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The ever-increasing use of diverse types of engineered nanoparticles (ENPs) in
industries, medicine, and consumer products has resulted in their uncontrolled
release into aquatic environments and soil-plant systems. ENPs may transform
and release toxic by-products upon release, raising concerns about their
environmental behavior and potential risks. However, accurately measuring the
concentrations of ENP in these ecosystems remains challenging. Recent studies
have highlighted the toxic effects of ENPs on various organisms, but assessing the
risk in aquatic and soil-plant systems consists of a critical issue in
nanoecotoxicology. ENPs interact with various environmental materials like
organic matter, soil, sludge, and other pollutants. These interactions of ENPs
can form complex assemblies, which may alter the toxicity and environmental
fate. This study examines the interactions of ENPs in aquatic and soil-plant
environments, focusing on their transformation, toxicity, and ecological impact.
Identification of the knowledge gaps related to the ENP interaction and outlining
the directions for future consideration for a better understanding of the
environmental risks have been explained in this study. Additionally, the
research addresses the challenges of evaluating nanotoxicity and highlights the
need for improved environmental regulations and assessment techniques for
engineered nanomaterials.

KEYWORDS

nanoparticle toxicity, engineered nanoparticles, aquatic environment, soil-plant
system, risk of nanoparticles

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fsoil.2025.1705689/full
https://www.frontiersin.org/articles/10.3389/fsoil.2025.1705689/full
https://www.frontiersin.org/articles/10.3389/fsoil.2025.1705689/full
https://www.frontiersin.org/articles/10.3389/fsoil.2025.1705689/full
https://www.frontiersin.org/articles/10.3389/fsoil.2025.1705689/full
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsoil.2025.1705689&domain=pdf&date_stamp=2025-12-02
mailto:muddin@tamut.edu
https://doi.org/10.3389/fsoil.2025.1705689
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soil-science#editorial-board
https://www.frontiersin.org/journals/soil-science#editorial-board
https://doi.org/10.3389/fsoil.2025.1705689
https://www.frontiersin.org/journals/soil-science

Islam et al.

1 Introduction

Engineered nanoparticles (ENPs) are deliberately manufactured
materials characterized by particle sizes ranging from 1 to 100
nanometers in at least one dimension (1). These particles can exist
in various structural forms, including spherical shapes, nanowires,
nanotubes, and nanorods (2). ENPs can be categorized into several
types as shown in Table 1 (3-5). ENPs exhibit distinct
physicochemical properties, such as a high surface area and
enhanced optical, magnetic, and electrical behaviors, setting them
apart from their bulk material equivalents. Due to these advantages,
the past decade has seen a significant rise in their application across
diverse industries, including cosmetics, textiles, coatings, and
antibacterial products. The impact of ENPs on human life is
growing and profound. This is partly due to the wide availability
of ENP-containing products—over 1,800 globally (6). Within the
next 10-15 years, it is expected that the industrial production of
nanotechnology will be worth over $1 trillion (7). Another
projection indicates that the global population will surpass 9
billion by 2050, creating substantial concerns regarding food
security (8). Nanotechnology can play a significant role in
promising solutions to enhance agricultural productivity and
ensure food security, safety, and sustainability (9). For example,
ENPs are being used to improve the efficiency of fertilizers,
pesticides, herbicides, and plant growth regulators through
mechanisms like controlled release (10). Beyond agriculture,
ENPs are integral in modern medicine, electronics, and
environmental science, offering solutions that improve production
efficiency and sustainability (11, 12). The precise control of size,
shape, and synthesis conditions of these nanoparticles has
revolutionized traditional sectors, fostering innovation and
functionality (13).

The rapid development of nanotechnologies in various
industries lead to their release. The ever-expanding use of ENPs
causes an intentional or unintentional release into the natural
environment. The released ENPs can be found in aquatic
environments and soil-plant systems (14, 15). This causes a
potential threat to the aquatic environment and soil-plant
systems, as well as humans (16) and other organisms (17).
However, ENPs show unique toxicity characteristics in the
aquatic environment and soil-plant system compared with
conventional inorganic and organic contaminants, including their
colloidal and soluble forms (18, 19). Thus, it is an incredibly
challenging task to regulate the release of ENP into the aquatic
and soil-plant environments (20, 21). Moreover, there is a lack of
established and documented standards to regulate the discharge of
ENPs. Thus, it is critical to develop innovative approaches for
standardizing the characterization and toxicity analysis of ENPs
across the aquatic environment and soil-plant system.

Abbreviations: Al,O;, Aluminum oxide; AgNPs, Silver nanoparticles; CuO,
Copper oxide; QDs, Quantum dots; ENP, Engineered nanoparticle; FA, Fulvic
acid; HA, Humic acid; NPs, Nanoparticles; ROS, Reactive oxygen species; THF,

Tetrahydrofuran; TiO,, Titanium oxide; ZnO, Zinc oxide.
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ENPs interact with natural organic matter in the environment.
These interactions influence their transformation rates, toxicity, and
bioavailability in different environmental settings. Additionally,
factors such as water chemistry, the movement of water, and
physical and electrical characteristics play a significant role. ENPs
undergo various transformations in the environment such as
physical, chemical, and biological transformations that modify the
behavior, fate, and toxicity of these materials (22). Understanding
these transformation processes is significant in controlling and
characterizing the fate and toxicity of ENPs in aquatic and soil-
plant systems. Among the numerous transformation processes, the
leading reactions are redox reactions, dissolution/sedimentation,
adsorption, photochemical and biologically mediated reactions,
agglomeration/deagglomeration, etc. Recent environmental health
and safety (EHS) research predominantly focuses on the fate,
transport, and toxic effects of pristine or “as-manufactured”
nanoparticles (23). However, this does not explain the harmful
effects of ENPs under various environmental exposure conditions.
Therefore, it is necessary to fully understand the transformation-
related toxic properties of ENPs in numerous environmental
conditions. Assessing the potential toxicological effects of ENPs
requires an understanding of these effects from acute and chronic
exposures. Moreover, having a high surface area-to-volume ratio
and reactivity makes them highly dynamic in the aquatic
environment and soil-plant system. Recent research has found
that if ENPs are present in high enough concentrations, they have
the potential to harm aquatic organisms (24-28). The
environmental effects of ENPs have prompted research to
estimate their concentrations in various ecosystems such as air,
water, and soil-plant systems. These studies also aim to identify the
threshold levels at which ENPs cause harmful ecological effects.

ENPs can enter aquatic systems and soil-plant environments in
diverse ways. They may be released directly through fertilizers or
plant protection products, or indirectly through land applications of
sludge, biosolids, or industrial wastewater discharges. When ENPs
dissolve in the environment, they emit toxic components.
Furthermore, their tendency to aggregate with other nanoparticles
or with naturally occurring mineral and organic colloids can
greatly influence their environmental behavior and potential
toxicity. Consequently, assessing the risks to aquatic systems
and soil-plant ecosystems presents a critical challenge in
nanoecotoxicology. Furthermore, reliably measuring ENPs at
environmental concentrations remains difficult. The growing use
of ENPs across various applications is expected to lead to increased
environmental concentration in future. Gerner et al. (29) classified
the risk of hazard into five categories, which were determined by
comparing the maximum predicted environmental concentrations
with the toxicity to the most sensitive species. The categories
include instances where toxicity was observed: (i) at the
maximum predicted environmental concentrations; (ii) at 100
times these concentrations; (ii) at any concentration up to 10 mg
L'; (iv) at concentrations greater than 10 mg L% and (v) no toxicity
was observed across all tested concentrations. Study indicates that
the estimated environmental concentrations of ENPs are
significantly lower than the levels known to cause adverse effects
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TABLE 1 Classification of ENPs, their descriptions, and examples of each category of ENP.

Type
Carbon-based
ENPs

Metal/metal
oxide-based
ENPs

Description

Carbon-based NPs are a class of engineered nanoparticles derived from carbon atoms, carbon nanotubes (CNTs),
graphene, carbon quantum dots, and fullerenes.

Metal-based ENPs are synthetic nanomaterial composed of pure metals or their compounds (e.g., metal oxides)
with at least one dimension between 1 and 100 nanometers.

10.3389/fs0il.2025.1705689

Example

CNTs, fullerenes, graphene, and
nanodiamonds.

Gold NPs (AuNPs), Silver NPs
(AgNPs), and Iron Oxide NPs.

Ceramic-based
ENPs

Semiconductor
ENPs

Polymeric-
based ENPs

Lipid-based
ENPs

Composite

Ceramic-based ENPs are synthetic inorganic materials, typically composed of ceramic compounds like metal
oxides, carbides, and nitrides. These NPs made from silicon, titanium, or aluminum, are intentionally
manufactured to possess distinct physical and chemical characteristics that are not found in larger ceramic
structures.

