e Nanoplastics: Emerging research suggests that
nanoplastic debris can interact with metal oxide
their

transport in soil solutions [Tiwari et al. 2022].

nanoparticles, influencing stability and

3.4.2 Ecotoxicity and Bioaccumulation

While beneficial for target organisms, the potential
ecotoxicity of CuO NPs to non-target organisms and their
bioaccumulation in the food chain are critical concerns.

e Soil Microbiome: CuO NPs can impact the diversity
and activity of beneficial soil microorganisms, which
are essential for nutrient cycling and soil health
[Peixoto et al. 2024]. The extent of this impact
depends on NP concentration, size, and surface
properties.

e Non-target Organisms: Studies have shown cytotoxic
and genotoxic effects of CuO NPs on various
organisms in vitro [Bucchianico et al. 2013]. Their
impact on aquatic organisms like Daphnia magna has
also been investigated [Yu et al. 2022].
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e Bioaccumulation: There are concerns about the
uptake and accumulation of copper from CuO NPs in
edible plant parts, potentially posing health risks to
consumers [Ji et al. 2022; Alhaithloul et al. 2023].
While some studies show minimal accumulation,
long-term effects need thorough investigation.

The environmental fate and potential ecotoxicity of CuO
NPs necessitate careful consideration in their design and
application to ensure that the benefits for agriculture
outweigh any potential risks.

4, Discussion

The preceding sections have meticulously detailed the
burgeoning role of copper oxide nanoparticles (CuO NPs)
in agro-nanotechnology, highlighting their innovative
applications as nano-fertilizers and nano-pesticides, and
exploring their complex environmental interactions. This
discussion synthesizes these findings, evaluates their
contribution to sustainable farming, addresses the
future

inherent challenges, and proposes critical

directions for research and responsible deployment.
4.1 Contribution to Sustainable Farming

The integration of CuO NPs into agricultural practices
offers a compelling pathway towards more sustainable
farming systems, primarily by enhancing efficiency and
reliance conventional, often

reducing on

environmentally detrimental, chemical inputs.

e Enhanced Resource Use Efficiency: As nano-

fertilizers, CuO NPs can significantly improve
nutrient uptake and utilization by plants [Francis et
al. 2022; Mustafa et al. 2024]. This enhanced
efficiency means that less fertilizer is needed to
achieve the same or even better yields, thereby
reducing the leaching of excess nutrients into water
bodies and mitigating greenhouse gas emissions
associated with fertilizer production and application
[Jakhar et al. 2022; Saurabh et al. 2024]. The
controlled release properties of some nano-
formulations further contribute to this efficiency

[Elsabagh et al. 2024].

e Reduced Chemical Pesticide Dependency: The
potent antimicrobial and insecticidal properties of

CuO NPs provide an effective alternative to

https://www.theamericanjournals.com/index.php/tajabe
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conventional pesticides [Servin et al. 2015; Manzoor
et al. 2023]. By offering targeted action and requiring
lower dosages, nano-pesticides can minimize off-
target effects on beneficial organisms, reduce
pesticide residues in food and the environment, and
potentially slow down the development of pest
resistance [Liu et al. 2023; Dangi et al. 2021]. This
directly supports the global push for more
environmentally benign pest management strategies
[Nehra et al. 2021; Ceresini et al. 2024].

e Improved Crop Resilience and Yield: Beyond direct
nutrient and pest management, CuO NPs can
enhance plant physiological processes, boost
antioxidant defense systems, and improve overall
plant vigor [Kohatsu et al. 2021; Nekoukhou et al.
2023]. This increased resilience can lead to more
stable and higher crop yields, contributing directly to
food security amidst growing population demands
[United Nations 2015; Muradi and Boz 2018]. Nano-
priming with CuO NPs specifically contributes to
stronger seedlings, laying a robust foundation for
crop development [Pandey et al. 2024; Imtiaz et al.
2023].

e Eco-friendly Synthesis: The increasing focus on green
synthesis methods for CuO NPs aligns perfectly with
the principles of sustainable chemistry [Labanni et al.
2023; Ogwuegbu et al. 2024]. By utilizing biological
resources and avoiding harsh chemicals, these
methods reduce the environmental footprint of
nanoparticle production itself, making the entire life
cycle of agro-nanomaterials more sustainable
[Chahar and Mukherji 2022].

