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ANOTECHNOLOGY is a growing field that explores the interactions between engineered 

nanoparticles and ecosystems, with a focus on soil health and biodiversity. Engineered 

nanoparticles are intentionally designed at the nanoscale and offer unique properties and diverse 

applications, making them increasingly prevalent in consumer products and industrial processes. 

However, their release into the environment has raised concerns about potential ecological 

consequences, particularly their impacts on soil health. Studies have shown that engineered 

nanoparticles can have complex effects on soil microbial communities and nutrient cycling, with 

responses ranging from positive to adverse. Additionally, their ability to be absorbed and translocated 

by plants brings upon questions about their potential bioaccumulation in food chains and their effects 

on higher trophic levels. Understanding these intricate interactions is crucial for developing sustainable 

nanotechnology applications that can benefit agriculture and environmental remediation without 

compromising the ecosystem health. Nanoecology is an emerging field that requires attention to ethical 

and regulatory considerations in the use of nanomaterials. To ensure that these advanced technologies 

contribute positively to the ecosystem, researchers and policymakers must address these aspects. By 

understanding the complex interactions between nanoparticles and ecosystems, nanoecology offers the 

potential for innovative solutions that promote sustainable coexistence between nanotechnology and 

the natural world. This study specifically focuses on the relationship between engineered nanoparticles 

and soil health profiling. It provides a concise overview of this relationship, emphasizing the 

importance of responsible nanoparticle use. Additionally, the study highlights the need for monitoring 

soil health in soils contaminated with nanoparticles. Overall, this research underscores the significance 

of considering ethical and regulatory factors in the use of nanomaterials. It also emphasizes the 

importance of understanding the impact of nanoparticles on soil health and the need for responsible 

practices in their application. 
 

Keywords: Engineered nanoparticles, soil health, biodiversity, ecosystem interactions, sustainable 

nanotechnology. 

1. Introduction 

Nanotechnology is a growing field that studies the relationship between engineered nanoparticles and 

ecosystems, particularly in agriculture. The engineered nanoparticles have both positive and negative 
impacts on soil microbial populations and nutrient cycling. Their ability to be uptaken and translocated 

by plants raises concerns about their potential bioaccumulation in food chains (Abdalla et. al. 2023). 

Understanding the interactions between nanoparticles and soil components is essential for responsible 
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and sustainable use in agriculture. Nanoparticles can affect soil texture, structure, aggregation, pH, 

cation exchange capacity (CEC), nutrient availability, water holding capacity, and hydraulic 

conductivity (El-Henawy et al, 2024). They can also influence the abundance and activity of beneficial 
soil microbes, such as mycorrhizal fungi and nitrogen-fixing bacteria, which form mutualistic 

associations with plant roots, enhancing nutrient uptake and promoting plant growth. Soil contamination 

due to the accumulation of engineered nanoparticles raises concerns about the potential risks of soil 
contamination (Darwesh & Matter, 2022).  

Monitoring and remediation strategies are essential to manage nanoparticle-contaminated soils 

and minimize potential environmental risks. The ecotoxicological effects of engineered nanoparticles 
on soil organisms are essential to understand the potential risks associated with their presence in soil 

ecosystems (El-Ramady et al, 2020). Soil invertebrates, such as earthworms, mites, springtails, and 

nematodes, play a crucial role in soil processes and are indicators of soil health. The potential for 

nanoparticles to enter food chains and the wider environment raises concerns about their ecological 
impacts and long-term environmental fate (El-Ramady et al, 2024). The responsible use of engineered 

nanoparticles in agriculture is essential to protect soil ecosystems, human health, and the environment 

(Faizan et al, 2023; Nofal et al, 2024). Regulations and guidelines should be established to govern the 
production, application, and disposal of nanoparticle products, taking into account factors such as 

nanoparticle characteristics, application rates, application methods, and potential environmental 

impacts. An education and awareness programs are essential for informed decision-making and 
responsible practices in the agricultural sector  

With an emphasis on soil health and biodiversity, nanotechnology is a developing subject that 

investigates the relationships between manmade nanoparticles and ecosystems. Because of their special 

qualities and wide range of uses, engineered nanoparticles are becoming more and more common in 
industrial and consumer goods. Concerns regarding possible ecological repercussions have been raised, 

nevertheless, following their discharge into the environment. Research has indicated that modified 

nanoparticles can impact soil microbial populations and nutrient cycling in both favourable and adverse 
ways. Their capacity for absorption and translocation by plants also raises the question of whether they 

could bioaccumulate in food chains and have an impact on higher trophic levels (Denisse et al, 2021). 

Determining how these interactions work is essential for the formulation of sustainable nanotechnology 

applications to improve agriculture and environmental amendments without jeopardizing the ecosystem 
health. In order to guarantee that these cutting-edge technologies contribute to a robust and functioning 

ecosystem, researchers and policymakers must address the ethical and regulatory elements of 

nanomaterial usage as nanoecology gains speed. In soils contaminated with nanoparticles, soil health 
monitoring is also crucial. 

