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ABSTRACT 

Engineered nanomaterials are a cause of concern for environment in entirety due to their unregulated release, which 

in turn is due to their unregulated synthesis/ production, disposal and continuously rising applications in multiple fields. 

Although a complete account of impact of these particles in environment is absent, it has already drawn much attention of 

scientists and crucial work is being done in this field. Current report intends to deliberate on issues related to the harmful 

impacts of waste containing nanoparticles, particularly on soil and organisms therein. Particularly, we focus on the toxicity 

of nanoparticles and how they affect soil habitats. In addition, this paper discusses major prevention and risk management 

approaches. The increased use of nanoparticles (NPs) resulted in their accumulation in the environment, such as soil, 

generating concern about their hazards. Industrial nanoparticles contain heavy metals, which may cause problems due to 

toxicity and bioaccumulation. Nanowaste treatment requires understanding of chemical, physical, and biological properties 

of NPs. Waste management also requires thorough risk assessment of new materials. 
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1. INTRODUCTION 

The field of nanotechnology developed as a 

result of the innovative, exploitable characteristics that 

these materials have in the nano size range (Malakar et 

al. 2021; Yu et al. 2021). These NPs exhibit distinct 

physical and chemical behaviour due to their large 

surface to volume ratio, incredibly small size, and size-

dependent optical characteristics (Sajid et al. 2015). The 

types of nanomaterials (NMs) have diversified with time. 

Besides this, other factors like routes of synthesis and the 

range of fields in which they are used and their final 

disposal may add additional stress on soil system (Fig. 1). 

Nanomaterials are mainly divided into four categories, 

such as inorganic-based nanomaterials, carbon-based 

nanomaterials, organic-based nanomaterials and 

composite-based nanomaterials. Apart from their 

material, nanoparticls vary in terms of dimensions, 

shapes, and sizes. Nanoparticles can be zero dimensional, 

where their length, breadth, and height are all fixed at one 

point as in nano dots; one dimensional, where they can 

have only one parameter as in graphene; two 

dimensional, as in carbon nanotubes; or three 

dimensional, as in gold nanoparticles, where they have 

all three dimensions (Fig. 2). Broadly, metals and metal-

oxides come under inorganic nanomaterials (Ealias et al. 

2017). Silver, gold, aluminium, copper, zinc are some of 

the examples of metal-based nanomaterials, whereas zinc 

oxide, copper oxide, cerium oxide, iron oxide fall under 

metal-oxide nanomaterials (Sharma et al. 2015). As per 

the illustration in Fig. 3, considering organic 

nanomaterials, they are formed from the organic 

substances eliminating carbon materials such as 

dendrimers, liposome, micelle and cyclodextrin (Bhatia 

et al. 2016). Composite based nanomaterials are the 

combination of metal based, metal oxide, carbon based 

and organic/inorganic nanomaterials (Zhao et al. 2019). 

 

Fig. 1: A depiction of effect of nanomaterials on soil habitat 
and environment 

With the widespread usage of nanotechnology, 

nanomaterials are released into the environment. Since 

industry uses nanotechnology, wastes with residual 

nanomaterials are produced (Shafique et al. 2019). The 

effects of nanoparticles on the receiving body depend on 
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their size, mass, chemical composition, surface, and how 

they aggregate. Exposure assessment, toxicology, 

toxicological databases, environmental and biological 

fate, transport, persistence, and transformation of 

nanoparticles, and recyclability and overall sustainability 

of nanomaterials can be used to assess nanotoxicity. 

 

Fig. 2: Types of nanomaterials as per their dimension 

New nanotoxicology research programmes are 

needed because nanoproducts are spreading rapidly in the 

environment. The fact that nanoparticles are so small is 

what makes them so valuable in industry and medicine, 

but it is also one of the key things that could make them 

potentially harmful to human health. Recent research 

works demonstrate that smaller the particles, greater the 

reactivity and the more harmful the impacts. This is due 

to the likelihood that any intrinsic features of particles 

will be highlighted by the increase in surface area per unit 

mass (Liao et al. 2023). It is acknowledged that there are 

inherent risks associated with new technologies. 

However, one particular concern with nanotechnology is 

the type of toxicity that results from surface modification. 

It has been shown that increased endocytosis, which may 

potentially have a tendency towards inflammatory and 

prooxidant activity, is mostly caused by surface 

chemistry (coating) of nanoparticles and in vivo surface 

modifications. The Organisation for Economic Co-

operation and Development (OECD) recently began 

testing the nanomaterials and their effects on health and 

environment (Kühnel et al. 2014).  

 

Fig. 3: Types of nanomaterials as per their shape and size 
(Silva et al. 2019) 

2. OBJECTIVES  

The aim of this article is to bring together a 

concise understanding of impact of both nanomaterials 

and their engineered forms on soil and associated 

organisms and the current status of measures to tackle the 

same. We conducted a detailed review of literature (2010 

to 2023) regarding the sources of nanomaterials affecting 

the soil enzymes, microbiota and their effects on variety 

of plants, their prevention and risk management. 

3. ENVIRONMENTAL FACTORS AFFECTING 
THE TOXICITY OF NANOPARTICLES 

Nanoparticles are employed in a wide variety of 

goods for a variety of uses, increasing the likelihood of 

contamination of the environment. Nanomaterials can be 

released inadvertently or on purpose. Nanoparticles 

represent a concern when discharged into the air, soil, 

and water because they are very small particles that can 

float into the air or be transported to another location via 

water. Soil contamination causes a long-term build up 

and pollution of groundwater. Nanoparticle toxicity may 

be influenced by environmental conditions (Sajid et al. 

