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INTRODUCTION  

    With the great advances in nanotechnology, nanomaterials have become an essential 

part of many industries, such as food or packaged foods, textiles, optoelectronics, 

biomedicine, cosmetics, power, and catalysis. Nanomaterials exhibit unique properties, 

such as superior mechanical strength, surface interaction, optical properties, and electrical 

conductivity. For example, nanoparticles are used in cosmetic sunscreens to improve the 

effectiveness of UV protection, while nano-encapsulation materials are used in the food 

industry to extend shelf life and reduce contamination. These properties make 

nanomaterials play a crucial role in the development of many commercial products and 

processes (Larguinho et al., 2014; Rudramurthy & Swamy, 2018). 

   Volcanic eruptions, fires, and aerosols are major natural sources of nanoparticles that 

disperse through the atmosphere over long distances, along with anthropogenic sources 
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The expansion of various nanotechnology applications leads to the transfer 

of nanoparticles of various types, shapes, and sizes into aquatic systems, 

causing serious effects on humans, plants, animals, and other organisms. 

This prompts researchers to study the behavior, transport, and effects of these 

particles on biological systems, particularly to gain a deeper understanding of 

the hazardous effects of nanoparticles. Nanomaterials enter the food chain 

through multiple pathways, including industrial waste, sewage, and 

agricultural runoff. They are absorbed by aquatic organisms such as algae 

and bacteria and are then transferred to larger organisms via predation, 

leading to bioaccumulation at higher trophic levels such as fish, birds, and 

humans. Over time, this accumulation multiplies the effects of pollution. 

Prolonged exposure to these materials can lead to serious health problems, 

such as liver toxicity, lung damage, and cancer, especially when particles 

accumulate in tissues and organs. The main mechanisms of toxicity include 

free radical formation, membrane damage, and interference with cellular 

metabolism, leading to tissue damage and death. Therefore, there is an urgent 

need for extensive studies to better understand the environmental and 

biological effects of nanomaterials, with the aim of developing effective 

methods to mitigate their toxic effects on ecosystems and human health. 
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and industrial waste. The expanding use of fossil fuels has also led to a significant 

increase in the spread of nanoparticles, raising concerns about their potential 

environmental hazards. Nanomaterials are widely used in various industries and 

negatively impact the environment in manufacturing, transportation, consumption, and 

disposal processes. This leads to their deposition in water bodies and soil (Wang et al., 

2019). Due to their nanoscale dimensions and unique properties, these materials can 

accumulate in ecosystems, potentially causing long-term environmental and health 

problems (Faizan et al., 2018; Ur Rahman, 2021). Previous studies have demonstrated 

that nanomaterials can harm living organisms through their physiological and chemical 

interactions (Hou et al., 2019; Awashra & Piotr, 2023; Zhao et al., 2023) For example, 

metal oxide nanoparticles, such as zinc oxide and titanium dioxide, have been shown to 

damage DNA, generate free radicals, and induce oxidative stress in living cells. These 

effects may also cause cell death or, in some cases, cancerous transformation (Larue et 

al., 2021). 

   Nanomaterials also impact the environment in a variety of ways. In soil, they can alter 

chemical and physical properties, affecting the growth and activity of plants and 

microorganisms (Khan et al., 2021; Xu et al., 2022). In aquatic environments, 

nanoparticles can contaminate water resources, disrupting the life cycle and distribution 

of aquatic organisms, changing water quality, or accumulating in surface sediments 

(Zhao et al., 2018). In addition to environmental impacts, nanomaterials pose significant 

risks to human health. Nanoparticles can accumulate in essential organs, including the 

lungs, liver, and kidneys, leading to serious health problems, including infections, 

respiratory diseases, and cancer. Inhaling nanoparticles can also damage the respiratory 

system and contribute to the development of chronic diseases (Wang et al., 2019). While 

nanomaterials offer promising opportunities for developing industrial production 

strategies and addressing environmental challenges, they also pose significant risks (Feng 

et al., 2020; Domb et al., 2021; Siquan et al., 2024). The risks that arise from 

nanomaterials require an urgent need to understand their ecological and health effects, 

expand the scope of safe processing technologies, and establish effective regulatory 

frameworks (Chávez-Hernández et al., 2024; Campalani & Monbaliu, 2025). 

Continued research on this topic is critical to balance the benefits and risks and to ensure 

this advanced technology's sustainable and responsible use (Nguyen et al., 2023). 

     Future research in nanomaterials should focus on studying their effects on various 

ecosystems and developing novel technologies to detect and mitigate their harmful 

effects. Comprehensive studies of the interactions between nanomaterials and unique 

organisms, including algae, are crucial to understanding these interactions' organic and 

chemical mechanisms. Nanomaterials should also be manufactured and developed using 

new, ecofriendly technologies (Aruoja et al., 2015). Despite the significant interest in 

nanomaterials, many important aspects remain unexplored. Notably, there is limited 

understanding of the environmental transformations these materials undergo after release 



- 1163 - 
Ecotoxicity of Nano-Metals and Nano-Plastics on the Aquatic Systems: A Review 

 

 

and how these changes influence their toxicity. Research has focused primarily on acute 

effects, without adequately addressing chronic toxicity and bioaccumulation through food 

chains. Furthermore, realistic environmental modeling and testing under natural 

conditions hinder accurate risk assessment. Furthermore, the effects of environmentally 

transformed nanomaterials may also affect non-target organisms, especially within 

complex and interconnected ecosystems. Elucidating the molecular mechanisms of 

toxicity and how these particles interact with vital biological processes remains a pressing 

challenge that requires further research (Nthunya et al., 2025). 