It is of utmost importance to comprehend the impacts of engineered nanoparticles on the profiling 

of soil health in order to guarantee the sustainable use of nanoparticles in agriculture and protect soil 
ecosystems for future generations (Fatima et al, 2021; Rehmanullah et al, 2020). Soil health plays a 

critical role in sustainable agriculture as it encompasses the physical, chemical, and biological 

characteristics of soil that facilitate plant growth, nutrient cycling, and overall ecosystem functioning. 

Well-maintained soils foster optimal root development, nutrient accessibility, water penetration, and 
microbial activity, thereby enhancing crop productivity, resilience to environmental pressures, and 

decreasing dependence on external resources (Tripathi et al, 2023). These nanoparticles exhibit distinct 

physicochemical characteristics, including a large surface area, reactivity that depends on their size, and 
the ability to modify their surface properties. These attributes make them highly promising tools for 

various agricultural applications (Ndaba et al, 2022; Babu et al, 2022; Al-Mamun et al, 2021; Das and 

Beegum, 2022; Yadav et al, 2023).  
In agriculture, engineered nanoparticles have shown potential in areas such as crop protection, 

nutrient management, and soil remediation. They can be tailored to encapsulate agrochemicals, 

facilitating their targeted delivery to plants and reducing their off-target effects (Das and Beegum, 2022). 

Additionally, nanoparticles can be used as nano-fertilizers, enabling controlled and efficient nutrient 
release to enhance plant nutrient uptake and reduce nutrient losses (Yadav et al, 2023; Padhan et al, 

2024). Moreover, nanoparticles have been investigated for their potential to enhance soil remediation 

processes, such as the degradation of organic pollutants or the immobilization of heavy metals (Ahmed 
et al, 2021). Understanding the interactions between engineered nanoparticles and soil components is 

critical for assessing their potential impacts on soil health. Engineered nanoparticles, upon application 
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to soil, can interact with soil particles, organic matter, and microbial communities, leading to alterations 

in soil physicochemical properties, nutrient dynamics, and microbial activity (Kumar et al, 2021; 

Ogunkunle et al, 2021).  These interactions can have both positive and negative consequences for soil 
health. While nanoparticles may enhance nutrient availability, improve water retention, or promote 

beneficial microbial activities, they can also cause unintended effects, such as soil structure 

destabilization or toxicity to soil organisms (Banerjee and van der Heijden, 2023; Hartmann and Six, 
2023; Trivedi et al, 2022; Salem and Husen, 2023).  

Therefore, a comprehensive understanding of nanoparticle-soil interactions is essential to guide their 

responsible and sustainable use in agriculture. Recent research has shed light on the interactions between 
engineered nanoparticles and soil components. Studies have explored the effects of nanoparticles on soil 

aggregation and stability (Zhanget al, 2021; Munir et al 2023). The dynamics of nutrient availability and 

cycling and the structure and diversity of soil microbial communities (Wilhelm et al, 2023; Sambangi 

et al, 2022). These investigations have provided valuable insights into the mechanisms and potential 
implications of nanoparticle-soil interactions. 

 

2. Physicochemical Properties of Soils and Engineered Nanoparticles 

Engineered nanoparticles can have significant effects on soil texture, structure, and aggregation, 

thereby influencing the physical properties of soils. The interactions between nanoparticles and soil 
particles can lead to changes in soil particle size distribution and affect soil texture. For instance, the 

addition of nanoparticles can modify the clay content and alter the soil texture, potentially impacting 

soil water retention and nutrient availability (Sun et al, 2022; Sun et al, 2021; Khan et al, 2022). 

Furthermore, engineered nanoparticles can influence soil structure and aggregation, which are vital for 
soil porosity, water movement, and root growth. The presence of nanoparticles in soil can alter soil 

aggregation dynamics, affecting the stability of soil aggregates and pore structure These changes can 

impact soil aeration, water infiltration, and nutrient transport, with potential implications for plant 
growth and nutrient uptake. Several studies have reported the effects of engineered nanoparticles on soil 

structure and aggregation. For example, research has shown that the addition of metal-based 

nanoparticles can influence soil aggregation by promoting the formation of stable aggregates (Hartmann 
and Six, 2023; Jansson and and Hofmockel, 2020;Védère et al, 2022; Patel et al, 2021; Shahane and 

Shivay, 2021; Zhou et al, 2021). Other studies have demonstrated that certain nanoparticles, such as 

carbon-based nanoparticles, can enhance soil aggregation and improve soil structure (Zhou et al, 2020; 

AlObaid et al, 2022). 
 

