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Abstract Currently, engineered nanomaterials are used in a wide range of appli-
cations and enter the aquatic environment directly via consumer applications and
industrial waste or by unintended discharge. In the coming years, the production
rate of nanomaterials is bound to grow, and so are their predicted environmental
levels. The toxicological approaches are of significant importance and require note-
worthy attention for a sustainable ecosystem. The risk assessment of nanomaterials is,
however, a very intricate process. Thus, in this chapter, we aim to provide basic infor-
mation on the toxic aspects of engineered nanomaterials to freshwater microalgae
and fish. The initial section deals with the release of nanomaterials and the principles
of their toxicity. The later part of the chapter discusses the toxic impacts of metallic,
carbon-based, and metal oxide nanoparticles.

Introduction

Nanotechnology in recent years has diversified its applications in various fields of
medicine, consumer products, and also the environment. Nanomaterials are defined
as materials with the external dimensions in the nanoscale or having an internal or
surface structure in the nanoscale (1-100 nm range). They occur in various forms that
include nanoparticles (NPs), nanotubes, nanocomposites, nanofibers, and nanowires.
The behavior of most nanomaterials in the environment depends on their size, shape,
surface reactivity, and degree of agglomeration (Sengul and Asmatulu 2020). The
unique physicochemical properties such as extremely small size, large surface area
to volume ratio, and size-dependent optical properties are the reasons that make the
NPs versatile (Sajid et al. 2015). For instance, titanium dioxide and zinc oxide NPs
have been widely used in cosmetic and beauty products as sun-guard to shield the
skin against the penetration of harmful ultraviolet rays (Stark et al. 2015). Gold NPs
are widely explored in the biomedical industry owing to their easy modification,
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Fig. 6.1 Applications of nanomaterials in different sectors

tunable size, and strong optical properties (Jia et al. 2017). Silver NPs are vastly
utilized as antimicrobial agents due to their antibacterial, antifungal, antifilarial, and
antiviral properties (Cameron et al. 2018).

Despite their application across various fields (Fig. 6.1), NPs pose a threat of
exposure and unfavorable effects on the environment and organisms. With a surge in
their production, it is quite certain that the nanomaterials will end up in the aquatic
systems (Moore 2006). This is concerning because most of the industrial wastes
are washed off into the water bodies (lakes, drainage ditches, rivers, and oceans)
despite safety measures. The accidental spillage or the permitted release of the NPs
in the form of industrial effluent can result in direct exposure to humans via skin
contact, inhalation of aerosols, and direct ingestion of contaminated water or food
and vegetables coated with NPs (Liu et al. 2014). Besides, indirect exposure could
also result from the ingestion of fish and mollusks contaminated with NPs expelled
into the water bodies.

Even though the use of NPs has contributed significantly to the improvement of
various fields over recent years, their application raises serious concerns regarding
the exposure and adverse effects on the environment and organisms. Recent studies
in this area have investigated the toxicological impacts and the various hazards of the
exposure of NPs towards the environment but there is still a notable gap of knowledge
regarding the toxicities of different NPs and their effects on freshwater organisms.
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Release of NPs in the Environment

The discharge of nanomaterials in the aquatic ecosystem can either be accidental or
deliberate. They are released into the environment during the different phases of their
life cycle, from production to release (Nowack and Bucheli 2007). The run-offs from
the nanotechnology-based industries are one of the major sources of nanomaterials
in the aquatic environment (Daughton 2004). Once entered the aquatic environment,
the fate of the nanomaterials depends upon several factors such as natural organic
matter content, pH, and ionic strength. The nanomaterials can easily enter the aquatic
organisms via endocytosis and phagocytosis and are passed onto the higher trophic
levels via ingestion of those lower-level organisms. Hence, it is of utmost importance
to study nanomaterials’ potential toxic effects and health hazards.