Semiconductor ENPs are synthetically created nanomaterials (1-100 nm) designed to possess novel optical and
electronic properties. These characteristics, which are absent in the parent bulk material, are a direct consequence
of the quantum confinement effect—a phenomenon that allows for the precise control of a nanoparticle’s light-
emitting and electronic features simply by manipulating its size.

Polymers are used as building blocks to create a type of synthetic nanoparticle called a polymeric-based ENPs.
These NPs are between 1-1000 nm in size and manufactured for a particular function, such as acting as a
delivery vehicle for drugs, genes, or other therapeutic molecules. Their main goal is to shield the encapsulated
substance and transport it to a precise location within the body for the treatments.

Lipid-based ENPs are a class of fabricated nanostructures (10-1,000 nm) that are purposefully built from lipid
components. These spherical vesicles are manufactured to fulfill specific roles, often in drug delivery.

Composite ENPs are made of two or more distinct nanoscale components to create a single structure with special
physical and chemical properties. Different components of these NPs interact at nanoscale, resulting in superior

Silicon Dioxide (SiO,) NPs,
Alumina (Al,O3) NPs, and
Titanium Dioxide (TiO,) NPs.

Cadmium-based Quantum Dots
(CdSe,CdS,CdTe), Indium
Phosphide (InP) Quantum Dots,
and Silicon (Si) Quantum Dots.

Poly (lactic-co-glycolic acid)
(PLGA) NPs, Poly (ethylene
glycol) (PEG) NPs, and Chitosan
NPs.

Liposomes, Pfizer-BioNTech
COVID-19 Vaccine
(Comimaty®), and Moderna
COVID-19 Vaccine (Spikevax®).

Gold-Silica NPs (Au@SiO,), Iron
Oxide NPs with polymer coating

ENPs . ST
properties compared to the individual components alone.

(Fe;04@Polymer).

on living organisms (30). However, generating additional toxicity
data under conditions that closely mimic real environmental
scenarios is essential for conducting reliable risk assessments of
nanomaterials and ensuring their safe use in the environment.
Figure 1 presents the results of 61 ecotoxicity studies on ENPs in
freshwater and seawater, based on predicted release concentrations,
to estimate the level of risk (31). The projected release
concentrations for ENPs range from a lower level of 1x10™° mg
L™ to a higher level of 110 mg L'\,

The soil and water act as natural sinks for the ENPs. The ENPs
have the potential to build up in the sediments and biosolid-amended
agricultural soils and thus enter the food chain through accumulation
in plants (32). The safe use of ENPs in the production of food crops
largely depends on understanding the transformation of ENPs in
both the soil and plants (33). Soil p, organic content, and redox
conditions are key factors that influence the transformation of ENPs
by affecting their surface charge, dissolution, and aggregation. The
safe use of ENPs can be ensured through comprehensive risk
assessment, which evaluates their exposure and toxicity, and by
implementing strict regulatory frameworks that mandate reporting
and testing. When ENPs are introduced to soil, the transformation
that occurs dominates their behavior and therefore their
bioavailability. Several factors of soils, such as soil components and
properties, especially organic matter (OM), ionic strength, water
regime, pH, and texture, influence ENP characteristics. Considering
the transformation of silver nanoparticles (AgNPs) in soil and
sediment within freshwater mesocosms, it was found that AgNPs
primarily transformed into Silver Sulfide (Ag,S). The observed
transformation rates were 52% in soil and 55% in subaquatic
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sediment (34). However, until today, limited information is
available about the characteristics of ENPs in natural soils, which
makes it difficult to extrapolate and understand the behavior of ENPs
under realistic field scenarios. Another potential pathway for the
translocation of ENPs into the food web is through plants. In recent
years, the biological uptake and accumulation of ENPs by plants have
drawn great attention from researchers. The ENPs travel through
different food webs and interact with different environments. ENPs
interact with plants in two main ways: through their aboveground
surfaces or via their belowground organs like roots and tubers. Once
this interaction occurs, the plants absorb the nanoparticles. However,
ENPs have both positive and negative effects on plants. ENPs cause
harmful effects on biota. Studies (35-37) are conducted on the
ecotoxicological evaluation on the biotic and abiotic processes.
Those studies show that various mechanisms are involved for the
interaction of the ENPs with biota. The toxic effects are not consistent
across all NPs; each type often exhibits unique damaging
mechanisms. ENPs cause the formation of reactive oxygen species
(ROS), an ion release that affects the biological structures, as shown in
Figure 2 (38, 39). Research by Moore (39) suggests that the ability of
NPs to form ROS gives them the potential to cause detrimental effects
on organisms by attacking their cellular structures. A study by
Kicheeva et al. (40) examined the properties and effects of
functionalized magnetite NPs, focusing on how they interact with
living systems. The study highlighted the crucial role of ROS in
mediating the biological effects of these NPs in both single-celled
organisms and enzymatic systems.

The aims of this study are to provide a comprehensive summary
of fate and all possible toxic forms of ENPs in the aquatic
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Freshwater Seawater
Au Cr,0,
FeO/Fe,0; :  MWCNTs
NiO
TiO,
Al,O,
CeO,
Cu
CuO Au
Ceo . CeQ,
Fe;0, 5 Cuo
Latex Ceo
MWCNTs Sio,
NiO
SWCNTs
Tio,
Ag : Ag
nZVI nZVI
Zn0O : Zn0O
. No toxicity observed
D Toxic at >10 mg/L
Toxic at <10 mg/L
Toxic at 100x environmentally
relevant concentrations

Toxicity of ENPs in freshwater and seawater (31).

environment and soil-plant system. To ensure the credibility and
robustness of this review, a systematic search strategy was
employed. A comprehensive literature search was conducted in
different prominent databases such as Scopus, Web of Science, and
Google Scholar. The search was limited to the period from January
2005 to December 2025. The keywords and search strings were
systematically used to retrieve relevant literatures are nanoparticle
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toxicity, engineered nanoparticles, impact of nanoparticles in
aquatic environment and soil-plant system, risk of nanoparticles,
and so on. Boolean operators (AND, OR) and phrase searching
(using quotation marks) were employed to refine the results and
ensure the most relevant articles were identified. The following
criteria were applied during the screening process to determine
which articles were included or excluded from the review: Inclusion
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FIGURE 2

Ecotoxicity of ENPs in aquatic and terrestrial regimes, showing the mechanisms as (a) formation of ROS, (b) ion release, (c) internalization, and (d)

biological surface coating (38, 39).

criteria: (i) article type: peer-reviewed original research articles and
review articles, (ii) relevance: studies focusing on the
transformation, toxicity, and environmental challenges of ENPs in
aquatic environments and/or soil-plant ecosystems. Exclusion
criteria: (i) article type: conference abstracts, editorials, and
magazines, (ii) relevance: studies that did not specifically focus on
ENPs or their effects in the specified aquatic and soil-plant
environments, (ili) completeness: articles for which only the
abstract was available, or the full text could not be accessed, (iv)
retracted articles. Based on the current knowledge, key
recommendations are made by using the research findings and by
addressing the technical challenges associated with evaluating
nanotoxicity. Different risk assessment models and implications
for stakeholder engagement in the regulatory policy of ENPs are
discussed in the latter part of the study. This study also identifies
key knowledge gaps and research questions that need to be
addressed in future environmental studies of nanomaterials and
for the safe use of ENPs. Finally, the future application of
nanomaterials should fully consider the health, safety, and
environmental impacts.

2 ENPs in the aquatic environment

2.1 ENP interactions with aquatic
organisms

The interactions of ENPs with aquatic organisms are not only

complex but also dynamic. The amount and form of ENPs
interacting with aquatic organisms are influenced by several
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physicochemical processes, as explained in this section. Fate,
behavior, and transportation of ENPs in aquatic environments are
controlled by their physical factors, such as size, shape, etc., and
chemical factors, such as surface charge potential, surface coating,
crystal structure, and composition. ENPs undergo various changes
in aquatic systems due to both biotic and abiotic factors. These
changes affect their bio-accessibility, bioavailability, uptake, and
potential toxicity when interacting with aquatic organisms (41).
Therefore, as soon as released into aquatic environments, aquatic
biota interacts with transformed ENPs rather than pure ENPs (42).
The metal-based ENPs go through several transformations in water
media. However, dissolution potential is one of the key
determinants of the environmental fate of metal-based ENPs. A
chemical characteristic of ENPs is the release of dissolved ions or
metallic forms, which is often improved by reducing the nanoscale
size and thus increasing their potential reactivity (43). Hence,
metal-based ENPs interact with aquatic biota according to the
following forms: (i) particulates; (ii) dissolved metals; and (iii)
new chemical matters created through interacting with abiotic
and biotic factors. So, it is needed to focus on the bio-accessible
portions of metal-based ENPs due to their related implications for
toxicity and uptake. In aqueous solutions, metal-based ENPs often
agglomerate. When gravity overcomes buoyancy, the particles
settle, leading to a decrease in exposure concentration. However,
the opposite process—deagglomeration—is often overlooked, even
though ENPs evolve in complex and dynamic ways. Additionally,
chemical processes such as the reduction of metal ions (e.g., Ag")
can generate smaller secondary particles in suspension, introducing
new bio-accessible sizes and shapes (44). For identifying exposure,
bio-accessibility, size, and endurance in aqueous systems, changes
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in the size and shape of ENPs are vital. While several studies (41-
44) report antimicrobial effects, the reliability of these findings is
often limited by a lack of rigorous characterization of ENP
aggregation within the complex growth media, making it difficult
to attribute the effect solely to the nano-size component.