2015). Weather variables like humidity, temperature, 

wind speed, latitude, and kind of light may have an 

impact on several NP qualities that contribute to their 

toxicity (Rajput et al. 2018). At higher temperatures, NPs 

can scatter more quickly than at lower or normal 

temperatures. It is well known that NPs react differently 

to different types of light, including visible and 

ultraviolet light. With the help of wind speed, these tiny 

fragments can penetrate the tissues of both plants and 

animals (Zhang et al. 2018). It will be necessary to take 

into account that the following factors in order to predict 

the effects of nanomaterial in the ecosystem: (i) the form, 

route, and mass of nanomaterial entering the environment 

(characterization and risk assessment); (ii) the fate and 

transport of NMs in environmental media 

(bioavailability); (iii) response of organism to 

nanomaterial exposure (ecotoxicology); and (iv) the 

effects of nanomaterial inputs on ecological communities 

and biogeochemical processes. It may be impossible to 

distinguish between the direct effects of the nanoparticles 

and the indirect effects caused by components released 

from the original engineered nanoparticles (ENP) in 

experiments where ecological impacts are quantifiable if 

the fate, transport, and transformation of the initially 

added ENPs cannot be determined. In the absence of 

measurements, it is impossible to identify which 

environmental mechanisms ‘protect’ the biota from ENP 

toxicity. These mechanisms could include simple ENP 

aggregation into less reactive large particles, absorption 

of ENPs onto organic matter or soil minerals, or 

dissolution of ENPs into constituent solutes. Therefore, 

the analytical constraints that exist now significantly 

limit our ability to create mechanistic explanations for the 

effects of ENP during ecological study (Bernhardt et al. 

2010). 
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4. SOURCES OF NANOPARTICLES IN SOIL AND 
THEIR EFFECTS 

Models indicate that soil, more so than air or 

water, is a significant receiver of NPs, which is causing 

increasing worry. These days agricultural practices are 

introducing the use of excessive amounts of various 

NMs, making soil a potential sink (Rajput et al. 2020). 

Currently, the primary way of NP deposition onto land is 

the dumping of sewage sludge from wastewater 

treatment plants (WWTPs), where NPs released from 

consumer products into wastewaters may partition into 

sewage sludge during the wastewater treatment process 

(Fig. 4 and Fig. 5). As an example, depending on the 

washing agents employed and how the particles are 

mixed into the textile, different amounts of Ag NPs may 

be released during the washing of textile products. 

According to the experimental data, up to 99% of the 

TiO2 NPs that enter WWTPs are retained in the sludge 

phase and end up in the terrestrial region rather than 

aquatic environment. During transportation, 

nanoparticles are dispersed into the soil environment. 

When the NPs interact with the organic and inorganic 

components of the soil matrix, it becomes more 

complicated leading to altered toxicity. Therefore, it is 

crucial to understand the link between their real exposure 

concentrations and biological impacts on crops and 

symbiotic organisms.  

Nanoparticles can enter the soil through 

industrial spills, landfill sites or during the application of 

sewage sludge as a fertilizer (Mukherjee et al. 2018). 

Different entry points for the metal and other NPs into 

soils are possible. Metal-based nanoparticles have a 

variety of distinctive properties that are thought to have a 

significant role in regulating their ecotoxicity, 

environmental behaviour, and fate (Dubey et al. 2016). 

These include physical characteristics, particularly size 

and shape, and chemical characteristics such as the acid–

base character of the surface and the aqueous solubility 

of the metal (Gottschalk et al. 2011). Understanding how 

particular species are exposed to nanoparticles present in 

various phases (soil, soil water) as well as how the 

presentation of the NPs within these phases further 

affects exposure, is crucial in the context of ecotoxicity 

(Zahoor et al. 2021). The growth and productivity of 

significant crops may be hampered by the widespread 

usage of metal- and metal oxide NPs and their potential 

introduction into the food chain through plants. 

Reviewing earlier works on the possible toxicity of NPs 

in crops is therefore useful to regulate the disposal of NPs 

(Table 1). Plant health is indicated by morphological 

metrics such as leaf area, shoot and root lengths, and 

shoot and root weights. Negative impacts of metal-based 

nanoparticles such as ZnO, Fe2O3, aluminium dioxide 

(Al2O3), and CuO on shoot/root growth and elongation 

have been found in several crop species including rice, 

wheat, maize, tomato, and barley.   

 

Fig. 4: Accumulation of nanoparticles by plants and their 
effects (Bakht et al. 2020) 

According to recent studies, toxicity may be 

caused by increased metal ion release from NPs (Rizwan 

et al. 2017). Many researchers have reported that many 

crops, including wheat, rice, sorghum, and tomato were 

hindered in terms of root growth and biomass by Ag NPs 

(1000 ppm, size: 25 nm, 12 days). They damaged rice 

root cell walls and vacuoles, possibly due to substantial 

NP penetration through small cell wall pores (Dimkpa et 

al. 2012; Vannini et al. 2013). It has been found that 

treatment with lower concentrations of Ag NPs (up to 30 

mg L-1) stimulated rice root growth, whereas at higher 

concentrations (above 60 mg L-1), the root growth was 

slow leading to root mortality. Shoot development was 

more vulnerable to NP stress (Thuesombat et al. 2014). 

It has been found that CuO NPs (20 ppm for 15 days) 

reduced root length by 49.5% and 47.6% in lettuce and 

lucerne, respectively, and the roots turned brown when 

compared to control plants (Hong et al. 2015). Decreased 

root growth in soybean and chickpea by using CuO NPs 

over 500 ppm has been reported (Adhikari et al. 2012). 

Several studies have found that ZnO NPs are hazardous 

to the growth of several crops grown in a wide range of 

habitats. ZnO NPs (500 and 750 mg kg-1 of soil in pot) 

decreased lucerne root and shoot biomass by 80% and 

25%, respectively (Bandyopadhyay et al. 2015). 

Mousavi Kouhi et al. 2015 investigated the anatomical 

and ultrastructural changes in rapeseed roots and leaves 

treated with ZnO NPs (100 mg L-1, size: for 2 months). 

ZnO NPs reduced the diameter of the root tip as well as 

the size of epidermal and pericyclic cells. The NPs also 

reduced the number of chloroplasts, mitochondria, and 

plastoglobuli in the leaves while increasing the size of 

starch grains and the quantity of plastoglobuli (Mousavi 

Kouhi et al. 2015). Although NPs have both positive and 

negative impacts on plant development and morphology, 

the response varied with dose, plant species, 

experimental settings, and exposure period. In Fig.5, one 

can observe that in soils contaminated with metal- and 

metal oxide NPs, the first step that influences the success 

of crop growth is seed germination. Metal nanoparticles 

have recently been widely shown to have harmful effects 

on the germination of food crop seeds. In general, the 
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toxicity of NPs decreased seed germination rates and 

