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Abstract

Toxicity of nanoparticles in the aquatic environment is of
serious concern as increasing concentration of nanopar-
ticles potentially affects the aquatic plants and animals
living in the aquatic ecosystem. Engineered nanoparticles
(ENPs) are derived from anthropogenic sources, which
are highly stable and uniform in distribution. In the
aquatic environment, there is an alarming situation and
indefinite safety use for the ENPs. The ENPs interact with
aquatic organisms at trophic levels (lower and upper
levels) throughout the aquatic food chain. Advancement
is rendered in the evaluation of bioaccumulation in recent
years, and the transfer in trophic level of ENPs. While
findings of numerous studies carried out in different
locations of the world have proved the noxious conse-
quences of nanomaterials upon the organism's in the
aquatic environment as well as in what manner they
impact food chain resulting in bioaccumulation, affecting
marine animals’ wellbeing, development, reproduction,
and physiology. We are exploring the nanotoxicity in the
aquatic food chain and aquatic species, trophic transition,
and biomagnification in this chapter. The critical points of
the study are that ENPs are able to go up to three trophic
stages in the aquatic food chain. Biomagnification of
various nanoparticles (quantum dots, nAu, nCeO2 and
nTiO2) fit for two trophic levels have a biomagnification
ratio greater than one. Not many studies on the third
trophic stage nevertheless demonstrated biomagnification.
The deposition of ENPs in aquatic plants and animals has
also been shown to affect physiological processes of
different organisms.
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1 Introduction

Nanotechnology is reportedly expected to hit a market size
of $3 trillion by 2020. In the consumer market, more than
1800 nano-enabled items are now available. There has been
a tremendous progress in nanoscience and nanotechnology
field over the past decade, with nanomaterials being utilized
in a wide-ranging field, including business, chemistry,
healthcare, medicine, fabric textiles, forestry, wastewater
management electronics as well as communications devices
(Walters et al. 2016; Bundschuh et al. 2018). Therefore,
unintentional liberation of engineered nanoparticles (ENPs)
is initiated around the environment, predominantly in waters.
On lower and upper trophic stages, ENPs may communicate
with food chain species. Advancement has taken place on
bioaccumulation evaluation and trophic transition of ENPs
in recent years. The released ENPs from nano-enabled
products during their life cycle raised environmental health
and safety issues.

Nonetheless, ample evidence can be found in recent
research articles upon the ecological influences of ENPs
(Adiloğlu et al. 2012; Holden et al. 2016; Zhang et al. 2018;
Abbas et al. 2020; Attarilaret al. 2020) supporting the
forthcoming impacts of ENPs to damage aquatic organisms
if existing in abundantly higher concentrations. A previous
report by Shi et al. (2013) revealed a massive consumption
of ENPs engrained out the toxicological properties in the
aquatic ecosystem (Salieri et al. 2015), causing prominent
harm to aquatic biota. Studies have shown that the toxicity
precisely associated with ZnO-NPs is due to buildup of Zn+2

ions in the water environment (Brun et al. 2014; Zhang et al.
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2018). In this chapter, we emphasize on the ecotoxicological
consequences of nanoparticles on the aquatic food chain,
especially aquatic ecosystems (in plants, marine inverte-
brates, and fish).

2 Nanotoxicology in the Aquatic Food Chain

Natural nanoparticles have existed in the atmosphere natu-
rally since centuries while man-made NPs due to their
specific surface interactions and properties are related with
the design of ENPs providing them different physico-
chemical and toxicological characters in contrast to natu-
rally occurring NPs (Handy et al. 2008). Nanotoxicology is a
modern and developing research field in toxicology on
nanomaterials (Walters et al. 2016; Bundschuh et al. 2018).
Evaluating toxicological assets of nanoparticles (NPs) to
know if it may pose a threat to the atmosphere or society and
its extent is covered in nanotoxicology studies. Nanoparti-
cles toxicity is considered to have a significant impact on
plants, animals, and marine organisms (Fig. 1). Indeed,
many major chemical manufacturers who produce NPs,
discharge effluent into the ocean or rivers. Massive damage
to humans and the environment is now happening and is
expected to grow significantly. Nanotechnology advance-
ment has not succeeded devoid of questions about its
prospective detrimental ecological influences. Much is still
unclear, however. Altered interactions with ENPs entail
sedimentation, degradation, agglomeration, or else chemical
transition, in the same way as absorption plus conversion in
the food ecosystem (Vázquez Núñez and De la Rosa-
Álvarez 2018).

