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1 Introduction and Background

Nanostructured materials have been widely used in different applications including
energy storage, catalysis, agriculture systems, and biomedicine. Nanomaterials
(NMs) are an anomalous class of compounds that are known for their high toxicity
when exposed to living organisms. The investigation of the behavior of toxic nano-
materials for human exposure (e.g., nanoparticles, nanoflakes, and nanorods) has
attracted much attention in recent years due to the fact that there is no quantitative
evaluation to address its effects on human health and the environment. The anoma-
lous behavior of nanomaterials such as nanoparticles (NP) is originated by the fact
that these materials have strained surfaces, and generally have an oxidized layer of
atoms at the surface (Zhang et al. 2014; Strasser et al. 2010; Casaletto et al. 2006).
NMs have both natural and anthropogenic sources (Griffin et al. 2018; Rogers 2016;
Jeevanandam et al. 2018; Currie and Silica in Plants 2007; Hough et al. 2008). NPs
are commonly found in the environment from natural sources, for example, nanopar-
ticles such as SiO,, and Fe;O, are commonly found in soils and plants (Griffin et al.
2018; Rogers 2016; Jeevanandam et al. 2018; Currie and Silica in Plants 2007;
Hough et al. 2008). However, concerns of toxicity can raise awareness when using
nanoparticles of anthropogenic origins in consumer products (Vance et al. 2015;
Frohlich and Roblegg 2012; Calzolai et al. 2012; Tulve et al. 2015). For example,
currently there are more than 1800 consumer products based on NPs used in the
market (Vance et al. 2015). Some of the applications of these products are intended
for direct use in human health such as skin protection or treatment; for example,
new cosmetics are being produced compounds based on NPs such as zinc oxide
(ZnO) nanoparticles used in sunscreens (Vance et al. 2015; Frohlich and Roblegg
2012; Calzolai et al. 2012; Tulve et al. 2015). Health drinks, antibacterial, antimi-
crobial products are also being produced from noncompounds containing metallic
NPs such as silver and copper (Vance et al. 2015; Frohlich and Roblegg 2012;
Calzolai et al. 2012; Tulve et al. 2015). A further example of the invasive application
of NPs in consumer products is the generation of clothing impregnated with metal-
lic NPs in the fabric in order to reduce the odor-producing bacteria (Tulve et al.
2015). However, the actual human and environmental health effects of NPs are not
well understood. The literature on the toxicity of NPs is lacking and in some cases
contradictory in nature. As time progresses, the risk of exposure to anthropogenic
synthesized nanoparticles has been constantly increasing and may have unknown
possible health effects. The toxic effect of these nanomaterials with respect to the
effects on human health has not been systematically investigated.

Based on the interaction studies of a large number of species, the main toxicity
effects or routs of toxicity can be summarized as in Fig. 5.1.

Most of the investigations reported in this area discuss the toxicity effects of NPs
on living organisms, which have been focused for the most part on bacterial studies.
However, studies have been reported on the toxicity of NPs in eukaryotic and com-
plex organisms such as algae and multicellular aquatic organisms, but a clear mech-
anism and the mode of nanomaterial actions are lacking. The generation of ROS
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Fig. 5.1 Diagrammatic summary of the toxic effects of various NPs on cells and organisms found
in the literature

Table 5.1 Common radical species generated in natural waters using sunlight and common
compounds found in natural waters and the possible influence of photoactive NPs on radical
generation (Stumm and Morgan 1996; Parke and Sapota 1996; Nosaka and Generation 2017;
Sharma et al. 2019)

Chemical

Name Formula Possible RXN
Singlet oxygen | 'O, Light interaction with DO, catalyzed with NPs
Super oxide 0,* Deprotonation of OH2® photolysis of metal complex in

solution, photolytic product of Fenton like rxn of TiO, NPs
Hydrogen OH,® Found developed from atmosphere, protonation of the
peroxyl superoxide radical
Hydroxyl Ohe® Photolysis of hydroxo or Fenton type reaction, surface
radical oxidation on TiO, NPs,

NO;~, NO,™, ozone decomposition, photolysis of peroxide
Organic peroxyl | ROO® DO photolysis, electron transfer from surface of
radical semiconductor NPs such as TiO, and ZnO

RXN is short for reaction

species has been shown to occur in natural waters using photoactive nanoparticles;
the generation of ROS has been shown to occur in algal cells (Li et al. 2003). The
generation of ROS species produced from photoactive NPs can be exemplified in
Table 5.1. The generation of radical species including ROS is the process that occurs
in natural water systems in the presence of sunlight. Interestingly, the reactive spe-
cies generated from these chemical reactions may be amplified in the presence of
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NPs. Radical species are also formed within cells of living organisms and there are
mechanisms in place to reduce the damage from the generation of the ROS and
other radial species. However, an overproduction of radical species in cells can
overwhelm the defense mechanisms causing cellular damage and death.

The enhancement of the generation of radical species using photoactive NPs has
been well documented in the literature (Parke and Sapota 1996; Nosaka and
Generation 2017; Sharma et al. 2019). The application of NPs in photocatalytic
destruction of organic chemicals has also been achieved through applying the abil-
ity of NPs to generate ROS species or through the electron transfers from the NPs
(Deng et al. 2015; Le et al. 2015; Haldorai et al. 2014; Kumar et al. 2014).

In the studies on bacterial species, results show a high correlation between
nanoparticles and their differential toxicity to different bacterial strains (Prabhu and
Poulose 2012; Hwang et al. 2008; Durén et al. 2010; Fabrega et al. 2009; Greulich
etal. 2012; Durdn et al. 2016). Perhaps, the best example of NP toxicity in the litera-
ture is Ag-NP toxicity on E. coli as well as other common bacteria (Prabhu and
Poulose 2012; Hwang et al. 2008; Duran et al. 2010; Fabrega et al. 2009; Greulich
et al. 2012; Durdan et al. 2016). These studies have shown that Ag in the NP form is
typically more toxic than the dissolved Ag* ion. Bacterial studies have focused on
the bactericidal effects of metallic nanoparticles such as silver NPs. Silver nanopar-
ticles have shown to be toxic to both gram-negative and gram-positive bacteria. It is
interesting that nanoparticles affect both the gram-positive and -negative bacteria,
and NPs have been shown to transport across the cell walls of bacteria. Figs. 5.2 and
5.3 show E. coli and Bacillus subtilis after treatment of sodium citrate (control
group), citrate-stabilized Ag NPs, and silver ions, respectively (the TEM size bars
represent 500 nm). As can be seen in the NP-treated bacteria, the cells look very
different from both the AgNO;-treated and citrate-treated bacteria. The cell walls/
cell membranes of the Ag NP-treated cells are difficult to see and are ill-defined.

The oxidative and reductive dissolution of NPs is well discussed in the literature
(Schnippering et al. 2008; Misra et al. 2012; Wang et al. 2013; Ho et al. 2010). The
dissolution of NPs in solution is especially well documented in metal oxide NPs,
where the average size of NPs has been shown to change with time due to the reac-
tion with dissolved species (Schnippering et al. 2008; Misra et al. 2012; Wang et al.
2013; Ho et al. 2010). The redox-based dissolution of NPs is due to the transfer of
electrons from the surface of the NP to the dissolve species, which can be either
organic or ionic in nature. Note that dissolution of metal oxides in solution has been
well documented for different naturally occurring minerals such as hematite and
magnetite as well as Iron (oxy)hydroxides (Sulzberger and Laubscher 1995; Borghi
etal. 1991; Postma 1993). For example, the dissolution of NPs in solution has been
shown to be enhanced in the presence of light generating ionic species, which may
be more toxic to particular organisms in the water column (Shibata et al. 2004;
Dasari et al. 2013).

However, there is a problem with determining the concentration of NPs in solution
and making it comparable to the dissolved ion concentration. To further explore the
differences, one must look at the traditional understanding of colloids in solution. A
colloid has been traditionally defined as a particle ranging in size from 0.1 to 1000 nm,
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Fig. 5.2 TEM images of
cells from E. Coli treated
with sodium citrate (a),
Citrate stabilized Ag NPs
(b), and cells treated with
Agions (¢) in a LB growth
medium
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Fig. 5.3 TEM images of
cells from Bacillus subtilis
treated with sodium citrate
(a), Citrate stabilized Ag
NPs (b), and cells treated
with Ag ions (¢) ina LB
growth medium
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which s suspended in a medium, such as asolid in liquid (Gregory 2005). Interestingly,
colloids have charged surfaces depending on their composition (e.g., structure and
morphology) and can either be positive or negative (McDonogh et al. 1984; Zhong
et al. 2004; Fafarman et al. 2011). Alternatively, using surfactants, NPs can have zero
charge and very low dispersibility in water. The toxicity of chemical compounds can
be linked to a few different factors; however, toxicity can be linked to dose, availabil-
ity, and duration of exposure (Zhong et al. 2004; Fafarman et al. 2011).

2 Effect of Surfactant on Toxicity

Surfactants can play a vital role in the toxicity of nanoparticle and dispersion within
the environment and subsequently within organisms. The earlier works on the syn-
thesis of nanoparticles have reported the use of reducing agents such as citric acid,
ascorbic acid, and sodium borohydride (Wuithschick et al. 2015; Kimling et al.
2006; Song et al. 2009). These reducing agents have been used to generate poly-
dispersed mixtures of nanoparticles, and in some cases the reducing agents become
surface coating agents. The geometry of nanoparticles can also affect their disper-
sion in a solution. Fig. 5.4 exhibits formation of geometrically regular nanoparticles
using citrate. However, these geometries extend past the metallic NPs into the metal
oxide as well as metal sulfide NPs (Grzelczak et al. 2008; Lim et al. 2007; Kitchens
et al. 2005; Scarabelli et al. 2013; Rodriguez et al. 1996; Luis & Liz-Marzan 2002;
Personick et al. 2011).

