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Abstract

Nanotoxicology represents a new and growing research area in toxicology. It deals with
the assessment of the toxicological properties of nanoparticles (NPs) with the intention
of determining whether (and to what extent) they pose an environmental or societal threat.
Inherent properties of NPs (including size, shape, surface area, surface charge, crystal
structure, coating, and solubility/dissolution) as well as environmental factors (such as
temperature, pH, ionic strength, salinity, and organic matter) collectively influence NP
behavior, fate and transport, and ultimately toxicity. The mechanisms underlying the
toxicity of nanomaterials (NMs) have recently been studied extensively. Reactive oxygen
species (ROS) toxicity represents one such mechanism. An overproduction of ROS induces
oxidative stress, resulting in inability of the cells to maintain normal physiological redox-
regulated functions. In the context of this book, this chapter includes topics pertaining to
chemical and physical properties of NMs and characterization for proper toxicological
evaluation, exposure, and environmental fate and transport, and ecological and genotoxic
effects. This chapter reviews the available research pertaining specifically to NMs in the
aquatic environment (in plants, aquatic invertebrates, and fish) and their use in biomarker
studies.

Keywords: nanomaterials, characterization techniques, nanotoxicology, biomarkers,
analytical methods, in vitro studies, in vivo studies

1. Introduction

Nanotoxicology is regarded as the assessment of the toxicological properties of nanoparticles
(NPs) with the intention of determining whether (and to what extent) they may pose an
environmental or societal threat. Nanotechnology has advanced exponentially over the past
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decade,  with  nanoscale  materials  being  exploited  in  several  applications  and  in  several
disciplines (including industry, science, pharmacy, medicine, electronics, and communication
products). Vance et al. [1] reported a 30-fold increase in nano-based products between 2011 and
2015 (Figure 1) and an estimated global market of over $1 trillion in 2015 [2]. Metal NPs
(specifically, carbon and silver NPs) represent the largest and fastest growing group of NPs
(Figure 2). Hence, human and environmental exposure is already occurring and is predicted to
increase dramatically. This growth in nanotechnology has not advanced without concerns
regarding their potential adverse environmental impacts. Several reviews have reported on the
toxicity of various NPs [3, 4]. However, much is still unknown.

Figure 1. Nanomaterial growth trend 2010–2015 [1].

Figure 2. Composition of nanomaterials (adapted from Vance et al. [1]).

Nanomaterials (NMs) are generally defined as a substance having particles with at least one
dimension of 1–100 nm in length. Their novel physical and chemical characteristics have made
them useful in several applications; however, these very properties can be potentially toxic.
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Once introduce into aquatic ecosystems, the fate and toxicity of NPs and its uptake by aquatic
organisms depend on several factors. Both the properties of NP (such as size, shape, and
coatings) and water chemistry (such as dissolved organic carbon, ionic strength, pH, temper-
ature) will largely influence the extent to which NPs will either remain in suspension, partition
to dissolved organic carbon in the water column, form aggregates, or adsorb to suspended
particles. In aquatic organisms, the accumulation of NPs is dependent on both the uptake and
the elimination of the NP out of the organism. These processes also regulate the bioaccumu-
lation (and bioavailability) of NPs. The availability of appropriate methodologies is needed to
address key issues in nanotoxicology and to gain a better understanding of nanoparticle
toxicity mechanisms (including oxidative stress, cytotoxicity, genotoxicity, and inflammatory
responses). Exposure to NMs is largely through ingestion and adsorption to surface epithelia
such as the gills.

Aquatic ecosystems are progressively coming under pressure due to the presence of emerging
anthropogenic contaminants, including NMs, posing health hazards to inhabitant organisms.
In recent years, increasing data demonstrated that NPs could induce toxicity and genotoxicity
under a variety of exposure scenarios. An accepted mechanism by which NPs may induce
cytotoxicity is considered to be through the induction of reactive oxygen species (ROS) which
can induce oxidative stress which in turn may lead to cytotoxicity, DNA damage, and other
effects.

Although research on the environmental impacts of NMs has grown dramatically over the past
decade, studies investigating the environmental fate, transport, and toxicity of a variety of
nanomaterials are still lacking. This chapter will review the available research pertaining
specifically to NMs in the aquatic environment (in plants, aquatic invertebrates, and fish) and
their use in biomarkers studies.

2. Physical and chemical properties of NMs influencing their toxicity

The behavior of NPs in various environmental matrices is complex and involves several
processes. Properties of NMs are unique and different from conventional materials. Properties
such as (1) particle size, (2) surface area and charge, (3) shape/structure, (4) solubility, and (5)
surface coatings are known to affect NP toxicity.

Small owing to their small size, NMs have unique physical and chemical characteristics such
as magnetic, optical, thermal, mechanical, electrical properties which make them suitable in
several applications including in medicine, electronics, and energy production, and in several
consumer products. However, these very properties have the potential to affect humans and
the environment adversely. NPs can easily penetrate cell membranes and other biological
barriers into living organisms causing cell damage. Studies reporting increased toxicity of NPs
when compared to their larger bulk particles have led to a generally assumed hypothesis that
NPs are more potent in causing damage. Lankvel et al. [5] reported the significance of particle
size of AgNPs, reporting size-specific tissue distribution and size-specific toxicity. Scown et al.
[6] reported the lowest aggregation potential for the smallest AgNPs (i.e., 10 nm vs. 35 and
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600–1600 nm) and was most highly concentrated in the gills and liver. Gaiser et al. [7] studied
the acute and chronic toxicities of nano- and bulk Ag and CeO2. Reported mortality rates for
Ag and AgNP were as follows: micro-Ag at 0.1 mg/L was 13% and at 1 mg/L was 80%, while
for AgNP at 0.1 mg/L was 57% and at 1 mg/L was 100%.

Although NPs size can be the most distinguishing characteristic when compared to conven-
tional particles, shape and morphology also represent important factors when considering NP
toxicity. Morphology (particles, spheres, rods, cubes, truncated triangles, wires, films, and
coatings) affects NP kinetics and their transport in the environment. NP shape is also of
importance as triangular nanoplates was reported to have greater inhibition of Escherichia coli
than spherical- or rod-shaped AgNPs or Ag+ which can be attributed to the increased reactive,
high atom density of the triangular nanoplates [8, 9].