Physicochemical properties of nanomaterials  

    Nanomaterials are particles ranging in diameter from 1-100 nanometers. This size 

range is crucial due to their unique chemical and physical properties, driven by their 

behavior on such small scales. For example, these materials often exhibit increased 

reactivity due to their high surface area-to-volume ratio, enhancing their ability to interact 

with other materials. The effect of nanomaterials depends on the shape, size, topography 

and type of the material, the NPs surface represents the binding sites for other materials, 

as well as its containing of functional groups and the type of surface charge (Fig. 1) 

(Hossain et al., 2021). Additionally, these materials exhibit unique mechanical or optical 

properties and specialized or high-energy light absorption capabilities. Their nanoscale 

size gives them distinct physical and chemical properties that distinguish them from 

larger materials (Vasyukova et al., 2021; El-Kalliny et al., 2023). These properties 

include a high specific surface area, which greatly increases their interaction with other 

materials. They also exhibit distinctive optical properties, such as fluorescence, which 

can be valuable for applications in both optics and electronics. Moreover, many 

nanomaterials have high thermal and electrical conductivity. For example, nanoparticles 

are incorporated into composite materials to improve energy transfer in solar panels, or to 

enhance electrical performance and reduce heat loss in electronic circuits, making them 

particularly suitable for use in electronics and thermal components.  Their combination of 

energy efficiency and light weight makes them ideal for integration into composite 

materials and superior structural designs (Wang et al., 2019; Nagaswarupa et al., 2024; 

Radhakrishnan et al., 2024; Salaudeen et al., 2024). 

  In the environment, nanomaterials interact with aquatic components, whether in the 

water column or sediments, including biological components, causing both beneficial and 

harmful effects. Their small size allows them to be easily absorbed by living organisms, 

which can lead to their accumulation in food chains. For example, titanium dioxide 

nanoparticles can interact with environmental pollutants, such as heavy metals, 

neutralizing them or forming more hazardous compounds (Wang et al., 2018; 

Emamverdian et al., 2022). Furthermore, nanomaterials can bind to environmental 

pollutants, producing synergistic effects that neutralize these environmental toxins or 

form more toxic compounds (Wang et al., 2018; Emamverdian et al., 2022). Contact 
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with nanomaterials may cause adverse effects on human health, including skin toxicity 

and long-term health risks, when inhaled or exposed to the skin. On the other hand, 

nanomaterials can bind to environmental pollutants, producing synergistic effects that 

neutralize these environmental toxins or form more toxic compounds (Asghar et al., 

2024). The studies have shown that inhaling carbon nanotubes can cause pneumonia and 

pulmonary fibrosis, which can cause respiratory damage (Vasyukova et al., 2021; 

Mahawar et al., 2023). 

Industrial, medical, and agricultural applications of nanomaterials 

   Nanomaterials possess exceptional chemical and physical properties that enable 

advanced applications in fields such as medicine, agriculture, industry, and others, as 

shown in Table (1) (Hussain, 2018). 

   In industry, nanomaterials are used to improve performance and efficiency. For 

example, nanoparticles are added to scratch- and corrosion-resistant coatings (Wu et al., 

2020). Titanium dioxide nanoparticles are used in automotive and aircraft coatings, 

providing additional protection against ultraviolet radiation and extending the life of these 

surfaces (Ghamarpoor et al., 2023). Some studies indicate that these coatings can extend 

the life of surfaces by up to 30% (Allen et al., 2018; Stroea et al., 2021; Gao et al., 

2024). Furthermore, nanotechnology has revolutionized the world of electronics, where 

carbon nanotubes are contributing to the development of more efficient and smaller 

devices, such as smartphones and high-resolution displays, while also improving battery 

performance. For example, carbon nanotubes have been used in the manufacture of high-

performance batteries for electric motors, helping to improve energy efficiency and 

reduce battery weight, enhancing the overall performance of electric vehicles (Thomas et 

al., 2019). 

  In medicine, nanomaterials have revolutionized diagnosis and treatment. Nanoparticles 

are used in clinical imaging to detect tumors with high accuracy, while gold nanoparticles 

are used as contrast materials in radiological imaging. These materials have also 

facilitated the introduction of smart drug delivery systems, where capsules are attached to 

nanoparticles that specifically target diseased cells, improving treatment efficacy and 

reducing side effects (Pham et al., 2020; Veg et al., 2025). Furthermore, nanomaterials 

are used to design prosthetic limbs and advanced biosensors, expanding their clinical 

applications (Akgöl et al., 2021). 
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Fig. 1. Forms and applications of nanomaterials (Hossain et al., 2021) 

    In agriculture, nanomaterials are crucial in improving productivity and supporting 

environmental sustainability. They are used to manufacture nano-fertilizers and nano-

pesticides, which gradually release minerals, nutrients and active ingredients, improving 

absorption efficiency while reducing environmental pollution. For example, zinc oxide 

nanoparticles promote plant growth and combat plant diseases (Singh et al., 2018). In 

addition, nano-sensor systems are being used to monitor soil and water quality with high 

precision, enabling more informed agricultural decisions (Santos et al., 2015; Mabrouk 

et al., 2021). These examples highlight how nanomaterials are emerging as a keystone of 

scientific and technological innovation. Their diverse applications in important fields not 

only improve quality of life and productivity but also reduce negative environmental 

impacts, making them an integral part of future developments (Aruoja et al., 2015). 