spread out the germination events of many varieties of 

crops (Moon et al. 2014). The findings demonstrated that 

Ag NPs reduced faba bean and turnip germination in a 

dose-dependent manner. Silver NPs reduced the 

germination of barley seeds by 10% to 20% in 

comparison to the control. With increasing Ag NP dose 

and size, germination of rice seeds decreased. Similarly, 

by adhering to seed surfaces and releasing free metal ions 

close to the seeds, metal oxide nanoparticles (CuO, NiO, 

TiO2, iron oxide (Fe2O3), and CO3O4) inhibited the 

germination of lettuce, radish (Raphanus sativus L.), and 

cucumber seeds (Jośko et al. 2013). According to the 

researchers, the adverse effects of NPs on seed 

germination differ depending on the crop (lettuce > 

cucumber > radish) and seed size. A research team from 

University of Oklahoma, Kibbey et al. 2019 have studied 

the effect of three different types of nanomaterials, i.e 

TiO2 nanopowder, fluorescent red polystyrene 

nanoparticles and groundwater nanomaterial suspension 

at different concentrations on lettuce seedlings. They 

have observed the TiO2 might have attached to the 

surface of rhizospheric bacteria ultimately influencing 

the plant microbe interaction by changing the surface 

activity of the microorganism (Kibbey et al. 2019). 

Additionally, seed germination differed in various soils; 

for example, it was less evident in clayey soil than in 

sandy soil (Damodaran et al. 2019). The impact of 

cerium oxide (CeO2) NPs on the seeds of tomato, 

cucumber, maize and lucerne (Medicago sativa L.) at a 

concentration of 0–4000 mg L-1 has been studied. The 

result showed that the seed germination of tomato, maize 

and cucumber reduced by 20-30% by the application of 

2000 mg L-1 CeO2 (López-Moreno et al. 2010). 

According to several studies, NPs may partially dissolve 

and release harmful metal ions or cause surface 

modifications in the exposure solution or plant tissues, 

which might hinder NP-mediated seed germination (Ma 

et al. 2011). However, scientists claimed that NP 

concentrations above a certain point were harmful to 

plants and inhibited seed germination. TiO2 NPs 

improved the germination of wheat seeds at 

concentrations between 2 and 10 ppm while decreasing it 

at higher concentrations (100 and 500 ppm) (Feizi et al. 

2012).  

 

 

Fig. 5: Effect of nanoparticle on plants via soil (Kumar et al. 2023) 

The synthesis of NPs has expanded quickly, and 

they are widely used in agriculture, increasing the 

probability that they may reach the soil. Many NPs 

accumulate in plant tissues, including the edible portion 

of plant tissues, and it is now widely acknowledged that 

some of them have an adverse impact on crop 

development and output (Rajput et al. 2018). After 

uptake, NPs might be poisonous to plants on their own, 

or it might be because NPs release toxic ions after 

breaking down. The negative biological effects of NPs 

include an increase in ROS generation due to the 

presence of additional electrons or as a result of NPs 

interacting with biomolecules and generating oxidative 

stress as well as affecting the water uptake in plants along 

with the metabolic pathways and photosynthesis (Kumar 

et al. 2019). Inhibition of germination, reduced shoot and 

root growth, toxicity, and drop in photosynthetic rate and 

chlorophyll concentrations have all been observed due to 

the effects of NPs on crops like onion, spinach, coriander, 

wheat, rice, soybean, mung bean, radish, lettuce, barley, 

cucumber, and tobacco (Tripathi et al. 2012; Singh et al. 

2016) (Fig. 4). Hong et al. (2015) have found that a 
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significant change in photosynthetic characteristics of 

cucumber were seen after treatment with 200 mg L-1 of 

CeO2 and CuO2 NPs. Alteration in transcriptome in 

response to NPs and DNA degradation has been reported 

(Shen et al. 2010; Kumari et al. 2011). Ma et al. (2011) 

have studied that CeO2 nanoparticles are hazardous to 

cotton plants causing the death of vascular bundles and 

chloroplasts as well as affect the nutrients intake. 

According to existing knowledge, these engineered 

nanomaterials have an impact on the environment and 

interact with plants, soil, and plant-soil microbiomes 

(Fig. 6). The microbiomes of the soil and plants are 

deeply impacted by these interactions, which in turn 

impacts plant health. The size, shape, chemical makeup, 

surface charge, hydrophobicity, and other characteristics 

affects the activity of engineered nanoparticles (Khan et 

al. 2022).  

Microorganism secretes beneficial organic 

acids, enzymes and hormones which get affected by the 

accumulation of nanoparticles in soil. To summarise, 

metal- and metal oxide nanoparticles decreased or 

enhanced seed germination in a variety of plants. The 

plant response varied considerably between NPs and was 

inversely linked with dose and size of NPs. Since soil, 

soil microbiome, and plant microbiome differ from plant 

to plant and soil to soil, the relationships of nanomaterials 

with the soil ecosystem cannot be broadly generalized. 

Although NPs either positively or negatively impact the 

seed germination of the investigated plants, the 

mechanisms underlying germination, particularly in soil, 

are still in a stage of discovery. 

 

Fig. 6: Illustration of accumulation of nanoparticles with soil 
microbiota (Ameen et al. 2021)

 

Table 1. Effects of ZnO nanoparticles on plant performances 

Plant 

species 

Concentration 

mg L-1 

Toxic effect of ZnO nanoparticles on different plant 

species 
References 

Alfalfa 500-750 Reduced root and shoot biomass by 80% 
(Bandyopadhyay et 

al. 2015) 

Wheat 500 

Reduced root growth, increased lipid peroxidation and 

oxidized glutathione in roots, decreased chlorophyll 

content in shoots, increased ROS production 

(Dimkpa et al. 

2012) 

Spinach 1000 
Reduced root and shoot length, total weight, chlorophyll 

and carotenoid content 

(Singh and Kumar, 

2016) 

Soybean 0.05-0.5 Reduced root and shoot growth, affected seed formation (Priester et al. 2017) 

Pea 25-500 
Reduced chlorophyll and catalase content in leaves and  

ascorbate peroxidase  in roots and leaves 

(Mukherjee et al. 

2013) 

Maize 20 
Aggregates penetrated the root epidermis, cortex and 

accumulated in xylem vessels 
(Zhao et al. 2012) 

Mustard 500-1500 Affected seed germination and seedling growth (Zafar et al. 2016) 

Bean 100-500 
Inhibited growth, imbalanced nutrient in shoots, Na 

increased, Fe, Mn, Zn and Ca decreased 

(Dimkpa et al. 