When NPs are discarded, they can enter the aquatic environment as aggregates and soluble
ions, which can be highly toxic to aquatic organisms. Aggregation and dissolution are key
processes governing NP behavior and toxicity in the aquatic environment. These processes are
largely driven by size and surface properties of NMs, as well as by the stability of natural
colloids (such as dissolved organic matter). Colloidal stability is affected by several factors
including the type environmental conditions such pH, temperature, and ionic strength. Romer
et al. [10], investigating the stability of AgNPs, reported rapid aggregation in media with high
ionic strength. Similarly, Walters et al. [11] reported higher toxicity due to the formation of
smaller aggregates at elevated temperatures. These and other studies reported changes in
organism exposure levels and consequent toxicity due to levels of aggregation [12]. Dissolution
of NPs is also a significant process determining NPs effects in the aquatic environment. Most
NPs do not dissolve in solution, but form colloid dispersions which will either remain
dispersed or aggregate. As such, interactions with other colloid materials will affect the rate
at which particles aggregate in an aqueous environment.

In the natural environment, NPs are not present in isolation. As such, it is important to consider
the presence of other environmental stressors. For example, Walters et al. [13] reported that
higher temperatures resulted in higher toxicity due to the formation of smaller aggregates at
elevated temperatures and that AgNP dissolution and sedimentation contributed to a higher
availability and toxicity of AgNP (and Ag+) to Potamonautes perlatus. Similarly, Liu and Hurt
[14] reported higher dissolution rates of AgNPs with increased temperature. In the presence
of dissolved oxygen (DO), AgNPs tend to aggregate and release Agions which in turns induce
aggregation and oxidation [12].

Surface charge is a major factor in determining the particle dispersion characteristics and also
will influence the adsorption of ions and biomolecules [15]. Baalousha [16] reported disaggre-
gation of FeO NPs due to enhanced surface charge. Similarly, El Badawy et al. [17] reported
surface charge-dependent toxicity of AgNPs. In addition, surface coating is indirectly related
to aggregation and dissolution, as it is reported to increase the surface charge.

These unique physical and chemical properties of NPs raise concern as the conventional
assumptions of chemical reactivity and behavior may not necessarily apply with regard to
NPs.
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3. Characterization

Nanomaterial behavior and toxicity are influenced by their physical and chemical properties.
As such, characterization of NMs is essential in order to understand how their physical and
chemical properties correlate with chemical, ecological, or biological responses. Full charac-
terization of NPs includes determining the bulk (shape, size, phase, electronic structure, and
crystallinity) and surface (surface area, arrangement of surface atoms, surface electronic
structure, surface composition, and functionality) properties of the NM. In addition, environ-
mental factors (such as temperature, pH, ionic strength, salinity, organic matter) may also affect
NP behavior and toxicity.

Standardized tests established by the Organization for Economic Co-operation and Develop-
ment (OECD) summarized some of the analytical methods commonly used in the characteri-
zation of NMs (OECD ENV/JM/MONO (2016)2. The morphology of NMs is frequently
characterized using scanning electron microscopy (SEM) or transmission electron microscopy
(TEM). Energy-dispersive X-ray (EDX) spectrometry coupled to SEM is a common method to
characterize elemental analysis of NMs. Particle size in aqueous phase may also be determined
indirectly by dynamic light scattering (DLS) which measures the Brownian movement of the
NPs, or by electrophoretic light scattering spectroscopy (ELS) which uses oscillating electric
field. X-ray powder diffraction (XRD) is employed to measure particle size in the dry state and
which applies the Scherrer method. Murdock et al. [18] investigated the use of DLS to charac-
terize NM dispersion.

Brunauer-Emmet-Teller (BET) is used to measure surface area. Zeta potential measures surface
charge in particles in the aqueous phase and is a fundamental parameters known to affect
stability. Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) allow
three-dimensional imaging of nanometer scale surfaces and the measurement of forces
between surfaces at the pico newton scale. UV-vis and Fourier transform infrared spectroscopy
(FTIR) are spectroscopic techniques used in the characterization of fullerenes in solution [19,
20]. Surface enhanced Raman spectroscopy (SERS) is a surface-sensitive technique that
enhances Raman scattering by nanostructures allowing the detection of single molecules.
Chemical characterization techniques include Inductively Coupled Plasma Mass Spectrometry
(ICP-MS), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), and
Energy-dispersive X-ray spectroscopy (EDS) used to investigate the elemental composition of
NMs.

4. Routes of exposure in the aquatic environment

Due to the surge in nanotechnology, there have been significant increases in the number of
various NPs released into the aquatic environment. Figure 3 provides a summary of the
possible routes in a typical aquatic environment to nanoparticles, potential interactions, and
the possible clearance routes. Aquatic ecosystems are susceptible to environmental contami-
nation since they are at the receiving end of contaminants, particularly from runoff sources.
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Identified sources of NPs in the aquatic environment include production facilities, production
processes, wastewater treatment plants, and accidents during the transport. In addition,
aquatic ecosystems are known to sequester and transport contaminants, including NMs. Baun
et al. showed that NPs may adhere to algae which may then be consumed by filter-feeders and
transfer to higher trophic levels. In the aquatic environment, NPs may aggregate thus reducing
the NPs available for direct uptake in the aqueous phase by aquatic organisms. However,
aggregated NPs may settle into sediment thereby posing a threat to benthic organisms. In the
aquatic environment, NMs are generally associated with sediments [21]. Sediments and soil
represent porous environmental matrices which typically have large specific surface areas.

Figure 3. Possible pathways of nanoparticles in the aquatic environment.