The interaction of agglomeration, deagglomeration, deposition,
and suspension of ENPs has effects on both free-floating and rooted
plants of the aquatic environment, causing temporal and spatial
distinctions in exposure scenarios. Aquatic systems may get purified
from such contaminants by the settling of ENPs on sediments, but
this argument ignores the reality that aquatic systems are multi-
dimensional. For example, ENPs can de-agglomerate or dissolve
and still interplay with pelagic biota during resuspension. In the
transformation of ENPs, the properties of aquatic systems, such as
ionic strength, pH, total organic matter, and inorganic constituents,
are important. These physicochemical properties may change
surface properties and bio-accessible size or control the rate of
dissolution. In general, such transformations have an impact on the
bio-accessible condition of ENPs to aquatic biota. The rate of
dissolution of ENPs is dependent on p", suggesting that changing
p™! states will also affect the different bio-accessibilities of metal-
based ENPs to plants in aquatic environments (45).

Free metal activity, soluble metallic species, etc. are largely
involved in the toxicity of metals in aquatic environments (46,
47). Indeed, the analysis of metal speciation is related to the
identification of metal chemical forms, which include free metal
ions, organometallic compounds, and both organic and inorganic
complexes. For example, organic matter and electrolytes govern the
stability of ENPs by altering characteristics like charge potential and
the coating of the ENPs’ surface. In the case of ENPs interacting
with aquatic higher plants, the bio-accessible size of ENPs can be
increased by the dissolved organic carbon. Deposition, adsorption,
and internalization are the processes through which ENPs, whether
in dissolved or particulate form, interact with the aquatic
environment’s higher plants.

Currently, there is growing interest in how ENPs interact with
organic substances like fulvic acid (FA) and humic acids (HA) (46).
These interactions are being studied to better understand their
effects on the stability of ENPs in water and their ability to bind to
and transport other pollutants. This information pointed out that a
complex interaction of ENPs and exposure to aquatic characteristics
underlies the bioavailability and bio accessibility of metal-based
ENPs to aquatic higher plants (47). Therefore, while investigating
the behavior of ENPs in aquatic environments, it is required to
consider ENP characteristics and aqueous properties in an
integrated manner, rather than treating them separately.
Eventually, the complex interaction of the spatially and
temporally dynamic processes helps determine the bioavailability
of ENPs in aquatic systems. Components affecting the bio-
accessibility of ENPs are important because, in turn, those
components also determine the bioaccumulation, bioavailability,
and toxicity of ENPs to aquatic higher plants.
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2.2 Behavior and fate of ENPs in the
aquatic environment

The behavior of natural nanoparticles and colloidal matter in
aquatic environments and soils has been studied for a long time.
ENPs will thus become components of these colloids and their
subsequent behaviors upon entering aquatic systems.
Transportation of ENPs depends on both interactions with other
colloidal components and the physicochemical nature of the
aqueous medium. In recent times, several studies have been
initiated to determine the role of physicochemical factors in the
formation of aggregates relating to aquatic media as well as the size
of ENP aggregates. ENP aggregate formation has constantly been
found to be dependent on concentration in the medium (0.1-100
mM), the concentration of dissolved organic carbon, FA, HA, the
p™ of the aquatic medium, etc. For example- the concentration of
FA plays a key role in the stability of CeO, nanoparticles. It was
found that a small amount (2 mg L) of FA is sufficient to stabilize
CeO, (50 mg L") (48).

Another agglomeration study by Topuz et al. (49) investigated
the behavior of silver nanoparticles coated with citrate (AgNP-Cit)
and TiO, nanoparticles in various media over a one-week period.
The constant ionic strength was maintained at 10 mM, and the
media contained combinations of ions, natural organic matter (FA,
HA), and surfactants like sodium dodecyl sulfate and alkyl
ethoxylate. The research found that the degree of agglomeration
for both nanoparticle types was primarily controlled by the
concentration of calcium ions (Ca®?*). Over the course of the
week, the size of the nanoparticles significantly increased,
reaching the micrometer scale. These factors have key
implications for the exhibition of aquatic organisms, as
sedimentation and aggregation of ENPs decrease the possibility of
transportation inside the water column. This indicates minimal
transportation of ENPs in cation-rich estuarine and marine
environments, and hence benthic and sediment-dwelling species
tend to be more exposed than pelagic species (50). Changes in these
situations, nevertheless, may help the stabilization of ENPs,
providing them with the major potential for uptake and transport
within aquatic systems. Standard models have yet to be developed
that can predict this behavior. For determining the behavior of
ENPs in aquatic environments, physicochemical characteristics are
also vital elements. The zeta charge potential on the ENP’s surface
has been found to affect aggregation behavior. When the values are
closer to zero charges (i.e., 0 mV), aggregation increases (51). Dogra
eta al (52). found that at optimized conditions the zeta potential of
the suspension, the required range for stable colloidal dispersion
(beyond -20 to 20 mV) at a constant particle concentration of 10 mg
L. The coatings and functional groups on the surface of ENPs
influence how they interact with each other and with other
components in the water. These interactions affect the stability of
ENPs in aquatic environments. Studies (53, 54) have shown that
colloidal substances in natural waters are often coated with organic
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material. Since surface charges and interactions between
nanoparticles are affected by these adsorbed layers, they play a
significant role in how colloids bind pollutants and trace elements.
For example, the adsorption of HA onto zinc oxide (ZnO), titanium
dioxide (TiO,), or aluminum oxide (Al,O3;) has been found to
reduce their zeta potential. This indicates that HA-coated nano-
oxides are more stable in suspension, as the increased electrostatic
repulsion helps keep them dispersed (55). A positive correlation
exists between the pore size of mesoporous silica, its surface charge
density, and its Cu®" adsorption capacity, as suggested by recent
research (54). Within the 3-4.1 nm pore size range, a larger pore size
is associated with an increase in both the surface charge density and
the ability to adsorb Cu®*. This insight into how the
physicochemical properties of mesoporous silica relate to the
adsorption of Cu®" is beneficial for applications in fields like
environmental remediation and catalysis. In conclusion, the
behavior, fate, and toxicity of ENPs vary with the type of aquatic
environment, with significant differences observed in freshwater at
higher dilutions compared to seawater.

2.3 Toxicological effects of ENPs in the
aquatic environment

Improving our knowledge of the ENP’s eco-toxicology requires
better knowledge of the behavior and fate of ENPs in aquatic
systems and their interactions with other particles in aquatic
environments. Eventually, this will permit a better evaluation of
the characteristics of the ENPs. However, most of the studies
conducted on nano-toxicology have been focused on inhalation
issues in terrestrial vertebrates, with considerably less concentration
on exposure to various organisms residing in other environments.
Recent studies have focused on understanding how ENPs affect
aquatic organisms, including their uptake, movement, fate, and
impact. Those studies also explain how the characteristics of ENPs
and the surrounding exposure environment influence their uptake
and effects.

In this section, an in-depth analysis of the findings for the effects
of exposure to ENPs on vital organisms from aquatic environments
such as microbes, algae, invertebrates, and vertebrates has been
discussed. Factors that amplify the toxicity of ENPs in aquatic
systems can be divided into three categories: (i) functional behavior
of ENPs; (ii) physicochemical characteristics of ENPs; and (iii)
interaction with other pollutants present in the same medium (56).
The production of ROS and the dissolution of ENPs into metal ions
are some examples of functional behavior in aquatic media. For
instance, some ENPs, such as copper-based nanoparticles, surface
silver on silver nanoparticles, dissolve readily in water, releasing Cu®
", Ag’, and other oxidative stress radicals. It has been found in
many previous studies that metal ions present greater toxicity than
nanoparticles (NPs). In contrast, one of the vital parameters for
analyzing the toxicity of ENPs in the aquatic system is the
concentration of ENPs. Low concentrations, ranging from 5x107>
to 50x107> mg L™, cause oxidative stress, chromosomal alterations,
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and physiological changes. On the other hand, a higher
concentration of about 1 mg L' was found as a direct cause of
death (57). Furthermore, the toxicity of ENPs in aquatic
environments is highly dependent on the specific type of particle
and the mechanism by which it enters the cells of organisms.
Initially, ENPs attach to the cell membrane pores, then penetrate
the cell through processes like endocytosis or ion transport. During
this entry, ENPs can disrupt normal ion transport or produce ROS,
which can lead to oxidative stress. These effects may damage
essential cellular components, including the cell membrane,
nucleic acids, and organelles, ultimately impairing cellular
functions, reducing organism health, and potentially affecting
entire aquatic ecosystems.