However, more recently the shift in nanoscience has been for the addition of
surfactants to a solution to control the geometry of the resulting nanoparticle
(Grzelczak et al. 2008; Lim et al. 2007; Kitchens et al. 2005; Scarabelli et al. 2013;
Rodriguez et al. 1996; Luis & Liz-Marzan 2002; Personick et al. 2011). The desire
to control the shape of nanoparticles can be related to the desired function of the
nanoparticles. Nevertheless, the use of surfactants has one major drawback to their
use, which is the coating of the nanoparticle surface with a chemical that may inhibit
the way the particle interacts with the environment. Examples of a surface coated
Au-NP with cetyltrimethylammonium bromide (CTAB) surfactant and citrate are
shown in Fig. 5.5. The CTAB-extracted nanoparticles show a definite layer around
the edge and the citrate-stabilized nanoparticle show a halo effect around the edge
of the particle.

= @ L V¥

Fig. 5.4 Regular platonic geometric-shaped nanoparticles generated without surfactants in
solution
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Fig. 5.5 Examples of
surfactants surrounding
and encapsulating
nanoparticles after
synthesis

-®

The development of surfactant-stabilized NPs has raised the following interest-
ing question: What causes the toxicity of nanoparticles? In addition, the develop-
ment of “biological methods” of NP synthesis for better biocompatibility of NPs
raises even more questions that need to be answered about NP toxicity, the distribu-
tion of NPs in organisms, and the toxicity of the surfactant used for nanoparticle
stabilization. As surfactants coat NPs, their ability to cross the cellular membrane
increases, which may change the toxicity of the NP, or may cause carcinogenic
effects. In addition, NP toxicity may be related to the stress of the organism and
inability for the immune system to respond to pathogens.

The various nanomaterials currently synthesized or developed for human health-
related applications include metal oxide nanoparticles, metallic nanoparticles,
organic nanoparticles, nanofibers, and carbon nanoparticles. Moreover, there are
many questions about NP toxicity and the validity of the toxicity, some particles
show toxic effects in one organism but do not show the same in another organism.
Current literature shows that the toxicity of NPs has been linked to the oxidation
ability of the NPs, the ability to generate radical species such as the ROS and reac-
tive nitrogen species (RNS) (Parke and Sapota 1996; Kimura et al. 2005; Hurst and
Lymar 1997). Another important question about NP toxicity is the toxicity due to
the NP itself or to dissolved ions in solution, or the generation of secondary species.
NP toxicity has also been linked in some cases to the ability to attach to the cell
walls in some organisms (Chwalibog et al. 2010; Hajipour et al. 2012). The focus of
this book chapter is to highlight the toxicity of metal and metal oxide nanoparticles
in different biological systems. The discussion of studies that have focused primar-
ily on the accumulation or purely on the uptake of NPs by organisms is beyond the
scope of this work.

3 Methodologies of Study

Perhaps one of the most important and yet least uniform parts of nanotoxicity stud-
ies is the methodology used in the synthesis (e.g., predicting and measuring toxic-
ity). There are two basic ways to observe NP toxicity in biological systems: (1)
using chemical techniques of analysis or (2) biological/cellular techniques. Each set
of techniques has advantages and disadvantages when used to observe NP toxicity.
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Testing the toxicity of NPs can be broken down into in vitro and/or in vivo testing.
The results of toxicity testing performed in vivo and in vitro do not necessarily align
with each other. However, this may be due to the fact that there is no direct effect
(rather, in direct effect) of NP toxicity on the organismal development or behavior.
In fact, some of the earlier studies on NP-plant interactions have shown positive
effects of NPs on plant growth (Gardea-Torresdey et al. 2002; Rico et al. 2014;
Arora et al. 2012; Kumar et al. 2013). For example, the treatment of Medicago sp.
with potassium tetrachloroaurate salt resulted in the generation of gold NPs inside
the live plants (Gardea-Torresdey et al. 2002). However, the treated plants showed
enhanced growth when compared to the control plants. Similarly, this effect was
shown in wheat and Arabidopsis thaliana (Rico et al. 2014; Arora et al. 2012;
Kumar et al. 2013). Alternatively, the generation of reactive oxygen species (ROS)
and other radical species have been shown to be important in investigating the toxic-
ity of some NP species. Perhaps the dissolved ions, stabilizing agents, and second-
ary generated ROS are more toxic than the NPs are to the organism (Lee et al. 2009;
Bozich et al. 2014; Yasun et al. 2015).

4 Chemical and Physical Methods to Observe NPs
in Biological Systems

Taking a broad overview of the characterization methods used for NPs, one can
summarize them as follows: dynamic light scattering (DLS), UV-Vis, X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), atomic force microscopy
(AFM), selected area electron diffraction (SAED), atomic emission spectroscopy
(AES), electron energy loss spectroscopy (EELS), and X-ray photoemission spec-
troscopy (XPS). These techniques are utilized for the characterization of the NPs
themselves, at the same time also used for the evaluation of changes in NPs after
uptake. In addition, ICP-MS, ICP-AES, fluorescence spectroscopy, flow cytometry,
and Neutron activation analysis (NAA) have been used to determine NPs uptake as
well (Jansa and Huo 2012; Pauksch et al. 2014; Govindaraju et al. 2008; Sun et al.
2005; Raffi et al. 2008; Akhtar et al. 2012; Asharani et al. 2008; Tetard et al. 2008;
Kerkmann et al. 2004; Saif et al. 2008; Absar et al. 2005; Hu et al. 2007; Abdel-
Mohsen et al. 2013; Heike et al. 2014; Merrifield et al. 2018).

As technology advances, the ability to evaluate the effects of NPs on organisms
also gets refined. In recent years, there have been tremendous instrumental advances
specifically in the area of Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
for NP analysis (Heike et al. 2014; Merrifield et al. 2018; Love et al. 2012; Marquis
et al. 2009). The development of the Single Particle (SP) ICP-MS has given investi-
gators the ability to characterize true NP solution concentrations. Furthermore, as
SP-ICP-MS is available, it can be utilized to detect the difference between NPs and
dissolved ions (Heike et al. 2014; Merrifield et al. 2018). In addition, the improve-
ment in TEM techniques has also allowed for better imaging of NPs within cells
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(Love et al. 2012; Marquis et al. 2009). As well as TEM technology has advanced
the ability to image and determine the phase of NPs in cells. The attachment of
Selected SAED to TEM may allow, in the future, capturing the diffraction analysis
of NPs in individual cells.

Fluorescence spectroscopy has also been utilized for the quantitative and qualita-
tive determination of NPs in cells (Love et al. 2012; Marquis et al. 2009). The down-
side of the fluorescence microscopy method is the limitation of the quantification of
the NPs that depends on the fluorescence properties of the NPs. The limitation can
further exasperate by adding a fluorescence molecule to the particle, which may
alter the uptake and NP behavior. To overcome this problem, spinning disk confocal
microscopy was developed and has been used to monitor the movement of quantum
dots within cells (Love et al. 2012; Marquis et al. 2009).

One of the most important issue to address NP toxicity is the reproducibility of
the data reported on the same material by different research groups. The reproduc-
ibility problems sometimes can be related to the intrinsic properties of the NPs. For
example, the attachment of a surfactant to a NP surface will change the global
behavior of the NP such as the point of zero charge (PZC), and the interaction with
the cellular walls and lipid membrane in cells (Love et al. 2012; Marquis et al.
2009). In addition, the surfactants can also change the agglomeration of the nanopar-
ticles in solution, which can directly affect the transport of the NPs. Surfactants are
commonly used as a stabilizer during the synthesis of the NPs to generate specific
size range and geometrical shape.

5 Biochemical Assays for the Determination of NPs

Warheit et al. have developed a base set of toxicity tests using ultrafine TiO, NPs
(Warheit et al. 2007). The crystal size, chemical composition, and surface reactivity
of the NPs were determined using different experimental techniques such as hazard
tests: pulmonary assay, skin irritation, skin sensitization, oral toxicity, and eye irrita-
tion. Additional genotoxicity and aquatic screening experiments were also per-
formed on the NPs to study their NPs behavior in organisms. However, when strictly
discussing methodologies from the biochemical/ molecular biological point of view,
one delves into cellular assays, which have been developed to assess the vitality of
cells. Cellular assays include, but are not limited to, the assays of the following:
metabolic activity, hemolysis, apoptosis and necrosis, exocytosis, cell proliferation,
oxidative stress, immunogenicity, gene expression, and DNA damage (Love et al.
2012; Marquis et al. 2009).

Proliferation can be determined using assays through assessing different cell
properties and/or processes including metabolic shifts, DNA synthesis, and the abil-
ity to form colonies. Metabolic processes and properties are assessed using either
MMT, XXT, or WST-1 assays; membrane integrity can be measured using dye
uptake such as Alamar blue or Thymidine incorporation. Necrosis can be deter-
mined using LDH to determine cellular material leakage or uptake of dyes such as
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trypan blue, neutral red, and propidium iodide. Apoptosis can be assayed through
the uptake and transport of Annexin-V and DNA laddering among other techniques.
The determination of the mechanisms or mode of action of NPs is generally done
using DNA damage assays such as the studying of the fragmentation, and breakage
of DNA (Love et al. 2012; Marquis et al. 2009). This can be assessed through
Comet, CSE, and TUNEL (which can be utilized to study cellular apoptosis) tech-
niques (Love et al. 2012; Marquis et al. 2009). The other major mechanism of NP
toxicity, oxidative stress is determined through the determination of ROS, lipid per-
oxidation, lipid hydroperoxides, depletion of antioxidants, SOD activity, and the
expression of SOD. These cellular properties are usually determined using the inter-
action with dyes, or fluorescence probes, or the formation of stable radical species
(Love et al. 2012; Marquis et al. 2009).

For in vivo studies of whole organisms, more techniques become available to
investigators, which allow for the determination of the effects of “long-term” expo-
sure to NPs. The in vivo studies allow for the determination of ECsy, or LDs, for
treatment of animal with NPs. Furthermore, in vivo studies allow for the determina-
tion of the movement of NPs in an organism between organisms and allow for the
determination of the toxicity of a given NP and the route of exposure through the
three common routs of exposure inhalation, dermal contact, or through ingestion.
To determine the effects of NPs on living organisms, researchers have utilized stud-
ies such as histopathology/histology to observe morphology changes in the organs
of the test animal. Hematology and serum chemistry were used to investigate at the
composition of blood and serum as well as the changes occurring after treatment
with NPs. The distribution of the nanoparticles in the body is another aspect that has
been studied, which can be achieved using X-ray or MRI imaging as well as the
extraction of the organs and determination of the effects of the NPs. All the tech-
niques utilized previously allow for a better or clearer picture of the distribution and
transport of NPS in living organisms. These studies also provide valuable informa-
tion of the effect of biological systems on the toxicity of NPs.