Principles of NP Toxicity

Several factors may alter the toxicity of NPs such as (1) physicochemical properties
of NP, (2) functional behavior of NPs, and (3) interaction with other pollutants in
the aquatic environment (Turan et al. 2019). NPs tend to show unique and greater
toxicity as compared to their bulk counterparts. This can be attributed to their small
size and relatively high surface area. The toxicity of NPs generally depends on their
size. Particle size affects the cellular uptake of NPs in organisms. A study conducted
by Chithrani and Chan (2007) showed that there could be an optimal size for NP
uptake. Similarly, the surface charge of the particle plays a crucial role in determining
the toxicity of the NPs. Overall, the positively charged NPs are quickly adsorbed to
cells as compared to the negatively charged ones due to the net negative charge of the
cell surfaces. Therefore, the higher toxicity of the positively charged NPs could be
attributed to their higher cellular uptake (Oh et al. 2012). In addition to particle size
and surface charge, the shape can also influence the toxicity of the NPs. It determines
whether NPs are phagocytosed by the cells. In addition to phagocytosis, NPs can enter
the cells by physically piercing or rupturing the cell membranes. Carbon nanotubes
(CNTs), for example, have been suggested by several researchers to employ their
toxicity by the virtue of their needle-like structure that provides a high aspect ratio to
rupture the cell membranes. This can apply to some of the multiwall carbon nanotubes
(MWCNTs) with a relatively high diameter and rigidity (Nagai et al. 2011). Since
the toxicity of NPs is affected by the material properties, the toxic effects of NPs will
be discussed in the next sections by the main classes of nanomaterials based on the
composition (Fig. 6.2.).
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Toxic Effects of Metallic NPs

Metallic NPs are usually composed of a metal core of an inorganic metal. This is
generally covered with a shell consisting of organic or inorganic materials or metal
oxide (Khan 2019). Metallic NPs have various applications in day-to-day life. Since
the new techniques of NP production have become economically feasible, there has
been a surge in the use of metallic NPs in various consumer products like shampoos,
creams, footwear, clothing, and also plastic containers (Diegoli et al. 2008).

Even though NPs have proved to be essential in a broad aspect, the fact that they
pose various health risks to organisms, as well as the environment, cannot be avoided.
In recent years, studies conducted by several researchers using gold and silver NPs
have proved this notion. But still, there is a gap of knowledge when it comes to
determining the toxic effects of specific metal NPs in freshwater organisms. This is
discussed in the next sections.

Gold

Gold NPs (Au-NPs) have been extensively studied for potential use in the biomedical
field especially for diagnostics, drug delivery, therapeutics, and cancer treatment (Jia
et al. 2017). This is primarily because of the unique characteristics of the Au-NPs.
The increased use of Au-NPs has led to its increased diffusion into the environment
that comes with an unavoidable risk towards the aquatic organisms. The cytotoxic
effects of Au-NPs have been reported in mammalian cells, and also their shape,
size, and external coating play a major role in enhancing their toxic effects (Chueh
et al. 2014). Although studies on the toxic effects of Au-NPs have been done on
mammalian cell lines, research on their toxicity on aquatic organisms is still scarce.
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Hence it is crucial to investigate the harmful effects of Au-NPs on aquatic organisms
to provide a background for ecotoxicological hazard review.

The ecotoxic effects of two polymer-coated Au-NPs were observed by Hoecke
et al. on the freshwater microalgae Pseudokirchneriella subcapitata (Van Hoecke
et al. 2013). In aquatic environments, agglomeration/aggregation of Au-NPs is
common and does not necessarily decrease NP toxicity but could facilitate ingestion.
Gilroy et al. (2014) established the potential transfer of Au-NPs in the food webs and
stated that most NPs that remained in the digestive tract did not affect reproduction
and were eliminated with ejection. Iswarya et al. (2017) explored the impact of Zn**
present in the freshwater environment at an average concentration of <0.05 mg/L,
on the toxicity of Au-NPs with different sizes and surface capping (citrate and PVP)
to the green alga Scenedesmus obliquus. They found that as the concentration of
Au-NPs increased, the relative toxicity of all the types of Au-NPs tested increased.
Citrate-capped Au-NPs were found to be more toxic than PVP-capped Au-NPs, and
the toxicity depended also on NP size. It was confirmed that Zn ions showed an
antagonistic ability to interfere with the toxicity caused by Au-NPs on green algae
Scenedemus sp. independently from the surface capping.