2.1 Sources of Nanomaterials

Broad classes of substances that consist of particulate ele-
ments are called nanoparticles (NPs, which are having one
dimension less than 100 nm at the minimum (Laurent et al.
2010; Khan et al. 2019). Nanomaterials are classified into
naturally produced nanomaterials that are found in the
organism’s body. Further, NPs can be studied under the
subgroup of naturally occurring NPs categories based on

their origin as they are created by the way as a consequence
of engineering activities like vehicle engine exhaust, sol-
dering emissions, ignition activities and forest fires etc.
Engineered nanoparticles (ENPs) are man-made having
properties for desired applications (Jeevanandam et al.
2018). ENPs include numerous metals based NPs such as
fumed silica, titanium dioxide, carbon black, iron oxide,
carbon nanotubes (CNTs), etc. (Hristozov and Malsch
2009). Metal nanoparticles (MNPs) possess specific char-
acteristics and have size smaller than twenty to thirty nm.
This usually creates additional energy on the exterior of the
particles, which makes them extraordinarily reactive and
thermodynamic. The scale is also a key factor in reactivity,
distribution and toxicity of nanoparticles.

2.2 Physicochemical Properties of Engineered
Nanoparticles Influencing Their Toxicity

Engineered nanoparticles (ENPs) may have the probability of
toxicity risk. Still, it is also dependent on (a) amount and
extent of exposure, (b) integral and inherent nanoparticles
toxicity, (c) persistence in body of the nanoparticles, and
(d) susceptibility of the organism (Dhasmana et al. 2017).
Nanoparticle toxicity is primarily based on properties like
(Fig. 2): (i) outer layer of the surface can change the
physico-chemical properties of nanoparticles and conse-
quently influence noxiousness, (ii) total area of the surface is
amplified with the rise in the chemical activity of nanopar-
ticles and is also a significant factor accountable for toxicity,
(iii) composition of nanoparticle (chemically) and toxicity is
dependent upon the phase of nanoparticles, i.e. the chemistry
and crystalline, (iv) size: smaller size from the same material
will be more toxic than bulk, and larger particles, (v) interface
along with toxins accessible in the water, and (vi) ENPs
functional behaviour (Walters et al. 2016; Dhasmana et al.
2017; Mahaye et al. 2017). The active behaviour of ENPs are
the dissolution of ENPs and generation of reactive oxygen
species (ROS) into metal ions in the water (Mahaye et al.
2017). Ionic structure of metals endures being less lethal than
nanomaterials (Bielmyer et al. 2006; Batley et al. 2013).
Higher levels of ENPs of nearly one mg L−1 was stated as the
precise cause for death than small levels of about 5–50 lg

Fig. 1 A schematic representation of the aquatic food chain
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L−1 which caused physical alterations, chromosomal modi-
fications and oxidative strain (Bystrzejewska-Piotrowska
et al. 2009; Barbara Rasco 2013).

2.3 Transformation Processes

The reliant on the inbuilt assets and on water properties
dispersed by nanoparticles are subjected to several conver-
sion pursuits. The key routes are physical, biological or else,
chemical alterations that later outline the performance of
nanoparticles in the aqueous system (Stone et al. 2010;
Lowry et al. 2012). Hetero and homo aggregation, deposi-
tion, agglomeration, as well as sedimentation, are some of
the physical processes, whereas suspension and redox effects
(oxidation, sulfidation) and photochemical reaction are
chemical processes. The chief instances of the biological
processes are microbial mediated biodegradation and
bio-modification activities (Lead et al. 2018). The kind of
nanoparticles and factors such as the chemistry of water, pH,
the strength of ion and natural organic matter (NOM) make a
difference in transformations. Outcome and behaviour in
water will be affected by the collaboration of distributed
nanoparticles with NOM according to the properties of
surface establishing a diverse natural coating (Biswas and
Sarkar 2019).