Table 1. Quantities and applications of nanometals and their products with potential 

environmental problems according to Bhuvaneshwari et al. (2018) 

Nanometal 

Compound  

Quantities 

(T/Y) 
Applications and Uses 

Environmental/Health Considerations 

Titanium 

Dioxide 

(TiO₂) 

3000 

Cosmetics, paints and coatings, filters, 

consumer electronics, plastics, cleaning 

agents 

Aquatic toxicity and possible 

environmental persistence; inhalation in 

occupational settings. concerns in 

occupational settings 

Zinc Oxide 

(ZnO) 
550 

Cosmetics, paints and coatings, 

plastics/polymers 

UV-blocking properties but potential for 

bioaccumulation and cytotoxic effects 

Cerium 

Oxide 

(CeO₂) 

55 Fuel catalyst 

Can contribute to nanoparticle emissions 

in air, affecting respiratory health 

Silicon 

Dioxide 

(SiO₂) 

5500 

Paints, coatings, fireproof glass, UV-

protection, ceramics, electronics, food, 

plastics, sunscreen 

Generally regarded as safe but inhalation 

may cause lung inflammation 
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Aluminum 

Oxide 

(Al₂O₃) 

55 (AlOx) 
Batteries, grinding, fire protection, metal- 

and biosorption, paints 

Possible lung irritation and 

bioaccumulation risks 

Iron Oxide 

(Fe₂O₃) 
55 (FeOx) Concrete additive, biomedical uses 

Low toxicity, but potential for oxidative 

stress in cells 

Manganese 

(III) Oxide 

(Mn₂O₃) 

- Catalytic applications 

Environmental persistence and potential 

neurotoxicity concerns 

Zirconium 

Dioxide 

(ZrO₂) 

- 
Biomedical applications as component of 

bioceramic implants 

Generally biocompatible, but long-term 

stability needs further research 

Magnetite 

(Fe₃O₄) 
55 (FeOx) 

Biochemical assays, removal of 

contaminants, biomanipulation 

Can be used in remediation but may pose 

bioavailability risks in aquatic systems 

Note: The isoelectric point (IEP) refers to the pH value at which the particles' net surface charge is zero. 

Changes in IEP are significant as they indicate interactions between nanomaterials and microorganisms, 

influencing adsorption processes and stability in different environments. 

Nanotoxicity of algal cells 

    Algae are the primary source of oxygen and food for other organisms in aquatic 

ecosystems. Perhaps the most serious issue is the extent of the harmful impact of 

nanomaterials on algae (Pohanka, 2019; Naz et al., 2020; Lau et al., 2022). Algae play a 

significant role in remediating certain pollutants in aquatic environments, which makes 

them more vulnerable to the accumulation and adverse effects of these substances  

(Al-Shammari & Al-Janabi, 2022; Al-Shammari & Al-Janabi, 2023). The results of 

some studies have proven that metal oxides and nano-plastics inhibit algal growth and 

alter their physical functions (Bhuvaneshwari et al., 2015; Wells et al., 2017). For 

example, copper oxide nanoparticles were found to inhibit algal growth and alter their 

biochemical composition; however, they ultimately reduce photosynthetic efficiency 

(Bhuvaneshwari et al., 2015; Wells et al., 2017; Naz et al., 2020; Lau et al., 2022). 

CuONPs nanoparticles exhibit toxic effects on microorganisms due to the high interaction 

of copper with cellular components (Naz et al., 2020; Mahana et al., 2021). 

The toxic effects of Nano toxic metals on algae include:  

1. Release of copper ions (Cu²⁺): Copper oxide nanoparticles release copper ions 

into the aquatic environment. These are toxic to algal cells and may inhibit critical 

metabolic pathways (Mahana et al., 2021). Copper ions bind to movable 

components, such as proteins and nucleic acids, causing damage by binding to 

them and thus inhibiting their growth. 

H2O + Cu+2→ H2+ O+ CuO(s) 
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2. Induction of oxidative Stress: Copper oxide nanoparticles stimulate the 

generation of reactive oxygen species; hence, oxidative stress leading to damage 

at the cellular level. 

2H2O + Cu+2→ OH-+ OH.+ Cu+ 

According to Dash et al. (2012), hyperactive species such as OH; damage proteins, 

lipids, and nucleic acids within cells.  

3. Alteration in the biochemical Composition: The exposure of algae to 

nanoparticles of copper oxide will result in changes in algal biochemical 

composition through a number of mechanisms. 

• Protein and lipid degradation: Free radicals generate oxidative stress that leads 

to intracellular protein and lipid degradation. 

• Reduction in nucleic acid Levels: Copper binds to nucleic acids, causes damage, 

and decreases a cell's ability to divide and grow. 

• Effect on photosynthetic pigments: Inhibition by copper oxide nanoparticles of 

chlorophyll degradation and of other pigments necessary to photosynthesis (Naz 

et al., 2020). 

4. Inhibition of photosynthesis Copper oxide nanoparticles directly interfere with 

photosynthesis by disrupting the electron transport chain within chloroplasts, thus 

impairing conversion of light energy to chemical energy (Pohanka, 2019). 

• Chlorophyll breakdown: Oxidative stress precipitates chlorophyll degradation 

thereby lowering the absorption of light (Cuong et al., 2022). 

• Photosynthetic equation impact: 

6CO2+ 6H2O + light energy → C6H12O6+ 6O2 

• Damage to chlorophyll or the electron transport system impedes the continuation 

of the process, reducing the production of oxygen and glucose needed for growth. 