6 Metal Oxide NP Toxicity: Case Studies

6.1 TiO, NP Toxicity

The toxicity of TiO, NPs has been investigated extensively in many different organ-
isms including algae, plants human cells, and fish as outlined in the following sec-
tions. The interest in TiO, NP toxicity has been developed through its use and the
application in consumer products such as sunscreens (Vance et al. 2015). TiO, is
found in three different crystal structures, anatase, brookite, and rutile, of which,
rutile is the most thermodynamically stable form, followed by anatase, and then
brookite. In sunscreens, there are commonly two forms of TiO, present in the ana-
tase and the rutile forms and are added for their UV absorption properties. Due to
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Table 5.2 Commonly observed toxic effects in the treatment of multiple types of live organisms
and cells with of TiO, NPs

Effect/impairment of biological process | Organisms

Oxidative stress/ROS Algae, plankton/ diatoms, fish, human epithelial
cells

Immune response Bivalve, fish

Viability Algae, fish, human epithelial cells

the low solubility of TiO,, the toxicity of the NPs appears to be a function of the NPs
and not to solubilized ions in solution. The commonly observed toxic effects of TiO,
NPs on the different organisms are summarized below in Table 5.2.

7 TiO, Toxicity in the Treatment of Algae

Algae, particularly microalgae, are simple organisms that are abundantly found in
lakes, rivers, or on lands. The toxicity of nanoparticles in these organisms can be
studied where the whole organism can be exposed to nanoparticles in the growth
medium. When considering the toxicity of nanoparticles to algal species, it is a
whole organism treatment being studied, whose treatment with TiO, NPs appear to
induce oxidative stress in the organisms and subsequently affect cell viability.
Multiple studies on the toxicity of TiO, NPs have been performed and are summa-
rized in the following examples extracted from the literature.

Chen et al. investigated the toxic effects of TiO, NP on unicellular green alga
Chlamydomonas reinhardtii (Chen et al. 2012). The authors investigated TiO,
NPs with an average size range of 21 nm at varying concentrations from 0.1 mg/L
to 100 mg/L. The exposure of the algae to the TiO, showed inhibition of photo-
synthetic efficiency and cellular growth. However, the amount of chlorophyll (a)
in the algae was not different than in the control samples but the carotenoids and
chlorophyll (b) were observed to increase with increasing concentration. The
authors also showed that as the concentration of TiO, NPs was increased, the
cells were damaged while the chloroplasts were degraded, and other organelles
were reduced. It was noted that the TiO, NPs were found inside the cells, coating
the cell walls, and coating the cellular membranes. Along the same lines, Aruoja
et al. investigated the toxicity of TiO, nanoparticles on a microalgae
Pseudokirchneriella subcapitata (Aruoja et al. 2009). The authors showed that
bulk TiO, had an ECs;, of 35.9 mg Ti/l whereas the TiO, NP had an ECs, equal to
5.83 mg Ti/L (Aruoja et al. 2009). The data showed almost a sixfold increase in
the ECs, for the NP compared with the bulk crystal phase. The authors also
showed that the TiO, NPs formed characteristic aggregates that entrapped the
algal cells. It was suggested that the toxicity of the TiO, NPs occurred through
either the generation of reactive oxygen species (ROS), the inactivation of the
cells through a combination of TiO, and visible light, or through the destruction
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of the cellular surface. However, the toxicity of the TiO, NPs was caused by the
generation of the ROS-mediated toxicity through the hydroxyl radical species
(Aruoja et al. 2009). Lee and An studied TiO, NP toxicity on green algae using
irradiation from UV-A and UV-B light sources, visible light, as well as without
irradiation (Lee and An 2013). The authors investigated the toxic effects of
21 nm TiO, NPs on the green alga Pseudokirchneriella subcapitata, which is
found in fresh water. It was found that as the concentration of NPs was increased,
the algal growth rate was observed to decrease. These effects were not observed
in the pre-irradiation conditions and attributed to the effects of the photo cata-
lytic ability of the TiO, NPs. Under visible light, the TiO, nanoparticles showed
EC;s of 2.53 under visible light; however, under UV-A light, the ECs, increased
slightly to 3.00 and was 2.95 using UV-B irradiation (Lee and An 2013). The
authors tied the toxic effects of the TiO, nanoparticles to the formation of the
superoxide ion by the TiO, which caused observed effects in the algae. Sadiq
et al. have investigated the toxic effects of TiO, anatase NPs on Scenedesmus sp.
and Chlorella sp. microalgal species (Sadiq et al. 2011). Inhibition of the growth
for both microalgal species was observed. The alga species were treated with
concentrations of 3-196 mg/L. The observed ECs, at 72 h were 16.12 for
Chlorella sp. and 21.2 mg/L for Scenedesum sp. Through FTIR analysis of the
samples, the authors observed the attachment of the nanoparticles to the cellular
membrane during the study. Photocatalytic TiO, Degausa P-25 (a mixture of
anatase and rutile) mixtures have also been studied for their toxic effects on the
marine algae Pseudokirchneriella subcapitata (Sadiq et al. 2011). The authors
investigated dose response experiments, where lipid peroxidation, chlorophyll A
concentration, as well as direct cell counts were measured for toxicity. The study
showed an ECs, of 6.5 particles per cell, and it was discovered that the critical
particle size ranged from 4 to 30 nm for detrimental effects to be observed.
Further analysis of the samples by the authors using SEM showed agglomeration
of the NPs on the surface of the cells in layers. Metzler et al. also indicated the
NPs showing lipid peroxidation in conjunction with the surface coverage may
have been the cause of the negative effects of the NPs (Metzler et al. 2011). Fu
et al. investigated the effects of TiO, nanoparticle on ROS production and inhibi-
tion of growth in freshwater algae (Fu et al. 2015). The authors used
Pseudokirchneriella subcapitata (new name, Raphidocelis subcapitata) as the
algal species and exposed these algae to TiO, NPs with UV irradiation for 3 h
with and without a UV filter. The effects of TiO, NPs on algae pre-exposed to
UV light were also investigated. The data showed that exposure to TiO, NPs
with and without UV filters decreased algal growth. It was also determined that
the ECs, were 8.7 and 6.3 mg/L for the algae exposed to UV with and without
filters, respectively (Fu et al. 2015). Finally, it was concluded from the study that
the exposure to the TiO, NPs the ROS species were not directly involved in the
sublethal effects in the algae. Moreover, Li et al. studied the effects of TiO, on
algal species and the production of ROS species (Li et al. 2015). In that work,
two algal species Karenia brevis and Skeletonema costatum were used where the
algal species were exposed to TiO, NPs with diameters in the range of 5-10 nm
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in the anatase phase. The authors observed that the TiO, NPs were transported
inside the cells. The growth of both algal species was inhibited with an ECs, of
10.69 and 7.37 for Karenia brevis and Skeletonema costatum after 72 h treat-
ment, respectively. The effects on the algal species were attributed to the oxida-
tive stress caused by ROS generation inside the algal cells. Inhibition of electron
transport showed the ROS generation site was the chloroplast for the K. brevis
(Lietal. 2015). Clement et al. investigated the toxicity of anatase and rutile TiO,
NPs on caldocerans, algae, and rotifers (Clément et al. 2013). The authors
exposed the organisms to TiO, nanoparticles with crystallite sizes of 15, 32, and
25 nm as determined using XRD. The authors also exposed the organisms to
microparticles of anatase and rutile. The treatments consisted of exposing the
organisms to 100 mg/L of a specific material for up to 72 hrs (Clément et al.
2013). Chlorella vulgaris at a TiO, concentration of 100 mg/L 25 nm anatase
and | um rutile with the average of 5.7% and 4.53% were observed, respectively.
With D. magna, the authors performed tests at 48 and 72 h after exposure. Acute
toxicity was observed and was directly related to the increase in particle concen-
trations (Clément et al. 2013). As the exposure time was extended to 72 h, it was
determined that the ECs, was 1.30 mg/L, which was observed for the 15 nm ana-
tase NPs. ECs, were greater when concentrations of 100 mg/L of the other
nanoparticles were tested. More importantly, the anatase form was more toxic
than the rutile form of the particles (Clément et al. 2013).

8 TiO, Toxicity in the Treatment of Diatoms

Similar to other algae, plankton and diatoms show toxicity to TiO, exposures. As
diatoms are single-celled algae, they are also treated as a whole organism in the
environmental toxicity assays. As in other forms of organisms, TiO, NPs induce
oxidative stress in diatoms affecting their survival and growth. Clement et al.
extended his nanotoxicity study to include Phaeodactylum tricornutum (Clément
et al. 2013). All forms of TiO, used for exposure caused toxicity in this diatom,
except the nanoparticles and microparticles. From the ECs, values, it was indicated
that the 15 nm nanoparticles were more toxic than the other nanoparticles. In fact,
the nanoparticles were toxic to the diatoms as is K,Cr,0,, a well-known carcinogen.
The authors also investigated Brachionus plicatilis, a rotifer species, and demon-
strated that the micro-particles were much less toxic than K,Cr,0O; while the 15 nm
Anatase NPs were the most toxic (Clément et al. 2013). Plankton Daphnia magna
were studied by Dabrunz et al. for the toxic effects of TiO, NPs (Dabrunz et al.
2011). The authors studied the plankton stressed with TiO, NPs with an approxi-
mate diameter of ~100 nm. It was found that concentrations of 3.8 and 0.73 ppm
lead to toxic effects in the plankton (Dabrunz et al. 2011). It was also reported that
increasing the particle size to ~200 nm, the toxicity was greatly reduced. A mecha-
nism of action for the toxicity of the nanoparticles was proposed, which required the
development of a surface coating of the TiO, NPs over the outside of the plankton,
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which lead to a molting disruption. Additionally, the treatment of the plankton with
2 ppm of TiO, NPs lead to the development of the surface coating; however after
36 h, the coating was not present in the treated samples (Dabrunz et al. 2011).
However, after 96 h of treatment with surface coating, the mortality rate of the
plankton was found to be 90%. In a similar study by Zhu et al., the toxicity and
bioaccumulation of TiO, NPs in Daphnia magna was investigated (Zhu et al. 2010).
A minimal toxicity of the nanoparticles was observed within 48 h of treatment.
However, upon longer treatment, internalization of the nanoparticle was occurred
while increased toxicity was observed. Mansfield et al. investigated the toxicity of
TiO, NPs in D. magna under natural light (Mansfield et al. 2015). The D. magna
were exposed to anatase phase of the TiO, NPs at concentrations of 20 and 200 ppm.
The authors showed that under varying UV irradiation, the LCs, of the TiO, NPs
was 778 ppb in the 50% irradiation samples. Whereas in the 100% UV irradiation
samples, the LCs, was 139 ppb (Mansfield et al. 2015).