The reduction and oxidation processes are outlined by
electron transfer among the chemical moieties in the envi-
ronment. Reduction and oxidation processes are commenced
by silver and iron (Shah et al. 2015). There is ample oxygen
in the oxidizing natural environment, e.g. aerated soils as
well as natural waters, whereas the reductive ecosystem is
drained of oxygen (Lowry et al. 2012). Sunlight-catalyzed
redox reactions like photooxidation and photoreduction alter
oxidation status of nanoparticles, persistence, ROS, and
coating. For example, it was observed that TiO2 and carbon
nanotubes (CNTs) are instinctively photoactive and capable
of generating ROS (Chen and Jafvert 2011). Dissolution and
sulfidation processes have significant impacts on the surface

properties, persistence and toxicity of the nanomaterials
(Levard et al. 2011). Adsorption of inorganic and organic
ligands and macromolecules on NPs alter the behaviour and
exterior interface of NPs substantially.

A physical change like aggregation is an unalterable
process that reduces the surface area, the surge in NPs size
altering, in turn, their reactivity, transport, sedimentation and
toxicity. Consequently, reduction in surface area of the NPs
leads to the decrease in toxicity which in turn alters ROS
generation or dissolution (Nichols et al. 2002; Oberdörster
et al. 2006; Sellers et al. 2008; Aitken et al. 2010; Lowry
et al. 2012; Rist and Hartmann 2018). The photocatalytic
reactions in the presence of sunlight resulted in lowering of
the pH of the medium which further resulted in high ionic
strength and presence of divalent ions (Hartmann et al. 2014;
Yin et al. 2015). Porous aggregates can be available as
sediment rather than compact ones that remain suspended in
water due to erosion and disaggregation processes that create
smaller pieces which consumes natural organic matter
(NOM) around them (Chekli et al. 2015). The redox reac-
tions change coating, nanoparticles’ reactivity, toxicity,
surface charging and aggregation state properties which
change these transformations (Lowry et al. 2012). Bio-
transformation on modified NPs of the bioavailable poly
(ethylene glycol) (PEG) coatings initiates their aggregation
(Kirschling et al. 2011). Due to exclusive change in seawater
and freshwater at high dilutions, toxicity of ENPs in all
aquatic habitats is not consistent (Renzi and Guerranti 2015;
Ju-Nam and Lead 2008).

2.4 Pathway of Exposure in the Aquatic
Environment

Fundamental mechanisms of toxicity for numerous
nanoparticles are studied in vitro at the cellular level to
oxidative stress. Oxidative stress creates reactive oxygen in
species (Oberdorster et al. 2005; Nel et al. 2006). Physical
injury to cell membranes may cause toxicity (Stoimenov
et al. 2002). Route of uptake is by adhesion of nanoparticles
to the cell coat and disconnection of soluble toxic species
(Klaine et al. 2008). The type of organisms, uni- or multi-
cellular level and its trophic level determines the absorption
of nanoparticles and its toxicity in aquatic biota. For
example, the mechanism of crossing the cell membrane (viz.
direct or via endocytosis) in unicellular organisms remains a
significant issue. However, endocytosis has been observed
as the preferred pathway for internalization of nanoparticles
in eukaryotic organisms (Moore 2006; Nowack and Bucheli
2007). In the case of higher organisms, the nanoparticles
might be absorbed by the gill or the external surface
epithelia. In contrast, interaction with the aquatic plants may
include root surface adsorption, cell wall integration, or

Fig. 2 Properties of nanomaterials influencing their toxicity (based on
Turan 2019)
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intercellular space diffusion (Nowack and Bucheli 2007).
Another contaminant uptake pathway is through the food
chain, mostly via direct ingestion. The water fleas (Daphnia
magna) ingested and metabolized the lipid-coated nanotubes
present in the aquatic system as its normal feeding behaviour
(Roberts et al. 2007). Similarly, Bouldin et al. (2008)
reported the absorption of quantum dots in the water fleas
(Ceriodaphnia dubia) through dietary mechanism from an
algal food.