The toxicological effects of ENPs in aquatic environments are
strongly influenced by both the duration of exposure and
concentration. Longer exposure times allow ENPs to accumulate
within aquatic organisms, increasing the potential for
bioaccumulation and chronic toxicity. During prolonged exposure,
even low concentrations can cause significant biological disruptions
as particles interact continuously with cellular structures. Conversely,
higher concentrations of ENPs can lead to acute toxicity by
overwhelming the organism’s defense mechanisms, resulting in
rapid cellular damage. Together, these factors affect the severity and
type of toxic responses, such as oxidative stress, membrane damage,
impaired metabolism, and disruption of normal physiological
functions, ultimately impacting survival, growth, and reproduction
in aquatic species. It is also found that the toxicity effects on a specific
snail species, Lymnaea luteola, were dependent on both factors.
Therefore, all the parameters that have a dominant effect on the
toxicity of ENPs are summarized in Table 2. It is found from Table 2
that the impacts of toxicity vary on different parameters such as the
size, crystal structure, surface charge, morphology, surface coating,
co-pollutant etc.

2.3.1 Toxic effects of ENPs on microbes and
algae

Bacterial populations are responsible for a massive portion of the
primary production and carbon flux within aquatic systems. They
play a crucial role in regulating essential biogeochemical processes,
including nutrient cycling, organic matter decomposition, and energy
transfer through the food web. Disruption of these microbial
communities—whether due to environmental stressors or exposure
to ENPs—can alter these processes significantly. Such disturbances
not only compromise ecosystem stability but also impact the health,
survival, and reproductive success of other organisms that rely on
these microbial functions for sustenance and ecological balance.
There is some evidence that many carbon-based NPs display
antibacterial activity. Fullerene (C60) suspensions in aqua have
been proven to have negative effects on Bacillus subtilis when their
concentrations are between 0.1 to 1 mg, Escherichia coli is at 1.4x107*
m and these antibacterial effects have been attributed to the
production of ROS (2). In addition, carbon nanotubes have also
exhibited antimicrobial activity with damage to the membrane
because of direct contact with nanotubes having a single wall (64).
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TABLE 2 The impact of various parameters on ENP toxicity in freshwater and seawater environments.

Parameters Impacts of toxicity Summary of the study Reference
Size of ENPs The strength of toxicity is inversely related to the ENPs’ Al,O3 NP was found to show low toxicity to bacteria in contrast 8)
ol
size. with the same Al,03 NPs of a size of less than 50 nm.
Cytotoxicity and genotoxicity are associated with the ENPs’ The toxicity of Anatase nTiO, due to oxidative stress was found
Crystal structure . . (59)
crystal structure. to be greater than that of rutile nTiO,.
Surface charge Surface cha'rge controls the toxicity of NPs by affecting the The silver NPs’ toxicity was discovered to be dependent on 7)
agglomeration rate. surface charge.
Plate-shaped silver NPs have higher toxicity effect fish gill
Surface charge controls the toxicity of NPs by affecting the ateshaped stver S ave Highet . oxtelty effects OF S gs
Morphology X and zebrafish embryos in contrast with spheres or wire-shaped (60)
agglomeration rate.
NPs.
. The ENP’s toxicity effects increase or decrease according to PVP or citrate-coated silver NPs were more toxic than PEG-
Surface coating i i R X (61)
the chemistry of their coatings of ENPs. coated silver NPs.
E f the bl 1 to both TiO, and b
Inadequate information is found regarding the interaction of xposure' OF the bue mussel fo 5ot 11 an' 'enzo ,(a) pyrene
Co-pollutant . . ” . . resulted in greater chromosomal damage while inducing lower (62)
nanoparticles with other pollutants in the aquatic media. Lo
results in individual exposure.
It is found that the toxicity effects on L luteola, ti
Exposure duration | Both the exposure duration and concentration influence the 1s. ound that the toxicity etiects on Lymnaea futeold, an aquatic
R . X K snail, of exposure to nZnO have a dependency on the exposure (63)
and concentration | toxicity of ENPs in the aquatic system. . .
duration and concentration.

Moreover, it has been proven that the strain of bacteria also has
an impact on the sensitivity to carbon nanotubes. When Escherichia
coli is exposed to purified as well as unpurified carbon nanotubes
with multiple walls at 100 mg L™, the survival probability reduces to
50%, but in the same case, there is no change in the survival of
Cupriavidus metallidurans. It has been well established that many
metal oxide NPs, such as ZnO, TiO,, CeO,, and Al,O;, have
antibacterial properties. It has also been suggested that the
toxicity of such ENPs to bacteria in aquatic environments is
dependent on size, shape, chemical composition, surface charge,
ability to produce ROS, and photo-catalytic properties (65). In a
significant amount of research, it has been found that silver NPs
have antibacterial properties, and the use of silver NPs in consumer
products and industrial applications has been increasing. Just like
the metal oxide NPs, the antibacterial nature of silver NPs has been
interrelated with the production of ROS and with the existence of
Silver (Ag") ions on the surface of the particles (66). However, not
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FIGURE 3
Schematic of toxic behavior of ENPs in bacteria.
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all sorts of bacteria are equally susceptive, and based on the strain of
bacteria, nitrifying bacteria are particularly sensitive (67). The exact
mechanisms of toxicity have not been completely known for the
maximum number of ENPs. Figure 3 shows the schematic of toxic
behavior of ENPs in bacteria. While the full range of toxicity
mechanisms for NPs remains to be completely elucidated,
multiple pathways of damage have been identified. At the cellular
level, these include physical and chemical assaults such as
disrupting the integrity of the cell membrane and directly
damaging the structure of DNA. Chemically, NPs are known to
induce oxidative stress, primarily through the uncontrolled
generation of ROS. This oxidative environment leads to the
oxidation and denaturation of essential proteins and can seriously
impair cellular function, including mitochondrial energy
transduction. In some cases, the toxicity is linked to the release of
inherently toxic components from the NP itself, triggering
downstream effects like apoptosis.
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constituents, e.g., metals, ions

Interrupt election
transport/respiration

Oxidize/ damaged
proteins

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1705689
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Islam et al.

The membrane disruption or membrane potential disruption,
protein oxidation, genotoxicity, energy transduction interruption,
ROS formation, and release of the metal-based ions are most
common mechanism of toxicity by ENPs to bacteria. In contrast
with this finding, a study investigating the antibacterial effects of
silver NPs in the sediments of estuarine bodies found no proof of
any changes in bacterial diversity due to exposure. Like bacterial
populations, algal populations play a significant role as primary
producers in the water environment. Most of the studies on algal
populations have concentrated on demonstrating a dose-response
relationship to toxicity. TiO, NPs, at concentrations of about 1~5
mg L!, are toxic to some algae, such as Pseudokirchneriella
subcapitata, but for Desmodesmus subspicatus, the concentration
must be around 44 mg L™ (64). In different studies, at comparable
concentrations, no sign of algal toxicity has been reported for TiO,
exposure. These studies collectively illustrate the difference in
insusceptibility of algal populations to TiO, exposure as well as
suggesting potential differences in exposure regimes. In addition to
that, TiO, NPs, according to their types, may strongly influence the
level of toxicity for any algae. The studies conducted on
Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata,
suggest that the dissolved ions originated from various metal NP
types, but not from the ENPs themselves and are the root cause of
toxicity. However, Navarro et al. (67) proved that all the toxicity in
the exposure of Chlamydomonas reinhardtii to silver NPs could not
be ascribed to Ag®. Collectively, this research on exposures of
microbes and algae to ENPs establishes that many types of ENPs
possess the potential to adversely affect and, in the case of microbes,
interrupt population growth. Most importantly, the effects
discussed so far could have serious implications for all the higher
organisms existing in the same aquatic environments.