Uptake of nanoparticles into the aquatic biota is a major concern. Nanomaterials are able to
cross biological barriers, gaining entering due to their small size. In aquatic organisms, the
major routes of entry are via ingestion or direct passage across the gill and other external
surface epithelia. In invertebrates, the cellular immune system, gut epithelium, and hepato-
pancreas are likely to be targeted [22]. Recent studies with Mozambique tilapia (Oreochromis
mossambicus) have indicated that nickel NPs may be internalized via these routes [23]. In
addition, NPs that are taken up via ingestion through the digestive tract may accumulate in
the hepatopancreas [24]. The hepatopancreas is responsible for metabolism and detoxification
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[25] and is known for intracellular lysosomal digestion of food via internalization by endocy-
tosis [22]. Nanosize particles have also been demonstrated to enter the liver of fish.

Endocytosis (<100 nm) and phagocytosis (100–100,000 nm) represent the two processes by
which NPs might be absorbed into eukaryotic cells. At the cellular level, internalizations of
NPs occur via endocytosis. Iron oxide NP internalization via endocytosis has been reported
by Auffan et al. [26].

NPs released into the environment are affected by environmental factors such as pH,
temperature,  and presence of organic matter.  The pH affects NP surface charge and
consequently also aggregation. This has been reported by Gilbert et al. [27] who reported
a pH-driven aggregation and disaggregation with larger aggregate radius at higher pH.
Furthermore, Adams and Kramer [28] reported increased mobility under increased acidi-
fication. Temperature is also known to affect aggregation. Walters et al. [11] reported that
forma-tion of smaller aggregates at higher temperatures suggests higher toxicity. Liu and
Hurt [14] reported higher dissolution rates of AgNPs with increased temperature.  NPs
can be immobilized as a result of sorption or binding to particles such as organic matter.
These effects have been reported. For example, Chen and Elimelech [29] reported that,
in the presence of humic acid, the adsorbed humic acid on the fullerene NPs led to steric
repulsion, stabilization of the NP suspension, and reduced aggregation.

5. Mechanisms of NP toxicity

Many studies have attempted to elucidate the mechanisms of NP toxicity and distinguish
between their bulk counterparts. Nanomaterials differ from their bulk counterparts in several
ways, including high surface/volume ratio. Other factors such as dissolution, size, shape,
aggregation state, surface coatings, and solution chemistry also influence the toxicity of NPs.

The toxicity of various NMs AgNP [5–7, 30–32]), CuO NP [19, 33], TiO2 NP [34], and Ni NP [23]
has been studied in various aquatic species, such as Daphnia magna [32, 33], fish [6, 35], algae
[36], and marine [37] and freshwater [13] crabs. Silver, carbon, and titanium NMs are among
the most widely used types NMs used as additives in cosmetics and pharmaceuticals. Also,
different NMs exhibit different properties had hence have different toxicity potencies. For
example, Heinlaan et al. [38] compared the toxicities of three nanometal oxides: ZnO NPs, CuO
NPs, and TiO2 NPs. ZnO NPs was determined to be the most toxic; whereas Zhu et al. [39]
reported CuO NP the most potent to cytotoxicity and genotoxicity.

The assessment of NP toxicity has largely been assessed in vitro, reporting inducing various
negative effects at different levels of cellular organization. Typical end points measured include
end points examined which include mortality, as well as sublethal effects such as development,
growth, respiration, malformation, oxidative stress, and gene expression. Generation of
reactive oxygen species (ROS) and free radicals causes oxidative stress (activation or inhibition
of the antioxidant defense system), lipid peroxidation, and DNA damage. Toxicity of NPs will
be discussed further in the following sections.
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5.1. Oxidative stress

Oxidative stress is referred to as an imbalance between the production of reactive oxygen
species (ROS) and the cells’ ability to reduce ROS, which may be as a result an increased ROS
production, a decrease in the cell’s defense mechanisms, or a combination of both [40]. An
overproduction of ROS may induce oxidative stress, resulting in cells failing to maintain
normal physiological redox-regulated functions further resulting in oxidative modification of
proteins to generate protein radicals [41], initiation of lipid peroxidation [42], DNA strand
breaks and modification to nucleic acids [43], modulation of gene expression [44], thereby
leading to cell death and genotoxic effects [45]. To minimize the effects of ROS-oxidative
damage to cellular components, biological systems have developed a complex antioxidant
system, comprised of both enzymatic and non-enzymatic defense mechanisms. Figure 4
summarizes the redox cycle including ROS generation by NPs and the antioxidant defense
system.

Figure 4. ROS production and defense mechanisms (adapted from Unfired et al. [46]).

The antioxidant defense system has evolved to provide a balance between the production and
removal of ROS. These are catalyzed by a number of different enzymes including Phase I and
Phase II enzymes. Phase I enzymes, such as cytochrome P450, initiate the detoxification process
by introducing a polar moiety which renders a lipophilic contaminant more hydrophilic.
Activity of Phase I enzymes typically leads to an increase in ROS production. Phase II enzymes
are involved in conjugating metabolized xenobiotics to endogenous molecules. Phase III
involves further modification and excretion.
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The potential role of oxidative stress as a mechanism of toxicity of AgNPs was evaluated by
several authors. Walters et al. [13] studied oxidative stress, viz. antioxidant enzyme activity
following a 7-day exposure to AgNPs (100 nm) at 10 and 100 μg/mL. The levels of ROS and
oxidative stress were concentration-dependant, with an x-fold increase compared to control
levels. Federici et al. [47] measured ROS generation following 14 days of exposure to TiO2 NPs
(average particle size = 21 nm at 0.1, 0.5, or 1.0 mg/mL). The level of ROS (i.e., thiobarbituric
acid-reactive substances (TBARS)) in the gills, intestine, and brain of the rainbow trout
(Oncorhynchus mykiss) increased in a concentration-dependent manner. Statistically significant
increases (twofold or more) in the gills, intestine, and brain vs. the control group were also
reported. In line with these findings, Oberholster et al. [48] investigated the generation of
superoxide (O2

−·) and consequent stimulation of antioxidant defense mechanisms following a
10-day exposure to spiked sediment with various concentrations of NMs. These authors also
reported concentration-dependant increases in enzyme activities. In another study with
AgNPs, Gomes et al. [49] reported oxidative damage for higher doses (0, 100, 300, 600, 1000,
1500 mg/kg) and exposure times (4 days vs. 28 days) in Eisenia fetida. Induction of oxidative
stress and antioxidant enzymes by titanium oxide NP (TiO2 NP) in Daphnia magna was studied
by Kim et al. [34]. The authors’ results indicated that the levels in activities of catalase (CAT),
glutathione peroxidase (GPX), and glutathione S-transferase (GST) increase with increasing
TiO2 NP concentration. The levels of activities of superoxide dismutase (SOD) were reduced
in the tissues with increasing TiO2 NP concentration. In another study, Tedesco et al. [50] found
signs of oxidative stress in the form of lysosomal instability. In line with these findings, Moore
[4] reported decreased lysosomal stability resulting from apoptosis induction by AgNP.