2014) 
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Table 2. Effects of various nanoparticles on soil microbial communities 

Nanoparticles 
Concentration in 

soil (mg kg-1 ) 
Toxic effects Reference 

ZnO 

Fe3O4 

500-1000 

2000 

Affected enzymatic activities (invertase, urease, 

catalase, and phosphatase) and bacterial communities 

of saline-alkali and black soils 

(You et al. 

2018) 

Fe3O4 0.1-10.0 Significantly decreased the content of bacteria in soil 
(Cao et al. 

2020) 

ZnO 1000 
Affected plate counts of Azotobacter, P-solubilizing 

and K-solubilizing and inhibited enzymatic activities 

(Chai et al. 

2015) 

CuO 0-1000 
Decreased soil microbial biomass, enzymatic 

activities, disturbed community structure 

(Xu et al. 

2015) 

Fe 550 Individual analysis showed effect on bacterial group 
(Shah et al. 

2014) 

CuO 10 Affected soil microbial community 
(Ben-moshe et 

al. 2013) 

Cu 220 
Reduced C and N biomass, disturbed microbial 

community structure 

(Kumar et al. 

2012) 

5. INFLUENCE OF NANOPARTICLES ON SOIL 
ENZYMES AND ORGANISMS 

An estimated 11 million tonnes of metal- and 

metal oxide NPs are produced worldwide each year, with 

soil resources ultimately receiving them (Zhao et al. 

2019). Eventually, the nanoparticle gets accumulated to 

the roots of different plants and goes deep down by 

penetrating the layers of soil and disturbs the soil pH as 

well as microbe present in the rhizospheric region 

(Fig.6). Soil extracellular enzymes are important in 

physiological soil activities such as breakdown of 

organic compounds, mineralization, and nutrient 

recycling. Moreover, their ability to respond to 

environmental stimuli makes them a possible indication 

of soil microbial quality (Colman et al. 2013). Thus, 

determining soil enzymatic activity is one technique to 

evaluate the effects of engineered nanoparticles as an 

external disturbance on soil microbial processes (Table 

2) (Baldrian et al. 2012). After being exposed to nano Ag, 

extracellular soil enzymes such as leucine amino 

peptidase and phosphatase exhibited 52% and 27% 

reduced activity, respectively. It has also been 

demonstrated that soil protease, catalase, and peroxidase 

activities are suppressed in the presence of 100 nm nano 

ZnO and nano TiO2 (Du et al. 2011). At 300 – 1000        

mg kg-1 soil, single-walled carbon nanotubes 

significantly decreased microbial biomass and the 

activity of soil extracellular enzymes involved in 

phosphorous, nitrogen, and carbon cycling (Jin et al. 

2013). Peyrot et al. (2014) discovered that 210 nm 

polyacrylate-coated nano Ag inhibited the activity of soil 

hydrolases involved in the hydrolysis of P, S, C, and N. 

A recent study found that exposure to 50 nm citrate-

coated gold nanoparticles (nAu) resulted in significant 

increases in the activity of five extracellular soil enzymes 

after 30 days, whereas exposure to 50 nm PVP-coated 

nAu resulted in an initial decrease in enzyme activity but 

a recovery or increase after 30 days (Asadishad et al. 

2017). The impact of ENP amendments on the soil 

microbial community must also be considered. For 

example, if changes in the composition of the soil 

microbial community modify the soil nutrient cycling 

capacity or overall bacterial diversity, such changes may 

have an impact on crop productivity. Nanoparticles may 

penetrate bacterial cell walls by endocytosis, and many 

of them, particularly silver, copper, and zinc, have 

antibacterial characteristics (Sun et al. 2014). In the cells 

of two soil bacteria, Bacillus cereus and Pseudomonas 

stutzeri, Ag NPs had bactericidal effects and altered their 

morphology, while Al2O3 NPs exhibited no detectable 

toxicity at all of the tested doses or time points (De 

Volder et al. 2013). Factors including functionalization, 

concentration, exposure time, and soil texture have a big 

impact on how Ag NPs affect the soil microbial 

community. Also, it has been noted that Ag NPs inhibit 

enzymatic activities, while Cu and Zn-based NPs inhibit 

bacterial growth and biomass.  

5.1. Impact of nanopesticides 

When nanopesticides are introduced to 

farmland, the interactions between biological systems 

and nanoparticles are found to be complex. Fojtová et al. 

(2019) have tested four model nanopesticides which 

includes chlorpyrifos and tebuconazole loaded on 

polymeric and lipid nanocarriers. The fate and 

bioaccumulation of the nanopesticides in soil 

microcosms harbouring earthworms (Eisenia fetida) and 
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lettuce (Lactuca sativa) were studied. The higher 

bioavailability of active chemicals in nanopesticides was 

detected in comparison to pure active ingredients, 

indicating a larger bioaccumulation of active ingredients 

in Eisenia fetida. More importantly, the intense transfer 

of the tebuconazole nanopesticides from the roots to the 

edible sections of the lettuce may endanger human health 

via the food chain. As reported by Keller et al. 2018; Kah 

et al. 2019 copper oxide nanopesticides were applied to 

edible plants such as lettuce, kale, and collard green. 

Furthermore, a certain fraction of copper oxide 

nanopesticides was taken up by plant leaves, resulting in 

copper oxide nanoparticle bioaccumulation, posing a risk 

to humans who consume these edible plants.  

6. PREVENTION AND RISK MANAGEMENT 
RUNOFF 

A significant number of nanoparticles, 

including those in the ambient air and water, have entered 

the environment as a result of the growth of 

nanotechnology. Information from several fields, such as 

source characterisation, fate and transport, modelling, 

exposure assessment, and dose-response characteristics, 

must be integrated in the complicated process of risk 

assessment (Rana et al. 2013). An early risk assessment 

entails following the Environment, Health, and Safety 

(EHS) standards, which are frequently neglected in 

various workplaces and the environment and hence 

restrict the assessments of exposure to hazardous 

substances. The potential for the nanoparticle to be 

harmful is assessed during the hazard evaluation (Bakand 

et al. 2016). Endpoints such as physiological, genetic, or 

functional consequences, either acute or chronic, can be 

used to quantify hazards such as toxicity and ecotoxicity. 

But under a risk assessment paradigm tailored to 

nanoparticles, there may also be additional potentially 

harmful environmental impacts on atmospheric/ 

stratospheric processes, soil stability, and the 

bioavailability of mineral nutrients.  