9 TiO, Toxicity in the Treatment of Bivalves

Moving into more complex organisms, studies have been performed on the toxicity
of bivalve species using TiO, NPs. The environment for the treatment of bivalves is
more complex than algae and plankton/diatom treatments. The sediment introduces
a secondary medium aside from the treatment of the organisms with suspended NPs
in solution. There are transport questions on the movement of NPs through the sedi-
ments. However, ultimately oxidative stress appears to be one of the larger mecha-
nisms involved in the interaction of TiO, and bivalves. The effects of TiO, on bivalve
species are summarized in the following section. Marisa et al. investigated the
effects of TiO, NPs on clam Ruditapes philippinarum (Marisa et al. 2015). The
authors investigated the effect of a mixture of anatase and rutile (70:30) with a focus
on studying the hemocyte phagocytic activity. The authors showed that the effect on
the hemocyte function was mediated by the internalization of the nanoparticles
within the hemocytes. The TEM images taken of treated cells with the NPs were
noted to be on the cell wall as well as inside the cell (Marisa et al. 2015). Along the
same lines, Shi et al. investigated the effects of TiO, NPs on a commercial clam
Tegillarca granosa (Shi et al. 2017). The authors exposed the clams to environmen-
tally relevant concentrations of TiO, (no phase specified) at 10-100 ug/L. The
authors also exposed the clams for 30 days where they studied the expression of
genes, the immune-related molecules expressed in the clams after treatment. The
clams showed a highly downregulated immune-related response, which indicates
the TiO, NPs suppressed the immune system of the clams. Furthermore, the gene
expression suggested pattern recognition receptors may be receptors for NPs in
marine invertebrates. The authors also showed data suggesting LMS reduction,
phagocytosis degrease, and NO production increases and lysosome release, the
reduction of ROS production, and increase in HM in other marine organisms after
TiO, treatment.
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10 TiO, Toxicity in the Treatment of Fish

The effects of TiO, NPs on zebrafish have been investigated from different aspects,
which include the toxicity, but also behavioral changes observed (Chakraborty
et al. 2016). TiO, NPs have been shown to induce pre-mature hatching and have
been found to be toxic to zebrafish embryos, which was determined to be concen-
tration dependent. Exposure of zebrafish embryos to TiO, NPs has been shown to
cause death (Chakraborty et al. 2016). Further studies with TiO, NPs and zebra
fish have shown neurotoxicity. In fish studies, the translocation of TiO, NPs to
different cell types and organs begins to be noticed. The treatment of zebrafish
with TiO, NPs shows the enhanced expression of particular genes and the sup-
pression of other genes resulting in brain damage. Stressing of the zebra fish has
also shown to reduce the reproductive rates of both male and female fish and
embryo development (Chakraborty et al. 2016). Chen et al. investigated the effects
of TiO, NPs on the behavioral of zebrafish (Danio rerio) (Chen et al. 2011). The
authors exposed embryos of zebrafish to P25 TiO, NPs, which is a well-known
photocatalytic nanomaterial and is a mixture of the anatase and rutile TiO, phases.
The TiO, NP were found to range in size from 25 to 70 nm. The authors noted that
there were no changes in the survivability, hatchability, or morphology in the lar-
vae at low concentrations. However, the mobility and the percentage of time inac-
tive were lower in the 0.1, 0.5, and 1.0 treatments but were unchanged in 5 and
10 mg/L treatments (Chen et al. 2011). However, it was not indicated that the
changes in behavior were due to physiological damage from the exposure to the
TiO, NPs. It was also observed that the behavioral changes may be due to increase
in antioxidant enzymes. The enzymes included in the discussion were superoxide
dismutase, catalase, and peroxidase, which has been shown in other fish species
exposed to TiO, NPs (Chen et al. 2011). Lammel and Struve have investigated the
toxicity of TiO, NP on rainbow trout cell lines (Lammel and Sturve 2018). The
authors investigated cell lines from liver and gills. In that work, TiO, nanoparti-
cles with 21 nm diameter were used in the P25 mixture, which as previously men-
tioned, it is a photocatalytic mixture of the anatase and rutile phases of TiO,. The
cells were treated with NP concentrations from 1 to 100 ug/mL (or 1-100 ppm)
for a 72 h period. The authors noted that there was a little cytotoxicity from the
TiO, NPs after the 72 h exposure (Lammel and Sturve 2018). However, the
nanoparticles were present as agglomerates in the intracellular vesicles of the
liver and gill cells. Furthermore, the TiO, adsorbed to the plasma membrane were
internalized in the cells (Marisa et al. 2015). Zhu et al. investigated the toxicity of
TiO, NPs on zebrafish (Zhu et al. 2010). The zebrafish was exposed to nanoscale
non-stabilized TiO, in the anatase phase with an average diameter of less than
20 nm. The studies were performed for 96 husing concentration of 1-500 mg/L. The
zebrafish embryos had a hatching rate of approximately 100% even at concentra-
tions of 500 mg/L. The TiO, NPs did not appear to have adverse effects on the
zebrafish in the study (Zhu et al. 2010). In another study, Yang et al. investigated
the toxicity of TiO, NPs on developing zebrafish (Yang et al. 2013). The authors
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examined the impact of humic acid with TiO, NPs on the growth and development
of zebrafish embryos under simulated sunlight (Yang et al. 2013). P25 TiO,
nanoparticles (3:1 anatase: rutile) with an average diameter of 21 nm were used in
that study. The authors employed the TIO, NPs as the control sample to investi-
gate the effects of the HA/TiO, NP treatment, which were TiO, NPs with concen-
trations of 0-1000 mg/L and HA 0-30 mg/L. The authors showed significantly
decreased survival rate at 5 dpf as the concentration of the TiO, NPs and HA was
increased as inherent toxicity without simulated sunlight (Yang et al. 2013).
Similarly, in the presence of simulated sunlight, the survivability of the fish was
reduced. However, the concentration showed to have a larger effect. Without sim-
ulated sunlight, there were approximately 50% of the embryos survived at
1000 ppm with HA and TiO, treatment and approximately an 80% survival rate
was observed with the TiO, alone; however, under simulated sunlight, there were
no survivors above 500 mg/L with and without the HA treatment. In developing
zebrafish, the presence of the HA and TiO, showed increased oxidative stress in
the fish. It was determined through lipid peroxidation that increased oxidation
damage and DNA damage was present in the fish with simulated sunlight (Yang
et al. 2013). Jovanovic et al. investigated the effects of TiO, on Fathead minnows
(pimephales promelas) (Jovanovic et al. 2015). However, the authors investigated
the stress with respect to the fish’s ability to respond to pathogens. The TiO, NPs
were observed to accumulate in the kidney, followed by the spleen, then the liver.
The concentration in the liver was approximately equivalent to the concentration
of NPs found in the whole fish. Additionally, It was observed that minnows treated
at 2 ng/g and 10 ug/g (based on body weight) exposure to the TiO, NPs followed
by exposure to the pathogens either aeromonas hydrophila or Edwardsiella ictal-
uri showed inhibited response in the immune system and increased mortality.
Further study of the minnows injected with the TiO, NPs showed histopathology
(Jovanovic et al. 2015). There appeared to be an interplay between the histopa-
thology and the immune systems of organisms treated with NPs. Reeves et al.
investigated the hydroxy radicals generated from TiO, on cytotoxicity and oxida-
tive damage to DNA in fish (Reeves et al. 2008). The authors used 5 nm anatase
NPs at concentrations from 0.1 to 100 ug/mL (ppm) with and without UV irradia-
tion using goldfish cell. The authors observed that all dose levels showed signifi-
cant increase in oxidative damage to DNA (Reeves et al. 2008). The analysis of
the data showed there was no dose-dependent response in the oxidative damage to
the nanoparticles at low concentrations of NPs. For the goldfish cells exposed to
the TiO, NPs for 24 h in the absence of UV irradiation, a small decrease in cell
viability was observed (~80% viability). When the cells were treated with
1000 ppm TiO, nanoparticles and were subsequently co-exposed to UVA irradia-
tion, the cell viability decreased to ~40%. The authors concluded that with and
without photosensitization with UVA light, TiO, NPs were potentially genotoxic
to fish cells. In addition, the authors concluded that the major cause of toxicity
was the generation of the hydroxyl radical (Reeves et al. 2008).
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11 TiO, Toxicity in the Treatment of Mammals
and Mammalian Cells