Research also highlights the ability of nanoparticles to interact directly with algal 

DNA, causing DNA damage and the production of reactive oxygen species (ROS) 

(Chifiriuc et al., 2016). These interactions may include the generation of gene 

mutations and cell death. Nanoparticles act on DNA through their 

physicochemical properties, which may include their size, surface charge, and 

ability to produce ROS, among others, leading to multiple pathways of varying 

genetic and cellular metabolic damage (Gehr, 2018). 

Transport and distribution of nanomaterials in the environment 

   The growing use of nanomaterials in industries, consumer products, and medical 

applications raises significant concerns about their fate and transport in environmental 

systems. Nanomaterials can enter ecosystems through direct or indirect discharges into 
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water and soil. For example, they may reach aquatic environments via industrial 

effluents, treated wastewater discharge, or surface runoff from soils affected by erosion 

(Lead, 2008). Commonly studied nanomaterials such as titanium dioxide and silver 

nanoparticles are frequently found in these environmental pathways, raising concerns 

about their potential impact (Passarelli et al., 2020). 

    Once in the environment, nanomaterials undergo various transformations influenced by 

their intrinsic properties and the characteristics of the surrounding medium. These 

transformations include chemical and physical processes, such as dissolution, 

aggregation, and biological degradation of surface coatings designed to stabilize them 

(Table 2), according to Joo and Zhao (2017). For instance, dissolution of nanoparticles 

can release toxic ions into the environment (Abbas et al., 2020). While aggregation can 

affect their mobility and ability to interact with organisms (Conway et al., 2015). 

Biological degradation of surface coatings may expose more reactive surfaces, potentially 

increasing their toxicity (Yang et al., 2024). These processes significantly affect the 

environmental impact and toxicity of nanomaterials, altering their potential risks to 

ecosystems and human health (Wagner et al., 2015). 

 In aquatic ecosystems, nanomaterials can interact with natural particles, minerals, 

and organic matter, affecting their distribution and mobility (Wang et al., 2022). These 

interactions often lead to aggregation, altering their behavior and transport (Lead, 2008). 

Their toxicity is influenced by interactions with living organisms, such as adsorption onto 

cell surfaces, disruption of cellular membranes, and interference with nutrient transport. 

This occurs primarily through the binding of nanomaterials to glycoproteins and lipid 

bilayers on cell membranes. Positively charged nanoparticles, for instance, strongly 

adhere to negatively charged cell membranes, compromising membrane integrity and 

essential functions (Hou et al., 2019; Egbuna et al., 2021). 

            Nanomaterials also exhibit high surface-to-volume ratios and unique surface 

properties, enabling interactions with biomolecules that amplify their environmental 

impact. For example, titanium dioxide nanoparticles generate reactive oxygen species 

(ROS), which cause damage to cellular membranes and proteins. Similarly, silver 

nanoparticles disrupt ion transport by strongly binding to cell membranes, altering 

membrane permeability and ion channels (Rawat et al., 2018). Nanomaterials can 

aggregate with other particles, modifying their mobility and toxicity (Naasz et al., 2018). 

They also interact with natural organic matter, which affects their surface charge, 

mobility, and interactions with organisms. These interactions often result in 

nanomaterials accumulating in sediments, where they may persist and pose long-term 

environmental risks (Misra et al., 2012). 
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Table 2. Factors influencing the fate and transport of manufacture nano particles (Joo & 

Zhao, 2017) 

MNPs Factor Mechanism Comment 

TiO₂ Contaminant (Cd) Adsorption Affinity of contaminant molecules 

affects MNPs fate. 

TiO₂ Contaminant Adsorption Particle size is the most critical 

parameter, while little impact of MNP 

dosage. 

TiO₂ Hg, second metal 

NPs (SiO₂) 

Adsorption to SiO₂-

TiO₂ 

Increased toxicity to microbes, 

compared to Hg adsorption on single 

MNP (TiO₂). 

Iron 

Oxide 

Contaminant (As) Adsorption, Co-

precipitation 

Adsorption is proportional to surface 

areas. 

CeO₂ Contaminant (T-N) ROS generation 

from CeO₂ NPs 

Removal efficiency of TN decreases as 

CeO₂ NP concentrations increase. 

CeO₂ pH, NOM, 

agglomeration, 

dissolution 

Release of Ce²⁺ Primary factors: solution pH and 

amount of suspended matter; 

dissolution of CeO₂ NPs negligible 

over 7 days. 

CuO pH, NOM, 

agglomeration, 

dissolution 

Release of Cu²⁺ Extent of aggregation affects toxicity 

of CuO NPs. 

ZnO Temperature, 

Organic acid 

Dissolution of ZnO 

and release of Zn²⁺ 

Increasing temperature (reducing 

solubility of ZnO through the release 

of heat) → increased aggregation → 

decreased dissolution. 

Fe/Al 

Oxides 

Contaminant (E. 

coli), pH, ionic 

strength 

Adsorption, Non-

electrostatic and 

electrostatic forces 

Electrostatic charge as the primary 

factor of the adsorption of E. coli on 

the two model MNPs. 

The adsorption of E. coli decreased 

IEP of Fe/Al oxides. 

   The environmental risk assessment of nanomaterials remains challenging, primarily due 

to difficulties in accurately measuring their concentrations in natural environments. 