2.3.2 Toxic effects of ENPs on aquatic vertebrates

Several experimental studies on the toxic effects of ENPs on
aquatic vertebrates were completed on a laboratory level in several
types of fish. The very first study was conducted on young
largemouth bass in a colloid containing a particular type of ENP.
It was observed that lipid peroxidation occurred in the largemouth
bass brain (57). Moreover, two other kinds of fish, i.e., Japanese
Medaka and Fathead Minnow (Pimephales promelas) were studied
by exposing them to a particular ENP for about 72 hours. A
decrease in the 70-kDa peroxisomal membrane protein (PMP70)
only happened in the case of Fathead Minnow. A succeeding study
on the fully-grown Fathead Minnow preserved for about 6-18
hours with fullerene, prepared by tetrahydrofuran (THF), in a
suspension of THF, exhibited a hundred percent mortality. On
the contrary, zero mortality was recorded when the THF suspension
was replaced by water; however, lipid peroxidation was detected.
Therefore, it was clear that the method of solution preparation
considerably influences toxic effects. Another study by Felix et al.
(68), focusing on the rainbow trout (Oncorhynchus mykiss) found a
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concentration-dependent effect of ENP exposure, significantly
impacting the liver and gills, with increases of up to 18% and
28%, respectively, in total glutathione levels. In some cases,
pathologies in the brain, liver, and gills were observed, leading to
the death of the specimens.

A study conducted by Souza et al. (69) on the organs of the fish
Cyprinus carpio, has shown that exposure of fish to ENPs for an
extended period causes necrosis and cellular damage. Additionally,
in the zebrafish (Danio rerio), damage to the liver and gills, because
of the stress of oxidative, was also observed, which is the result of
exposing Danio rerio to ENPs for the long term. Yet, fish have
comparatively stronger immune systems and hence, they are not as
much at risk as the other organisms in aquatic environments. In a
nutshell, ENP effects evaluations on microbes, algae, aquatic
invertebrates, or aquatic vertebrates contrast extensively. The lack
of dependability in various observations may come from the
dissimilarities in the resources used in the laboratories where
these studies are being conducted. Commonly there remains a
shortage of comprehensive data on characterization to make a
reliable comparative analysis of the exposure situations and all
over, effects found to take place at concentrations more than
anything is most likely to take place in aquatic environments.

2.3.3 Toxic effects of ENPs on aquatic
invertebrates

Exposure of aquatic invertebrates, to carbon-based NPs, is
related to numerous detrimental effects. Those detrimental effects
have not only been associated with the chemical properties of the
NPs but also with the method used for preparing the NPs. For
instance, it has been found that fullerenes cause a significant rate of
mortality in bare Daphnia magna, whether it is being prepared by
the exposure medium of sonication or through filtering in
subsequently evaporable THF. Fullerenes, filtered in THF, were
found to be more toxic in comparison with fullerenes prepared by
sonication, causing 100% mortality at 0.8 ppm in aquatic
environments. On the other hand, the sonicated fullerenes, at 9
ppm which is the maximum tested dose, caused a lower rate of
mortality in the same environment. Suspensions of fullerene have
also been discovered to create a hindrance in molting as well as a
decreased amount of progeny at concentrations of about 2.5 and 5
ppm, respectively, after a three-week exposure. Just like carbon-
based NPs, metal oxide-based NPs show similar characteristics. The
toxicity that results from the exposure of Daphnia magna to TiO,
NPs changes primarily because of two factors: the physicochemical
features of the NPs themselves and the method of preparation for
the TiO, NPs exposure. In a study, sonicated TiO, NPs at 500 ppm
were found to cause 9% mortality in Daphnia magna while TiO,
NPs, filtered in THF, at 10 ppm caused complete mortality (57). The
collective effects of combinations of metallic pollutants with ENPs
and the environmentally significant aquatic species are presented in
Figure 4 (64). It shows that there are different methods for mixtures

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1705689
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Islam et al. 10.3389/fs0il.2025.1705689
! S 5
. /,/‘ : \:\,\\ . .
Bioaccumulation — E"“:t,‘,_{\o‘\ ; @;}\ . 2 ::i’ccict"T“lat'o”
Toxicity — v Ly < " . y
; L N
y : Bioaccumulation |
4 : Toxicity |
/ 1 \
A z? Yes a\\
/ 0 4\
/ A
[ 7y ?2 o \
/ ) \
/ « \
i | ‘ |
| { “ |
\ f J
\ |
\'\ ,‘J'
\ No %,
aGH)
\ 518 /
\ ' _ Bioaccumulation |
\\ : \ T s . /
\ : S Yes 0 xwltyl/
4. .. _é_ = : y
Bioaccumulation— : > 6
Toxicity— - ' E _d Bioaccumulation T
S — Toxicity |
@ Metal containing ENPs+Metalic pollutant|Decrease {Increase —No change
FIGURE 4

Conceptual demonstration of various situations regarding collective effects of combinations of metallic pollutants with ENPs and to environmentally

significant aquatic species Daphnia magna (64).

of ENPs and metallic pollutants such as - (i) aggregation, (ii)
absorption, (iii) uptake, (iv) desorption, and (v) excretion. These
different methods impact bioaccumulation toxicity in several ways.

Some other studies have shown an inconsiderable amount of
effect on the exposure of Daphnia magna to TiO, NPs. For example,
exposure of Daphnia magna to 30 nm TiO, NPs at 2 ppm didn’t
cause any change in the set of behaviors and heart rates (70).
Similarly, exposure of Daphnia magna to either 7 nm or 20 nm
TiO, NPs at 1 mg mL" didn’t cause any effects on mortality or
reproduction. In addition, it has also been found in the same
research that contact with both 15 nm and 30 nm cerium oxide
NPs was found to cause the breaking of DNA strands in Daphnia
magna. Similar studies operated on Daphnia magna by
implementing the same exposure concentrations. However, the
studies found zero effect on breeding, aging, or mortality in
Chironomus riparius, an aquatic midge. Very few studies have
been done focusing on the probable effects of many other ENP
types in invertebrates habituating in aquatic environments;
nevertheless, for Ceriodaphnia dubia, exposure to quantum dots
found zero mortality up to 0.11 ppm (2).
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3 ENPs in the soil-plant system

3.1 Interactions of ENPs with soil-plant
systems

A considerable amount of ENPs is being released into the
environment through industrial waste, consumer items, research
labs, and regulatory bodies due to the rapid advancements in
nanotechnology. In soil, there are primarily two categories of
NPs. The first category is natural nanoparticles (NNPs), which
are commonly found to be soil colloids. These include inorganic
particles such as silicate clay minerals, aluminum or iron oxides and
hydroxides, as well as organic materials like humic organic material,
black carbon, and large biopolymers such as polysaccharides. The
second category of NPs are ENPs or manufactured nanoparticles
(MNPs) by humans for agricultural, medical, industrial, and other
uses. These nanoparticles end up in soil and plant systems.
Therefore, it is crucial to perform research on how nanoparticles
change and interact with soil organic and inorganic colloids,
microbial biofilms, and their transfer from soil to plants to
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understand the soil-plant continuum. In terrestrial ecosystems,
plants serve as the primary producers. They have evolved in
environments with high concentrations of naturally occurring
nanomaterials, such as those close to active volcanoes (71). The
agriculture sector is more at risk of exposure to ENP than to
naturally produced NPs. It has been revealed that the effects of
metal-based, carbon-based, and quantum dots (QDs) ENPs on
plants vary. These include food quality, production, physiological
and biochemical features, accumulation, effects of growth, and more
(72). Thabet et al. (73) and Sodhi et al. (74) explored how
nanoparticles can contribute to increased plant resilience against
environmental stresses. They found that ENPs can improve plant
resilience against stresses at a control mechanism. However,
uncontrolled usage of the ENPs can be the cause for toxicity.

To evaluate the behavior and potential toxicity of ENPs within
soil-plant systems, it is crucial to comprehensively understand the
key processes. Those processes influence the bioavailability and

10.3389/fs0il.2025.1705689

movement of ENPs from soil into plants include precipitation—
dissolution, adsorption-desorption, and complex formation (75).
As vital components of ecosystems, plants maintain close
interactions with their surrounding environment. The widespread
introduction of ENPs into natural settings leads to their movement
within various plant tissues. Through processes such as uptake and
bioaccumulation, plants play an essential role in influencing the
transport and distribution of ENPs. Recently, it has been observed
that physical and chemical toxic effects have been detected in
various parts of plants.

The continuous accumulation of ENPs in soil and sediment
accelerates the rise in nanotoxicity levels. A schematic of the several
ways of the interactions of ENPs in soil-plant systems has been
shown in Figure 5 (76). Besides that, there is growing concern about
the transfer of ENPs to other organisms, animals, and even humans,
due to the regular consumption of various plant parts. In response,
extensive research has been conducted to identify phytotoxic and
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FIGURE 5
Illustration of the fate of ENPs in Soil-Plant Systems (76).
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nano-toxic effects in a range of plant species, including soybean,
wheat, barley, tobacco, maize, etc. (70, 77, 78). An additional major
concern related to ENP exposure in plants is their ability to easily
penetrate cellular barriers, owing to their nanoscale size (79). These
nanoparticles primarily enter plant systems through the roots,
stomata, and leaf surfaces. The ability of each nanoparticle to
infiltrate within plant cells is decided by the size of pores in cell
walls which range from 5 to 20 nm. Despite several advancements in
ENP characterization, the investigation of the process of
accumulation, translocation, and generation of phytotoxic
response by ENPs in plant species is still poorly correlated.
Although certain ENPs have demonstrated toxic effects on plants,
others have been shown to promote plant growth. Some studies
have even reported the formation of nanoparticles within living
plant tissues. However, the significant methodological differences in
plant cultivation (hydroponics vs. soil) and exposure time (acute vs.
chronic) complicate direct comparison, as the mobility and
bioavailability of NPs are vastly different in these matrices.