2.1 Effects on Soil pH, Cation Exchange Capacity (CEC), and Nutrient Availability 

Engineered nanoparticles can also influence soil pH, CEC, and nutrient availability. The 
addition of nanoparticles to soil can alter the soil pH by affecting the release and adsorption of hydrogen 

ions. Different types of nanoparticles may exhibit varying effects on soil pH, depending on their surface 

properties and chemical composition (Singh et al, 2021; Suazo-Hernández et al, 2023). Furthermore, 
engineered nanoparticles can interact with soil colloids and affect CEC that measure the soil's ability to 

retain and exchange cations, which are essential for nutrient availability to plants. Nanoparticles can 

adsorb onto soil colloids and modify their surface charge, influencing the CEC and potentially affecting 

nutrient retention and release. The presence of engineered nanoparticles in the soil can also impact 
nutrient availability. Nanoparticles may influence the sorption, desorption, and mobility of nutrients, 

affecting their bioavailability to plants. Metal-based nanoparticles, can enhance the retention and release 

of nutrients in the soil, potentially leading to improved nutrient availability for plants (Ogunkunle et al, 
2021; Gui et al, 2021). Conversely, certain nanoparticles may interact with nutrients and reduce their 

bioavailability, posing challenges for plant nutrient uptake. Several studies have investigated the effects 

of engineered nanoparticles on soil pH, CEC, and nutrient availability. For example, research has 

demonstrated that the addition of iron-based nanoparticles can alter soil pH and CEC, affecting nutrient 
retention and release (Wohlmuth et al, 2022). Other studies have examined the influence of nanoparticles 

on the availability of specific nutrients, such as phosphorus or nitrogen, and reported contrasting effects 

depending on nanoparticle properties (Rahman et al, 2022; Hazarika et al, 2022). 
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2.2 Alterations in Soil Water Holding Capacity and Hydraulic Conductivity 

Engineered nanoparticles can impact soil water holding capacity and hydraulic conductivity, 

affecting water availability and movement in soils. Nanoparticles can influence soil water-holding 
capacity by altering soil aggregation and pore structure, thereby affecting water retention and availability 

for plant uptake (Ahmed et al, 2021; Dinesh et al, 2012). Moreover, the presence of nanoparticles in soil 

can influence soil hydraulic conductivity, which is a measure of the soil's ability to transmit water. The 
interactions between nanoparticles and soil particles can modify soil pore spaces, affecting water 

movement and infiltration rates. These changes in hydraulic conductivity can impact soil drainage, water 

availability, and plant root growth (Salam et al, 2023). Several studies have explored the effects of 
engineered nanoparticles on soil water-holding capacity and hydraulic conductivity. For instance, 

research has shown that the addition of nanoparticles, such as silicon-based nanoparticles, can enhance 

soil water-holding capacity and improve water retention (Ahmed et al, 2021; Wang et al, 2023; Singh 

et al, 2021). Other studies have investigated the influence of nanoparticles on soil hydraulic conductivity 
and reported varying effects depending on nanoparticle properties and application rates (Kumar et al, 

2021; Salem and Husen, 2023; Pérez-Hernández et al., 2020).  

By understanding the influence of engineered nanoparticles on the physicochemical properties 
of soils, including soil texture, structure, pH, CEC, nutrient availability, water holding capacity, and 

hydraulic conductivity, we can better comprehend their potential impacts on soil health and agricultural 

sustainability. This knowledge is crucial for the responsible and informed application of nanoparticles 
in agriculture, allowing us to harness their benefits while minimizing any adverse effects on soil 

functions and crop productivity (Figure 1). Engineered Nanoparticles and Soil Microbial Communities 

and Impacts of Engineered Nanoparticles on Soil Microbial Abundance, Diversity, and Activity; 

Engineered nanoparticles have the potential to influence soil microbial communities, which play a 
critical role in nutrient cycling, organic matter decomposition, and overall soil health. The introduction 

of nanoparticles to soil can directly or indirectly affect the microbial abundance, diversity, and activity. 

Studies have shown that engineered nanoparticles can influence the soil microbial abundance, with 
varying effects depending on nanoparticle properties and concentrations. Silver nanoparticles, have been 

found to exert antimicrobial effects, reducing microbial populations in soil (Kumar et al, 2021; Banerjee 

and van der Heijden,  2023; Wijesooriya et al, 2023).  

Conversely, other nanoparticles, like carbon-based nanoparticles, have been shown to stimulate 
microbial growth and increase microbial biomass (Wu et. al. 2023). In addition to abundance, 

nanoparticles can also impact microbial diversity in soil. The exposure to nanoparticles may lead to 

shifts in the relative abundance of different microbial taxa, altering the microbial community 
composition. These changes in microbial diversity can have implications for ecosystem functioning and 

nutrient cycling processes (Hartmann and Six, 2023; Trivedi et. al., 2020). Furthermore, engineered 

nanoparticles can affect microbial activity in soil. Microbial activity, as measured by enzyme activities 
or metabolic processes, can be influenced by the presence of nanoparticles. Some nanoparticles may 

enhance microbial enzyme activities, leading to increased nutrient mineralization and decomposition 

rates, while others may inhibit microbial metabolic processes, affecting nutrient cycling dynamics (Khan 

et al, 2021; Wagg et al, 2021).  
Shifts in Microbial Community Composition and Functional Gene Expression; The introduction 

of engineered nanoparticles to soil can induce shifts in microbial community composition. These 

changes may be attributed to direct interactions between nanoparticles and microbial cells or indirect 
effects mediated through alterations in soil physicochemical properties. Engineered nanoparticles can 

influence the relative abundance of specific microbial groups, such as bacteria, fungi, or archaea, which 

can impact the functional capabilities of the soil microbial community ( Khan et al, 2022; Zhu et al, 
2022 ). Furthermore, the presence of nanoparticles in soil can affect the expression of functional genes 

involved in key microbial processes. Functional genes related to nutrient cycling, such as those encoding 

nitrogenase enzymes for nitrogen fixation or enzymes involved in carbon degradation, may be 

modulated by the presence of nanoparticles. These changes in gene expression can have cascading 
effects on nutrient availability, soil fertility, and ecosystem functioning (Philippot et al, 2023; 