The toxicity of ENPs in aquatic animals is particulate
dependent and depends on how they penetrate the cells of
the organism (Singh et al. 2011). The technique of the
process of entry into the cell starts with their adhesion to the
pores of the cell membrane followed by their final entry into
the cell by endocytosis or by ion transfer systems (Fig. 3).
Interference with the electron transport mechanism or the
development of reactive oxygen species (ROS) caused dur-
ing the entry of ENPs has substantial adverse effects;
beginning with cell membrane damage (Ross et al. 2007).
The nanoparticles ability to enhance cell damage (by reac-
tive oxygen generation) governs the toxic effects of ENPs in
the aquatic system. For example, Smith et al. (2007)
demonstrated that the single-walled carbon nanotubes
(SWCNTs) increase in oxidative stress and iono-regulatory
disturbance in the gut lumen of fish when exposed to
sub-lethal concentration for 10-days.

3 Nanotoxicity to Individual Species
in Aquatic Food Chain

After the release of nanomaterials in the environment, the
aquatic system is the main sink of ENPs. ENPs can influence
not only the growth of aquatic species but also the whole

ecological equilibrium in the aquatic system. Some studies
on nanomaterials and its effect on the aquatic ecosystem
have been discussed in the following sub-sections.

3.1 Microbial Toxicity

The consequences of ENPs are of considerable significance
in the ecological process. In reaction to high nAg levels, the
composition of a bacterial population shifted, while its
metabolic processes remained usual (Das et al. 2012). There
is significant proof that nanoparticles are moved trophically
within the food chain. These hazards were observed in
nTiO2 toxicity, where biofilm-accumulated TiO2 was relo-
cated to biofilm-exhausting snails which caused trophic
harm (Yeo and Nam 2013; Banerjee and Choudhury 2019).
Pakrashi et al. (2014) detected related deteriorating conse-
quences on nAu-exposed algae, carboxyl quantity. Bio-
magnification of these inter-trophic transitions has also not
been observed (Laws et al. 2016). Banerjee and Choudhury
(2019) emphasize another hypothesis stating that the
potential for transferring ENPs across ecosystem boundaries
also lies. ENPs can be transported via floods or evolving
insects from the aquatic to the terrestrial ecosystem. This
perspective requires confirmation by additional studies.

Engineered nanoparticles (ENPs) also seem to be
non-toxic to specific populations of microorganisms,
because they are trapped within biofilm's extra polymeric
material. Lone organisms, such as leaf dwelling bacteria and
fungi, are generally immune to nCuO and nAg. These
findings indicate the effects of ENPs across microorganisms
on the community and evolution (Bundschuh et al. 2016;
Banerjee and Choudhury 2019). The absorption of metal
ENPs like ZnO and CuO in water depends on the original

Fig. 3 Pathway of exposure in
the aquatic environment (based
on Walters et al. 2016)
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scale of the nanoparticles (Hanna et al. 2013). In the case of
nAg, the uptake rate was observed to increase with a change
in the size of the ENP (Pan et al. 2012; Banerjee and
Choudhury 2019). Zhao and Wang (2012) have noted a
contrary reverse trend, however. Related data were well
accessible (Handy et al. 2008; Klaine et al. 2008). Various
nanomaterials, particularly silver, indicate bactericidal
properties (Sondi and Salopek-Sondi 2004; Morones et al.
2005; Banerjee and Choudhury 2019). The titanium dioxide
also shows strong antimicrobial activity (Wolfrum et al.
2002).

3.2 Toxicity to Aquatic Plants

Less research has been done on the impact of the ENPs on
aquatic plants. Synchrotron-based micro X-ray fluorescence
mapping and extended X-ray absorption structure spec-
troscopy revealed deposits of the fraction of Ag2S and silver
thiol species in the roots of duckweed after exposure to 24 h
of ENP (Stegemeier et al. 2017; Banerjee and Choudhury
2019). The development of Ag derivatives in the plant roots
was possibly due to the plant molecular defence system to
retort the intake of Ag-ENPs (Stegemeier et al. 2017). Kim
et al. (2011) reported hindrances to the development of
Lemna paucicostata plants exposed to Ag-ENP (even at a
low concentration of 1 ppm) and TiO2-ENP (at a higher
concentration of 250 ppm).