Once ENPs are entered into the soil-plant system, they may go
through a series of biotransformation, which eventually regulates
the bioavailability, and produce toxicity and oxidative stress of
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ENPs. ENPs are absorbed by plants and thus pose a possible threat
to our health through transmission in the mainstream food chain
(80, 81). As far as soil and agro-systems are concerned, extensive
applications of nano pesticides, nano fertilizers, hydroponic
solutions, and seed treatment are likely to disclose new pathways
for discharging ENPs into the cultivable soils. For instance, it is
hypothesized that about 95% of copper (Cu) released in the
environment would ultimately end up in the aquatic or soil
sediments up to 0.5 mg kg'1 in concentration (82). ENPs start to
undergo a series of transformations once they are released into the
soil and agro-environment to facilitate the accumulation of ENPs
into the environment. However, the rate of transformations differs
depending on the state of aggregation of ENPs. Properties of soil or
constituents, such as organic substances, pH, water content, etc. can
intervene in the dissolution activities of metal-based ENPs, being a
possible source of free ions (83).

The transformation of NPs in soil largely controls the
bioavailability of NPs. The dissolved NPs exhibited more
bioavailability as well as an environmental risk. The
environmental threat of ENPs mostly depends on two major
factors, namely the bioavailability of NPs and their chemical
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of soil control the bioavailability and transportation of NPs in soil and the consequent impact of toxicity on plants (85)
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characteristics in the soil-plant systems (84). Nevertheless, fast, and
precise evaluation of the bioavailability of ENPs in soil remains a
critical matter that needs to be resolved. The ENPs are prevalent in
soil and interact with the plants as shown in Figure 6 (85).
Accumulating in plants, ENPs come into the mainstream food
chain through uptake and thus decide their fate in the terrestrial
environment (86). Inside soil-plant ecosystems, the deliberately
applied waterborne NPs also interact with plant tissues (87).
Firstly, the plant roots encounter the NPs released from soil or
wastewater relents containing soil used for crop nutrition. In this
condition, the impact of NPs on plants and edible crops grown for
an extended duration in soil ecosystems adulterated with NPs
should be evaluated. For example, copper oxide (CuO) ENPs can
be firmly adsorbed on the surface of the plant root, partly through
mechanical adhesion. In these circumstances, the already absorbed
CuO could not be reversed throughout the contest for ions (88). A
major study limitation is the difficulty in quantifying the speciation
of transformed ENPs, meaning the true concentration of the most
toxic species is often estimated rather than directly measured.

Several researchers assessed some ENPs and concluded that the
accumulation of ENPs in plants happened through adsorption in
plant roots subsequently distributed via plant tissues with the help
of some adjustments, for example, the crystal phase dissolution, the
bioaccumulation, and the biotransformation (89). These
evaluations recommend that both the shoot tissues and roots of
plants are the ENPs receiving hosts. The accumulation rate of ENPs
by the plant’s root can also be influenced by the environmental
conditions and the properties of ENPs as well. The modern studies
suggested that the siderophores exhibit an immense affinity to other
metal-based ENPs such as Zn, Cu, and Ag (90). As a result, the
augmentation and dissolution of ENPs can be advanced by the
correlation between siderophores and metals. Moreover, the roots
of the plant often discharge exudates to enhance nutrient uptake
from insoluble sources. In a particular study, it has been suggested
that the exudates of the synthetic root can advance the Cu NP’s rate
of dissolution and enhance the bioavailability of free-ion Cu®" in the
soil (91).

3.2 Toxicological effects of ENPs in soil-
plant

ENPs can be categorized by their solubility into three main
groups: highly soluble materials like silver (Ag), copper/copper
oxide (Cu/CuQ), iron oxide (FeO), QDs, and zinc/zinc oxide (Zn/
ZnO); poorly soluble materials such as cerium oxide (CeO,) and
titanium dioxide (TiO,); and insoluble materials including carbon
black, carbon nanotubes (CNTs), graphene, and fullerenes. The
process of dissolution and chemical transformation allows these
ENPs to release soluble ions or molecules into water. The properties
of ENPs influence the dissolution process as these regulate the
available surface area for reactivity. Various types of contaminants,
such as potentially toxic elements (PTEs), radioactive elements,
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polychlorinated compounds, and pesticides found in sediments,
soil, or suspended as solids in water, bind to the surface of ENP
through chemical bonding, van der Waals interaction (physical
sorption), and ion-exchange reaction (chemical adsorption).
According to a recent study by Sun et al. (92), the sorption of
antibiotics like levofloxacin and ciprofloxacin to graphene oxide
enhances their ability to move through porous media. This
increased mobility raises the potential for groundwater
contamination and poses a greater risk to ecological receptors.
The transport of gold ENPs is facilitated and acts as a carrier in
porous media by the pluronic acid-modified single-wall carbon
nanotubes (PA-SWCNTs). ENPs can carry different pollutants and
enter into the organism as a particle-contaminant complex. As a
result, the complex pollutants are released inside the organism,
increasing the bioavailability and toxicity of the contaminants due
to the ENPs’ “Trojan horse effect” (93). Prolonged existence, poor
biodegradability, and enormous increments in the deposition of
ENPs into the environment created additional survival stress on
edible crops and plants. The dominance of NPs in the terrestrial
environment and reciprocity with plants cause toxicity as shown
in Figure 7.

Disregarding the pathways, bioaccumulation, transportation,
and toxic effects of NPs on plants mostly depend on several
factors. For plant genotypes, physiological activities, and growth
stages are the deciding factors whereas size, shape, chemical
composition, surface functionalization, exposure time, stability,
etc. are the factors for NPs. Microbiological composition and
physicochemical characteristics of soils also play a crucial role
(94). Another study by Strekalovskaya et al. (95) explains that the
environment-friendly ZnO nanoparticles (NPs) have antimicrobial
properties that can impact soil microbiota and key processes like
nitrogen fixation and plant growth. While they positively influence
plants and soil microorganisms at low concentrations, higher levels
can lead to toxic effects (96). The toxicity of ENPs as shown in
Table 3 on various physiological processes and growth stages of
several plants is evaluated and discussed briefly in the
subsequent sections.

3.3 Toxic effects of ENPs on plant growth

The accumulation of ENPs in plants usually changes
physiological development by reducing photosynthesis and the
rate of transpiration. Hassaan et al. (102) investigated
experimentally and found that NPs has impact of biomethane
production and digestion time of seaweeds. The research also
explored the potential role of the NPs in direct electron transfer
and ROS formation during the process. The accumulation of NPs
can disturb the cellular integrity and affect growth rate and plant
performance. In a few cases, reductions in the quantum yield of
photosynthesis and rate of transpiration are also observed (89).
Several studies (103-106) suggested that the ENPs might affect
crops by decreasing the germination rate, reducing shoot and root
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Toxic effects of ENPs on the plant through ROS generation, peroxidation of the lipid membrane, and damage of mitochondria and chloroplasts (I).
Oxidative stress creates an imbalance in enzymes (Il); interaction of NPs with plant cells causes genotoxicity through disruption of the usual cell
cycle, generation of micronuclei, anomalies of chromosomal, etc. (lll). Disturbing effects of NPs on plants contain biomass reduction and water
transpiration etc. (IV); interaction of NPs with cells of plant results in necrosis, apoptosis, and change in metabolome and proteome (V), which
eventually lead to the death of plant cell (85).

length, changing photosynthesis, producing antioxidants, and
oxidative stress, and interrupting the balance of the nutrient
content of edible crops and yield quality. It has been observed
that ENPs enter the cells, either by accumulating in chloroplasts
and vacuoles or by being confined in cell walls that remain in their
novel form or as ions. Still, it could vary due to differing
physicochemical factors (88). In the case of plants, the uptake
capabilities of ENPs differ since they have major diversification

TABLE 3 Toxic responses of nanoparticles to agriculturally important plants.