Wijesooriya et al, 2023). Recent studies have employed molecular techniques, such as high-throughput 

sequencing and metagenomics, to investigate the impacts of engineered nanoparticles on the microbial 
community composition and functional gene expression. For example, research has demonstrated that 
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the addition of nanoparticles can lead to shifts in the relative abundance of specific microbial taxa and 

alterations in functional gene expression related to nutrient cycling processes (Wu et al, 2022). 

 

2.3 Potential Effects on Mycorrhizal Fungi and Nitrogen-Fixing Bacteria 

Engineered nanoparticles can also influence the abundance and activity of beneficial soil 

microbes, such as mycorrhizal fungi and nitrogen-fixing bacteria. Mycorrhizal fungi form mutualistic 
associations with plant roots, enhancing nutrient uptake and promoting plant growth. Studies have 

shown that certain nanoparticles can affect the colonization and activity of mycorrhizal fungi in soil, 

potentially influencing plant nutrient acquisition and ecosystem productivity (Ahmed et al, 2021; Dinesh 
et al, 2012; Khanna et al, 2021; Banerjee and van der Heijden, 2023; Mathur et al, 2023; Das et al, 

2022). Similarly, nitrogen-fixing bacteria, such as rhizobia, play a crucial role in nitrogen cycling by 

converting atmospheric nitrogen into a form available for plant uptake.  
Engineered nanoparticles can interact with nitrogen-fixing bacteria and impact their survival, 

activity, or symbiotic interactions with plants. These effects can have implications for plant nitrogen 

nutrition and soil fertility (Zhu et al, 2023). Research has begun to unravel the potential effects of 

engineered nanoparticles on beneficial soil microbes. For instance, studies have examined the impacts 
of nanoparticles on mycorrhizal colonization and functionality, as well as the survival and effectiveness 

of nitrogen-fixing bacteria under nanoparticle exposure (Salam et al, 2023). These investigations 

contribute to our understanding of the ecological consequences of nanoparticle-soil microbial 
interactions. By comprehending the impacts of engineered nanoparticles on soil microbial communities, 

including changes in abundance, diversity, activity, shifts in community composition, functional gene 

expression, and effects on beneficial soil microbes, we can better assess the implications for soil health, 

nutrient cycling, and plant-microbe interactions (Wu et al, 2022; Wu et al, 2023; Colvin, 2003). This 
knowledge is essential for informed decision-making regarding the application and management of 

nanoparticles in agricultural systems. 

 

3.Nutrient Dynamics and Engineered Nanoparticles  

Engineered nanoparticles can have profound effects on nutrient dynamics in soil, influencing 

the availability, mobility, and uptake of essential nutrients by plants. The interactions between 
nanoparticles and soil nutrients can impact nutrient transformations, sorption-desorption processes, and 

nutrient bioavailability.  

 

 
Fig. 1. Effects of ENPs in the biogeochemical properties of soil. 
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Fig. 2. Nutrient Dynamics of soil and Engineered Nanoparticles. 
 
 
 

 

Fig. 3. Soil Contamination, Remediation and Ecological Effect of ENPs. 
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(Yu et al, 2018; Chanu et al, 2021). Some nanoparticles have been reported to enhance nutrient uptake 
efficiency and promote plant growth, while others may inhibit nutrient uptake or lead to nutrient 

imbalances (Ma et al, 2010; Wahab et al, 2023; Rai et. al. 2018; Barkataki and Singh, 2019). 
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critical nutrient for plant growth, and the interactions between nanoparticles and nitrogen compounds 

can influence nitrogen availability and transformations in soil. For example, certain nanoparticles can 

affect nitrogen mineralization, nitrification, and denitrification processes, potentially leading to altered 

nitrogen availability for plants (Salem and Husen, 2023; Khan et al, 2023). Phosphorus is another 

essential nutrient for plants, and its availability can be influenced by nanoparticles. Engineered 

nanoparticles can interact with soil phosphorus compounds, affecting phosphorus sorption-desorption 

processes and solubility. These interactions can influence phosphorus availability to plants and its 

potential for leaching into water bodies (El Attar et al, 2022). Moreover, engineered nanoparticles can 

interact with micronutrients, such as iron, zinc, copper, and manganese. These interactions can affect 

the bioavailability and speciation of micronutrients in soil, potentially influencing their uptake by plants 

and plant nutritional status. For example, the addition of nanoparticles may enhance the availability of 

certain micronutrients, leading to improved plant nutrient acquisition (Peng et al, 2022; Singh et al, 

2021). 