3.3 Toxicity to Phytoplankton

Phytoplanktons are an essential means of the marine food
web system and are the most significant consumers in
aquatic habitats. Where ENPs have significant toxic effects
on phytoplankton, the whole ecosystem is affected due to
phytoplankton toxicity as they hold crucial importance in the
aquatic food chain. The toxicity to phytoplankton and
reduction in their growth will automatically allow the entire
food system to fail or collapse. Therefore, ecotoxicological
studies on phytoplankton are of particular importance for
aquatic systems. As expected, the algae were the most sen-
sitive group of aquatic organisms to ENP. It was found that
ZnO exhibited maximum toxicity in freshwater plankton
Pseudokirchneriella subcapitata among other metal and
metal oxide ENPs, with substantial growth reduction (EC50)
at 42 mg l−1 (Aruoja et al. 2009; Banerjee and Choudhury
2019). In the marine algae, Thalassiosa pseudonanathe EC50

for ZnO was found to be 4.6 mg L−1 (Wong et al. 2010).
Particles of Nano-C60 impaired the growth of P. subcapitata
at a concentration of 90 mg L−1 nearly 30%. The C60 ENPs’
contact with the algal cells has facilitated the entrance into
the cells of other contaminants. This stimulated more

significant damage to algal cells and improved cellular
apoptosis (Sigg et al. 2014; Banerjee and Choudhury 2019).
Toxic effects of NiO ENPs on the alga Chlorella vulgaris
have been tested. The tests showed 32.28 mg L−1 EC50

values with 72 h sensitivity to NiO. NiO toxicity of thy-
lakoid systems in Chlorella vulgaris has caused plasmolysis,
cell membrane damage, and disorder. The most alarming
discovery was that the NiO effects could be transmitted to
herbivores at a higher trophic level, devouring the NiO effect
(Gong et al. 2011; Banerjee and Choudhury 2019).

The exposure of nanomaterials to phytoplankton and the
deposition in phytoplankton will directly or indirectly impact
the whole marine environment because they are the primary
consumers of the nutrient in aquatic environments. Phyto-
planktons are the primary producers, so the nanocrystals
lying on the exteriors of this biota enter up in the food chain.
The iron nanoparticles hamper the growth of marine phy-
toplankton. There is also inhibition of development of
marine phytoplankton species Isochrysis galban due to
presence of iron nanoparticles (Keller 2012). In photosyn-
thesis of phytoplankton, chlorophyll is of a, b, and c types
(Chen et al. 2012). As the Fe3O4 nanoparticle intensity
enhanced, the chlorophyll a matter tends to decline in C.
vulgaris (Chen et al. 2012). There has been a significant
toxic effect of Fe3O4 nanoparticles on CO2 absorption and
the net photosynthetic rate. In lipid peroxidation and cellular
oxidative, the malondialdehyde (MDA) is an important
marker in C. vulgaris, which steadily rises as the Fe3O4

nanoparticle concentration rises (Chen et al. 2012). This has
demonstrated that the MDA content in C. vulgaris has been
increased due to stress-induced by Fe3O4 nanoparticles
(Chen et al. 2012).