5.2. Ecotoxicity

The potential ecotoxicity of NPs has currently provoked public and scientific dialogues due to
debates around the risks and benefits of these materials. As such, studies on the ecotoxicolog-
ical fate and effects of NMs have increased in recent years. There has been extensive research
investigating the toxicity of NPs to aquatic organisms with several recent reviews reporting
on ecotoxicology of NPs [3, 4]. Data on the biological effects of NPs indicate that NPs can be
toxic to bacteria, algae, invertebrates, fish, and mammals. Nonetheless, nano-ecotoxicology
studies remain poorly and unevenly distributed as most research undertaken has largely been
restricted to a narrow range of test species. Most of the current ecotoxicological data pertaining
to NMs have been done on Daphnia magna. These crustaceans represent the food and energy
link between algae and fish [51]; therefore, these studies are particularly relevant. Park and
Choi [32] studied the ecotoxicity effects of AgNPs to D. magna and reported increased mortality.
Asghari et al. reported abnormal swimming in D. magna following exposure to AgNPs, while
Heinlaan et al. [33] reported ultrastructural changes in the midgut of D. magna upon exposure
to CuO NPs.

Nanoparticles are able to penetrate the semipermeable membranes of some aquatic organisms,
thereby forming aggregates around the exoskeleton of aquatic organisms [52]. Uptake of
various NPs by aquatic organisms crustacean Daphnia magna [33, 53], the polychaete Nereis
diversicolor [30], and the freshwater algae Ochromonas danica [31] has been reported (Figure 5).
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Figure 5. Nanoparticle internalization in some aquatic organisms.

Uptake of NPs generally occurs across the gills and other epithelial surfaces [6]. Scown et al.
[6] reported size-dependant uptake of AgNPs (10–35 nm) and associated oxidative stress in
the gills of Danio rerio, while Maria et al. [54] reported reduced LPO levels in gills and hepa-
topancreas of female Carcinus maenas. In crustaceans, toxicants are largely sequestered in the
hepatopancreas and gills [55]. Walters et al. [13] reported higher levels on enzymatic activities
in the hepatopancreas when compared to the gills suggesting that the hepatopancreas might
be a more sensitive organ [56] to AgNP exposure and also implies a lower ability to scavenge
O2

− [37].

Studies showing enhanced ecotoxicity of NPs when compared to their bulk counterparts have
led to the assumption that NPs generally represent a more potent threat. Once such study
investigated the toxicity of various NPs with bulk counterparts [57], the authors reported
significantly differences in toxicity (24-h LC50) between Al2O3 NPs (82 mg/L) and bulk Al2O3

(153 mg/L) and between TiO2 NPs (80 mg/L) and bulk TiO2(136 mg/L).

Studies reporting on reproduction and developmental end points are common. Wu et al. [58]
recently showed that AgNPs induced a variety of morphological malformations such as edema,
spinal abnormalities, fin fold abnormalities, heart malformations, and eye defects in Japanese
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medaka (Oryzias latipes). Wiench et al. [59] performed a 21-day chronic Daphnia reproduction
study using coated TiO2 NPs and reported that the NOEC for adult mortality was 30 mg/L,
while the NOEC for offspring production was 3 mg/L. The 21-day EC10 and EC50 values for
reproductive effects were 5 mg/L and 26.6 mg/L, respectively.

5.3. Genotoxicity

An important issue relating to the toxicity of NPs in biological media is the ability to cause
damage to the genetic material, particularly since NPs have the capacity to cross cell mem-
branes. In the section below, evidence of NP-induced genotoxicity is reviewed. DNA is a
significant cellular component highly susceptible to oxidative damage. As such, there has been
increasing interest in the analysis of the potential nanoparticle genotoxicity to aquatic organ-
isms.

Genotoxic assessments of various NPs have largely been reported on in vitro studies. Reported
abilities of NPs include chromosomal fragmentation, DNA strand breakages, point mutations,
oxidative DNA adducts, and alterations in gene expression profiles and consequently may
initiate and promote mutagenesis and carcinogenesis. Primary genotoxicity stemming from
the direct interactions of NP with DNA following NP internalization has been reported [60].
Genotoxicity mediated by the generation of excess ROS, referred to as secondary genotoxicity,
has been reported. Oberholster et al. [48], using DNA strand breakage as an indicator of
genotoxicity, reported concentration-dependent effects to several NPs (α-alumina, β-alumina,
precipitated silica; silica fume, calcined silica fume, colloidal antimony pentoxide, and
superfine amorphous ferric oxide). DNA cleavage, an indicator of irreversible completion of
apoptosis, occurred in organisms exposed to 5000 μg/kg of precipitated silica, amorphous
ferric oxide, and colloidal antimony pentoxide NMs. The inter-nucleosomal DNA ladderbands
occurred at 500 μg/kg of γ-alumina and α-alumina.

As with NP toxicity, NPs are also known to have more adverse genotoxic effects than their
bulk counterparts. For example, Park and Choi [32] studied the genotoxicity of AgNPs on the
freshwater crustacean Daphnia magna. Their results reported a higher degree of DNA damage
in the form of DNA strand breaks in AgNPs when compared to Ag ions. Similarly, NP size is
also known to affect its genotoxicity potential, inducing significant DNA and chromosomal
damages compared to the larger NPs. This size effect was confirmed: the authors showed that
smaller sized TiO2 NPs (10 nm) have significant chromosomal damage when compared to the
larger TiO2NP (>200 nm) [61].