 

3.2 Implications for Nutrient Cycling and Plant Nutrient Acquisition 

The impacts of engineered nanoparticles on nutrient dynamics have significant implications for 

nutrient cycling and plant nutrient acquisition in agricultural systems. Understanding these implications 

is essential for optimizing nutrient management strategies and ensuring sustainable crop production. The 

alterations in nutrient availability, mobility, and uptake caused by nanoparticles can influence nutrient 

cycling processes in soil. Changes in nutrient availability can affect nutrient mineralization, 

immobilization, and transformations by soil microorganisms, influencing nutrient cycling rates and 

dynamics. These changes can impact nutrient availability for plants and the overall nutrient cycling 

efficiency in the ecosystem (Vishwakarma et al, 2023). Furthermore, the interactions between 

nanoparticles and soil nutrients can influence plant nutrient acquisition and nutrient use efficiency. 

Nanoparticles may enhance nutrient uptake efficiency by promoting root growth, increasing nutrient 

bioavailability, or improving nutrient transport within plants (Wahab et al, 2023; Mandal et al, 2023). 

On the other hand, nanoparticles may inhibit nutrient uptake or induce nutrient imbalances, affecting 

plant growth and nutrient utilization (Sharma et al, 2023). The implications of nanoparticle-induced 

changes in nutrient dynamics extend beyond individual plants to ecosystem-level nutrient cycling 

processes. The modifications in nutrient availability, mobility, and plant nutrient acquisition can affect 

plant productivity, nutrient-use efficiency, and the cycling of nutrients within agricultural systems 

(Chauhan, 2023) . Therefore, it is crucial to consider the effects of engineered nanoparticles on nutrient 

dynamics when developing sustainable nutrient management strategies. 

 

4. Soil Contamination and Remediation Strategies 

The increasing use of engineered nanoparticles raises concerns about the potential risks of soil 

contamination. As nanoparticles are released into the environment through various sources, including 

industrial activities and agricultural practices, they can accumulate in soils and pose potential hazards 

to ecosystems and human health (Hegazy et al,  2024). Engineered nanoparticles can accumulate in soils 

through direct application or deposition from air and water sources. The accumulation of nanoparticles 

in soil can result in increased soil nanoparticle concentrations over time (Abdurrahman et al, 2020). This 

accumulation may lead to adverse effects on soil properties, nutrient availability, and soil biota, 

ultimately impacting ecosystem health and functioning (Bathi et al, 2022; Giese et al., 2018; Rajput et 

al, 2020; Rajput et al, 2020; Rajput et al, 2021). The risks associated with soil contamination by 

engineered nanoparticles depend on several factors, including nanoparticle properties, concentrations, 

exposure duration, and interactions with soil components. Some nanoparticles may have toxic effects 

on soil organisms, including microbes, plants, and soil fauna, leading to alterations in soil ecological 

processes and nutrient cycling dynamics (Adhikari and Dharmarajan, 2022).  
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Additionally, the potential for nanoparticles to interact with other pollutants in soil, such as 

heavy metals or organic contaminants, can exacerbate the risks of soil contamination. Synergistic or 

antagonistic interactions between nanoparticles and other pollutants can influence their mobility, 

bioavailability, and toxicity, amplifying the overall environmental risks (Ghai and Kaur, 2022). The 

leaching and transport of nanoparticles from soil into groundwater is a significant concern due to the 

potential for groundwater contamination. Engineered nanoparticles can migrate through soil pores, 

preferential flow paths, and water channels, reaching underlying groundwater resources. The mobility 

of nanoparticles in soil depends on their physicochemical properties, soil characteristics, and 

hydrological conditions (Hou et al, 2023). Nanoparticles with smaller sizes and higher surface reactivity 

are generally more mobile and prone to leaching than larger nanoparticles or bulk materials (Sun et al, 

2021; Sun et al, 2022). The leaching of nanoparticles into groundwater can result in the contamination 

of drinking water supplies and aquatic ecosystems. Once in groundwater, nanoparticles can undergo 

transformation and interact with dissolved ions, colloids, and organic matter, potentially affecting water 

quality and the biogeochemical processes in aquatic systems (Maurya et al, 2020: and Maurya et al, 

2023).  

Understanding the potential leaching and transport of nanoparticles in soil is crucial for 

assessing the risks associated with groundwater contamination (Madanayake et. al. 2022). Factors such 

as soil properties, land use practices, irrigation methods, and rainfall patterns can influence nanoparticle 

mobility and transport pathways, highlighting the importance of site-specific assessments and 

monitoring (Figure 3). The development of monitoring and remediation strategies is essential for 

managing nanoparticle-contaminated soils and minimizing potential environmental risks. Effective 

monitoring allows for the detection, quantification, and spatial mapping of nanoparticle distribution in 

soils, providing valuable information for risk assessment and decision-making. Monitoring techniques 

for nanoparticle-contaminated soils include advanced analytical methods such as spectroscopy, 

microscopy, and molecular techniques. These techniques enable the characterization of nanoparticle 

properties, their fate and transport in soil, and their interactions with soil components and biota 