In the process of risk assessment, dose-response 

evaluations come after hazard identification (Auría-Soro 

et al. 2019). It may be necessary to conduct laboratory 

studies or use mathematical models in order to determine 

dose-response connections (Stone et al. 2010). However, 

dose-response relationships may not be straightforward 

for nanoparticles because the method of synthesis may 

lead to changes in surface reactivity and hence toxicity 

(Solano et al. 2021). 

7. CONCLUSIONS 

The pH of soil is not significantly impacted by 

nanoparticles unless they are put in high quantities, but 

they may have a specific impact on the geochemical 

cycle of the elements in the soil, influencing the amount 

of organic matter, nutritional elements, and even 

microelements. There is a possibility that nanoparticles 

can easily penetrate to the cell wall to enter the interior 

of the plant. Similar to conventional pollutants, 

nanoparticles have a hormesis effect on plant growth and 

development. There are just a few of the ways that 

nanoparticles can promote plant growth and development 

at low concentrations. Nonetheless, at elevated levels, 

nanoparticles may cause plants to produce reactive 

oxygen species, hinder the assimilation of macro- or 

microelements, interfere with regular physiological 

processes, and impact the composition and functionality 

of the plant’s symbiotic microbiome. Plant growth and 

development would be inhibited as a result of them. 

Further study is therefore needed to assess the toxicity 

and transformation of ENPs upon human exposure, 

utilizing biosensor and computationally assisted 

analytical approaches in addition to the already used in 

vitro and in vivo methodologies. The widespread use of 

nanotechnology and nanomaterials in products will 

generate large amounts of new-generation waste in the 

near future. Future research should focus on 

nanotoxicology, nanobiomonitoring, and environmental 

effects of nanoparticles. 

ACKNOWLEDGEMENTS 

Authors thank VIT, Vellore for providing 

necessary infrastructure to draft this article. 

FUNDING 

This research received no specific grant from 

any funding agency in the public, commercial, or not-for-

profit sectors. 

CONFLICTS OF INTEREST 

The authors declare that there is no conflict of 

interest. 

COPYRIGHT 

This article is an open-access article distributed 

under the terms and conditions of the Creative Commons 

Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 

REFERENCES 

Adhikari, T., Kundu, S., Biswas, A. K., Kundu, S., 

Tarafdar, J. C., Rao, A. S., Effect of Copper Oxide 

Nano Particle on Seed Germination of Selected 

Crops, J. Agric. Sci. Technol. A 2(May 2014), 815–

823 (2012). 

http://creativecommons.org/licenses/by/4.0/


Subhrajyoti Rath et al. / J. Environ. Nanotechnol., Vol. 13(2), 183-193 (2024) 

190 

Ameen, F., Alsamhary, K., Alabdullatif, J. A., 

ALNadhari, S., A review on metal-based 

nanoparticles and their toxicity to beneficial soil 

bacteria and fungi, Ecotoxicol. Environ. Saf. 213, 

112027 (2021).  

https://doi.org/10.1016/j.ecoenv.2021.112027  

Asadishad, B., Chahal, S., Cianciarelli, V., Zhou, K., 

Tufenkji, N., Effect of gold nanoparticles on 

extracellular nutrient-cycling enzyme activity and 

bacterial community in soil slurries: role of 

nanoparticle size and surface coating, Environ. Sci. 

Nano 4(4), 907–918 (2017).  

https://doi.org/10.1039/c6en00567e  

Auría-Soro, C., Nesma, T., Juanes-Velasco, P., Landeira-

Viñuela, A., Fidalgo-Gomez, H., Acebes-

Fernandez, V., Gongora, R., Almendral Parra, M. 

J., Manzano-Roman, R., Fuentes, M., Interactions 

of Nanoparticles and Biosystems: 

Microenvironment of Nanoparticles and 

Biomolecules in Nanomedicine, Nanomaterials 

9(10), 1365 (2019).  

https://doi.org/10.3390/nano9101365  

Bakand, S., Hayes, A., Toxicological Considerations , 

Toxicity Assessment , and Risk Management of 

Inhaled Nanoparticles, 1–17 (2016).  

https://doi.org/10.3390/ijms17060929  

Bakht, B. K., Iftikhar, M., Gul, I., Ali, M. A., Shah, G. 

M., Arshad, M., Effect of nanoparticles on crop 

growth, Nanomater. Soil Remediat. (December), 

183–201 (2020).  

https://doi.org/10.1016/B978-0-12-822891-

3.00009-8  

Baldrian, P., Větrovský, T., Scaling down the analysis of 

environmental processes: Monitoring: Enzyme 

activity in natural substrates on a millimeter: 

Resolution scale, Appl. Environ. Microbiol. 78(9), 

3473–3475 (2012).  

https://doi.org/10.1128/AEM.07953-11  

Bandyopadhyay, S., Plascencia-Villa, G., Mukherjee, A., 

Rico, C. M., José-Yacamán, M., Peralta-Videa, J. 

R., Gardea-Torresdey, J. L., Comparative 

phytotoxicity of ZnO NPs, bulk ZnO, and ionic 

zinc onto the alfalfa plants symbiotically 

associated with Sinorhizobium meliloti in soil, Sci. 

Total Environ. 515–516, 60–69 (2015). 

https://doi.org/10.1016/j.scitotenv.2015.02.014  

Ben-moshe, T., Frenk, S., Dror, I., Minz, D., Berkowitz, 

B., Chemosphere Effects of metal oxide 

nanoparticles on soil properties, Chemosphere 

90(2), 640–646 (2013). 

https://doi.org/10.1016/j.chemosphere.2012.09.01

8  

Bernhardt, E. S., Colman, B. P., Hochella, M. F., 

Cardinale, B. J., Nisbet, R. M., Richardson, C. J., 

Yin, L., An Ecological Perspective on 

Nanomaterial Impacts in the Environment, J. 