As such, there is a general consensus that smaller sized NPs produce higher reactivity and
thus higher genotoxicity [62, 63]. However, particle size is not the only factor that determines
particle (geno-)toxicity. Nanoparticle surface coating has also been reported to promote
genotoxicity. Surface coating modifies the particle surface, and therefore, they may also alter
the particle’s genotoxicity. For instance, Hong et al. [64] reported positively charged coatings
of iron oxide NPs which consequently resulted in increased DNA strand breaks, while the
impact of genotoxicity of negatively charged coatings was insignificant. Similarly, Lui et al. [65]
reported various genotoxic responses of iron oxide NPs depending on the type of coating.
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polyethylene glycol (PEG) coating exhibited mutagenic activity, while solid electrolyte
interphase (SEI) exhibited no genotoxicity.

As with ecotoxicological effects, genotoxicity effects of coated NPs have also been investigated.
Ahamed et al. [66] reported that coated AgNPs resulted in more upregulation of these proteins,
suggesting that coated Ag NPs causes greater genotoxicity than uncoated AgNP. In similar
study, AshaRani et al. [35] investigated the genotoxicity of coated silver NPs vs. uncoated silver
NPs in the zebrafish embryos (Danio rerio). The authors reported that NPs which penetrated
the nucleus cells able to take alterations and breakings to DNA.

6. Conclusions

The use of NMs in consumer products and their potential environmental and human health
risks is of increasing concern. As nanotechnologies and products increase, nanoproducts
entering the aquatic ecosystems and other water sources too will increase, thereby increasing
the potential threat to aquatic organisms. This chapter provides a review of nanotoxicology—
an emerging multidisciplinary field of science—with special focus on the effects of metal-NMs
on aquatic invertebrates. NMs, depending on the size, shape, elemental materials, and the
surface functional groups, induce oxidative stress thus leading to (nano)toxicity and genotox-
icity. The risks associated with NMs (i.e., its fate, behavior, and toxicity in the environment)
are largely unknown and difficult to predict. As the ultimate sink for conventional contami-
nants, the aquatic ecosystem is therefore predisposed to the potential effects of NPs.

Although our knowledge on the toxicity of various NMs in the aquatic environment has
increased over the past few years, there is still a lack of knowledge regarding exposure
concentrations, bioaccumulation in tissues, as well as environmental factors which could
potentially affect its toxicity or bioaccumulation. Exposure to NPs is inevitable since NPs
become more widely used, but there remains much more to be understood regarding their
safety.

Although current toxicity testing protocols is generally applicable to identify deleterious
effects associated with NPs, the mechanisms of action that govern toxicity of NMs are the
subject of ongoing research. Research into new analytical methods is also required to address
the special properties of NMs. The outcomes will thus enable researchers to predict the
toxicological effects of AgNPs with the intent of guiding its development, application, and
regulation. This will be important when considering measures for exposure control and
environmental remediation of AgNPs.

Acknowledgements

This research was supported by the Council for Scientific and Industrial Research (CSIR).

Toxicology - New Aspects to This Scientific Conundrum56



Author details

Chavon Walters1*, Edmund Pool2 and Vernon Somerset1

*Address all correspondence to: cwalters@csir.co.za

1 Council for Scientific and Industrial Research (CSIR), Stellenbosch, South Africa

2 University of the Western Cape (UWC), Bellville, South Africa

References

[1] Vance ME, Kuiken T, Vejerano EP, McGinnis SP, Hochelle Jr MF, Rejeski D, Hull MS.
Nanotechnology in the real world: redeveloping the nanomaterials consumer products
inventory. Journal of Nanotechnology. 2015;6:1769–1780. doi:10.3762/bjnano.6.181.

[2] Toensmeier PA. Nanotechnology faces scrutiny over environment and toxicity. Plastics
Engineering. 2004;60(11):14–17.

[3] Oberdorster E, Zhu SQ, Blickley TM, Clellan-Green P, Haasch ML. Ecotoxicology of
carbon-based engineered nanoparticles: effects of fullerene (C-60) on aquatic organ-
isms. Carbon. 2006;44(6):1112–1120. doi:10.1016/j.carbon.2005.11.008.

[4] Moore MN. Do nanoparticles present ecotoxicological risks for the health of the aquatic
environment? Environment International. 2006;32(8):967–976. doi:10.1016/j.envint.
2006.06.014.

[5] Lankvel DPK, Oomen AG, Krystek P, Neigh A, Troost-de Jong A, Noorlander JCH,
Geertsma RE, De Jong WH. The kinetics of the tissue distribution of silver nanoparticles
of different sizes. Biomaterials. 2010;31:8350–8361. doi:10.1016/j.biomaterials.
2010.07.045.

[6] Scown TM, Santaos EM, Johnston BD, GAiser B, Baalousha M, Mitov S, Lead JR, Stone
V, Fernandes TF, Jepson, M, van Aerle R, Tyler CR. Effects of aqueous exposure to silver
nanoparticles of different sizes in rainbow trout. Toxicological Sciences. 2010;115(2):
521–534. doi:10.1093/toxsci/kfq076.

[7] Gaiser BK, Biswas A, Rosenkranz P, Jepson MA, Lead JR, Stone V, Tyler CR, Fernandes
TF. Effects of silver and cerium dioxide micro- and nano-sized particles on Daphnia
magna. Journal of Environmental Monitoring. 2011;13:1227–1235. doi:10.1039/
c1em10060b.

[8] Monrones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT, Tacaman MJ.
The Bacterial effect of silver nanoparticles. Nanotechnology. 2005;16(10):2346–2353. doi:
10.1088/0957-4484/16/10/059.

Nanotoxicology: A Review
http://dx.doi.org/10.5772/64754

57



[9] Pal S, Tak YK, Song JM. Does the antibacterial activity of silver nanoparticles depend
on the shape of the nanoparticle? A study of the gram-negative bacteria Escherichia
coli. Applied Environmental Microbiology. 2007;73(6):1712–1720. doi:10.1128/AEM.
02218-06.