Zebrafish (Danio rerio) are increasingly being employed as an in vivo model
to assess Au-NP toxicity. The impact of Au-NP (12 and 50 nm) exposure in the
food of zebrafish showed that exposure even in the low doses can result in various
cellular dysfunctions and cause genomic alterations (Geffroy et al. 2012). Smaller
malpigmented eyes were seen after zebrafish embryos were exposed to 1.3 nm Au-
NPs functionalized with a cationic ligand, N,N,N-trimethylammoniumethanethiol
(TMAT-Au-NPs) (Kim et al. 2013). This was related to the increase in cell death in the
eyes caused by the overexpression of genes p53 and bax. The effects of contaminated
sediment containing Au-NPs were investigated during a 20-day exposure study of D.
rerio. The chronic exposure resulted in a series of detrimental effects on the tissues
of the organism including increased expression of genes involved in oxidative stress,
mitochondrial metabolism, and modifications in the genome (Dedeh et al. 2015).
A study comparing the different terminal modifications of Au-NPs on zebrafish
using peptide-capped Au-NPs revealed that the terminal alteration was essential with
terminal histidines causing higher toxicity than terminal tryptophans, and methionine
causing the least toxicity (Harper et al. 2014). The biodistribution of differently
shaped Au-NPs (nanospheres, nanorods, nano-urchins, and nanobipyramids) on the
toxicity of zebrafish revealed shape-dependent biodistribution patterns after exposure
to different-shaped gold particles. The differently shaped particles were found to be
distributed in different ratios in the digestive organs such as the gall bladder, liver,
and pancreas. The biodistribution patterns suggested that long-term exposure could
cause shape-dependent sublethal consequences (van Pomeren et al. 2019).
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Silver

Studies exposing cultures of algae and zooplankton to engineered Ag-NPs have
revealed several factors that may alter the toxicity of Ag-NPs (Zhao and Wang 2010;
Das et al. 2013). The trophic transfer of Ag-NPs may be altered by the nature of
the exposure (waterborne or diet borne) (Zhao and Wang 2011). Significant effort
has been made to study the contribution of silver ions on Ag-NP toxicity to algae
and zooplankton (Navarro et al. 2008b; Das et al. 2013). It has been shown that the
presence of algae may trigger the release of silverions from Ag-NPs and consequently
alter their toxicity (Navarro et al. 2008b). At the organism level, physiological and
functional characteristics may also alter the toxicity of Ag-NPs (Oukarroum et al.
2012; Pokhrel et al. 2013). For instance, Chlorella vulgaris could efficiently detoxify
Ag-NP induced ROS species via the induction of antioxidant enzymes, allowing
photosynthesis to continue even at high Ag-NPs concentrations (Qian et al. 2016).
The toxicity of Ag-NPs was higher in cultures at the early phases of growth. Finally,
Ag-NP toxicity was different depending on the examined species according to species
sensitivity distributions (SSDs) (Coll et al. 2016). This was also observed in the
present literature review where vulnerability to Ag-NP toxicity was higher for D.
magna compared to other daphnids (Volker et al. 2013), for D. galeata compared to
D. magna and Bosmina longirostris (Sakamoto et al. 2015), for Dunaliella tertiolecta
compared to C. vulgaris (Oukarroum et al. 2012), and for Microcystis aeruginosa
(prokaryotic) compared to C. vulgaris (eukaryotic) (Qian et al. 2016).