Current estimates suggest that these concentrations are often below levels known to cause 

significant ecological harm. However, the potential for unexpected impacts emphasizes 

the need for continued research (Lowry et al., 2012a). During wastewater treatment, 

nanomaterials can undergo significant transformations, such as the conversion of silver 

nanoparticles into less toxic silver sulfide particles in sulfur-rich conditions. These 

materials may also interact with metallic and organic components, leading to 

sedimentation and aggregation into sludge, which can be reused as activated sludge 

(Lowry et al., 2012b; Zhang et al., 2012). 
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Behavior of nanomaterials in the environment 

   The environmental behavior of nanomaterials is determined and influenced by their 

physical and chemical properties, including size, shape, surface composition, and charge. 

In aquatic environments, these materials impact their mobility, stability, and interactions 

with organic matter, including organic molecules, metals, and pollutants (Zheng et al., 

2019). Small-sized nanomaterials harmoniously interact with surrounding molecules, 

enhancing their dispersibility and reactivity toward soils and biological membranes. 

Carbon nanotubes, for example, have aspect ratios that are very high in length compared 

to their diameter, thus they can easily adhere to organic particles, thereby increasing 

aggregation or adsorption onto surfaces (Albanese et al., 2012). Surface composition is 

also essential. Water-dispersible functional groups, like hydroxyl or carboxyl, can 

stabilize nanomaterials in water or alter the nature of their interaction with pollutants. 

Bare particles are more likely to aggregate and lose mobility (Demir, 2021). Surface 

charge is the most critical parameter governing the behavior of nanomaterials; positively 

or negatively charged particles strongly interact with oppositely charged pollutants or 

biological membranes. For example, positively charged nanomaterials will readily adsorb 

on the negatively charged cell membrane, offering a potential pathway for direct toxic 

effects. Besides these, further solubility introduces them to the dispersion and increases 

the likelihood of interaction with organisms or transfer through food chains (Griffitt et 

al., 2008).  Nanomaterials are pollutant carriers, effectively transporting pollutants across 

environmental media or leading to the localized accumulation of pollutants. For example, 

titanium dioxide nanoparticles remain stable in polluted water as the heavy metals adsorb 

on the nanoparticles. Silver nanoparticles can also bind to dissolved organic molecules, 

which would enhance their toxicity to microorganisms (Lead, 2008). Sometimes, nano-

plastics have been found to aggregate with natural particles such as clay and organic 

matter, affecting their toxic mobility. In freshwater, they tend to form larger aggregates 

with particulate organic matter, while in saltwater, salinity alters their surface charge, 

promoting aggregation. Another important property is their ability to enable long-range 

transport across ecosystems, as they can easily bind with pollutants such as PCBs, heavy 

metals, and others (Sakka et al., 2016; Xiao et al., 2018). 

  The biological approach supports the fact that nano-plastics are capable of binding to 

cellular membranes, hence perturbing lipid bilayers and compromising membrane 

permeability. This interaction primarily impairs cell barrier function, as previously 

mentioned, while simultaneously disabling ion channels that stimulate the production of 

reactive oxygen species (ROS), leading to cell dysfunction or death (Xu et al., 2019; 

Egbuna et al., 2021). All of these factors pose significant environmental risks, 

accumulating in aquatic sediments and entering food chains, disrupting aquatic 

ecosystems (Cunningham et al., 2013; Larue et al., 2014). This will play an integral 

role in the safety of risk assessment and the responsible use of nanoparticles. Their 
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interactions-aggregation, sedimentation, binding to natural and biological surfaces differ 

vastly from the interactions that take place with larger particles. Improved knowledge of 

behavior will support sustainable development and safe application of nanotechnology in 

environmental management and public health (Cunningham et al., 2013; Ang et al., 

2019). 

Toxicity of nanomaterials 

Nanomaterials, both metallic and plastic, exhibit multiple toxic effects on living 

organisms in various ecosystems (Jahan et al., 2017). Zinc oxide nanoparticles (ZnO 

NPs) are among the most extensively studied nanomaterials in terms of their toxic effects 

on living organisms (Salieri et al., 2015). Studies indicate that exposure to ZnO 

nanoparticles induces the production of reactive oxygen species (ROS) and increases 

lipid peroxidation, adversely affecting various living organisms. In animals, the effect is 

primarily observed in aquatic organisms, such as fish and invertebrates, where it results in 

damage to cell membranes in the liver and nervous system, and disrupts ionic balance and 

metabolic functions (Geitner et al., 2016; Eker et al., 2024). In plants, the effect occurs 

in root and leaf cells, leading to oxidative stress that inhibits growth and nutrient 

absorption processes (Hadi & Alwan, 2025). 

1. Toxic effects of zinc oxide nanoparticles 

   These effects disrupt vital cellular functions, such as in green algae, reflecting high 

toxicity that depends on concentration and exposure duration (Brun et al., 2014). Copper 

oxide nanoparticles (CuO NPs) exhibit similar toxic effects, where exposure to these 

nanoparticles causes disruption in algae growth and an increase in ROS production. CuO 

nanoparticles interact with cellular components, leading to damage to the cell membrane 

and disruption of enzymatic activity essential for cellular function. These nanoparticles 

exhibit greater toxicity compared to traditional copper ions at the same concentration, 

indicating that their nanoscale size is associated with the toxic effects (Ho et al., 2018). 

Regarding plastic nanoparticles, studies show that these particles pose a significant threat 

to aquatic organisms. Plastic nanoparticles can aggregate with other organic materials and 

pollutants, further complicating their toxicity (Kalčíková et al., 2017). 