3.4 Fish Nanotoxicity

Fish is a common aquatic vertebrate, serving an essential
ecological role in aquatic systems. It is also an important
food source for humans—a study on the toxicity and beha-
viour of ENPs in fish directly related to human safety. To
forecast the toxicity of a specific material, different stages in
the fish life cycle are studied. Harmful ENPs can be highly
toxic to many invertebrate organisms, including fish species
which are also part of the aquatic food chain. Marine
invertebrates such as Hediste diversicolor and Scrobicularia
sp. had been chosen for the study of their behavioural and
biochemical reactions to Cu NPs. Impaired coping habits
were found at Scrobicularia sp. for Cu-ENPs or Cu soluble
as well; however, H. diversicolor reflected harmful effects
only on soluble Cu. All species showed no variations in their
cholinesterasic behaviour, demonstrating that either the
Cu-ENPs or the soluble Cu did not induce neurotoxicity
(Buffet et al. 2011; Banerjee and Choudhury 2019). When
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nanoparticles enter their digestive glands and gills, ENPs
injure suspension-fed invertebrates and detritivores. ENPs
typically reach cells along endocytotic pathways, causing
damage to large tissues, particularly in tissues that contain
highly phagocytic cells (Moore 2006; Banerjee and
Choudhury 2019). The bivalve mollusk is another important
invertebrate that can be used for research into the effects of
ENPs in both fresh and coastal waters.

The oxidative stress in fish causes toxic possessions in the
liver and gills (Aschberger et al. 2011). Cu-ENP in zebrafish
triggered damage to gills and may cause severe, dangerous
effects (Griffitt et al. 2007). Gills and liver were having
Ag-ENPs as well as Cu-ENPs of main targets for accumu-
lation as investigated by histological tests, interpreting these
nanoparticles tremendously poisonous to zebrafish as the
concentration of LC50 was 1.5 mg L−1 for 48 h (Bilberg
et al. 2010; Sigg et al. 2014). ZnO-ENPs and ZnO
microparticles showed a dose-dependent effect in the degree
of injury, though Al2O3 and TiO2-ENPs did not cause any
substantial harm (Sigg et al. 2014). Nano-C60 and nano-C70

particles in zebrafish embryos also showed the same impacts
(Usenko et al. 2008; Vieira et al. 2009; Sigg et al. 2014).
Nanoparticle ecotoxicity on fish is significant since fish are
the primary species in the aquatic environment as well as
potent bioindicators of environmental waste and toxicology
studies. Daphnia magna can filter and feed on synthesized
particles ranging from 0.4 to 40 lm (e.g. algal cells, bacte-
ria, and other organic or inorganic particles) (Xu et al. 2019).

Thus, it is inevitable that NPs may enter into the body of D.
magna as food. Indeed, uptake of NPs has been found in
many reports. Another comparative study reported was done
on nanotoxicity of metals on zebrafish. 48 h exposure of Cu
on zebrafish eggs revealed deformity and late hatching,
although no teratogenic effects for a similar time under Au–
NPs was observed. The indicator for toxicant contact is done
on model water fleas of genus Daphnia members. In sup-
plement, to the entire accessibility of the comprehensive
genome sequence, Daphnia has a significant fraction of
genes familiar with humans (Sá-Pereira et al. 2018). With
the surge in TiO2-NP concentration, there has been a growth
in mortality rate when TiO2-NP was exposed to D. magna.

3.5 Toxicity to Human Health

Severe threat to human health may arise due to the direct or
indirect contact of ENPs. Due to the contact with water
comprising the residue of ENPs leads to direct contact,
which usually occurs by the use of industrial effluents
released into aquatic systems. Breathing of water aerosols,
skin, inhalation or ingestion or intake of polluted and con-
taminated drinking water is some of the immediate interac-
tion practices (Daughton 2004). Predicted environmental
concentrations (PECs) of nanoparticles regularly used in
aquatic systems have been outlined in the following Table 1.

Table 1 Predicted environmental concentrations (PECs) of nanoparticles regularly used in aquatic systems

NMs Compartments Concentrations Regions/Countries References

TiO2 Water (ng L−1) 400–1400 Europe Sun et al. (2014)

540–3000 Switzerland Sun et al. (2014)

�200 Los Angeles, US Liu and Cohen (2014)

380–11,500 Surface water, Europe Sun et al. (2014)

Photostable TiO2: 0.6–100 Photocatalytic TiO2:
0.05–7

Freshwater, Denmark Gottschalk et al. (2015)

Photostable TiO2: 0.04–1 Photocatalytic TiO2:
0.004–0.099

Seawater, Denmark Gottschalk et al. (2015)

0–30 Rhône River, France Sani-Kast et al. (2015)