In a size-dependent (30-72 nm) in vivo study conducted on zebrafish, it was
observed that Ag-NPs were able to diffuse into the embryos via Brownian motion
through chorionic pores, thereby generating toxicity (Lee et al. 2012). Bar-Ilan et al.
(2009), on the other hand, synthesized Ag-NPs of various sizes (3, 10, 50, and 200 nm)
and applied them to zebrafish embryos in a rearing container. They discovered size-
independent mortality rates after 120 h post-fertilization (Bar-Ilan et al. 2009). In
another investigation, Ag-NPs were discovered to have a size-dependent effect on
the neural development of zebrafish embryos. Four-nm Ag-NPs were taken up more
efficiently than 10-nm Ag-NPs in this circumstance, with the exposed zebrafish
embryos’ heads accumulating more Ag-NPs than the trunks (Xin et al. 2015). As a
result, the size-dependent toxicity profile of Ag-NPs remains a point of contention.
In both fish cell lines and zebrafish embryos, George et al. (2012) confirmed the
surface defect-driven toxicity of Ag-NPs. Surface reactivity caused by crystal defects
increased the toxicity of Ag nanoplates compared to other Ag-NPs. According to
another study, Ag-peptide NPs were substantially more biocompatible than citrate-
coated Ag-NPs (Lee et al. 2013). The study showed that the combination of numerous
physicochemical properties of the NPs defined their harmful effects on embryonic
development, emphasizing the significance of investigating their effects one factor at
a time. Another investigation revealed that exposing Ag-NPs to simulated sunlight
increased their embryonic toxicity (George et al. 2014). Zebrafish exposed to Ag-
NPs during their early development experienced a variety of side effects, including
a decrease in heart rate, damage to neuromast hair cells, and smaller but statistically
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significant increases in mortality and teratogenicity (Yoo et al. 2016). After chronic
exposure to Ag-NPs, arecent study looked at the reproductive toxicity and associated
probable adverse outcome pathway (AOP) in zebrafish. Adult zebrafish (three months
old) were treated with varying concentrations (0, 10, 33, and 100 pg/L) of Ag-NPs for
five weeks and the results were observed. Female zebrafish fertility was dramatically
reduced after exposure to 33 and 100 g/ Ag-NPs, which was accompanied by an
increase in apoptotic cells in the ovarian and testicular tissue (Ma et al. 2018). The
size-related effects of chronic Ag-NPs exposure on intestinal Na/K-ATPase and SOD
activities in adult zebrafish were suggested in a recent study. The study also revealed
Ag-NPs had higher toxicity in the intestine than in the liver, showing that Ag-NPs
have organ-specific toxicity. It was also demonstrated in this study that the response of
zebrafish to Ag-NPs was sex-dependent since the males showed more susceptibility
as compared to the females (Bao et al. 2020).

Toxic Effects of Carbon-based Nanomaterials

Carbon nanomaterials (CNMs) can be described as the allotropes of carbon that have
at least one of their dimensions in the range of 1- 100 nm. The major classes of CNMs
are fullerenes, CNTs, graphene, and carbon black. These materials can originate in
diverse ways, some of these could be liberated into the environment naturally (in
consequence of forest fires or volcanic eruptions), whereas others could be produced
by anthropogenic combustions or could also be manufactured in industries (Freixa
et al. 2018). Due to their unique physicochemical, mechanical, and electrical prop-
erties, they have been used in various fields such as engineering, sports equipment,
optics, automotive industry, cosmetic and medical applications (Navarro et al. 2008a).
The increased usage of CNMs has increased the exposure risk of the aquatic envi-
ronment to CNMs. Hence it is evident that methodologies are devised to study the
effects of CNMs on the organisms to get cumulative knowledge on their toxic effects
and potential bioaccumulation.