  When algae are exposed to these nanoparticles, ROS production is precipitated, together 

with a growth within the interest of enzymes responsible for protecting in opposition to 

oxidative pressure (Janova et al., 2021). This leads to the damage of cell membranes, 

disrupting cellular transport mechanisms. The effect occurs through changes in 

membrane permeability caused by oxidative stress, hindering the movement of ions, 

essential molecules, nutrients, and waste (Huang et al., 2021). As a result, the ability of 

algae to maintain internal stability is compromised, which disrupts growth and 

reproductive processes in aquatic organisms (Kokalj et al., 2019). 
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2. Complex toxicity of plastic nanoparticles 

  Plastic nanoparticles exhibit more complex toxic effects when present alongside other 

environmental pollutants such as heavy metals. For instance, the interaction of these 

nanoparticles with cadmium results in an increased accumulation of cadmium in living 

cells, significantly enhancing the toxic effects. These nanoparticles act as carriers for 

pollutants, resulting in synergistic interactions that amplify toxicity and pose greater risks 

to aquatic organisms (van Weert et al., 2019). Scientific evidence indicates that 

nanomaterials, whether metal oxides or plastic nanoparticles, possess toxic properties that 

significantly impact the environment and living organisms. The degree of toxicity 

depends on several factors, including the source of exposure, duration of exposure and 

interaction of nanomaterials with various environmental factors (El-Kady et al., 2023). 

This requires further research to fully understand their effects and develop techniques to 

mitigate their harmful effects (Sundbæk et al., 2018). 

Absorption of nanomaterial by aquatic organisms 

    Nanomaterials enter aquatic environments through various pathways, including 

industrial discharges, treated wastewater, and surface runoff from contaminated soils. 

These particles seep into rivers, lakes, and oceans, where they can interact with aquatic 

organisms such as algae. After entering the aquatic environment, nanomaterials begin 

processes of absorption and entry into the cells of aquatic organisms (Lead, 2008). 

   One of the main ways nanomaterials enter aquatic organisms is through adsorption onto 

the cell surface. Nanoparticles tend to bind to cell surfaces due to their small size and 

high surface-to-volume ratio, which increases their interaction with cell membranes 

(Chen et al., 2016). During adsorption, nanomaterials bind to sugars and proteins present 

on the cell surface, enhancing their accumulation on the cell membranes (Dutta et al., 

2007). For example, electron microscopy examination shows that copper nanoparticles 

interact with extracellular polymeric substances (EPS) secreted by algae, indicating the 

presence of a protective mechanism that limits the toxic effects of the nanomaterials 

(Zhao et al., 2016). After adsorption onto the cell surface, nanomaterials can penetrate 

the cell wall through several mechanisms. One of these mechanisms is active transport, in 

which cells utilize specialized transport proteins to move nanoparticles across the cell 

membrane. Additionally, nanomaterials can enter the cell through passive delivery, 

utilizing gaps within the cellular wall to skip via. Research suggests that metal oxide 

nanoparticles, such as ZnO and CuO, can penetrate and combination with components of 

the cell wall, inflicting harm to the plasma membrane and leading to changes within the 

inner cell shape (Xia et al., 2015). Once inside the cell, the nanoparticles can reach 

internal organelles such as mitochondria and the nucleus (England et al., 2015). This 

transition typically occurs through a process known as bioaccumulation, where 

nanoparticles accumulate within the cell vacuoles. Studies have shown that copper oxide 
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nanoparticles can cause significant damage to DNA, proteins, and lipids, leading to 

disruption of fundamental cellular processes and death of algal cells (Kalman et al., 

2015). 

Nanomaterials in the food chain  

    Nanomaterials inclusive of metal oxides and nano-plastic can input the food chain via 

numerous pathways. This process often begins with nanomaterials entering the aquatic 

environment via industrial waste, sewage, and contaminated soil runoff. Once in aquatic 

structures, they may be taken up by organisms, such as algae and bacteria, by adsorption 

to cell surfaces or direct penetration of cell membranes. When small organisms, such as 

algae, uptake these residues, they are passed on to larger organisms via predation, thus 

entering the food chain (Kalman et al., 2015; Bundschuh et al., 2016). 

   Nanomaterials transfer through food chains by the consumption of organisms 

containing these materials by other organisms at higher trophic levels as Wang et al. 

(2019) explained in Fig. (2). For example, small fish may consume algae contaminated 

with nanomaterials, and then larger fish and predatory birds consume the small fish. This 

process results in the accumulation of nanomaterials in the bodies of organisms at each 

trophic level, enhancing their toxic effects as they move through the food chain (Dalai et 

al., 2013). An example of this is the accumulation of silver nanoparticles (Ag NPs). In 

fish. Studies have shown that chronic exposure to these residues can damage cellular 

tissue and accelerate the production of reactive oxygen species (ROS), resulting in 

damage to DNA and proteins within cells. Similarly, titanium dioxide nanoparticles (TiO2 