(Adhikari, 2021; Alazaiza et al, 2021). Remediation of nanoparticle-contaminated soils aims to reduce 

nanoparticle concentrations, mitigate risks, and restore soil quality. Various remediation strategies can 

be employed, depending on the nature and extent of the contamination (Gil-Díaz et al, 2022). These 

strategies include physical, chemical, and biological approaches. Physical methods for remediation may 

involve techniques such as soil washing, electrokinetics, or filtration, which aim to separate and remove 

nanoparticles from soil matrices (Trivedi et al, 2022). Chemical methods may involve the use of sorbents 

or amendments to enhance nanoparticle immobilization or promote their transformation into less toxic 

forms. Biological methods may utilize the activities of soil microorganisms or plants to degrade or 

sequester nanoparticles in soil (Hou et al., 2023; Gil-Díaz et al., 2022; Trivedi et al., 2022; Baragaño et 

al., 2020; Zheng et al., 2022; Kumar et al., 2022; Ren et al., 2022; Samarajeewa et al., 2021; Kumar et 

al., 2018; Cifuentes-Croquevielle et al., 2020). The selection of remediation strategies should consider 

site-specific conditions, cost-effectiveness, and potential ecological impacts. Integrated approaches that 

combine multiple techniques or leverage natural attenuation processes can provide more sustainable and 

efficient remediation solutions. 

 

5. Ecotoxicological Effects and Environmental Implications 

The assessment of the ecotoxicological impacts of engineered nanoparticles on soil organisms 

is essential for understanding the potential risks associated with their presence in soil ecosystems. 

Numerous studies have investigated the effects of nanoparticles on soil organisms, including 

microorganisms, invertebrates, and plants, using standardized laboratory tests and field studies (Kumar 

et al, 2022; Ren et al, 2022). The ecotoxicological effects of nanoparticles on soil organisms can vary 

depending on various factors such as nanoparticle properties, concentrations, exposure duration, and 
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specific organism sensitivities. For example, silver nanoparticles have been shown to exert toxic effects 

on soil bacteria, fungi, and invertebrates, while carbon-based nanoparticles may have minimal effects 

or even beneficial effects on soil microorganisms (Abdurrahman et al, 2020). The interactions between 

nanoparticles and soil organisms can result in physiological and biochemical alterations, disruption of 

biological processes, and changes in the structure and functioning of soil ecosystems. These effects can 

impact nutrient cycling, organic matter decomposition, and plant-soil interactions, with potential 

consequences for soil health and ecosystem sustainability (Hartmann and Six, 2023). 

Soil invertebrates, including earthworms, mites, springtails, and nematodes, play crucial roles 

in soil processes and are indicators of soil health. Engineered nanoparticles can have direct or indirect 

effects on these soil-dwelling organisms, affecting their survival, reproduction, behaviour, and 

ecological functions (Hegazy et al, 2024). Earthworms, in particular, are often used as model organisms 

for ecotoxicological studies due to their sensitivity and ecological significance. Research has shown that 

certain nanoparticles can alter earthworm behaviour, reproduction, and growth, as well as influence soil 

nutrient cycling processes mediated by earthworm activities (Banerjee and van der Heijden, 2023; 

Hartmann and Six, 2023). Other soil invertebrates, such as mites and springtails, can also be affected by 

nanoparticle exposure. These organisms play vital roles in nutrient cycling, organic matter 

decomposition, and soil structure formation. Studies have indicated that nanoparticles can influence the 

abundance, activity, and functional diversity of these soil invertebrates, potentially leading to changes 

in soil processes and ecosystem functions (Delgado-Baquerizo et al, 2020; Wurst et al, 2018).  

The potential for nanoparticles to enter food chains and the wider environment raises concerns 

regarding their environmental implications. Once introduced into soil ecosystems, nanoparticles can be 

taken up by plants and subsequently transferred to higher trophic levels, including herbivores, predators, 

and humans. Plant uptake of nanoparticles can occur through the roots, leading to their accumulation in 

different plant tissues . The transfer of nanoparticles through trophic levels raises questions about their 

potential impacts on organism health, ecological interactions, and the overall integrity of food chains 

(Keller et al, 2023). Furthermore, nanoparticles released from soil can be transported through water 

bodies or atmospheric deposition, potentially reaching aquatic ecosystems, sediments, or even remote 

areas far from the original source. This widespread distribution raises concerns about their ecological 

impacts and long-term fate in the environment (Bundschuh et al, 2019; Singh et al, 2023). Understanding 

the potential for nanoparticles to enter food chains and the wider environment requires comprehensive 

studies that assess the bioaccumulation, biomagnification, and trophic transfer of nanoparticles in 

different ecosystems. Additionally, investigating the long-term effects on organism health, population 

dynamics, and ecosystem functioning will provide valuable insights into the ecological consequences 

of nanoparticle exposure (Kumar et al, 2022).  

 

6. Assessing Soil Health in the Presence of Engineered Nanoparticles 

Assessing soil health is crucial for sustainable agriculture and environmental management. With 

the increasing use of engineered nanoparticles and their potential impacts on soil ecosystems, it is 

essential to develop approaches for evaluating soil health in the presence of these nanoparticles. 