Algae are one of the most sensitive organisms to CNMs. It is reported that the
toxicity of CNMs to algal cells can be both directly related to their exposure as well
as to the indirect effects such as shading effects by the nanomaterials (resulting in
reduced light absorption and photosynthesis) and to the nutrient depletion caused
by the absorption of nutrients on CNMs (Schwab et al. 2011; Long et al. 2012;
Zhao et al. 2017). For instance, Zhao et al. (2017) studied the toxicity of graphene
nanomaterials to freshwater algae (Chlorella pyrenoidosa) showing that graphene
significantly decreased the membrane integrity of algal cells. Sensitivity to CNM
exposure differs between species. For instance, the growth rate of C. vulgaris was
more strongly affected at lower CNT concentrations (ECsyp = 1.8 mg/L) than that
the growth rate of P. subcapitata (ECsy = 20 mg/L) (Schwab et al. 2011). Similar
toxicity of CNTs for P. subcapitata (ECso = 17.95 mg/L) was also reported in
another study (Lukhele et al. 2015). Moreover, differences in toxicity to CNMs
observed between planktonic and biofilm communities have been attributed to the
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presence of extracellular polymeric substances (EPS) matrix (Luongo and Zhang
2010; Rodrigues and Elimelech 2010), where planktonic communities were more
severely affected by CNM exposure. The protective role of EPS to pollutants has
been widely studied (Flemming and Wingender 2010). Other studies have observed
fast overproduction of EPS in algae after exposure to high concentrations of CNMs,
which was interpreted as a natural defensive mechanism against double-walled CNT's
(Verneuil et al. 2015b), MWCNT (Verneuil et al. 2015a), or graphene (Garacci et al.
2017).

The bioaccumulation and distribution of multiwalled CNTs were recently inves-
tigated using a zebrafish model, which revealed a bioaccumulation factor of 16 L/kg
fish wet weight (Maes et al. 2014). Li et al. (2015) discovered CNT-induced biochem-
ical changes in zebrafish. They showed that CNT exposure can activate the brain
and cause gonadal changes. In another study, the toxicity of functionalized CNTs
of various lengths was assessed in zebrafish embryos, with the conclusion that the
length of CNTs has a significant impact on their toxicity profile in vivo (Cheng and
Cheng 2012). Another study found that single-wall (SW)CNTs functionalized with
polyethylene glycol increased mortality, delayed hatching, and decreased overall
larval length only at the highest dosage examined (1 mg/L), with no evidence of
genotoxicity or nanotube uptake by tissues (Girardi et al. 2017). A study using
oxidized-MWCNT along with Cd showed that oxidized-MWCNT promoted apop-
tosis and necrosis in ZFL (zebrafish liver cell lines) cells and increased Cd toxi-
city at low concentrations, most likely through a “Trojan horse” and/or synergistic
action (Morozesk et al. 2018). In another study, Ren et al. (2021) explored the effect
of MWCNTs on the enantioselectivity of bioaccumulation of a chiral insecticide
indoxacarb in zebrafish and found that MWCNTs did not affect the preferential bioac-
cumulation pattern of R-(-)-indoxacarb. However, the amount of R-(-)-indoxacarb
that accumulated in zebrafish was 65% higher when co-exposed with MWCNTs
compared to single exposure (Ren et al. 2021).

Toxic Effects of Metal Oxide NPs

Metal oxide NPs (MOx NPs) include both synthesized and naturally found parti-
cles that are in the nanoscale range. MOx NPs, especially the engineered ones, have
gained popularity in recent years owing to their diversity in the crystal structure,
intriguing magnetic and electronic properties, and the existence of metal-oxygen
bonding (Amde et al. 2017). They are used in almost all fields, which include
medicine, biomedical applications, material chemistry, agriculture, environmental
remediation, and catalysis (Chavali and Nikolova 2019). The endless applications
have paved the way for their deliberate and accidental release into the aquatic environ-
ment. However, in the aquatic matrix, MOx NPs undergo various physicochemical
transformations that alter their pristine nature (Garner et al. 2017) and subsequently
their toxic impact on aquatic species. Thus, the following sections address the toxic
effects of different MOx NPs and their mechanisms of toxic action on aquatic species.
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Titanium Dioxide NPs