NPs) can cause similar effects, leading to cell damage and inhibiting metabolic processes 

in fish, affecting their growth and overall health (Geitner et al., 2016). The effects of 

nanomaterials on the food chain are expected to lead to reduced biodiversity and changes 

in the structure of food webs. The accumulation of nanomaterials in organisms can lead 

to dysfunctional organ functions and inhibited growth, reducing the ability of these 

organisms to survive and reproduce. In the long term, these effects could lead to changes 

in the shape of the food chain and the balance of the environment, affecting species 

abundance and overall ecological balance (Gambardella et al., 2014). In the long term, 

nanomaterials are expected to have significant impacts on many ecosystems. The 

accumulation of these materials can disrupt the stability of aquatic ecosystems, leading to 

biodiversity loss and a reduction in the abundance of sensitive species. Furthermore, 

nanomaterials may also alter ecological interactions between unusual species, reshaping 

food webs and having severe consequences for predatory species (Wang et al., 2019). 
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  Nanomaterials can accumulate in living organisms through the food chain, resulting in 

severe health effects. For humans, persistent exposure to nanomaterials through the 

consumption of contaminated foods or consumer products can lead to health problems, 

including pulmonary toxicity, liver toxicity, and chronic diseases such as cancer. Studies 

have demonstrated that nanomaterials can penetrate natural barriers and reach vital 

organs, including the liver, kidneys, and brain, resulting in toxic reactions in these organs 

(Wu et al., 2017). The toxic impacts of nanomaterials are not limited to individual 

organisms but extend to entire ecosystems. The accumulation of these materials in food 

chains can lead   to widespread effects, threatening ecosystem stability. For example, 

nanomaterials can transfer from algae to microcrustaceans and then to fish, causing 

bioaccumulation that disrupts energy flow within the ecosystem (Barreto & Lombardi 

2016). A distinguish example of this is the impact of nanoplastic waste in the oceans. 

These wastes have been found to accumulate in the bodies of marine organisms, 

including fish and shellfish, resulting in toxic effects, such as increased inhibition and 

tissue damage. This not only affects the health of marine organisms but also extends to 

those who consume them as part of their diet, increasing the risk of exposure to 

contamination (Yang et al., 2014). 

Bioaccumulation of nanomaterials 

    There are exceptions to the general low toxic effects noted earlier for carbon-based 

nanomaterials. Biodegradation by liver and other body systems converts base forms of 

carbon nanotubes to other harmless degradation by-products, affording a certain degree 

of protection against hazards such as fibrosis. Similarly, liver degradation capabilities 

provide protection through one of the pathways, as the body is designed to eliminate 

these particles; otherwise, without a metabolic pathway, they accumulate (Xiao et al., 

Fig. 2. Fate of NPs in the aquatic food chain (Wang et al., 2019) 
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2022). The bioaccumulation of nanomaterials in aquatic systems forms a dynamic and 

engaging environmental problem (Bhuvaneshwari et al., 2018). Such materials combine 

outstanding physical and chemical aspects with a pronounced capability toward 

biological influence (Zhu et al., 2010). Nanomaterials possess a large surface area and 

high chemical reactivity, allowing for easy interaction with biological constituents, such 

as proteins and cellular membranes (Yan & Wang, 2021). This arrangement opens the 

feasibility of easy entrance of nanomaterials into aquatic organisms, their accumulation in 

the tissues, and their further transfer through the food chains with certain ecological 

effects which can reach to higher trophic levels (Wang et al., 2016). In the aquatic 

environment, it is taken up by the primary producers (algae and phytoplankton) due to 

their active surface properties. While higher organisms consume these primary producers, 

nanomaterials eventually move to higher trophic levels, like zooplankton then to fish and 

larger marine organisms, initiating upward bioaccumulation along the food chain 

(Bhuvaneshwari et al., 2017; Khoshnamvand et al., 2020). The transfer of 

nanomaterials through trophic interactions is selective by nature influenced by several 

factors that can sometimes change typical trophic feeding patterns in an ecosystem. 

Organisms at intermediate or high trophic levels often exhibit an altered feeding behavior 

in response to the nanomaterials (Sendra et al., 2017; Hossain et al., 2021). For 

example, zooplankton and small fish would select not to feed on algae or some other 

plankton when they have a choice, and in turn, the ingestion of contaminated food 

decreases. This change in behavior has an impact on growth as well as reproduction rates 

of these organisms and consequently would create an ecological net imbalance in the 

aquatic system (Babaei et al., 2022). 

  The effects of nanomaterials on environmental factors are not limited to altering the 

feeding patterns of aquatic organisms; on a broader scale, they primarily result from 

direct impacts on the most crucial biological processes occurring within these organisms. 

Their accumulation in the tissues of these organisms may cause modification of 

biochemical interplays taking place within the cells. Such chemical substances will 

further cause damage to cellular components; proteins, lipids, and even DNA leading to 

cellular dysfunction and increased mortality rates for the contaminated organisms 

(Poynton et al., 2019). Another major way through which nanomaterials can inflict harm 

is the disruption of major metabolic pathways. For instance, it has been demonstrated that 

nanomaterials interfere with the glutathione pathway, which is the most important aspect 

of the primary defense mechanism against oxidative stress. They also act on other 

pathways, such as amino acids and protein production, which are essential for growth and 

reproduction (Chen et al., 2019), respectively. The manifestations are a lower nutritional 

value by the organisms involved, with fish being impaired and exhibited low protein 

content plus high lipid levels, which bear down on their nutritional value as higher 

consumers in the food chain (Li et al., 2022). 
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   Several environmental factors influence the processes of bioaccumulation and trophic 

transfer of nanomaterials. These include the basic properties of the nanomaterials, such as 

size, shape, and solubility in water. Smaller nanomaterials have a higher ability to 

penetrate cellular membranes and accumulate within cells. Similarly, the geometric shape 

of the material can affect its interaction with proteins and biological molecules (Zhang et 

al., 2024). Environmental conditions such as temperature, pH, and the presence of other 

organic compounds also play significant roles. For example, higher temperatures may 

enhance the interactions between nanomaterials and living organisms, potentially 

increasing their bioavailability and toxicity, whereas organic compounds in water can 

mitigate toxicity through interactions that reduce nanoparticle reactivity (Silva et al., 

2022; Dang et al., 2023). 