4.2 Challenges and Risks for Responsible Adoption

Despite the compelling benefits, the widespread and
responsible adoption of CuO NPs in agriculture faces
significant  challenges and necessitates careful
consideration of potential risks.

e Environmental Fate and Ecotoxicity: This is perhaps
the most critical concern. Once applied to
agricultural fields, CuO NPs can undergo various
transformations (dissolution, aggregation, surface
coating) influenced by soil pH, organic matter
content, and ionic strength [Tiwari et al. 2022; Qiu et
al. 2020; Liu et al. 2020; Peng et al. 2017]. Their
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mobility in soil and potential leaching into
groundwater or runoff into surface waters are not
yet fully understood, posing risks to aquatic
ecosystems [Chao et al. 2021; Wu et al. 2020]. More
importantly, their impact on non-target organisms,
particularly beneficial soil microorganisms (e.g.,
nitrogen-fixing bacteria, mycorrhizal fungi), is a
major area of concern [Peixoto et al. 2024].
Disrupting the delicate balance of the soil
microbiome could have long-term negative
consequences for soil health and fertility. Cytotoxic
and genotoxic effects on other organisms have also
been reported [Bucchianico et al. 2013; Muhammad
et al. 2022].

Bioaccumulation and Food Safety: The potential for
CuO NPs, or the copper ions released from them, to
be taken up by plants and accumulate in edible
tissues raises significant food safety concerns [Ji et
al. 2022; Alhaithloul et al. 2023]. While copper is an
essential nutrient, excessive accumulation can be
toxic to humans and animals. Robust studies on the
long-term  bioaccumulation  potential across
different crop types and the subsequent trophic
transfer in the food chain are urgently needed.

Standardization and Quality Control: The synthesis
methods for CuO NPs can yield materials with
varying sizes, shapes, surface chemistries, and
crystalline structures [Dorner et al. 2019; Labanni et
al. 2023]. These variations can profoundly affect
their efficacy, stability, and toxicity. A lack of
standardized production protocols and quality
control measures makes it difficult to ensure
consistent product performance and safety.

Regulatory Frameworks: The rapid pace of nano-
innovation has outstripped the development of
comprehensive regulatory frameworks [Chatterjee
2008; Kah and Kookana 2017]. Clear guidelines for
the testing, labeling, application, and disposal of
agro-nanomaterials are essential to ensure their safe
use and public acceptance.

Economic Viability and Farmer Adoption: While
promising, the current production costs of some CuO
NP formulations might be higher than conventional
agrochemicals, posing a barrier to widespread

https://www.theamericanjournals.com/index.php/tajabe
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adoption, especially for smallholder farmers. The
economic benefits need to be clearly demonstrated
and accessible financing mechanisms established.

e Knowledge Gaps: Despite significant research,
fundamental knowledge gaps remain regarding the
long-term interactions of CuO NPs with complex soil
ecosystems, their precise uptake and translocation
mechanisms in diverse plant species, and their
ultimate fate in the environment.

4.3 Comparison with Conventional Methods and Other
Nanomaterials

CuO NPs offer distinct advantages over bulk copper
materials due to their enhanced reactivity, increased
surface area, and potential for controlled release. This
often translates to lower required dosages, reducing
overall copper input into the environment while
maintaining or improving efficacy. Compared to
conventional synthetic pesticides, CuO NPs present a

more environmentally friendly alternative, potentially e

mitigating issues like pesticide runoff and resistance
development.