TiO, NPs are the most frequently used metal oxide NPs in multiple commercial
sections such as topical sunscreens, light-emitting diodes, surface coatings, and
disinfectant sprays (Saxena and Harish 2018). Such large-scale use of TiO, NPs
has prompted several researchers to study their impacts on the aquatic environ-
ment. Toxic effects associated with TiO, NPs on freshwater microalgae include the
shading effect (Zhang et al. 2020b), oxidative stress generation (Gao et al. 2020),
cellular membrane damage (Roy et al. 2020), and a decrease in photosynthetic effi-
ciency (Middepogu et al. 2018). These toxic effects vary with differences in particle
size, crystalline form (Chen et al. 2019b), and illumination conditions (Iswarya et al.
2018). Smaller-sized particles have a larger specific surface area to volume ratio that
increases the likelihood of interaction with the algal surface. Moreover, the different
crystalline forms of TiO, NPs display dissimilar toxic effects due to the differences
in semiconductor bandgap and surface chemistry. Since TiO, NPs are photocatalysts,
light source plays a vital role in imparting toxic effects. The activation of TiO, NPs
in the presence of UV illuminations generated reactive oxygen species (ROS) in the
medium that augmented the toxic effects (Sendra et al. 2017; Roy et al. 2020). Until
now, ROS generation has been described as the early stress response and the basic
mechanism of TiO, NPs toxicity in freshwater microalgae. However, Middepogu
et al. (2018) supported a paradigm shift in the toxic mechanism of TiO, NPs from
oxidative stress to metabolic disruptions involved in photosynthesis. Besides all these
particle-associated and experimental factors, various environmental parameters such
as pH and temperature also alter the properties and the toxicological effects of TiO,
NPs on microalgae (Zhang et al. 2020b).

In freshwater fishes such as D. rerio and Carassius gibelio, TiO, NPs stimulated
the immune system with ROS generation, lysosomal membrane destruction, lipid
peroxidation, protein carbonylation, DNA damage, and lastly apoptosis (Bobori et al.
2020). Dietary uptake of TiO, NPs caused morphological alterations in the kidney,
intestine, and liver and biochemical changes in the liver of D. rerio (Cunha and de
Brito-Gitirana 2020). Besides, TiO, NPs altered the gene expression associated with
the development of the dorsoventral axis and neural network of D. rerio embryos
(Kansara et al. 2020). Mechanistic investigation using shotgun proteomics revealed
that the chronic exposure of TiO, NPs altered the insulin-responsive compartment of
D. rerio offspring (Chen et al. 2019a). Overall, the evaluation of the toxic effects of
TiO, NPs on microalgae and fishes has taken a shift from using conventional toxicity
endpoints (such as mortality and oxidative stress determination) to a more specific
mechanistic approach.
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Zinc Oxide NPs

ZnO NPs have a wurtzite structure and are used in paints, pigments, lubricants,
ceramic glass, fire retardants, and batteries because of their optoelectronic, catalytic,
and antimicrobial properties (Saxena and Harish 2018). Exposure to a very low or
environmentally relevant concentration of ZnO NPs is known to affect the growth
and lipid content, induce plasmolysis, destruct the membrane, and disrupt thylakoids
in the chloroplast of Scenedesmus sp. (Meng et al. 2018; Aravantinou et al. 2020).
As discussed earlier, NP transformation in the water matrix can alter their toxic
effects. The presence of bovine serum albumin reduced the toxic effects of ZnO
NPs on C. pyrenoidosa by forming a protein corona on the surface of ZnO NPs
(Janani et al. 2020) whereas the presence of phosphate in water transformed ZnO NPs
into zinc phosphate and hopeite resulting in their reduced toxic effects to Chlorella
sorokiniana (Zhang et al. 2020a). Unlike TiO, NPs, ZnO NPs can undergo disso-
ciation and the released ions are internalized by the algal cells that impart toxic
effects (Ye et al. 2018). Moreover, it is essential to infer the toxic effects through
feedback between microalgae and the aquatic ecosystem. Tang et al. (2018) investi-
gated such environmental feedback caused by the release of algal organic matter to
the aquatic environment using standard analytical parameters, such as excitation-
emission matrices, molecular weight distribution, hydrophilic and hydrophobic
properties, and microcystin-LR.