The treatment of mammals and cell lines show mixed results with TiO, NP toxicity.
Ultimately, the toxicity manifests itself largely at the level of oxidative stress affect-
ing cellular viability, similar to the other organisms mentioned earlier treated with
TiO, NPs. Similar to the fish TiO, NP toxicity studies, the potential for translocation
of nanomaterials to different organs exists, which may cause multisystem toxicity
within the organism. However, for the most part, the observed effects on the mam-
mals, excluding cell lines, appear to have an initial effect, which reduces with the
exposure time. Wu et al. have investigated the toxicity and penetration of TiO, NPs
in hairless mice and porcine skin after dermal exposure (Wu et al. 2009). The
authors investigated Anatase NPs with sizes of 4 and 10 nm, rutile NPs with sizes of
25, 60, and 90 nm, and Degaus P25 (anatase/rutile mixture 70:30), a commercial
photocatalytic material. The TiO, NPs were tested for their ability to transport
across porcine skin in vitro and in vivo. The in vitro studies showed not penetration
of the TiO, NPs inside the tissue. On the other hand, the in vivo studies indicated
that TiO, NPs were in the stratum corneum, stratum granulosum, prickle cell layer,
and basal cell layer; however, there was no deep penetration into the dermis (Wu
et al. 2009). The author’s study on the hairless mice showed that mice treated with
the 10 nm, 25 nm, and P25 NPs had decreased weight after treatment. The liver and
spleen coefficients were also significantly higher. The nanoparticles were found to
accumulate in liver, spleen, and heart, but no transport was observed into the blood.
In addition, the particles were observed in the liver; the bile ducts close to the
nanoparticle aggregates were shown to be swollen indicating tissue damage (Wu
et al. 2009). The effects of TiO, NPs after intraperitoneal injection to mice were
investigated by Chen et al. (Chen et al. 2009). The mice were injected with TiO,
NPS at concentrations ranging from 324 to 2592 mg/kg using the anatase phase of
TiO,, which they were synthesized utilizing a sol gel method. The average grain size
of the NPs was approximately 3.6 nm. TiO, NPs were observed to be accumulated
in the spleen after 24 h treatment. The authors observed a dose-dependent relation-
ship as the concentration of the TiO, NPs was increased the accumulation of the
NPs in organs increased. The spleen concentrations of the TiO, NPs decreased as
time progressed. As the time increased, the lung, kidney, and liver showed the pres-
ence of TiO, NPs. The authors concluded that some of the NPs were excreted from
the kidney and the toxicity of the NPs to the liver than kidney. The study also showed
that TiO, NPs could transport to different tissues after injection. All the organs that
contained TiO, NPs showed adverse effects to some degree but were minor in the
extent of damage (Chen et al. 2009). Warheit et al. investigated the effects of TiO,
NPs on pulmonary instillation in rats to determine if toxicity was a function of NP
size (Warheit et al. 2006). The authors used rutile NPs with an average diameter of
300 nm, anatase nano-rods (up to 233 nm long), and nanodots which were in the
anatase phase. The rats were treated intratracheally with TiO, NPs dispersed in
phosphate-buffered saline (PBS) solution. Exposure to the nanoparticles produced a
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trainset short-lived pulmonary inflammation response within the first 24 h of treat-
ment. However, the NPs administered at a high dosage of 5 mg/kg did not induce
any long-lasting effects in the rats (Warheit et al. 2006). Gerloff et al. have investi-
gated the toxicity of TiO, mixed anatase/rutile phase on Caco-2 cells from human
intestine (Gerloff et al. 2012). The authors noted that TiO, has been a common food
additive for many years. The authors studied pure anatase, and a mixture of anatase/
rutile from various vendors. The average crystallite size was determined to range
from 6.7 nm up to 215 nm. It was concluded from the study that specific surface
area and crystallinity of the NPs was important for the toxicity to the intestinal cells.
However, it was noted that there was no correlation or evidence for the TiO,
nanoparticles playing a role in the ROS-mediated stress of the Caco-2 cells (Gerloff
et al. 2012). Hsiao and Huan studied the effects of TiO, on human lung epithelial
cells (Hsiao and Huang 2011). The authors purchased phase pure anatase nanopar-
ticles and anatase/rutile mixed phase nanoparticles and subjected to treatments of
the TiO, NPs from 50 to 1.56 pg/mL from time intervals of 12, 24, or 72 hrs. The
authors followed the cell morphology and performed MMT assay for cell viability,
followed the production of IL-8 for the concentration treatments. This exposure
caused a decrease in toxicity as the average grain size of the nanoparticles increased
for 12 and 72 h treatments. The amorphous particles induced more pro-inflamma-
tory factor in human cells than the larger NPs. It was also noted that the anatase
phase of the TiO, NP induced a higher cytotoxicity to the cells. The authors also
indicted that point of zero charge (PZC) plays a role in the transport of the nanopar-
ticles across the cells and plays a role in the toxic effects of the nanoparticles
(Gerloff et al. 2012). Jeng and Swanson, on the other hand, studied the toxicity of
metal oxide NPs on mammalian cells from mouse (Jeng and Swanson 2006). The
authors studied TiO, among other metal oxide NPs with a mean size range from 50
to 70 nm. The authors used the MMT assay to investigate the cell viability of TiO,
where no effect was observed on cell viability. Furthermore, it was shown that TiO,
did not affect the mitochondrial function of the cells. The authors concluded that the
TiO, NPs were only lightly toxic to the cells (Jeng and Swanson 2006). Karlsson
et al. exposed human epithelial cells to TiO, NPs with an average diameter of 63 nm,
which showed no reduced cell viability (Karlsson et al. 2008). These nanoparticles
showed the ability to damage DNA. The TiO, NPS showed an increase in the ROS
species generated within the cells over the concentrations in the control cells
(Karlsson et al. 2008).

12 ZnO NP Toxicity

ZnO NPs have been investigated for their toxic effects in different biological sys-
tems. Like TiO, NPs ZnO NPs are a commercially important Type of NP. One of the
common uses of ZnO has been traditionally in high SPF sunscreens. The applica-
tion of ZnO in sunscreens especially with NPs raises several questions about the
toxicity, considering the direct dermal application of sunscreen. Also, the high use
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Table 5.3 Major commonly observed toxic effects in the treatment of multiple types of live
organisms and cells with of ZnO NPs

Effect/impairment of biological process Organisms

Oxidative stress/ROS Algae, bivalves, fish, mammals/ mammalian
cells

Immune response Fish, mammals/ mammalian cells

Viability Algae, fish, mammalian cells

of sunscreens in and around aquatic environments raises questions about the envi-
ronmental transfer and potentially elevated concentrations of ZnO NPs. Unlike TiO,
NPS ZnO NPs can be dissolved at physiological pHs and the Zn?* ions are able to
cause similar toxic effects as the NPs. The toxicity of ZnO NPs becomes a question
of the solubility and organismal response to dissolve Zn>* ions in solution as well as
the ZnO NPs effects. The most commonly observed toxicity effects of ZnO NPs on
the different organisms are summarized in Table 5.3 and in the following sections.

13 ZnO Toxicity in the Treatment of Algae

The toxicity of ZnO NPs is similar to that of TiO, NP in algal species, specifically
with respect to the increase in ROS generation and decrease in cell viability.
However, unlike TiO2, NPs ZnO NPs are soluble and can form ions. The formation
of Zn** ions in solution complicates the study of ZnO toxicity. Zn** ions can be toxic
in high enough concentration, and thus the question becomes: is the observed toxic-
ity caused by the ZnO or the Zn?** ion. Bhuvaneshwari et al. have investigated the
cytotoxicity of ZnO NPs on Scenedesmus obliquus under low concentration,
VU-light, as well as dark and visible light conditions (Bhuvaneshwari et al. 2015).
The authors used ZnO NPs with sizes less than 100 nm and a second set of ZnO NPs
with an average size of 40 nm. The authors used three concentrations of 0.25, 0.5,
and 1.0 mg/L and used a 72 h treatment, with either UV-C, visible light, or dark
conditions. Subsequent to treatment, the authors determined the following: oxida-
tive stress, cellular membrane integrity, total organic carbon (TOC), and the surface
interaction of the NPs with the cells. As well, the authors investigated the internal-
ization and uptake of the NPs. The authors showed that cell viability had decreased
for both NPs under all illumination techniques and increased with increasing con-
centration of the ZnO NPs. Under UV-C irradiation the amount of ROS species
generated were increased, as well as the membrane integrity decreased with increas-
ing concentration. The internalization of the NPs into the algal cells was also
observed (Bhuvaneshwari et al. 2015). Ji et al. studied the toxicity of ZnO NPs on
the green algae Chlorella sp. (Ji et al. 2011). The authors observed a nano-Zn parti-
cles-led inhibition of algal growth with a 6-day ECs, of 20 mg/L. The authors used
20 nm ZnO particles and showed that as the concentration of the NP increased, the
toxicity was increased. It was also noted that the amount of dissolved Zn in solution
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increased with an increase in the concentration. The data suggested that the toxicity
of the ZnO was caused by the NP dissolution (Bhuvaneshwari et al. 2015). Manzo
et al. investigated the toxic effects of ZnO nanoparticles on a marine alga Dunaliella
tertiolecta (Manzo et al. 2013). The authors used ZnO nanoparticles uncoated with
an average diameter of 100 nm, as well the authors used ZnCl, to assay the Zn*" ion
toxicity. It was reported that the dissolution of the ZnO was almost complete after
24 h of exposure. The data from the study showed an ECs, of 1.94 for the ZnO NPs,
and ECs, of 3.57 for bulk ZnO NPs, and an ECs, of 0.65 for the ZnCl,. The authors
concluded that the ZnO was more toxic than the ionic form (Ji et al. 2011). Peng
et al. have investigated the toxicity of and the effect of morphology of ZnO NPs on
marine algae (Peng et al. 2011). In that work, spherical NPs, nanoplatelets (2-D
structures), and nanoneedles/nanorods were investigated (Peng et al. 2011). The
algae T. pseudonana and P. tricornutum were exposed to 10-80 mg/mL of the ZnO
NPs for up to 72 h. It was observed that the dissolution of the NPs occurred within
hours of exposing the ZnO NPs to the growth medium releasing Zn>* ions. The
growth of both the 7. pseudonana and C. gracilis occurred and was thought to be a
result of the NP dissolution due to the acute toxicity of the Zn>* to the organisms.
However, the P. tricornutum growth was not as greatly affected by the Zn>* ions and
observed effects could be correlated to particle concertation and morphology (Peng
et al. 2011). The 1-D structures showed greater toxicity than the 3-d morphologies.
The study suggested that both the ZnO and Zn?* were the cause of the toxicity in the
algae(Peng et al. 2011). Miller et al. have studied the effects of ZnO nanoparticle on
marine phytoplankton S. marinoi, T. pseudonana, D. tertiolecta, and 1. galbana
(Miller et al. 2010). The authors used zincite nanoparticles with an average diameter
of 20-30 nm and exposure concentrations of 10—1000 ug/L for 96 h. The growth of
the phytoplankton was significantly reduced after exposure to the ZnO NPs. More
importantly, the ZnO NPs were quickly dissolved in the saltwater medium 32% of
the NPs mass and was dissolved in the first 12 h and still observed to be dissolving
at the 96 h time period.