[10] Romer I, White TA, Baalousha M, Chipman K, Viant MR, Lead JR. Aggregation and
dispersion of silver nanoparticles in exposure media for aquatic toxicity tests. Journal
of Chromatography, A. 2011;1218(27):4226–4233. doi:10.1016/j.chroma.2001.03.034.

[11] Walters C, Pool E, Somerset V. Aggregation and dissolution of silver nanoparticles in a
laboratory-based freshwater microcosm under simulated environmental conditions.
Toxicology and Environmental Chemistry. 2013;95(10):1690–1701. doi:
10.1080/02772248.2014.904141.

[12] Zhang W, Yao Y, Li K, Huang Y, Chen Y. Influence of dissolved oxygen on aggregation
kinetics of citrate-coated silver nanoparticles. Environmental Pollution. 2011;159:3757–
3762. doi:10.1016/j.envpol.2011.07.013.

[13] Walters CR, Cheng P, Pool E, Somerset V. Effect of temperature on oxidative stress
parameters and enzyme activity in the tissues of cape river crab (Potamonautes
perlatus) following exposure to silver nanoparticles (AgNP). Journal of Toxicology and
Environmental Health, Part A. 2016;79(2):1–11. doi:10.1080/15287394.2015.1106357.

[14] Liu J, Hurt RH. Ion Release kinetics and particle persistence in aqueous nano-silver
colloids. Environmental Science and Technology. 2010;44(6):2169–2175. doi:10.1021/
es9035557.

[15] Powers KW, Brown SC, Krishna VB, Wasdo SC, Moudgil BM, Roberts SM. Research
strategies for safety evaluation of nanomaterials, part IV: characterization of nanoscale
particles for toxicological. Toxicology Science. 2006;90(2):296–303. doi: 10.1093/toxsci/
kfj099

[16] Baalousha M. Aggregation and disaggregation of iron oxide nanoparticles: influence
of particle concentration, pH, and natural organic matter. Science of the Total Environ-
ment. 2009;407:2093–2101. doi:10.1016/j.scitotenv.2008.11.022.

[17] El Badawy AM, Silva RG, Morris B, Scheckel KG, Suidan MT, Tolaymat TM. Surface
charge-dependent toxicity of silver nanoparticles. Environmental Science and Tech-
nology. 2011;45(1):283–287. doi:10.1021/es1034188.

[18] Murdock RC, Braydich-Stolle L, Schrand AM, Schlager JJ, Hussain SM. Characteriza-
tion of nanomaterial dispersion in solution prior to in vitro exposure using dynamic
light scattering technique. Toxicological Sciences. 2008;101(2):239–253. doi:10.1093/
toxsci/kfm240.

[19] Perez S, Farre M, Barcelo D. Analysis, behavior and ecotoxicity of carbon-based
nanomaterials in the aquatic environment. Trends in Analytical Chemistry.
2009;28:820–832. doi:10.1016/j.trac.2009.04.001.

Toxicology - New Aspects to This Scientific Conundrum58



[20] Kishore PS, Viswananthan B, Varadarajan TK. Synthesis and characterization of metal
nanoparticles embedded conducting polymer-polyoxometalate. Nanoscale Research
Letters. 2008;3:14–20. doi:10.1007/s11671-007-9107-z.

[21] Klaine SJ, Alvarez PJJ, Batley GE, Gernandes TF, Handy RD, Lyon DY, Mahendra S,
McLaughlin MJ, Lead JR. Nanomaterials in the environment: behaviour, fate, bioavail-
ability, and effects. Environmental Toxicology and Chemistry. 2008;27(9):1825–1851.
doi:10.1897/08-090.1.

[22] Moore NM. Lysosomal cytochemistry in marine environmental monitoring. Histo-
chemistry. 1990;22:187–191. doi:10.1007/BF02386003.

[23] Jayaseelan C, Rahuman AA, Ramkuma R, Perumal P, Rajakumar G, Kirthi G, San-
thoshkumar AV, Marimuthu S. Effects of sub-acute exposure to nickel nanoparticles on
oxidative stress and histopathological changes in Mozambique tilapia Oreochromis
mossambicus. Ecotoxicology and Environmental Safety. 2014;107:220–228. doi:10.1016/
j.ecoenv.2014.06.012.

[24] Lee RF. Bioavailability, biotransformation and fate of organic contaminants in estuarine
animals. In: Newman MC, Roberts MH Jr, Hale RC, editors. Coastal and Estuarine Risk
Assessment. CRC Press; 2001. p. 97–126. doi:10.1201/9781420032451.ch5.

[25] Saravana Bhavan P, Geraldine P. Biochemical stress responses in tissues of the prawn
Macrobrachium malcolmsonii on exposure to endosulfan. Pesticide Biochemistry and
Physiology. 2001;70(1):27–41. doi:10.1006/pest.2001.2531.

[26] Auffan M, Decome L, Rose J, Orsiere T, DeMeo M, Briois V, Chaneac C, Olivi L, Berge-
Lefranc JL, Botta A, Wiesner MR, Bottero JY. In vitro interactions between DMSA-coated
maghemite nanoparticles and human fibroblasts: a physiological and cyto-genotoxical
study. Environmental Science and Technology. 2006;40(14):4367–4373. doi:10.1021/
es060691k.

[27] Gilbert B, Lu G, Kim CS. Stable cluster formation in aqueous suspensions of iron
oxyhydroxide nanoparticles. Journal of Colloid and Interface Science. 2007;313(1):152–
159. doi:10.1016/j.jcis.2007.04.038.

[28] Adams NWH, Kramer JR. Silver speciation in wastewater effluent, surface waters, and
pore waters. Environmental Toxicology and Chemistry. 1999;18:2667–2673. doi:
10.1897/1551-5028(1999)018<2667:SSIWES>2.3.CO;2.

[29] Chen KL and Elimelech M. Influence of humic acid on the aggregation kinetics of
fullerene (C60) nanoparticles in monovalent and divalent electrolyte solutions. Journal
of Colloid and Interface Science. 2007;309:126–134. doi:10.1016/j.jcis.2007.01.074.