The toxicity of ZnO NPs in fish has been assessed based on behavior (Campos
et al. 2019), physiological markers (Chupani et al. 2018), and molecular biological
approaches (Hou et al. 2019). With the gastrointestinal route being the most important
exposure pathway in aquatic species, toxicity studies have been conducted incorpo-
rating ZnO NPs in the feed. Chronic exposure of Cyprinus carpio to dietary ZnO
NPs (50 and 500 mg/kg of feed) did not affect the blood biochemistry, hematology,
lipid peroxidation, and Zn accumulation levels but affected liver and kidney function
(Chupani et al. 2018). Likewise, Dekani et al. (2019) revealed that the dietary expo-
sure of C. carpio to ZnO NPs resulted in greater accumulation in the target organs and
caused higher toxicity than the dietary exposure to organic and inorganic forms of
Zn. Using the observational assessment of fish behavior, Campos et al. (2019) found
that ZnO NPs can induce food demotivation and alter the anti-predatory defensive
behavior of Oreochromis niloticus, which suggests possible neurotoxicity. Besides,
ZnO NPs were toxic to developing vascular and nervous systems of D. rerio and
its succeeding generations (Kteeba et al. 2018). However, these toxic effects were
reversed in the presence of dissolved organic matter. At the molecular level, ZnO
NPs inhibited the growth and development of D. rerio by affecting the cell cycle
processes (Hou et al. 2019).
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Cerium Oxide NPs

CeO, NPs are extremely versatile owing to their unique surface area and redox
activity, and high stability that makes them a potential candidate in the manufac-
ture of biosensors, catalysis, corrosion-resistant coatings, therapeutic agents, drug
delivery vectors, and anti-parasitic ointments (Nadeem et al. 2020). Very few studies
have reported the toxic effects of CeO, NPs on microalgae. Pulido-Reyes et al. (2019)
demonstrated that the surface coating of CeO, NPs completely modifies the interac-
tion of NPs with algal cells and also influences the mechanism of toxic effects. Pristine
CeO, NPs damaged the cell membrane and reduced the metabolic activity while the
PVP-coated CeO, NPs induced toxicity (ROS generation) without damage to the
cell membrane. These conflicting effects of CeO, NPs will be very useful during the
manufacturing of safer-by-design NPs. CeO, NPs are insoluble under environmental
pH > 7.5. However, the small fraction of dissolved Ce** can produce harmful effects
(Rohder et al. 2014). In contrast, Kosak née Rohder et al. (2018) reported a very high
median effective concentration of CeO, NPs and Ce** probably due to the negligible
uptake of CeO, NPs in the wild type Chlamydomonas reinhardtii and relatively slow
uptake of Ce** in both the wild type and cell wall free mutant of C. reinhardtii.
Similarly, Xiong et al. (2020) also reported a negligible effect of CeO, NPs on the
growth and pigments of Scenedesmus obliquus. Recently, Hund-Rinke et al. (2020)
studied the attachment behavior of three sub-types of CeO, NPs to algae and found
a correlation between growth inhibition (Raphidocelis subcapitata) and attachment
efficiency of CeO, NPs. To sum up, the toxic effects of CeO, NPs majorly depend on
the dissociation of Ce ions in the experimental matrix and subsides in the presence
of a surface coating.