14 ZnO Toxicity in the Treatment of Bivalves and Aquatic
Organisms

Similar effects with respect to the toxicity have been observed within bivalve spe-
cies that have been studied as have been observed in algal and plankton species.
Similarities in toxicity have been observed even though bivalve spices are some-
what more complex than algal and plankton species. In addition, the route of expo-
sure requiring the movement of the particle through a sediment is also different.
Buffet et al. have studied the effects of ZnO NPs on clams and ragworms (Buffet
et al. 2012). The authors exposed the organisms to 3 mg/kg concentrations based on
the sediment, which they considered to be an environmental relevant concentration.
The NPs were sized between 21 and 34 nm with a positive surface charge from
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diethylene glycol. The organisms were treated under three difference conditions,
seawater alone, DEG alone, and ZnO NPs in sediment (3 mg/kg). It was concluded
that there were no consistent changes in biochemical markers (Buffet et al. 2012).
The effects appeared to be related to the DGE presence on the NPs while the behav-
ior of burrowing for the DEG-treated and ZnO-treated NPs were not significantly
different. The authors noted that ZnO NP toxicity was generally attributed to the
presence of Zn?** ions; however it was difficult to differentiate between the natural
background Zn?** and that accumulated from the NPs and NP dissolution (Buffet
etal. 2012). Ali et al. observed the oxidative stress and genotoxic effect of ZnO NPs
in a freshwater snail (Ali et al. 2012). The authors exposed the freshwater snails to
ZnO NPs with an average diameter of 50 nm for 96 h at below lethal concentrations.
It was reported that at 32 ppm, a reduction of glutathione was observed with
increases in the malondialdehyde level and catalyze levels in the digestive glands.
The authors also observed significant DNA damage with the organisms treated for
24 and 96 h. The authors concluded that the ZnO NPs induced genotoxicity in
digestive gland due to induced oxidative stress (Ali et al. 2012).

15 ZnO Toxicity in the Treatment of Fish

Similar to fish studies with TiO, NPs, ZnO NPs have shown to be toxic. Again, the
pertinent question is whether the observed toxicity is due to the interaction of NPs
or Zn** ions. It is also observed in fish like algae, ZnO NPs caused oxidative stress
as well as immune system impairment and affected viability. Zhu et al. investigated
the effects of ZnO NPs on zebrafish (Zhu et al. 2008). The authors treated the fish
with ZnO NPs (20 nm) and Bulk ZnO particles at concentrations from 1 to 50 for up
to 96 h. At the 96th hour of treatment, the zebrafish survival rate dropped from
approximately 98% in the controls to O in the 50-ppm treatment. Similar results
were observed in the Bulk studies. As the ZnO concentrations were increased, the
survivability of the zebrafish decreased. Similar results were observed for the hatch-
ing rate with a decrease of 0% for the 50 ppm treated fish. The ECs, for both the
Bulk ZnO and NP ZnO were approximately 2. It was noted that the tissue ulceration
when the hatched zebrafish embryos after 72 h treatment sand increased with
increasing particle concentration (Zhu et al. 2008). Zhao et al. studied the acute
effects of ZnO NPs exposure on the development of toxicity, oxidative stress, and
DNA damage in zebrafish (Zhao et al. 2013). The authors suspended ZnO less than
100 nm NPs in zebrafish culture media with concertation variation from 1 to
100 ppm. The authors analyzed the concertation of free zinc in solution after treat-
ment and prepared Zn solutions from ZnSO, to determine the toxic effects of the
Zn?** ions. The results of the study showed the embryo hatch was significantly slow
and malformation increased at 96 h of exposure (Zhao et al. 2013). The ZnO NPs
also induced DNA damage through ROS generation. In addition, the activities of
defense enzymes were changed while MDA concentration in the larvae were
increased. It was also indicated that the Zn*" ions were less responsible for the
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damage than the ZnO NPs. The data from the study also showed mRNA was
damaged, which can be used to encode response enzymes and responses for oxida-
tive stress (Zhao et al. 2013).

16 ZnO Toxicity in the Treatment of Mammals
and Mammalian Cells

7ZnO NPs have been shown to be toxic to mammals and mammal cells. However, the
toxic effects of the ZnO NPs seem to correlate strongly to the concentration of free
Zn** jons. In addition, in in vivo studies using mice or other mammalian models,
one begins to see multisystem effects with the treatment of whole organisms with
ZnO NPs. In addition, some studies begin to show secondary effects or causal
effects due to direct effect on a different cellular system. Song et al. have investi-
gated the role of Zn?* in ZnO NP toxicity in mouse macrophage Ana-1 (Song et al.
2010). The authors focused on the toxicity from the generation and damage caused
by ROS. The study focused on nanoparticles of four different sizes: one set of par-
ticles was on the order of microns in size, the second set was less than 100 nm, the
third set were 30 nm, and the fourth set were 10—30 nm in diameter. The cells were
treated with NP concentrations of 2.5-100 ppm for 24 h. In that work, a dose-
dependent toxic effect was observed (Song et al. 2010). In addition, there was no
effect observed due to the size of the nanoparticles. But a Zn?** concentration of
10 ppm induced a 50% death which was close to the NP toxicity. The cellular viabil-
ity and membrane integrity were observed to have high correlation with the concen-
trations of the Zn?* in the supernatant of the culture. Finally, the authors concluded
that ROS may be generated by the ZnO and dissolved Zn** but had a minor role in
cytotoxicity but was a cytotoxic response to ZnO NP and Zn** (Song et al. 2010).
Roy et al. investigated the therapeutic effects of ZnO NPs in balb/c mice (Roy et al.
2014). Concentrations of 1-12 mg/mL of the ZnO NPs with average diameters
below 50 nm were used in the study with a treatment time of 30 days. The ZnO NPs
effectively boosted the immune response leading to inflammatory response, which
was determined by the expression of Cox2, MMP, and PGE2. The authors con-
cluded that the ZnO NPs could be potentially utilized in therapeutics (Roy et al.
2014). Esmaeillou et al. investigated the oral toxicity of ZnO NPs in adult mice
(Esmaeillou et al. 2013). The authors used 20-30 nm ZnO NPs and were given to
the mice using oral gavage at a concentration of 333.33 mg/kg/day. Loss of appetite,
ever lethargy, and vomiting in some mice were observed over the exposure period.
Within 3 days of treatment, one mouse was deceased. The authors performed a
series of biochemical assays and showed lower HDL and LDL in the treated mice
but the triglycerides in the serum were increased. The results of the assays also
showed potential liver and kidney damage in the mice. The authors also showed that
lung damage was induced by the ZnO NPs. ZnO NPs (50-70 nm) have shown to be
toxic in mammalian cells (Esmaeillou et al. 2013). Jeng and Swanson showed
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nanoparticle-exposed Neuro-2A cells exposed to doses of 100 ppm changed in
morphology, and size, as well became detached (Hsiao and Huang 2011).
Furthermore, the mitochondrial function degreased at treatments from 50 to
100 ppm. The authors also noted that the cellular membrane integrity was affected
as indicated by LDL leakage. Apoptosis occurred at under ZnO NP treatment and
cells became necrotic with the increase in concentrations. Buerki-Thurnherr et al.
have investigated the mechanisms of ZnO NP toxicity using Jurkat cell or human T
cells (Buerki-Thurnherr et al. 2013). The authors used four different ZnO materials
in the study, which included commercially available 10 nm ZnO NP, a mandelic
modified 18.3 nm ZnO, a 29 nm ZnO NP with Silica shell, and lab made methoxy-
coated NPs 8 nm. In that study, it was determined the toxicity induced in the T cells
by the NPs was due to the dissolution of the ZnO NPs. The presence of the Zn** ions
in the growth media, which resulted in the storage of the zincosomes and the expres-
sion of MTs was upregulated. Above the threshold concentration, apoptosis occurred
and eventually cellular death. Interestingly, the authors noted that ROS were not a
major contributor to the studied mechanism (Buerki-Thurnherr et al. 2013). Hsiao
and Huang have studied the toxicity of ZnO NPs on lung cells (Hsiao and Huang
2011). This study was designed to test a common premise that the physiochemical
properties of NPs are critical players in the toxicity of NPs. The authors prepared
rod-shaped, spherical, and sphere-like ZnO NPs. The sphere ZnO NPs had diameter
of approximately 5 nm and lengths of 16-48 nm. Whereas the spherical NPs had
diameters in the range of 5-10 nm. The sphere like NPS had sizes from 36 to 60 and
50 to 122 nm. The cells were treated with 1.56-50 ppm concentrations for times of
12, 24, and 72 hrs. The authors demonstrated convincingly that the nanorods were
more toxic than the nanospheres with ECs, values of 8.5 and 12.1 ug/mL, respec-
tively. The shape appeared to control the toxicity of the NPs when size and surface
area were comparable. The authors concluded that both size and shape of the ZnO
NPs influence the mitochondrial activity and chemokine productivity (Hsiao and
Huang 2011). Karlsson exposed epithelial cells to 100 nm ZnO NPs which showed
a decrease in the cell viability of 38% (Jeng and Swanson 2006). The ZnO showed
almost no damage to the DNA of the cells. The ZnO NPs showed increase in the
ROS generation in the cells after treatment compared to the control cells (Jeng and
Swanson 2006).