Environ. Qual. 39(6), 1954–1965 (2010). 

https://doi.org/10.2134/jeq2009.0479  

 

Bhatia, S., Natural Polymer Drug Delivery Systems 
Nanoparticles: Nanoparticles, Mammals and 
microbes. Natural Polymer Drug Delivery Systems 
Nanoparticles: Nanoparticles, Mammals and 
microbes, (2016).  
ISBN 9783319411286 

Cao, J., Feng, Y., Lin, X., Wang, J., Arbuscular 

Mycorrhizal Fungi Alleviate the Negative Effects 

of Iron Oxide Nanoparticles on Bacterial 

Community in Rhizospheric Soils, 4(February 

2016), 1–12 (2020).  

https://doi.org/10.3389/fenvs.2016.00010  
Chai, H., Yao, J., Sun, J., Zhang, C., Liu, W., Zhu, M., 

Ceccanti, B., The Effect of Metal Oxide 
Nanoparticles on Functional Bacteria and 
Metabolic Profiles in Agricultural Soil, Bull. 
Environ. Contam. Toxicol. 94(4), 490–495 (2015). 
https://doi.org/10.1007/s00128-015-1485-9  

Colman, B. P., Arnaout, C. L., Anciaux, S., Gunsch, C. 
K., Hochella, M. F., Kim, B., Lowry, G. V., 
McGill, B. M., Reinsch, B. C., Richardson, C. J., 
Unrine, J. M., Wright, J. P., Yin, L., Bernhardt, E. 
S., Low Concentrations of Silver Nanoparticles in 
Biosolids Cause Adverse Ecosystem Responses 
under Realistic Field Scenario, PLoS One., 8(2), 
(2013). 
https://doi.org/10.1371/journal.pone.0057189 

Damodaran, T., Mishra, V. K., Jha, S. K., Pankaj, U., 

Gupta, G., Gopal, R., Identification of Rhizosphere 

Bacterial Diversity with Promising Salt Tolerance 

, PGP Traits and Their Exploitation for Seed 

Germination Enhancement in Sodic Soil, Agric. 

Res. 8(1), 36–43 (2019). 

https://doi.org/10.1007/s40003-018-0343-5  

De Volder, M. F. L., Tawfick, S. H., Baughman, R. H., 

Hart, A. J., Carbon Nanotubes: Present and Future 

Commercial Applications, Science (80-. ). 

339(6119), 535–539 (2013).  

https://doi.org/10.1126/science.1222453  
Dimkpa, C. O., McLean, J. E., Latta, D. E., Manangón, 

E., Britt, D. W., Johnson, W. P., Boyanov, M. I., 
Anderson, A. J., CuO and ZnO nanoparticles: 
Phytotoxicity, metal speciation, and induction of 
oxidative stress in sand-grown wheat, J 
Nanoparticle Res., 14(9), (2012).  
https://doi.org/10.1007/s11051-012-1125-9 

Du, W., Sun, Y., Ji, R., Zhu, J., Wu, J., Guo, H., TiO2 

and ZnO nanoparticles negatively affect wheat 

growth and soil enzyme activities in agricultural 

soil, J. Environ. Monit. 13(4), 822–828 (2011). 

https://doi.org/10.1039/c0em00611d  

Dubey, A., Mailapalli, D. R., Nanofertilisers, 

Nanopesticides, Nanosensors of Pest and 

Nanotoxicity in Agriculture, (February 2017), 

307–330 (2016).  

https://doi.org/10.1007/978-3-319-26777-7_7  

Ealias, A. M., Saravanakumar, M. P., A review on the 

classification, characterisation, synthesis of 

nanoparticles and their application, IOP Conf Ser 

Mater Sci Eng. 263(3), (2017). 

https://doi.org/10.1088/1757-899X/263/3/032019 



Subhrajyoti Rath et al. / J. Environ. Nanotechnol., Vol. 13(2), 183-193 (2024) 

191 

Feizi, H., Rezvani Moghaddam, P., Shahtahmassebi, N., 

Fotovat, A., Impact of bulk and nanosized titanium 

dioxide (TiO2) on wheat seed germination and 

seedling growth, Biol. Trace Elem. Res. 146(1), 

101–106 (2012).  

https://doi.org/10.1007/s12011-011-9222-7  

Fojtová, D., Vašíčková, J., Grillo, R., Bílková, Z., Šimek, 

Z., Neuwirthová, N., Kah, M., Hofman, J., 

Nanoformulations can significantly affect pesticide 

degradation and uptake by earthworms and plants, 

Environ. Chem. 16(6), 470 (2019). 

https://doi.org/10.1071/EN19057  

Gottschalk, F., Nowack, B., The release of engineered 

nanomaterials to the environment, J. Environ. 

Monit. 13(5), 1145–1155 (2011). 

https://doi.org/10.1039/c0em00547a  

Hong, J., Rico, C. M., Zhao, L., Adeleye, A. S., Keller, 

A. A., Peralta-Videa, J. R., Gardea-Torresdey, J. 

L., Toxic effects of copper-based nanoparticles or 

compounds to lettuce (Lactuca sativa) and alfalfa 

(Medicago sativa), Environ. Sci. Process. Impacts 

17(1), 177–185 (2015).  

https://doi.org/10.1039/c4em00551a  

Jin, L., Son, Y., Yoon, T. K., Kang, Y. J., Kim, W., 

Chung, H., High concentrations of single-walled 

carbon nanotubes lower soil enzyme activity and 

microbial biomass, Ecotoxicol. Environ. Saf. 88, 9–

15 (2013).  

https://doi.org/10.1016/j.ecoenv.2012.10.031  

Jośko, I., Oleszczuk, P., Influence of soil type and 

environmental conditions on ZnO, TiO2 and Ni 

nanoparticles phytotoxicity, Chemosphere 92(1), 

91–99 (2013).  
https://doi.org/10.1016/j.chemosphere.2013.02.048  

Kah, M., Tufenkji, N., White, J. C., Nano-enabled 

strategies to enhance crop nutrition and protection, 

Nat. Nanotechnol. 14(6), 532–540 (2019).  

https://doi.org/10.1038/s41565-019-0439-5  

Keller, A. A., Huang, Y., Nelson, J., Detection of 

nanoparticles in edible plant tissues exposed to 

nano-copper using single-particle ICP-MS, J 

Nanoparticle Res., 20(4), (2018). 

https://doi.org/10.1007/s11051-018-4192-8 

Khan, S. T., Adil, S. F., Shaik, M. R., Alkhathlan, H. Z., 

Khan, M., Khan, M., Engineered nanomaterials in 

soil: Their impact on soil microbiome and plant 

health, Plants 11(1), 1–25 (2022).  

https://doi.org/10.3390/plants11010109  

Kibbey, T. C. G., Strevett, K. A., The effect of 

nanoparticles on soil and rhizosphere bacteria and 

plant growth in lettuce seedlings, Chemosphere 

221, 703–707 (2019).  
https://doi.org/10.1016/j.chemosphere.2019.01.091  

Kühnel, D., Nickel, C., The OECD expert meeting on 

ecotoxicology and environmental fate - Towards 

the development of improved OECD guidelines for 

the testing of nanomaterials, Sci. Total Environ. 