   On the other hand, certain factors can mitigate the adverse effects of nanomaterials. 

Organisms such as algae may reduce the concentration of free nanomaterials in the water 

by absorbing them into their cells, thus lowering the risks to other organisms (Connolly 

et al., 2023). Furthermore, studies suggest that exposure length plays a critical role in 

determining the severity of nanomaterial consequences. Long-term exposure will increase 

the chance of bioaccumulation in dwelling organisms, even as brief-time period publicity 

may also have less pronounced however nonetheless significant ecological risks (Galúcio 

et al., 2022). The impact of nanomaterials on aquatic structures extends beyond living 

organisms to the entire ecosystem. Changes at lower trophic levels have cascading effects 

that reach higher levels, ultimately disrupting the distribution of energy and vitamins in 

the food web. These disruptions can cause permanent changes in the shape and nature of 

aquatic ecosystems (Gaur & Jagadeesan, 2021). 

Toxic concentrations of nanomaterials 

    Monitoring the concentrations and toxicity of nanomaterials in the environment is a 

vital area of scientific research. With the increasing use of nanomaterials in various 

commercial, scientific, and technological applications, they pose significant 

environmental challenges, necessitating focused efforts to understand their impacts on 

ecosystems and biodiversity (Bäuerlein et al., 2017). Scientists use specific terms to 

describe scenarios that mimic realistic conditions in which organisms are exposed to 

nanomaterials. Rather than focusing solely on acute toxicity assessments using 

unrealistically high concentrations, actual concentrations found in the environment are 

taken into consideration. Recent studies indicate that nanomaterial concentrations in 

aquatic systems typically range between 1 ng/l and 1 μg/l, with the exception of titanium-

based nanomaterials, which can reach 1 mg/l in some cases (Azimzada et al., 2021; 

Hauser & Nowak, 2021; Rand et al., 2021). The toxic effects of nanomaterials vary 

depending on the type of material, the content, and the target organism (Miranda et al., 

2016). For example, titanium oxide nanoparticles showed high toxicity when organisms 
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were exposed to concentrations up to 2.4mg/ L, while silver nanoparticles showed higher 

toxicity at much lower concentrations, up to 1ng/ L (Bacchetta et al., 2017). 

   Research indicates that nanomaterials can cause serious effects on organisms even at 

relatively low concentrations. For example, algae such as Scenedesmus spp. and 

Chlorella spp. They exhibit high sensitivity to titanium dioxide nanoparticles (TiO₂NPs), 

resulting in reduced growth rates and increased oxidative stress, especially at 

concentrations of up to 50μg/ L (Syafiuddin et al., 2018). For microcrustaceans such as 

Daphnia magna, studies have shown that exposure to silver nanoparticles (AgNPs) at 

concentrations between 10 and 100ng/ L resulted in multiple effects, including DNA 

damage, behavioral disturbances, and long-term effects that may persist across 

generations (Black et al., 2017). Fish are also exposed to low levels of these substances. 

Zebrafish (Danio rerio), one of the most extensively studied species, showed adverse 

effects when exposed to low concentrations of TiO₂NPs or AgNPs, ranging from 1μg/ L 

to 2.4mg/ L. Observed outcomes included oxidative stress, genetic alterations, and 

inhibition of nervous system enzymes. Additionally, the accumulation of nanomaterials 

in fish tissues, including the liver and brain, has raised significant questions about their 

long-term effects (Dedman et al., 2021). 

CONCLUSION 

 

    Nanomaterials, particularly metal oxides and nano-plastics, have been shown to exhibit 

high toxicity to aquatic life, impairing growth and essential biological functions. For 

example, titanium dioxide nanoparticles and silver nano-plastics interfere with the 

metabolic pathways of aquatic organisms. This toxicity depends on factors such as 

nanoparticle concentration, shape, and size, all of which must be carefully considered in 

environmental risk assessments. Toxicity mechanisms include free radical formation, 

disruption of cell membranes, and interference with metabolic processes, ultimately 

leading to cell death and tissue damage. For instance, silver nanoparticles are known to 

generate free radicals that cause oxidative stress in fish, resulting in tissue damage and 

stunted growth. These nanomaterials also pose risks to the food chain due to their 

bioaccumulation in organisms such as fish and birds, which further impacts higher 

trophic levels, including humans. This accumulation leads to uptake by top predators like 

birds (Kakakhel et al., 2021). The long-term effects of these particles typically include 

liver toxicity, lung damage, and cancer, as they accumulate in biological tissues. 

 These findings highlight the urgent need for broader research on the 

environmental and health impacts of various nanomaterials, along with the development 

of effective strategies to mitigate their harmful effects on ecosystems and human health. 

However, current studies on long-term impacts and the full extent of bioaccumulation 

remain limited, leaving significant knowledge gaps regarding the overall risks of 
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nanomaterials. This emphasizes the importance of sustained research efforts and the 

development of practical mitigation measures to address these uncertainties. 

 Future research should focus on evaluating the long-term effects of nanomaterials 

on aquatic organisms, investigating the mechanisms of their bioaccumulation and 

transport through the food chain, and analyzing their impacts on gene expression and 

metabolic pathways. Furthermore, accurate predictive models must be developed to 

assess environmental risks and to design more environmentally friendly nanomaterials 

with reduced toxicity potential. 
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