Size and dose

based on physiological and morphological factors. For instance,
variable mechanisms of uptake could be caused by the diverse root
as well as vascular morphologies through which ENPs enter the
plant tissue. The ENP accumulation inside the plant tissues may
also harmfully modify lipids, proteins, and nucleic acids by
producing hydroxyl radicals. Figure 8 shows an illustration of
ecotoxicological evaluation of ENPs on the biotic and
abiotic processes.

ENPs rate Test Crop(s) Results Reference
10 nm and . . s .
Ag N Raphanus sativus, Allium cepa The growth of plant roots was inhibited. 97)
0.001-10000 mg L
Brassica oleracea var. viridis, i
20-100 nm and R Substantial amounts of CuO accumulated on the surface of lettuce leaves
CuO N Brassica oleracea var. sabella & (98)
344 gm ) and subsequently on kale and collard greens.
Lactuca sativa
<100 nm and Triticum aestivum, Pisum sativum, Toxic effects of ZnO NPs depend on plant species; ZnO NPs reduced the
o Zea mays, Lactuca sativa, Raphanus  availability of Zine while interacting with calcareous soil and as a result
ZnO 20-900 mg kg i R . i (99)
soil sativus, Beta vulgaris, Solanum toxicity to accumulate biomass by wheat, beet, and cucumber, whereas
lycopersicum, and Crocus sativus maize, pea, and wheat showed resistance in acidic type soil.
Tio 25 nm and Crocus sativus, Brassica oleracea var.  Growth of roots of edible crops such as corn, oats, cabbage, lettuce, etc. (100)
2 250-1000 mg L™ capitata, Avena sativa were inhibited and germination of cucumber and soybean was reduced.
13 nm and H,0, content, lipid peroxidation, and superoxide dismutase activities were
ALO; 50 mg L Triticum aestivum increased; the production of anthocyanin and photosynthetic pigment was (101)
reduced.
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3.4 Linkages of ENP transformation with
bioavailability and toxicity

The environmental transformation of ENPs is the primary
governing factor dictating their ultimate toxicity, demanding a
mechanistic framework to link environmental fate to biological
effects. For instance, aggregation, driven by environmental ionic
strength, reduces the accessible surface area and kinetic mobility,
subsequently minimizing cellular internalization and significantly
lowering particle-specific toxicity by inhibiting direct cell contact.
Simultaneously, chemical changes like the sulfidation of Ag or Cu
NPs drastically lower the dissolution rate, thereby suppressing the
release of highly toxic metal ions (Ag*, Cu®*) and effectively acting
as a crucial detoxification pathway. Furthermore, the rapid
adsorption of environmental macromolecules to form an eco-
corona masks the pristine surface, fundamentally altering the
charge and hydrophobicity, which then dictates the cellular
uptake pathway (e.g., receptor-mediated endocytosis) and the
particle’s fate within an organism, often resulting in a modified,
rather than reduced, mode of toxicological action. Collectively,
these interdependent transformation processes—physical,
chemical, and biological—are the critical bridge that selects the

TABLE 4 Critical comparison and strengthening the framework.

Feature REACH (EU)

Primary role Direct regulation/market access

Direct regulation/risk management

specific biological pathway and determines the final extent of the
ecotoxicological outcome.

3.5 Risk assessment models for ENPs

The risk assessment models for ENPs in aquatic systems are
evolving to address the unique behaviors and impacts of these
materials. The evaluation of the environmental fate and toxicity of
chemicals, including ENPs, is underpinned by a global regulatory and
policy infrastructure. Key frameworks, namely the European Union’s
REACH (Registration, Evaluation, Authorisation and Restriction of
Chemicals), the U.S. Environmental Protection Agency (EPA)
regulations (primarily under the Toxic Substances Control Act,
TSCA), and Organization for Economic Co-operation and
Development (OECD) guidelines, provide a foundational structure.
However, their approaches, mandates, and effectiveness, particularly
concerning the distinct properties of ENPs, present both strengths and
critical limitations that warrant detailed comparison. The synergy
between these three frameworks is essential for the effective regulation
of ENPs, yet their inherent differences create a complex global
landscape. Table 4 shows a critical comparison and strengths of

EPA/TSCA (U.S.) OECD (Global)

Test Method/policy harmonization

Core principle Precautionary principle

Risk-based assessment

Mutual acceptance of data (MAD)

ENP Explicitly addressed with nano-specific Case-by-case review, limited specific reporting rules Develops ENP-adapted test guidelines and
requirements amendments (mandatory data) (risk-triggered data) guidance documents
Comprehensive data generation, mandato: Standardized methods, reduced animal
Strength P . g, vy Flexible, fast control of new chemicals (consent orders) K K
nano-specific information testing, global consistency
Limitati Resource-intensive, slow to adapt, potential Requires demonstration of “unreasonable risk” before No direct regulatory power, lag between
imitation

for underestimation of complex hazards
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these regulatory frameworks. The most significant gap remains the
scientific uncertainty surrounding the long-term environmental fate
and trophic transfer of ENPs. While OECD works to provide the tools,
and REACH demands the data, the inherent limitations of current
testing protocols—designed largely for bulk chemicals—continue to
challenge regulators. To truly strengthen the framework, a push for
new approach methodologies (NAMs) and integrated testing
strategies (ITS) is required to more rapidly and accurately predict
the behavior of ENPs in complex environmental matrices, thereby
providing the robust, standardized scientific data that both REACH
and the EPA can reliably incorporate into their distinct regulatory
decision-making processes. Additionally, these models generally rely
on traditional chemical assessment paradigms—such as dose-response
relationships and environmental concentration predictions—but face
significant limitations when applied to nanoparticles. For instance,
ENPs exhibit dynamic behaviors like aggregation, dissolution, and
interaction with natural organic matter, which conventional models
often overlook. Studies (107-109) provide a comprehensive evaluation
of the environmental risks posed by nanomaterials used in
remediation processes, highlighting their potential ecotoxicological
effects and the need for robust risk assessment frameworks. The
standardized testing protocols under REACH and OECD may not
accurately capture ENP-specific properties such as particle size,
surface area, and reactivity. As a result, there is an urgent need for
ENP-specific risk assessment approaches that integrate advanced
characterization tools, realistic exposure scenarios, and mechanistic
toxicity models to better predict the ecological risks of ENPs in
aquatic environments.

3.6 Implications for stakeholder
engagement in the regulatory policy of
ENPs

The development of effective regulatory policies for ENPs in
aquatic environments and soil-plant ecosystems requires the active
engagement of diverse stakeholders, each with distinct roles and
responsibilities. Regulators must ensure that policies are informed
by the latest scientific evidence, incorporating adaptive frameworks
that can respond to emerging data on nanoparticle behavior,
toxicity, and bioaccumulation. For industrial users, regulatory
engagement implies the need for transparent data sharing,
standardized testing protocols, and investment in green
nanotechnology practices that minimize environmental risks.
Environmentalists, on the other hand, act as critical watchdogs
and contributors to public discourse, emphasizing ecosystem
preservation and long-term sustainability. Their involvement can
help shape precautionary regulations and advocate for
comprehensive environmental monitoring. Collaborative
stakeholder engagement not only enhances regulatory legitimacy
but also fosters innovation within safe and sustainable boundaries.
Studies (110-112) related to the regulatory framework of
nanotechnology and governance highlight the importance of
coordinated efforts among industry, government, academia, and
civil society, along with leveraging emerging technologies
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such as artificial intelligence to improve the effectiveness of
governance mechanisms.

4 Qutlook to address the impacts of
ENPs

To address the impacts of ENPS on the aquatic environment
and plant-soil systems, the following action items which can be
considered in future.

4.1 Reuse and recycle

Promoting the reuse and recycling of ENPs is vital for reducing
resource wastage and environmental contamination. Unlike bulk
materials, nano waste recycling is still a relatively new concept, with
limited implementation in industrial and municipal waste
management systems, where disposal often involves landfills or
incineration. Developing efficient recovery techniques from
industrial, agricultural, and wastewater sources, alongside
designing ENPs for easier reuse, can advance sustainable
practices. Establishing innovative recycling processes and
integrating best practices into waste management systems can
help recover ENPs for reuse in the same or diverse applications,
promoting a circular and environmentally responsible approach to
their management. Additionally, designing ENPs for easier recovery
and reuse should be a priority for researchers and manufacturers.
Several methods for reuse, recycling, and disposal have been
described by Pandey et al. (113). Those methods can be considered.

4.2 Development of disposal management
strategies

Effective waste management strategies for ENPs are essential to
reduce their environmental and health impacts. Nano waste,
originating from industrial, residential, and medical sources,
contributes to pollution and bioavailability concerns. Current waste
management systems face challenges in addressing the rising volume
of nano waste. Advanced filtration, adsorption, and containment
technologies, along with specialized disposal methods, can prevent
ENP leaching into aquatic environments, soil-plant systems, and
water sources. Establishing dedicated facilities for ENP waste
treatment while assessing the environmental implications of novel
materials will further mitigate risks to ecosystems and human health.