472, 347–353 (2014).  

https://doi.org/10.1016/j.scitotenv.2013.11.055  

Kumar, A., Gupta, K., Dixit, S., Mishra, K., Srivastava, 

S., A review on positive and negative impacts of 

nanotechnology in agriculture, Int. J. Environ. Sci. 

Technol. 16(4), 2175–2184 (2019).  

https://doi.org/10.1007/s13762-018-2119-7  

Kumar, N., Shah, V., Walker, V. K., Influence of a 

nanoparticle mixture on an arctic soil community, 

Environ. Toxicol. Chem. 31(1), 131–135 (2012). 

https://doi.org/10.1002/etc.721  

Kumar, S., Masurkar, P., Sravani, B., Bag, D., Sharma, 

K. R., Singh, P., Korra, T., Meena, M., Swapnil, P., 

Rajput, V. D., Minkina, T., A review on 

phytotoxicity and defense mechanism of silver 

nanoparticles (AgNPs) on plants, J Nanoparticle 

Res., 25(4), 2023. 

https://doi.org/10.1007/s11051-023-05708-3 

Kumari, M., Khan, S. S., Pakrashi, S., Mukherjee, A., 

Chandrasekaran, N., Cytogenetic and genotoxic 

effects of zinc oxide nanoparticles on root cells of 

Allium cepa, J. Hazard. Mater. 190(1–3), 613–621 

(2011). 

https://doi.org/10.1016/j.jhazmat.2011.03.095  

Liao, V. H. C., Nanoparticles in the Environment and 

Nanotoxicology, Nanomaterials 13(6), 13–14 

(2023).  

https://doi.org/10.3390/nano13061053  

López-Moreno, M. L., De La Rosa, G., Hernández-

Viezcas, J. A., Peralta-Videa, J. R., Gardea-

Torresdey, J. L., X-ray absorption spectroscopy 

(XAS) corroboration of the uptake and storage of 

ceo2 nanoparticles and assessment of their 

differential toxicity in four edible plant species, J. 

Agric. Food Chem. 58(6), 3689–3693 (2010).  

https://doi.org/10.1021/jf904472e  

Ma, Y., He, X., Zhang, P., Zhang, Z., Guo, Z., Tai, R., 

Xu, Z., Zhang, L., Ding, Y., Zhao, Y., Chai, Z., 

Phytotoxicity and biotransformation of La 2O 3 

nanoparticles in a terrestrial plant cucumber 

(Cucumis sativus), Nanotoxicology 5(4), 743–753 

(2011). 

https://doi.org/10.3109/17435390.2010.545487  

Malakar, A., Kanel, S. R., Ray, C., Snow, D. D., 

Nadagouda, M. N., Nanomaterials in the 

Environment, Human Exposure Pathway, and 

Health Effects: A 2 Review, Sci. Total Environ. 

759, 143470 (2021).  

https://doi.org/10.1016/j.scitotenv.2020.143470  

Moon, Y. S., Park, E. S., Kim, T. O., Lee, H. S., Lee, S. 

E., SELDI-TOF MS-based discovery of a 

biomarker in Cucumis sativus seeds exposed to 

CuO nanoparticles, Environ. Toxicol. Pharmacol. 

38(3), 922–931 (2014).  

https://doi.org/10.1016/j.etap.2014.10.002  

Mousavi Kouhi, S. M., Lahouti, M., Ganjeali, A., 

Entezari, M. H., Long-term exposure of rapeseed 

(Brassica napus L.) to ZnO nanoparticles: 

Anatomical and ultrastructural responses, Environ. 

Sci. Pollut. Res. 22(14), 10733–10743 (2015). 

https://doi.org/10.1007/s11356-015-4306-0  



Subhrajyoti Rath et al. / J. Environ. Nanotechnol., Vol. 13(2), 183-193 (2024) 

192 

Mukherjee, K., Acharya, K., Toxicological Effect of 
Metal Oxide Nanoparticles on Soil and Aquatic 
Habitats, Arch. Environ. Contam. Toxicol. 75(2), 
175–186 (2018).  
https://doi.org/10.1007/s00244-018-0519-9  

Peyrot, C., Wilkinson, K. J., Desrosiers, M., Sauvé, S., 
Effects of silver nanoparticles on soil enzyme 
activities with and without added organic matter, 
Environ. Toxicol. Chem. 33(1), 115–125 (2014).  
https://doi.org/10.1002/etc.2398  

Rajput, V. D., Minkina, T., Sushkova, S., Tsitsuashvili, 

V., Mandzhieva, S., Gorovtsov, A., 

Nevidomskyaya, D., Gromakova, N., Effect of 

nanoparticles on crops and soil microbial 

communities, J. Soils Sediments 18(6), 2179–2187 

(2018).  

https://doi.org/10.1007/s11368-017-1793-2  

Rajput, V. D., Singh, A., Singh, V. K., Minkina, T. M., 

Sushkova, S., Impact of nanoparticles on soil 

resource, Nanomater. Soil Remediat. (December), 

65–85 (2020).  

https://doi.org/10.1016/B978-0-12-822891-

3.00004-9  

Rana, S., Kalaichelvan, P. T., Ecotoxicity of 

Nanoparticles, ISRN Toxicol. 2013, 1–11 (2013).  

https://doi.org/10.1155/2013/574648  
Rizwan, M., Ali, S., Qayyum, M. F., Ok, Y. S., Adrees, 

M., Ibrahim, M., Zia-ur-Rehman, M., Farid, M., 
Abbas, F., Effect of metal and metal oxide 
nanoparticles on growth and physiology of 
globally important food crops: A critical review, J. 
Hazard. Mater. 322, 2–16 (2017).  
https://doi.org/10.1016/j.jhazmat.2016.05.061  

Sajid, M., Ilyas, M., Basheer, C., Tariq, M., Daud, M., 

Baig, N., Shehzad, F., Impact of nanoparticles on 

human and environment: review of toxicity factors, 

exposures, control strategies, and future prospects, 

Environ. Sci. Pollut. Res. 22(6), 4122–4143 

(2015).  