[30] Garcia-Alonso J, Khan FR, Misra SK, Turmaine M, Smith BD, Rainbow PS, Luoma SN,
Valsami-Jones E. Cellular internalization of silver nanoparticles in gut epithelia of the
estuarine polychaete Nereis diversicolor. Environmental Science and Technology.
2011;45:4630–4636. doi:10.1021/es2005122.

Nanotoxicology: A Review
http://dx.doi.org/10.5772/64754

59



[31] Miao A-J, Luo Z, Chen C-S, Chin W-S, Santschi PH, Quigg A. Intracellular uptake: a
possible mechanisms for silver engineered nanoparticle toxicity to a freshwater alga
Ochromonas danica. PLoS One. 2010;5(12):e15196. doi:10.1371/journal.pone.0015196.

[32] Park S-Y and Choi J. Geno- and ecotoxicity evaluation of silver nanoparticles in
freshwater crustacean Daphnia magna. Environmental Engineering Research.
2010;15(1):23–27. doi:10.4491/eer.2010.15.1.428.

[33] Heinlaan M, Kahru A, Kasemets K, Arbeille B, Prensier G, Dubourguier H-C. Changes
in the Daphnia magna midgut upon ingestion of copper oxide nanoparticles: a
transmission electron microscopy study. Water Research. 2011;45:179–190. doi:10.1016/
j.watres.2010.08.026.

[34] Kim KT, Klaine SJ, Cho J, Kim S-H and Kim SD. Oxidative stress responses of Daphnia
magna exposed to TiO2 nanoparticles according to size fraction. Science of the Total
Environment. 2010;408(10):2268–2272. doi:10.1016/j.scitotenv.2010.01.041.

[35] AshaRani, PV, Wu YL, Gong Z, Valiyaveettil S. Toxicity of silver nanoparticles in
zebrafish models. Nanotechnology. 2008;19(25):279–290. doi:
10.1088/0957-4484/19/255102.

[36] Oukarroum A, Bras S, Perreault F, Popovic R. Inhibitory effects of silver nanoparticles
in two green algae, Chlorella vulgaris and Dunaliella tertiolecta. Ecotoxicology and
Environmental Safety. 2012;78(1):80–85. doi:10.1016/j.ecoenv.2011.11.012.

[37] Pan L, Zhang H. Metallothionein, antioxidant enzymes and DNA strand breaks as
biomarkers of Cd exposure in a marine crab, Charybdis japonica. Comparative
Biochemistry and Physiology, Part C. 2006;144(1):67–75. doi:10.1016/j.cbpc.2006.06.001.

[38] Heinlaan M, Ivask A, Blinova I, Dubourguier H-C, Kahru A. Toxicity of nanosized and
bulk ZnO, CuO and TiO2 to bacteria Vibrio fischeri and crustaceans Daphnia magna
and Thamnocephalus platyurus. Chemosphere. 2008;71(7):1308–1316. doi:10.1016/
j.chemosphere.2007.11.047.

[39] Zhu X, Hondroulis E, Liu W, Li C-Z. Biosensing approaches for rapid genotoxicity and
cytotoxicity assays upon nanomaterial exposure. Small. 2013;9(9–10):1821–1830. doi:
10.1002/smll.201201593.

[40] Walters C, Pool E, Somerset V. Nanotoxicity in aquatic invertebrates. In: Larramendy
ML, Soloneski S, editors. Invertebrates—Experimental Models in Toxicity Screening.
1st ed. Croatia: InTech; 2016. p. 13–34. doi:10.5772/61715. Available from: http://
www.intechopen.com/books/invertebrates-experimental-models-in-toxicity-screen-
ing/nanotoxicity-in-aquatic-invertebrates

[41] Stadtman  ER,  Berlett  BS.  Reactive  oxygen-mediated  protein  oxidation  in  aging
and  disease.  1997.  Chemical  Research  and  Toxicology;  10(5):485–494.  doi:10.1021/
tx960133r.

Toxicology - New Aspects to This Scientific Conundrum60



[42] Butterfield DA, Kanski J. Brain protein oxidation in agerelated neurodegenerative
disorders that are associated with aggregate proteins. Mechanisms of Ageing and
Development. 2011;122(9):945–962. doi:10.1016/S0047-6374(01)00249-4.

[43] Evans MD, Dizdaroglu M, Cooke MS. Oxidative DNA damage and disease: induction,
repair and significance. Mutation Research. 2004;567(1):1–61. doi:10.1016/j.mrrev.
2003.11.001.

[44] Shi H, Hudson LG, Liu KJ. Oxidative stress and apoptosis in metal ion-induced
carcinogenesis. Free Radical Biology and Medicine. 2004;37(5):582–593. doi:10.1016/
j.freeradbiomed.2004.03.012.

[45] Xia Q, Chiang H-M, Zhou Y-T, Yin J-J, Liu F, Wang C, Guo L, Fu PP. Phototoxicity of
kava—formation of reactive oxygen species leading to lipid peroxidation and DNA
damage. The American Journal of Chinese Medicine. 2012;40(6):1271–1288. doi:10.1142/
S0192415X12500942.

[46] Unfired K, Albrecht C, Klotz L-O, Von Mikecz A, Grether-Beck S, Shins RPF. Cellular
responses to nanoparticles: target structures and mechanisms. Toxicology. 2007;1(1):
52–71. doi:10.1080/00222930701314932.

[47] Federici G, Shaw BJ, Hand RD. Toxicity of titanium dioxide nanoparticles to rainbow
trout (Oncorhynchus mykiss): gill injury, oxidative stress, and other physiological
effects. Aquatic Toxicology. 2007;84(4):415–430. doi:10.1016/j.aquatox.2007.07.009.

[48] Oberholster PJ, Musee N, Noth A-M, Chelule PK, Focke WW, Ashton PJ. Assessment
of the effect of nanomaterials on sediment-dwelling invertebrate Chironomus tentans
larvae. Ecotoxicology and Environmental Safety. 2011;74:416–423. doi:10.1016/j.ecoenv.
2010.12.012.