17 CuO NP Toxicity

Numerous studies were reported on the toxicity of CuO NPs, which are perhaps the
third most studied NPs for their toxicity. Copper oxide NPs find commercial use in
products such as antifouling paints, antimicrobials, and cosmetics (Khan et al. 2019;
Grigore et al. 2016; Adeleye et al. 2016; Khashan et al. 2016). These commercial and
personal care applications have the potential to increase the presence of CuO NPs in
the environment and human exposure. Like ZnO NPs, CuO NPs can readily go
through dissolution at physiological pHs and cause increased copper concentrations
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Table 5.4 Major commonly observed toxic effects in the treatment of multiple types of live
organisms and cells with of CuO NPs

Effect/ Impairment of Biological Process Organisms

Oxidative stress/ROS Algae, plankton, bivalves, fish, mammalian
cells

Immune system downregulation Bivalves,

Viability Algae, plankton, bivalves, fish, mammalian
cells

in cells. Elevated copper concentrations in humans have been linked to several differ-
ent health conditions. The copper-related health conditions due to elevated copper
concentrations can be summarized as follows: liver damage, gastrointestinal symp-
toms, and at extremely high concentration death (Institute of Medicine 1998; National
Research Council Committee on Copper in Drinking Water 2000). It should also be
noted that copper ions are essential to the healthy growth and development of organ-
isms. However, the toxicity of CuO NPs may be a combination of the dissolved cop-
per species and the NPs, or caused by either, as in nano zinc treatments. Mixed
results have been observed when authors attempt to determine CuO NP toxicity. The
most commonly observed toxic effects observed across the different organisms are
summarized in Table 5.4.

18 CuO Toxicity in the Treatment of Algae

Similarly, effects with respect to the toxicity of ZnO NPs have been observed with
CuO NPs. Ultimately, oxidative stress and cellular viability are the most common
toxic effects of CuO NPs in algal species. Similar to ZnO NPs, CuO NPs are some-
what soluble in aqueous solution releasing Cu?* ion, which are toxic to some algal
species. In fact, CuSQ, is a well-known algicide, which generates free Cu* ions in
solution. Thus, the study of CuO NP toxicity is more than likely a combination of
the particles and the dissolved ions in solution. Melegari et al. have investigated the
toxicity of CuO NPs on Chlamydomonas reinhardtii a green algal species (Melegari
et al. 2013). The authors treated the algal species with 20-30 nm CuO NPs, which
were approximately spherical in shape. The study used NP concentrations of
0.1-1000 ppm CuO NPs with treatment times up to 72 h. It was reported that the
NPs induced an increase in the reactive species within the algae as well as lipid
peroxidation of cellular membranes. The study also showed that the NPs were able
to transport across the cell wall and were internalized within the cells. The toxic
effects of the NPs were noticed after 72 h of treatment with a concentration of
0.1 mg/L. Aruoja et al. investigated the effects of CuO NPs Pseudokirchneriella
subcapitata, a microalga (Aruoja et al. 2009). The authors used a CuO NP with an
average size of 30 nm for a treatment period of 72 hrs., with concentration of
100 ppm. The authors determined that the ECs, for the CuO NPs was 0.71 mg/L,
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which was much more toxic than the comparable CuO bulk ECs, of 11.55 mg. The
data showed a decrease in the cell growth and complete inhibition of growth at
6.4 mg Cu/L using the CuO NPs. In addition, it was concluded that the bioavail-
ability of the CuO in the NPs was much higher than the bulk phase (Aruoja et al.
2009). Suppi et al. investigated CuO NP toxicity to algae (Suppi et al. 2015). The
authors used CuO NPs with average diameters of 30 nm and treatment concentra-
tion of up to 100 ppm. The results showed minimum biocidal effects starting at CuO
10 ppm NP (Suppi et al. 2015). Cheloni et al. investigated the effects of CuO NPs
on Chlamydomonas reinhardtii using different irradiation compositions (Cheloni
et al. 2016). The authors studied natural light, UV B, and light from an incubator
which is a mixture of UV A, UV B, and visible light. The microalgae were treated
with CuO NPs with a size range of 30-50 nm for up to 24 hrs. at two concentrations
of 8 ug/mL and 0.8 mg/mL. It was found that the hydrodynamic diameter of the
NPS changes from 800 nm to 600 nm within 2 h of dispersing and remained
constant thereafter. The light was observed to affect the algal the cells, under incu-
bator light the cells showed a 1.7% growth inhibition at 0.8 ppm CuO, the 8 ug/L,
the 0.8 mg/L treatment showed a 67.7% growth inhibition. As well under the natural
sunlight, the 8 ug/L treatment showed a 2.3% growth inhibition whereas the
0.8 mg/L treatment showed approximately 6% growth inhibition. Under the UV B
irradiation, the inhibition increased further for the 8 ug/L CuO NP treatment and
showed approximately 82% inhibition of growth and the 0.8 mg/L treatment showed
approximately 94% growth inhibition. Similarly, it was also noted that as the algae
were treated with the CuO NPs with increasing concentration and changing light
condition, the membrane permeability was altered with increasing Cu concentration
especially under UV B. The authors concluded that the UV B in conjunction with
the UV B irradiation had a synergistic effect on the algae growth and health (Cheloni
et al. 2016). Sankar et al. have investigated the effect of larger particles 270 nm on
Microcystis aeruginosa to investigate the growth inhibition of bloom formation
(Sankar et al. 2014). The algal species were treated with CuO NP concentrations
from 12.5 to 50 mg/L for up to 96 h. The authors showed that cell density in the
growth media decreased with treatment time and with increasing concentration of
the CuO NPs. At 50 ppm of the CuO NPs an inhibition rate of approximately 90%
was observed. All NP treatments showed a decrease in the chlorophyll A and B as
well as the total amount of carotenoids produced by the algae. The authors con-
cluded that the CuO NPs were potentially a biocide to the algae to prevent the for-
mation of algal blooms (Sankar et al. 2014).

19 CuO Toxicity in the Treatment of Plankton

Similar to algae species, plankton are affected by the toxicity of CuO NPs in solu-
tion. The major toxic effect observed in plankton species appears to be the genera-
tion of ROS species causing a decrease in the cellular viability. Heinlaan et al.
investigated the effects of CuO NPs with an average dimeter of 30 nm on Daphnia
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magna and T. platyurus (Heinlaan et al. 2008). The authors treated the plankton and
showed a ECs, of approximately 165 mg/L and 95 for D. magna and T. platyurus,
respectively. The ECs, of the CuO NPs were much higher values than those observed
for free Cu ions from CuSO,. The T. platyurus was more sensitive to the CuO NPs
than the D. magna; the authors also showed that the NPs did not have to enter the
cells of the organisms to cause toxicity (Heinlaan et al. 2008). In another study,
Heinlaan et al. investigated the effects of CuO NPs with an average dimeter of
30-60 nm on Daphnia magna (Heinlaan et al. 2011). The authors investigated the
changes to the midgut of the organism using TEM analysis. At 48 h of treatment, the
authors showed an ECs, of 175 mg/L for the CuO NPs. The concertation of solubi-
lized copper in solution from the CuO NPs was 0.05 mg/L and the determined ECs,
was similar to that observed for free copper ions. The authors noted that in the pres-
ence of CuO NPs in the midgut lumen, internalization of the CuO NPs was not
evident. In addition, the CuO nPs after 48 hrs were no longer in the peritrophic
membrane but had moved to the midgut epithelium microvilli (Heinlaan et al.
2011). Mwaanga et al. investigated the effects of CuO NPs with an average dimeter
of less than 50 nm on Daphnia magna (Mwaanga et al. 2014). The authors exposed
5-day-old D. magna for 72 h to sublethal concentrations of CuO NPs. The authors
also investigated the effects of hard water and the presence of natural organic matter
(NOM). From the treated organisms, the authors investigated several biochemical
processes including glutathione activity, glutathione oxidation, thiol compounds,
and metallothionein. The glutathione synthase enzyme was inactivated by the CuO
NPs; the metallothionine was increased as well as the oxidation of the glutathione.
The data suggests that the CuO NPs induced oxidative stress in the organisms. The
authors also showed some dissolution of the CuO NPs in solution and concluded the
toxicity observed was due to both the dissolved ion and the CuO NPs (Mwaanga
et al. 2014). Similar results were observed by the authors when investigating the
toxicity of CuO NPs on Thamnocephalus platyurus using CuO NPs with an average
diameter of 30 nm (Mortimer et al. 2010). Mortimer et al. have investigated the
effects of CuO NPs on Tetrahymena thermophila (Mortimer et al. 2010). The
authors utilized CuO NPs with average diameters of 30 nm. The organisms were
treated with Cu?* ions, CuO NPs, and CuO in the bulk form. The concentrations
used for the treatments for the CuO NPs ranged from 31.25 to 500 mg/L. The
authors showed an ECs, of approximately 128 mg/L for the CuO NPs on the organ-
isms. The toxic effects of the CuO NPs were not observed to be time dependent.

20 CuO Toxicity in the Treatment of Bivalves

CuO NP toxicity observed in bivalve species has been shown to be induced by
the generation of ROS species inside the organisms as has been observed with
other nanoparticles in bivalve species. However, the differentiation between Cu>*
ion toxicity and CuO NP toxicity is difficult, which is due to the similar effects.
Buffet et al. also investigated the effects of CuO on Scrobicularia plana using
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200 nm CuO particles (Buffet et al. 2011). In the same study, Buffet et al. studied
the effects of CuO NPs on Hediste diversicolor treated with approximately
200 nm CuO NPs. The authors were attempting to observe the effects of CuO
NPs on behavior and biochemical response to the CuO NPs. The authors treated
both organisms with CuO NPs with concentrations that was equivalent to10 ug/L
of dissolved Cu?* ions. In addition, the authors also treated both organisms with
dissolved Cu?* ions for comparative purposes at a concentration of 10 ug/L. The
defense mechanisms for both organisms being exposed to Cu2+ and CuO NPs
were elevated compared to controls, which included CAT, GST, SOD, and
MTLP. However, the LDH concentrations were only elevated in the N. diversi-
color. The exposure to the Cu* ions had a negative effect on the burrowing
behavior whereas the CuO NPs did not appear to affect the behavior (Mwaanga
et al. 2014). Pradhan et al. investigated the effects of CuO NP with diameters
ranging from 30 to 50 nm on Allogamus ligonifer (Pradhan et al. 2012). The
insects were treated at the highest level of 75 mg/L using either contaminated
food or through contaminated water. The treatment of the organisms showed a
higher copper accumulation in the larvae bodies than the nontreated organisms.
It was determined that the LCs, for the CuO NPs was 569 mg/L after 96 h of
treatment. The insects treated with the CuO NPs showed decreased appetite and
a decrease in the growth rate by approximately 46%. The author noted that the
soluble fraction of Cu®* was approximately 10% by body mass (Pradhan et al.
2012). The accumulation of copper oxide NPs in the digestive glands of Mytilus
galloprovincialis was investigated by Gomes et al. (Gomes et al. 2012). The
authors used CuO NPs with an average size distribution of 30 = 10 nm. The
bivalves were treated with 10 ug/L of dissolved Cu?* ion or CuO NPs for a 15-day
period. The authors noted that both forms of Cu were effective at causing oxida-
tive stress in the digestive glands; the GPX activities from the exposure to both
forms of copper were similar. However, an induction of metallothionein was
observed only in the organisms exposed to Cu2+. The authors concluded that the
digestive gland is susceptible to CuO NPs and the related oxidative stress and
was the main tissue for their accumulation (Gomes et al. 2012). Along the same
line, Hu et al. investigated the toxicity of CuO to Mytilus edulis (Hu et al. 2014).
The authors used 100 nm CuO NPs and administered doses from 400 to 1000 ppb
to the mussels. It was noted that copper was located in the gill tissue and small
amounts in the digestive gland. The data from the study suggested decreased
protein thiol and increased carbonylation (protein oxidation) (Hu et al. 2014).
The toxic effects of CuO NPs ranging in size from 40 to 100 nm on Exaiptasia
pallida was investigated by Siddiqui et al. (Siddiqui et al. 2015). The authors
exposed the E. pallida to both Cu** and CuO NPs at concentrations ranges of
10-50 ppm and 50-100 mg/L, respectively. In addition, the treatment was per-
formed over 21 days. The Cu®*-exposed organisms showed higher concentrations
of copper accumulation and concentration increased with both the dosage and
the time of the treatment. However, overall the organisms treated with the CuO
NPs showed higher levels of oxidative stress. The oxidative stress was examined