https://doi.org/10.1007/s11356-014-3994-1  

Shafique, M., Luo, X., Nanotechnology in transportation 

vehicles: An overview of its applications, 

environmental, health and safety concerns, 

Materials (Basel). 12(15), 11–17 (2019).  

https://doi.org/10.3390/ma12152493  

Shah, V., Collins, D., Walker, V. K., Shah, S., The 

impact of engineered cobalt, iron, nickel and silver 

nanoparticles on soil bacterial diversity under field 

conditions, Environ. Res. Lett. 9(2), 024001 

(2014).  

https://doi.org/10.1088/1748-9326/9/2/024001  
Sharma, V. K., Filip, J., Zboril, R., Varma, R. S., Natural 

inorganic nanoparticles-formation, fate, and 
toxicity in the environment, Chem. Soc. Rev. 
44(23), 8410–8423 (2015).  
https://doi.org/10.1039/c5cs00236b  

Shen, C. X., Zhang, Q. F., Li, J., Bi, F. C., Yao, N., 
Induction of programmed cell death in Arabidopsis 
and rice by single-wall carbon nanotubes, Am. J. 
Bot. 97(10), 1602–1609 (2010).  
https://doi.org/10.3732/ajb.1000073  

Silva, S., Almeida, A. J., Vale, N., Combination of cell-

penetrating peptides with nanoparticles for 

therapeutic application: A review, Biomolecules 

9(1), 1–24 (2019).  

https://doi.org/10.3390/biom9010022  

Singh, D., Kumar, A., Impact of Irrigation Using Water 

Containing CuO and ZnO Nanoparticles on 

Spinach oleracea Grown in Soil Media, Bull. 

Environ. Contam. Toxicol. 97(4), 548–553 (2016).  

https://doi.org/10.1007/s00128-016-1872-x  
Solano, R., Patiño-Ruiz, D., Tejeda-Benitez, L., Herrera, 

A., Metal- and metal/oxide-based engineered 
nanoparticles and nanostructures: a review on the 
applications, nanotoxicological effects, and risk 
control strategies, Environ. Sci. Pollut. Res. 28(14), 
16962–16981 (2021).  
https://doi.org/10.1007/s11356-021-12996-6  

Stone, V., Nowack, B., Baun, A., van den Brink, N., von 

der Kammer, F., Dusinska, M., Handy, R., Hankin, 

S., Hassellöv, M., Joner, E., Fernandes, T. F., 

Nanomaterials for environmental studies: 

Classification, reference material issues, and 

strategies for physico-chemical characterisation, 

Sci. Total Environ. 408(7), 1745–1754 (2010).  

https://doi.org/10.1016/j.scitotenv.2009.10.035  

Sun, T. Y., Gottschalk, F., Hungerbühler, K., Nowack, 

B., Comprehensive probabilistic modelling of 

environmental emissions of engineered 

nanomaterials, Environ. Pollut. 185, 69–76 (2014).  

https://doi.org/10.1016/j.envpol.2013.10.004  

Thuesombat, P., Hannongbua, S., Akasit, S., 

Chadchawan, S., Effect of silver nanoparticles on 

rice (Oryza sativa L. cv. KDML 105) seed 

germination and seedling growth, Ecotoxicol. 

Environ. Saf. 104(1), 302–309 (2014).  

https://doi.org/10.1016/j.ecoenv.2014.03.022  
Tripathi, S., Champagne, D., Tufenkji, N., Transport 

behavior of selected nanoparticles with different 
surface coatings in granular porous media coated 
with pseudomonas aeruginosa biofilm, Environ. 
Sci. Technol. 46(13), 6942–6949 (2012).  
https://doi.org/10.1021/es202833k  

Vannini, C., Domingo, G., Onelli, E., Prinsi, B., Marsoni, 

M., Espen, L., Bracale, M., Morphological and 

Proteomic Responses of Eruca sativa Exposed to 

Silver Nanoparticles or Silver Nitrate, PLoS One, 

8(7), (2013). 

https://doi.org/10.1371/journal.pone.0068752 

Xu, C., Peng, C., Sun, L., Zhang, S., Huang, H., Chen, 

Y., Shi, J., Soil Biology & Biochemistry 

Distinctive effects of TiO 2 and CuO nanoparticles 

on soil microbes and their community structures in 

fl ooded paddy soil, Soil Biol. Biochem. (March), 

1–10 (2015).  

https://doi.org/10.1016/j.soilbio.2015.03.011  

You, T., Liu, D., Chen, J., Yang, Z., Dou, R., Gao, X., 

Wang, L., Effects of metal oxide nanoparticles on 

soil enzyme activities and bacterial communities in 

two different soil types, J. Soils Sediments 18(1), 

211–221 (2018).  

https://doi.org/10.1007/s11368-017-1716-2  



Subhrajyoti Rath et al. / J. Environ. Nanotechnol., Vol. 13(2), 183-193 (2024) 

193 

Yu, G., Wang, X., Liu, J., Jiang, P., You, S., Ding, N., 

Guo, Q., Lin, F., Applications of nanomaterials for 

heavy metal removal from water and soil: A 

review, Sustain. 13(2), 1–14 (2021).  

https://doi.org/10.3390/su13020713  

Zahoor, M., Nazir, N., Iftikhar, M., Naz, S., Zekker, I., 

Burlakovs, J., Uddin, F., Kamran, A. W., 

Kallistova, A., Pimenov, N., Khan, F. A., A review 

on silver nanoparticles: Classification, various 

methods of synthesis, and their potential roles in 

biomedical applications and water treatment, 

Water (Switzerland) 13(16), 1–28 (2021).  

https://doi.org/10.3390/w13162216  

Zhang, J., Guo, W., Li, Q., Wang, Z., Liu, S., The effects 

and the potential mechanism of environmental 

transformation of metal nanoparticles on their 

toxicity in organisms, Environ. Sci. Nano 5(11), 

2482–2499 (2018).  

https://doi.org/10.1039/c8en00688a  

Zhao, N., Yan, L., Zhao, X., Chen, X., Li, A., Zheng, D., 

Zhou, X., Dai, X., Xu, F. J., Versatile Types of 

Organic/Inorganic Nanohybrids: From Strategic 

Design to Biomedical Applications, Chem. Rev. 

119(3), 1666–1762 (2019).  

https://doi.org/10.1021/acs.chemrev.8b00401

 