Traditional soil health assessment methods typically include the measurement of physical, chemical, 

and biological properties of soil. These indicators provide valuable insights into soil fertility, structure, 

nutrient availability, and microbial activity. However, in the presence of engineered nanoparticles, 

additional considerations are necessary to understand their potential effects on soil health (Abd-Elzaher 

et al. 2022). One approach for profiling soil health in the presence of engineered nanoparticles is to 

integrate nanoparticle-specific indicators with traditional soil health assessments. These indicators may 

include the measurement of nanoparticle concentrations, size distributions, and their interactions with 

soil components. Analytical techniques such as spectroscopy, microscopy, and molecular techniques 
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can be employed to characterize nanoparticle behaviour in soil (Banerjee and van der Heijden 2023; 

Wilhelm et al. 2023).  

In addition to nanoparticle-specific indicators, it is crucial to consider the interactions between 

nanoparticles and traditional soil health indicators. For example, engineered nanoparticles may affect 

soil pH, nutrient availability, organic matter decomposition rates, and microbial community structure. 

Therefore, the interpretation of traditional soil health indicators should account for the potential 

influence of nanoparticles on these parameters (Ren et al, 2022). To assess soil health in the presence of 

engineered nanoparticles, it is essential to integrate traditional soil health indicators with nanoparticle-

specific considerations. This integration provides a comprehensive understanding of soil functioning 

and potential nanoparticle-induced alterations. Physical indicators such as soil texture, structure, and 

aggregation can be evaluated using conventional methods (Wilhelm et al, 2023). However, the potential 

impact of nanoparticles on soil physical properties should be considered. For instance, nanoparticles can 

influence soil aggregation and pore structure, affecting water infiltration and nutrient movement (Ren 

et al, 2022). Chemical indicators, including soil pH, nutrient content, and CEC, are critical for assessing 

soil fertility and nutrient availability (AbdelRahman, 2023; AbdelRahman and Arafat, 2020; 

AbdelRahman, and Tahoun, 2019; AbdelRahman et al. 2021; AbdelRahman et al. 2022). In the presence 

of nanoparticles, their influence on soil pH and nutrient interactions should be accounted for the 

interpretation of these indicators. Additionally, the potential for nanoparticle-induced nutrient 

imbalances or deficiencies should be considered. 

 

6.1 Engineered Nanoparticles and Soil-Dwelling Organisms  

Biological indicators, such as microbial biomass, enzyme activities, and community 

composition, provide insights into soil microbial functions and nutrient cycling (Banerjee and van der 

Heijden 2023). However, nanoparticles can alter microbial communities and their activities. Therefore, 

nanoparticle-specific considerations, such as evaluating microbial sensitivity to nanoparticles and their 

effects on microbial functions, should be integrated into the assessment of soil biological indicators 

(Hartmann and Six, 2023). Assessing soil health in nanoparticle-contaminated soils presents several 

challenges and requires future research efforts to address knowledge gaps and improve assessment 

methodologies. One challenge is the need for standardized protocols and guidelines specifically tailored 

for nanoparticle-contaminated soils. The development of standardized approaches will enhance 

comparability across studies and improve the reliability of soil health assessments in the presence of 

engineered nanoparticles. Another challenge is the dynamic nature of nanoparticle-soil interactions and 

their long-term effects on soil health (Wilhelm et al. 2023). Nanoparticles can undergo transformation 

and aggregation processes in soil, altering their behaviour and potential impacts (Figure 4). Long-term 

studies are necessary to understand the persistence and fate of nanoparticles in soil and their 

consequences for soil health over extended periods. Furthermore, there is a need for interdisciplinary 

collaborations among scientists from different fields, including nanotechnology, soil science, 

ecotoxicology, and agronomy. Such collaborations will foster the development of comprehensive 

assessment approaches that consider the complex interactions between nanoparticles and soil 

components. 

 

6.2 Sustainable Soil Management and Nanoparticle Applications 

The responsible use of engineered nanoparticles in agriculture is essential to ensure the 

protection of soil ecosystems, human health, and the environment. While nanoparticles offer potential 

benefits in agricultural practices, such as enhanced nutrient availability, improved pesticide delivery, 

and increased crop productivity, their use should be guided by careful considerations and risk 

assessments (Vishwakarma et al. 2023). To promote responsible use, regulations and guidelines should 

be established to govern the production, application, and disposal of nanoparticle-based products in 

https://www.sciencedirect.com/science/article/pii/S1110982317303617?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2352938518300223#!
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agriculture. These regulations should consider factors such as nanoparticle characteristics, application 

rates, application methods, and potential environmental impacts. Additionally, labelling requirements 

and standardized testing protocols can provide information on nanoparticle properties, behaviour, and 

potential risks. Education and awareness programs are crucial to ensure that farmers, agronomists, and 

other stakeholders are informed about the potential benefits and risks associated with nanoparticle 

applications (Bastida et al. 2021). This knowledge will enable informed decision-making and 

responsible practices in the agricultural sector. Collaboration between researchers, regulators, industry, 

and farmers is vital for developing and implementing guidelines that support the responsible use of 

engineered nanoparticles in agriculture (Ensor and Bruin, 2022). 