When compared to other metal oxide nanoparticles (e.g.,
ZnO NPs, TiO2 NPs), CuO NPs have unique properties
related to copper's dual role as a nutrient and an

antimicrobial agent. While ZnO NPs also show promise as e

nano-fertilizers and antimicrobials [Singh et al. 2019;
Karmous et al. 2023; Altabbaa et al. 2023], the specific
benefits and risks of CuO NPs are distinct and warrant
dedicated research. Hybrid nanocomposites, combining
CuO with other materials (e.g., silver, polymers), are also
being explored to create multifunctional materials with
enhanced properties [Manikandan et al. 2023; Zhu et al.
2022].

4.4 Future Directions

To fully realize the potential of CuO NPs for sustainable
agriculture while minimizing risks, several key areas
require concerted future research and development:

e Life Cycle Assessment (LCA) and Risk Assessment:
Comprehensive LCAs are needed to evaluate the
environmental footprint of CuO NPs from synthesis
to application and disposal, comparing them
rigorously with conventional alternatives. Robust,
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long-term risk assessments, considering various
environmental compartments and trophic levels, are
essential to inform regulatory decisions.

Mechanism-Oriented Design: Future research should
focus on designing CuO NPs with tailored properties
(size, shape, surface coating, doping) that optimize
their beneficial effects (e.g., nutrient delivery,
antimicrobial action) while minimizing unintended
environmental impacts. This includes developing
smart nano-delivery systems that respond to specific
environmental cues (e.g., pH, enzyme activity) for
precise and controlled release [Hou et al. 2024;
Martins et al. 2024].

Advanced Green Synthesis: Further innovation in
green synthesis methods is crucial to develop highly
scalable, cost-effective, and truly sustainable
production routes for CuO NPs, potentially utilizing
agricultural waste products as feedstocks.

Long-term Field Studies: Most studies are laboratory
or greenhouse-based. Long-term field trials under
diverse agro-climatic conditions are critically needed
to validate efficacy, assess real-world environmental
fate, and monitor potential bioaccumulation in the
food chain.

Interactions with Soil Biota: Deeper understanding of
the complex interactions between CuO NPs and the
diverse soil microbiome is paramount. Research
should focus on identifying thresholds for adverse
effects on beneficial microorganisms and developing
strategies to mitigate such impacts.

Regulatory Science and Policy: Collaborative efforts
between scientists, policymakers, and industry are
needed to develop science-based regulatory
frameworks that facilitate responsible innovation
while ensuring environmental and human safety
[Chatterjee 2008]. This
standardized testing protocols and guidelines for

includes developing

safe handling and disposal.

Public Perception and Acceptance: Engaging with
farmers and the public to address concerns, build
trust, and ensure transparency regarding the
benefits and risks of agro-nanotechnology is
essential for successful adoption.
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5. Conclusion

Copper oxide nanoparticles represent a frontier in agro-
nanotechnology, offering transformative potential for
enhancing agricultural sustainability and addressing
critical challenges in food production. Their
demonstrated efficacy as nano-fertilizers, promoting
plant growth and nutrient uptake, and as nano-
pesticides, providing robust protection against
pathogens and pests, positions them as valuable tools in
the pursuit of more efficient and environmentally
friendly farming systems. The increasing adoption of
green synthesis methods further strengthens their

appeal by aligning production with sustainable principles.

However, the journey towards widespread and
responsible deployment of CuO NPs in agriculture is still
in its early stages. Critical challenges related to their
environmental fate, potential ecotoxicity to non-target
organisms, and concerns regarding bioaccumulation in
the food chain necessitate rigorous and long-term
scientific investigation. The development of robust
regulatory frameworks, coupled with a deeper
understanding of their complex interactions within
diverse agro-ecosystems, is paramount to ensuring their
safe and sustainable integration.

Ultimately, CuO NPs hold immense promise to contribute
to a future where agriculture is not only highly productive
but also environmentally benign and resilient. Realizing
this potential hinges on continued interdisciplinary
research, fostering innovation in their design and
application, and establishing clear, science-based
guidelines for their responsible use. By embracing a
cautious yet progressive approach, agro-
nanotechnology, spearheaded by materials like copper
oxide nanoparticles, can play a pivotal role in securing
global food supplies while safeguarding our planet for

future generations.
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