5 Metal Oxide Nanoparticle Toxicity in Aquatic Organisms: An Overview of Methods... 151

using standard enzyme tests for the determination of catalase, glutathione per-
oxidase, glutathione reductase, and carbonic anhydrase. The authors concluded
that the behavior of the CuO NPs and Cu?* had differences with respect to the
magnitude of the effects on the organism (Siddiqui et al. 2015).

21 CuO Toxicity in the Treatment of Fish and Fish Cell
Lines

CuO nanoparticles have shown mixed results in the treatment of different fish spe-
cies. Like the toxicity observed in different species with ZnO NPs, CuO NPs have
the added complexity of the Cu ion toxicity. Oxidative stress appears to be common
among different fish species treated with CuO NPs. There appears to be organ accu-
mulation of copper in the liver and kidney was observed after treatment with CuO
NPs; the form of the copper is generally not specified in the organs. Diano rerio
(zebrafish) embryos were investigated by Ganesan et al. for the toxic effects of
51 nm CuO NPs (Ganesan et al. 2016). The authors treated the embryos with con-
centrations of CuO NPs from 4 to 80 ppm for a total time of 48 h. The authors
noticed a 2% death in the embryos at 5 ppm and the LCs, for the CuO NPs was
determined to be 64 ppm; there was almost a linear increase in mortality with
increasing concentration of the NPs. Similarly, the rate of hatching was observed to
decrease with nearing CuO NP concentration. Furthermore, the concentration of the
CuO NP increased, the heart rate was decreased in the embryos. As the concentra-
tion of the CuO NPs increased, the malformation in the embryos increased. The
total protein in the fish was observed to increase as the concentration of CuO NPs
increased; however, the AcHe and ATPase concentrations were observed to decrease
with increasing NP concentrations. Overall indicators of oxidative stress were
increased with increasing CuO NP treatment, which included ROS, lipid peroxida-
tion, PCC, and NO. The antioxidant responses to oxidative stress were observed to
decrease with increasing CuO NP concentrations (Ganesan et al. 2016). Carassius
auratus or goldfish were subjected to CuO NPs with an average diameter of 40 nm
by Ates et al. to investigate the toxic effects through waterborne and dietary expo-
sure (Ates et al. 2015). The fish were exposed to concentrations of 1 and 10 ppm in
either the diet or in the water. The intestine showed the highest levels of copper from
the NP treatment from dietary and waterborne exposure. The organ with the next
highest levels were the gills followed by the liver tissue. However, the concentration
of copper in the heart, brain, and muscle was almost the same as the control sam-
ples. The high doses for treatment showed increased malondialdehyde concentra-
tions indicating oxidative stress (Ates et al. 2015). The authors concluded that the
waterborne exposure exhibited much higher toxicity than observed through dietary
exposure. Villarreal et al. studied the toxic effects of 100 nm CuO NPs on
Oreochromis mossambicus, a species of Tilapia (Villarreal et al. 2014). The authors
used flame synthesized CuO NPs and exposed the fish to concentrations from 0.5 to
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5 mg/L. The fish were studied under two different environments: a constant supply
of fresh water and an increasing salinity. The fish exposed to the CuO NPs in the
saltwater increased in the opercular ventilation. However, the fish exposed to fresh
water showed a much smaller response. In addition, the authors noted that the CuO
NPs showed effects on the reduced and oxidized glutathione ratios, changes in
metal response genes. Furthermore, the organs with increased Cu included the gills
and liver, indicating osmotic stress was induced by the CuO NPs (Ates et al. 2015).
Isani et al. investigated the effects of 51 nm CuO NPs on Oncorhynchus mykiss,
commonly known as rainbow trout (Isani et al. 2013). The authors conducted a
comparative study between Cu** ions and CuO NPs. The authors performed in vitro
and in vivo studies. The in vitro experiment involved the treatment of red blood cells
and treated at multiple CuO concentrations. The treatment concentrations used in
the in vivo study were 1 ug/g body weight injected into the fish. Both the ionic form
and NP form of the copper increased the hemolysis rate in a concentration-depen-
dent manner for the in vitro studies. The hemolysis was more marked in the cells
treated with the Cu?* ions when compared to the CuO NP treatments. The in vivo
studies showed high concentrations of the Cu in the gills, kidney, and liver. The data
also showed the concentration found in the organs was significantly higher in the
ion-treated fish when compared to the NP-treated fish. The toxic effects of 30-40 nm
CuO NPs on Oreochromis niloticus, a species of tilapia, were investigated by
Abdel-Khalek et al. (Abdel-Khalek et al. 2016). The authors exposed the fish to
CuO NPs does at 1/10 and 1/20 the LCsy, determined at 96 h of treatment. The fish
were exposed to both CuO NPs and bulk. The Cu tissue accumulation of the follow-
ing treatment was observed in decreasing order liver, kidney, gills, skin, muscle,
which caused organ damage. The authors concluded that the CuO NPs were more
toxic than the bulk phase. The NPs had a higher ability to be internalized into the
cells compared to the bulk phase. As well the fish treated with the NPs showed
intracellular osmotic disorders and increased in a determined blood parameter. Cells
from Chinook salmon have been investigated for the toxic effects of CuO NPs with
an average diameter of 50 nm, by Srikanth et al. (Srikanth et al. 2016). The authors
exposed the CHES-214 cells from the Chinook salmon to CuO NPs at concentra-
tions from 5 ppm to 15 ppm. The cells at all concentrations showed increased oxida-
tive stress after treatment compared to the control cells. In addition, the protein
carbonyl concentrations were increased, while the lipid peroxidation were increased.
The reduced form of glutathione initially was observed to increase at the 5-ppm
treatment and then decrease at 10 and 15 ppm, but all levels of glutathione were at
increased levels compared to the control. Furthermore, the concentration of the oxi-
dized glutathione was observed to be lower than the control samples in the study.
Both glutathione peroxidase and glutathione sulfo-transferase were increased at all
treatments compared to the control samples. As well, all the responses to oxidative
stress were at increased levels compared to the control samples. The authors also
showed cellular abnormalities with respect to morphological changes. The study
concluded that CuO NPs were cytotoxic in a concertation-dependent manner.
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22 CuO Toxicity in the Treatment of Mammalian Cells

In cell line studies, CuO NPs have been shown to reduce the cellular viability and
induce oxidative stress. Karlsson et al. investigated the effects of CuO on human
lung epithelial cell line A549 (Jeng and Swanson 2006). The authors studied the
effects of 42 nm CuO nanoparticles at an 80-ppm concentration in solution for 18 h.
The study showed a reduce viability of the cells of 96%. In addition, the CuO NPs
showed high DNA damage within the cells. In addition, there was a significant
increase in the ROS generation within the cells comparted to control treatments.
The authors showed that the CuO NPs had an eightfold increase in the dose-response
curve when compared to the treatment of the cells with the ionic form of Cu?*
from CuCl.

23 Conclusion

The toxicity of metal oxide NPs can be generally summed up as an oxidative stress
process in different species. However, it is not as simple as one mechanism being
responsible for the toxicity. In some species such as diatoms, the molting process
becomes inhibited causing imminent death. In addition, the behavior of different
nanoparticles in solution also has an effect on the toxicity. For example, TiO, is
insoluble in water, but ZnO and CuO NPs are somewhat water soluble which gener-
ate the free metal ion in solution. In discussing the toxicity of ZnO and CuO NPs,
the formation of the free ions in solution adds complicity to the question of NP
toxicity and the causes. In addition, there does appear to be a link between the
phases of the NPs that organisms are exposed to, which has been discussed in the
case of TiO, NP toxicity. For example, the toxicity of the anatase phase of TiO,
appears to be higher and has more effects than the rutile phase of TiO,. The differ-
ence in the effect of anatase and rutile may be due to the relatively higher structural
stability of rutile when compared to anatase. It is noteworthy that many of the TiO,
NP toxicity studies have used the Degussa mixture of TiO, (anatase and rutile
phases in a ratio of about 3:1), which is a common photocatalytic commercial speci-
men of TiO,. In addition, the toxicity of NPs does appear to be aggravated in the
presence of light. On perusal of literature, it appears that multiple levels of nanoma-
terial interactions contribute to specific toxicity phenotypes in an organism. In addi-
tion, toxic effects also arise from the stabilizing agents utilized in the synthesis and
dispersion of NPs in solution. This review thus suggests using multiple levels of
interaction studies to develop a full grasp of nanotoxicity.
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