Copper Oxide NPs

Similar to TiO, NPs, CuO also has a strong light absorption reaction that makes
them an essential photocatalyst. They are used in products such as catalysts, sensors,
surfactants, and antimicrobials (Wu et al. 2020). Most studies described the toxic
effects related to CuO NPs by the release of Cu?* from the NPs as the ionic form is
highly toxic (Joonas et al. 2019; Wu et al. 2020). To decipher biological processes,
it is important to consider the metabolomes such as lipids, glycans, and the array
of small molecules along with the genome, the transcriptome, and the proteome, as
the metabolomes function as a substrate and product of biochemical reactions and
aid in biological regulation (Doerr 2016). Wang et al. (2020) used such an approach
(global metabolomics) and found similar metabolic responses (lipid bilayer remod-
eling, perturbation of glutathione metabolism, and accumulation of osmoregulants
and chlorophyll intermediates) in C. vulgaris after treatment with CuO NPs, CuO
microparticles (1 and 10 mg/L), and Cu ions (0.08 and 0.8 mg/L), and also confirmed
dissolution as a major driving factor resulting in the metabolic reprogramming of
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algae. Alho et al. (2020) also proposed the shedding of Cu** from CuO NPs, which
was the cause of toxic effects, as both NPs and ions had similar toxicity targets and
responses in R. subcapitata.

NP toxicity assessments in the matrix representing the natural environment are
understated. The correlation of study settings with real exposure conditions is bound
to enhance the ecotoxicological results of NPs. In support of this, Joonas et al.
(2019) studied the behavior and toxic effects of CuO NPs and their ions in nutrient-
adjusted natural water. A decrease in the toxicity of CuO NPs and Cu ions was
observed due to the differences in bioavailability arising from the binding of Cu ions
to natural organic matter. Similarly, Yin et al. (2020) reported that the presence of
C. reinhardtii significantly affected the fate (reduced colloidal stability, adsorption,
and assimilation) and toxic effects of CuO NPs.

In contrast to the shedding of Cu ions from CuO NPs that induced toxic effects
in microalgae, CuO NPs as a whole were responsible for inducing ROS in gills
and increasing the number of cells in the early apoptotic and necrotic phases of
Hyphessobrycon eques (Mansano et al. 2018). Although the presence of clay parti-
cles and humic acid-induced heteroagglomeration with CuO NPs and decreased the
bioavailability of CuO NPs, altered levels of developmental gene expression and
abnormalities were observed in the embryos of D. rerio (Kansara et al. 2019). Canli
et al. (2018) reported that the exposure to CuO NPs (0, 1, 5, and 25 mg/L) altered
the serum biomarkers levels in freshwater fish Oreochromis niloticus. Boyle et al.
(2020) investigated the effects of pH and intermittent pulse on the toxicity of CuO
NPs to D. rerio and found that CuO NPs were more toxic in pulse exposure and
acidic conditions. In the study by Braz-Mota et al. (2018), species-specific metabolic
stress responses to CuO NPs were reported which were possibly caused by different
osmoregulatory strategies between two Amazon fish Apistogramma agassizii and
Paracheirodon axelrodi.

Conclusions

The growing use of nanomaterials, especially in applications from which they are
discharged directly, will lead to increased exposure to aquatic organisms. The authors
believe that this chapter will provide basic and substantial information on the toxicity
of nanomaterials to freshwater microalgae and fish. The nanomaterials as a whole
and their dissolved ions contribute to the toxicity. Advances in the toxicity assess-
ment of nanomaterials on microalgae and fish facilitate the understanding of their
mode of action. However, a shift from a toxicological approach (stimulating toxi-
city with extreme concentrations) to an ecotoxicological perspective (assays under
environmentally relevant conditions) is required.
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