80–9000 Europe Meesters et al. (2016)

240–2700 Ireland O’Brien and Cummins (2010),
Musee (2011)2.7–270 Johannesburg City, South

Africa

108 particles/m3 Rhine River, France Praetorius et al. (2012)

Sediment (mg
kg−1)

�7 Los Angeles, US Liu and Cohen (2014)

0–2.7 Rhône River, France Sani-Kast et al. (2015)

62.9–186 Europe Sun et al. (2016)

Photostable TiO2: 0.2–2.8 Photocatalytic TiO2:
0.017–2.6

Freshwater, Denmark Gottschalk et al. (2015)

Photostable TiO2: 0.049–1.3 Photocatalytic TiO2:
0.0043–0.12

Seawater, Denmark

0.09–30 Europe Meesters et al. (2016)

1013 particles/m3 Rhine River, France Praetorius et al. (2012)

(continued)
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4 Conclusion

The existence of nanoparticles influences aquatic life. ENPs
toxicity can be initiated or mitigated by the occurrence of
chemical stressors and DOM (dissolved organic matter).
This chapter assesses ENPs properties on the aquatic envi-
ronment with ecotoxic effects due to its event. To improve
nanoparticle risk assessment, there is a need for more

research. Toxicity evaluation needs to be begun on formu-
lations of nanoparticles evaluated involving at least five
species from different trophic levels for extracting the pre-
dicted no-effect concentrations (PNECs) for identifying the
species sensitivities to other species. Moreover, evaluation
of the toxicity to different natural and artificial aquatic and
soil systems should also be performed to demonstrate the
toxicity of nanomaterials at a holistic scale.

Table 1 (continued)

NMs Compartments Concentrations Regions/Countries References

Ag Water (ng L−1) 0.87–7.84 Surface water, Europe Sun et al. (2016)

0–6 � 10–4 Seawater, Denmark Gottschalk et al. (2015)

0–0.044 Freshwater, Denmark

� 1 � 10–4 Los Angeles Liu and Cohen (2014)

0 Seawater Giese et al. (2018)

0.03–2.79 Freshwater

0.002–0.3 Europe Dumont et al. (2015)

3.3–58.9 Ireland O’Brien and Cummins (2010)

0.51–0.94 Europe Sun et al. (2014)

0.37–0.73 Switzerland Sun et al. (2014)

2.80–619 Johannesburg, City South
Africa

Musee (2011)

Sediment (mg
kg−1)

0–0.016 Freshwater, Denmark Gottschalk et al. (2015)

0–7 � 10–4 Seawater, Denmark

�4 � 10–5 Freshwater, Los Angeles Liu and Cohen (2014)

0.053–0.125 Europe Sun et al. (2016)

2 � 10–5 to 0.47065 Freshwater Giese et al. 2018)

CNT Water (ng L−1) 0.1–1.82 Surface water, Europe Sun et al. (2016)

�0.31 Los Angeles, US Liu and Cohen (2014)

0.17–0.35 Surface water, Europe Sun et al. (2014)

0.27–0.56 Surface water, Switzerland Sun et al. (2014)

2 � 10–4-0.015 Freshwater, Denmark Gottschalk et al. (2015)

2 � 10–5 to 2 � 10–4 Seawater, Denmark

Sediment (mg
kg−1)

1.25 � 10–2 to 2.66 � 10–2 Europe Sun et al. (2016)

�0.015 Los Angeles, US Liu and Cohen (2014)

1 � 10–4 to 5.6 � 10–3 Freshwater, Denmark Gottschalk et al. (2015)

0–2 � 10–4 Seawater, Denmark

Cu or
CuCO3

Water (ng L−1) �0.04 Los Angeles, US Liu and Cohen (2014)

0.02–0.07 Seawater, Denmark Gottschalk et al. (2015)

0.1–6 Freshwater, Denmark

Sediment (mg
kg−1)

�3.5 � 10–3 Los Angeles, US Liu and Cohen (2014)

0.043–2.1 Freshwater, Denmark Gottschalk et al. (2015)

0.025–0.083 Seawater, Denmark
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