 

 

Fig. 4. Assessing Soil Health in the Presence of Engineered Nanoparticles. 

 

7. Soil Health Profiling with Engineered Nanoparticles 

Strategies for minimizing potential risks and maximizing the benefits of engineered 

nanoparticles in agriculture can be implemented at different stages of nanoparticle life cycles, from 

production to application and disposal (Vishwakarma et al. 2023). In the production phase, efforts 

should be made to optimize nanoparticle synthesis methods to minimize environmental impacts. Green 

synthesis approaches, such as using bio-based materials or eco-friendly methods, can reduce the 

potential for hazardous by-products or waste generation )Wahab et al. 2023). During nanoparticle 

application, precision agriculture techniques can be employed to ensure targeted and efficient delivery. 

This reduces the number of nanoparticles required and minimizes the risk of unintended environmental 

exposure. The use of encapsulation techniques or controlled-release formulations can also enhance the 

stability and controlled release of nanoparticles, reducing their potential for off-target effects 

(Vishwakarma et al. 2023).  

Proper waste management and disposal practices should be implemented to prevent nanoparticle 

release into the environment. Recycling, treatment, or safe disposal of nanoparticle-containing materials 

can minimize the potential for environmental contamination. Collaboration with waste management 

authorities and the development of specific disposal protocols for nanoparticle-containing products are 

important for reducing risks (Bradford et al. 2022 Suman et al. 2022). The integration of nanoparticle-

based approaches with soil conservation practices and sustainable soil management can enhance the 

overall effectiveness and environmental sustainability of agricultural systems. Nanoparticles can be used 

in combination with traditional soil conservation practices, such as conservation tillage, cover cropping, 

and crop rotation, to improve soil health and productivity. For example, nanoparticle-based formulations 

can be applied in conjunction with organic amendments to enhance nutrient availability and promote 
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soil organic matter accumulation. This integration can lead to improved soil structure, increased water-

holding capacity, and reduced erosion (Lehmann et al. 2022).  

The application of nanoparticles can be targeted to address specific soil constraints or 

limitations. For instance, nanoparticles can be used to remediate contaminated soils, enhance nutrient 

use efficiency, or mitigate the impacts of abiotic stressors. The selection of nanoparticle types, dosages, 

and application methods should be based on site-specific conditions, considering factors such as soil 

properties, crop requirements, and environmental considerations (Ulhassan et al. 2022). Integrating 

nanoparticle-based approaches with precision agriculture technologies, such as sensor-based nutrient 

management and site-specific application systems, can optimize the efficiency of nanoparticle use and 

minimize potential environmental risks. This integration allows for targeted and precise application, 

reducing overuse and unnecessary environmental exposure (Singh et al. 2021; Zhang et al. 2021). 

 

8. Conclusion and Future Prospective  

This research has shown a solar-powered, efficient, eco-friendly, and cost-effective way to 

remove metals from polluted soil by harnessing plants' inherent ability. According to the Copper-

polluted soil remediation findings, M. lupulina  had considerably greater root growth, and chlorophyll 

contents at higher copper concentrations. M. lupulina has the greatest concentration of copper  in their 

roots. All things considered, the data and observations pointed to M. lupulina as a species that can 

accumulate, a short growth cycle, and high resistance to metal stress. The high BCF and TF values 

further supported the idea that M. lupulina was the best plant species to use for copper  phytoextraction, 

and it remedied the copper -contaminated soil more quickly and in more flushes than the others. It was 

easy to dispose of the gathered plant biomass above the group part since it was biodegradable. It might 

be used as a raw material for large-scale composting or phytomining, or as an alternative source of 

biofuel energy. In addition, residents in the impacted regions could reap the benefits of the natural, risk-

free strategy by reducing the levels of harmful metals in agricultural land irrigated with untreated water. 

Furtherfuture  perspectives towards the studied problem of removing copper from contaminated soils 

using M.lupulina L. plant through additive-mediated phytoextraction requires further investigation and 

practical application for sustainable land rehabilitation. To achieve this, long-term investigations are 

necessary to assess the effectiveness of this approach over multiple growing seasons. Additionally, 

optimizing additive dosages and application methods can improve phytoextraction efficiency while 

minimizing adverse effects on soil biota and plant vitality. Furthermore, studying the interactions 

between M.lupulina L. and contaminated soils at the molecular and microbial level can provide insights 

into enhancing metal uptake pathways and root exudates, improving remediation efficacy. The 

feasibility and effectiveness of additive-mediated phytoextraction under real-world conditions should 

also be validated by utilization different other types of additives like nanoparticles and biochar in 

laboratory experiments to field-scale applications  (El-Ramady et al. 2020; Elramady et al. 2021; Singh 

et al. 2023; Singh et al. 2023). Finally, integrating phytoextraction with complementary techniques such 

as phytostabilization and bioremediation may offer sustainable land rehabilitation efforts synergistic 

benefits. In conclusion, while the current study provides foundational insights, ongoing research is 

necessary to fully harness the potential of additive-mediated phytoextraction in addressing copper 

contamination in soils. 
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