4.3 Need for standardization: comparing
exposure protocols

The most significant barrier to constructing a cohesive
understanding of ENP risk is the pervasive lack of standardized
experimental protocols. This variability severely limits the
comparability and utility of reported toxicity data. A critical point
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of divergence is the use of dosing metrics. Most early ecotoxicity
studies relied on mass-based concentrations (mg/L or mg/kg),
which do not account for the primary driver of nano-material
reactivity: surface area. Since toxicity is often dependent on surface-
area, studies report the same mass concentration but using
materials of different primary sizes (e.g., 10 nm vs. 100 nm). This
leads to conflicting results. The community needs a standardized
shift toward reporting surface area concentration (m?*/L or mz/kg)
to facilitate meaningful cross-study comparison. Furthermore, the
composition of the exposure medium introduces major
discrepancies. Simple media (e.g., deionized water, standard
culture broth) are used for controlled experiments but lead to
rapid aggregation or dissolution that may not reflect natural
conditions, resulting in an overestimation or misattribution of
toxicity. Complex media (e.g., natural water, soil extracts)
presents more realistic data. The natural organic matter (NOM)
and various ions that act as stabilizers or transforming agents,
which drastically alter the ENP’s surface charge and aggregation
state. The presence of these agents means the effective dose of
bioavailable ENPs is often much lower than the nominal
concentration. This divergence in protocol extends to the
duration and route of exposure (e.g., acute vs. chronic,
hydroponics vs. soil).

4.4 Implementation of regulatory policy

Globally harmonized regulatory policies are essential to ensure
the responsible production, application, and disposal of ENPs. Such
policies should enforce stricter disposal standards, encourage
sustainable practices, and incentivize research into safer
alternatives. Equally important are public awareness campaigns
and transparent communication about the risks and benefits of
ENPs to enable informed decision-making by industries,
consumers, and policymakers. Collaborative efforts among
governments, industries, researchers, and stakeholders can bridge
gaps between policy and practice, while social awareness programs
can highlight ENP impacts on ecosystems, fostering safer and more
sustainable nanotechnology practices.

4.5 Challenges in situ characterization and
data reliability

Assessing the risk and fate of ENPs in natural settings is
fundamentally hampered by the analytical challenge of
distinguishing the ENP from the complex matrix (soil or water)
and its own transformed products. This difficulty directly impacts
the reliability of the conclusions drawn from ecotoxicity studies. A
core reliability issue is the metal ion-specific problem for dissolvable
ENPs (e.g., CuO, ZnO, Ag NPs). Ecotoxicity observed in a system is
often the result of the dissolved metal ion (Cu>", Zn*", Ag"), not the
nanoparticle itself. Without advanced analytical methods (like
single-particle ICP-MS) to precisely measure the proportion of
pristine ENP versus dissolved ion over the course of the
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experiment, it is often impossible to definitively attribute toxicity
to the nano-effect (surface reactivity) or the ion-effect (chemical
toxicity). Studies that fail to perform this speciation analysis possess
an inherent reliability limitation. Moreover, the environmental
transformation processes (e.g., sulfidation, oxidation, coating by
NOM) rapidly change the ENP’s identity upon release. The material
that interacts with a plant or organism after 24 hours is rarely the
same as the material initially introduced.

4.6 Understanding toxicity and
transmission by further research

A deeper understanding of the toxicity and environmental
transmission of ENPs is essential to address their impact on
aquatic environments and soil-plant systems (114, 115). Although
current studies rely heavily on modeling and concentration
predictions, more comprehensive research is needed to evaluate
the real-world effects of ENPs, particularly in relation to their
transformation, aggregation, and degradation. Toxicity
mechanisms, especially for nanoparticles like AgNPs, remain
unclear, highlighting the need for thorough risk assessments
before their widespread use. Developing high-precision analytical
methods and real-time monitoring systems that integrate
nanotechnology and digital tools is crucial to detect and quantify
ENPs in environmental matrices. Future research should also
prioritize the development of environmentally friendly,
biodegradable ENPs through green synthesis methods, ensuring
their reduced ecological impact and enhancing their sustainability
from production to disposal.

4.7 Risk assessment for ENP life cycle

As the deposition and accumulation of metal and metallic oxide
ENPs in soils increase over time, their effects on soil properties, such
as pH, electrical conductivity, and soil organic matter, become more
significant. ENPs can compact soil particles, alter their rigidity and
interact with nutrients, potentially forming complexes that modify
nutrient availability. While the benefits of ENPs in agricultural
systems are being explored, research into their potential risks,
especially their impact on soil health and microbial communities,
is still in its preliminary stages. Rigorous studies are essential in
future to evaluate their long-term effects on soil quality, plant
growth, and microbial ecosystems. To better understand these
impacts, developing robust risk assessment models that consider
the life cycle, bioavailability, and cumulative effects of ENPs is
crucial. These frameworks should address ENPs” unique properties,
transformation behaviors, and their long-term risks to ecosystems.

4.8 Risk assessment for ENP life cycle

The growing deployment of ENPs necessitates a rigorous socio-
economic analysis to move from hazard identification to genuine
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risk management. This requires quantifying both the market value
of nano-products and the potential external costs (or negative
externalities) associated with their environmental release.

4.8.1 Cost-benefit analysis of applications vs.
risks

A fundamental economic challenge is performing a reliable
cost-benefit analysis (CBA) for ENP technologies. The tangible
benefits are straightforward, increased efficiency, durability, and
novelty in sectors like medicine, electronics, and agriculture. The
global market value of nano-enabled products already runs into
hundreds of billions of dollars, representing clear economic growth.
The intangible and external risks and cost are associated with
quantifying the potential costs of environmental damage. These
costs are often intangible, deferred, and dispersed, including
environmental damage costs. The monetary value of lost
ecosystem services (e.g., soil fertility, water purification) due to
ENP-induced ecological harm. Also, the long-term healthcare
expenses are associated with chronic exposure to ENPs. Current
economic models struggle to assign reliable monetary values to
these ecological and health risks, leading to a significant imbalance
where the clear, immediate benefits often overshadow the uncertain,
deferred costs.

4.8.2 Regulatory and compliance costs

Establishing effective environmental control over novel
materials requires significant economic investment, which
imposes a regulatory burden on manufacturers and governments.
Compliance with regulations requires expensive, time-consuming
new toxicity and exposure testing protocols. The regulatory
frameworks designed for bulk chemicals are often inadequate for
nanomaterials, necessitating costly updates (e.g., the specialized
registration requirements added to the European REACH
framework). Monitoring ENP release into aquatic and soil
systems requires advanced, expensive analytical instrumentation
(such as single-particle ICP-MS), leading to high costs for
governmental monitoring agencies and compliance testing
laboratories. These costs are ultimately borne by taxpayers
and consumers.

4.8.3 Cleanup and environmental remediation
costs

The high costs of cleaning up ENP contamination stem from the
technical difficulty of remediation. Unlike many organic
contaminants that can be degraded, ENPs are recalcitrant (resistant
to conventional breakdown) and chemically complex within
environmental matrices. Removing ENPs from soil and water
require advanced, expensive technologies such as membrane
filtration, advanced oxidation processes. The cost associated with
soil remediation including excavation, washing, or stabilization is
prohibitively expensive for widespread contamination sites. Since the
technology for large-scale, cost-effective ENP cleanup is still
immature, the estimated future costs for managing contaminated
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sites are highly uncertain but likely significant, representing a
substantial financial liability passed onto future generations.

5 Conclusions

The aquatic environment and soil-plant systems are commonly
exposed to complex mixtures of engineered nanoparticle (ENP)
pollutants. While numerous studies have examined the interactions
of ENPs with the environment—focusing on their transformation,
fate, and toxicity, significant knowledge gaps and challenges remain in
fully assessing their impacts upon environmental exposure. It is crucial
to understand how ENPs behave under a wide range of environmental
conditions and parameters. The interactions between ENPs and
environmental components (i.e., air, water, soil, and plants)
ultimately determine their ecological impacts. Although certain
ENPs may promote plant growth in the agricultural sector, ENP-
related pollutants can adversely affect ecosystems and the broader
industry. ENPs can be beneficial to biota at controlled concentrations
but may become highly toxic at elevated levels. Moreover, ENPs can
penetrate plant cell walls, accumulate within plant tissues, and enter
the food chain, thereby posing serious physiological risks to animals
and humans. Given these concerns, it is essential to implement
appropriate regulatory policies for the use and disposal of ENP-
containing materials. Raising public awareness and engaging
stakeholders are equally important to disseminate knowledge about
the potential environmental and health risks associated with ENPs.
Future research should focus on developing environmentally friendly
ENPs and advancing sustainable nanotechnology practices.
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