[49] Gomes SIL, Hansen D, Scott-Fordsman JJ, Amorim MJB. Effects of silver nanoparticles
to soil invertebrates: oxidative stress biomarkers in Eisenia fetida. Environmental
Pollution. 2015;199:49–55. doi:10.1016/j.envpol.2015.01.012.

[50] Tedesco S, Doyle H, Blasco J, Redmond G, Sheehan D. Exposure of the blue mussel,
Mytilus edulis, to gold nanoparticles and the pro-oxidant menadione. Comparative
Biochemistry and Physiology, Part C. 2010;151(2):167–174. doi:10.1016/j.cbpc.
2009.10.002.

[51] Farre M, Gajda-Schrantz K, Kantiani L, Barcelo D. Ecotoxicology and analysis of
nanomaterials in the aquatic. Analytical and Bioanalytical Chemistry. 2009;393(1):81–
95. doi:10.1007/s00216-008-2458-1.

[52] Baun A, Sorensen SN, Rasmussen RF, Hartmann NB, Koch CB. Toxicity and bioaccu-
mulation of xenobiotic organic compounds in the presence of aqueous suspensions of
aggregates. Aquatic Toxicology. 2008;86(13):379–387. doi:10.1016/j.aquatox.
2007.11.019.

Nanotoxicology: A Review
http://dx.doi.org/10.5772/64754

61



[53] Asghari S, Johari SA, Lee JH, Kim YS, Jeon YB, Choi HJ, Moon MC, Yu IJ. Toxicity of
various silver nanoparticles compared to silver ions on Daphnia magna. Journal of
Nanobiotechnology. 2012;10(14):14–34. doi:10.1186/1477-3155-10-14.

[54] Maria VL, Santos MA, Bebianno MJ. Contaminants effects in shore crabs (Carcinus
maenas) from Ria Formosa Lagoon. Comparative Biochemistry and Physiology, Part
C. 2009;150(2):196–208. doi:10.1016/j.cbpc.2009.04.013.

[55] Barka S. Insoluble detoxification of trace metals in a marine copepod Tigriopus
brevicornis (Muller) exposed to copper, zinc, nickel, cadmium, silver and mercury.
Ecotoxicology. 2007;16(7):491–502. doi:10.1007/s10646-007-0155-z.

[56] Hao L, Wang Z, Xing B. Effect of sub-acute exposure to TiO2 nanoparticles on oxidative
stress and histopathological changes in juvenile carp (Cyprinus carpio). Journal of
Environmental Sciences. 2009;21(10):1459–1466. doi:10.1016/S1001-0742(08)62440-7.

[57] Wang H, Wick RL, Xing B. Toxicity of nanoparticulate and bulk ZnO, Al2O3 and TiO2

to the nematode Caenorhabditis elegans. Environmental Pollution. 2009;157:1171–
1177. doi:10.1016/j.envpol.2008.11.004.

[58] Wu Y, Zhou Q, Li H, Liu W, Wang T, Jiang G. Effects of silver nanoparticles on the
development and histopathology biomarkers of Japanese medaka (Oryzias latipes)
using the partial-life test. Aquatic Toxicology. 2010;100(2):160–167. doi:10.1016/
j.aquatox.2009.11.014.

[59] Wiench K, Wohlleben W, Hisgen V, Radke K, Salinas E, Zok S, Landsiedel R. Acute and
chronic effects of nano- and non nano-scale TiO2 and ZnO particles on mobility and
reproduction of the freshwater invertebrate Daphnia magna. Chemosphere.
2009;76(10):1356–1365. doi:10.1016/j.chemosphere.2009.06.025.

[60] Landsiedel R, Kapp MD, Schulz, M, Wiench K, Oesch F. Genotoxicity investigations on
nanomaterials: methods, preparation and characterization of test material, potential
artifacts and limitations – many questions, some answers. Mutation Research.
2009;681(2–3):241–258. doi:10.1016/j.mrrev.2008.10.002.

[61] Gurr JR, Wang AS, Chen CH, Jan KY. Ultrafine titanium dioxide particles in the absence
of photoactivation can induce oxidative damage to human bronchial epithelial cells.
Toxicology. 2005;213:66–73. doi:10.1016/j.tox.2005.05.007.

[62] Ordzhonikidze CG, Ramaiyya LK, Eqorova EM, Rubanovich AV. Genotoxic effects of
silver nanoparticles on mice in vivo. Acta Naturae (Russia). 2009;1(3):99–101.

[63] Kim YS, Kim JS, Cho HS, Rha DS, Kim JM, Park JD, Choi BS, Lim R, Chang HK Chung
YH, Kwon IH, Han BS, Yu IJ. Twenty-eight-day oral toxicity, genotoxicity, and gender-
related tissue distribution of silver nanoparticles in Sprague-Dawley rats. Inhalation
Toxicology. 2008;20(6):575–583. doi:10.1080/08958370701874663.

[64] Hong SC, Lee JH, Lee J, Kim HY, Park JY, Cho J, Han DW. Subtle cytotoxicity and
genotoxicity differences in the superparamagnetic iron oxide nanoparticles coated with

Toxicology - New Aspects to This Scientific Conundrum62



various functional groups. International Journal of Nanomedicine. 2011;6:3219–3231.
doi:10.2147/IJN.S26355.

[65] Lui Y, Xia Q, Liu Y, Zhang S, Cheng F, Zhong Z, Wang L, Li H, Xiao K. Genotoxicity
assessment of magnetic iron oxide nanoparticles with different particle sizes and
surface coatings. Nanotechnology. 2014;25(42):425101. doi:
10.1088/0957-4484/25/42/425101.

[66] Ahamed M, Karns M, Goodson M, Rowe J, Hussain SM, Schlager JJ, Hong Y. DNA
damage response to different surface chemistry of silver nanoparticles in mammalian
cells. Toxicology and Applied Pharmacology. 2008;233(3):404–410. doi:10.1016/j.taap.
2008.09.015.

Nanotoxicology: A Review
http://dx.doi.org/10.5772/64754

63




