Chapter 11
Ecotoxicology of Engineered Nanoparticles

Karl Fent

11.1 Introduction

Nanotechnology opens new applications in many fields including medicine, material
science, manufacturing and various technologies. A increasing variety of products
on the market contain engineered nanoparticles (ENP) (Schmid and Riediker, 2008).
Metal nanoparticles are among the most widely used, but Buckminster fullerenes,
carbon nanotubes and also carbon black have widespread use. ENP are in use in
many industrial sectors and products, including cosmetics, paints, fillers, catalysts,
semiconductors, microelectronics and drug carriers in medicine to name a few.
Considerable quantities of silver, aluminium oxide, iron oxide, silica oxide, titanium
dioxide (TiO;) and zinc oxide (ZnO) ENP are applied. The specific design and syn-
thesis of ENP that create particular physico-chemical properties has influence on
their biological and environmental behaviour.

Nanomaterials enter the environment in the production process and via appli-
cations and weathering of materials, but presently, the amount of ENP in
nanotechnology-based materials and their concentrations are unknown. ENP may
have particular properties that may be associated with higher health and environ-
mental risks than natural NP formed by geochemical and combustion processes and
found in the atmosphere and aquatic systems. Human health risks may arise from
inhalation of ENP with associated inflammation, dispersion in the human body and
exposure of vulnerable organs (e.g. heart, brain) and tissues with associated toxicity.
Adverse effects on the immune system, damage of cells as well as cancerogenicity
may represent health risks. In the environment, ENP are dispersed, and organisms
may be exposed to these nanoparticles in the aquatic environment or they may get
inhaled via air. Exposure of organisms in the environment may result in adverse
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effects in cells and organs, similarly as in the human body. In addition ENP may be
accumulated by organisms and they may even be accumulated in the food chain.

Due to their unique physical and chemical properties nanomaterials are exten-
sively studied. Natural nanoparticles (NP) were investigated for their physico-
chemical behaviour in the environment (Buffle and Leppard, 1995; Buffle, 2006;
Novak and Bucheli, 2007), but less for human health and environmental conse-
quences with the exception of small-sized dust particles. ENP may pose envi-
ronmental risks not associated with NP due to their specific properties. Whereas
nanotechnology is gathering increasing attention, some concerns have arisen with
respect to potential health effects on humans and the environment, particularly in
the public opinion and media. It is important to consider them as early warnings of
nanotechnology for its acceptance (Hansen et al., 2008). At present there is a need
to evaluate the health and environmental risks associated with ENP as an exponen-
tially increasing number of nanoparticle-based products are developed and brought
to the market.

To date, little is known about the occurrence, fate and potential effects of ENP
in the environment. The potential for effects on ecosystems will depend not only
on the amount of nanoparticles emitted but also on their physico-chemical char-
acteristics (size, surface/volume ratio, shape, chemical composition), which can be
influenced by environmental parameters. Exposure of organisms in the environment
to ENP will occur not only via wastewater from manufacturers, but also via munici-
pal wastewater and direct inputs from weathering and ageing of products containing
nanomaterials. The exposure of organisms will largely depend not only on the con-
centration, size and surface characteristics of dissolved NP but also on adsorption
and aggregation phenomena. Knowledge on the chemistry of natural NP and col-
loids in the aquatic system (Buffle and Leppard, 1995) may in part be transferred
to ENP. Adsorption to environmental media such as sediments, biofilms and micro-
surface layers of open waters may influence the bioavailability and thus exposure.
To date, studies devoted to evaluate the bioavailability in a systematic fashion are
lacking. As extrapolated from natural colloids, the ionic strength is of influence for
the aggregation tendency; the high ionic strength in seawater will cause aggregation
of ENP (Novak and Bucheli, 2007).

11.2 Bioavailability, Uptake and Distribution in Organisms

Methods of nanoparticle preparation for experiments and the behaviour of ENP
during exposure influence the bioavailability and therefore the activity and toxic-
ity. Surface chemistry, shape and size of ENP are important factors for the uptake,
toxicokinetics and toxicity. ENP exist as emulsions or suspensions in the aque-
ous environment, they are not in true dissolution as are chemicals. They may form
precipitate and agglomerates that differ in toxicity.

Aquatic organisms come in contact with ENP mainly through their surfaces.
Uptake routes include direct ingestion and entry across epithelial surfaces such as
gills or, to some extent, through body surfaces. Uptake via epithelia in gills and gut
is most prominent (as with chemicals), although ENP also cover surface epithelia
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(e.g. cornea, skin) and the mucus layer of fish, which may result in uptake to some
extent. Carbon nanotubes (CNT), for instance, were found to readily associate with
gill mucus in trout (Smith et al., 2007). The same kind of nanoparticles gets taken
up by various cell types through diverse pathways (Nel et al., 2006).

As aquatic organisms are exposed to ENP both via water and ingestion, gills
(oxygen uptake) and gut (ingestion) are the primary and prominent tissues and
organs exposed to ENP, where toxicity may occur. As in case of environmental
pollutants, the bioavailability of NP is an important factor for uptake and toxicity.
Absorption to surfaces, aggregation behaviour of the particles and their environ-
mental chemistry play a dominant role. The bioavailability will be influenced by the
presence of organic matter, changes of pH and ions in environmental media. Carbon
black acts as an effective sorbent for organic contaminants. It was shown to reduce
toxicity of pesticide to algae (Knauer et al., 2007). Based on colloid chemistry, it
seems that increases in salinity influence aggregation. The high ionic strength of
not only seawater but also Ca>* will cause ENP to aggregate (Handy et al., 2008b).
Although probably to a lesser extent, aggregates will also be bioavailable, as found
with TiOy and Cgo in Daphnia (Baun et al., 2008a). Uptake and depuration of
radioactive-labelled carbon nanotubes have been studied in an oligochaete, show-
ing that CNT are associated with sediments remaining in the guts of organisms
and not adsorbed in cellular tissues, which is in contrast to the behaviour of chem-
ical compounds. This indicates that CNT are not readily absorbed into tissues of
oligochaetes (Petersen et al., 2008).

The uptake of ENP is concentration and size dependent. Passive diffusion seems
most important, although in the gut, vesicular uptake (endocytosis) may be impor-
tant (Moore, 2006). Transport of colloidal particles across the cell wall is not
occurring in bacteria. This is possible in eukaryotes having cellular uptake pro-
cesses such as endocytosis or phagocytosis. Active uptake via ATP-binding cassette
(ABC)-transporters is not probable. ENP may cause inflammation of the gill and
injury to the gut at milligram concentrations as found for TiO, (Federici et al., 2007)
or CNT (Smith et al., 2007). This may facilitate the uptake, because severe inflam-
mation or erosion harms epithelial layers. Larger moieties such as aggregates are
less transferred than smaller particles. As with chemicals, uptake through the skin
mucus in fish, or carapax in crustacean, and insects is not or less probable.

After crossing the cell membrane, ENP may not only be stored in vesicles, mito-
chondria and additional organelles within epithelial cells but also induce adverse
effects. Indeed, epithelia are targeted by ENP. The small size and large surface
area and the ability to generate reactive oxygen species play a major role in the
toxicity of ENP; they may generate oxidative stress and cytotoxicity (Oberdorster,
2004). In human epidermal keratinocytes, quantum dots (QD) were shown to be
internalized into early endosomes and then transferred to late endosomes or lyso-
somes (Zhang and Monteiro-Riviere, 2009). QD endocytic pathways were primarily
regulated by the G protein-coupled receptor-associated pathway and low-density
lipoprotein receptor/scavenger receptor. The surface coating, size and charge of
QD nanoparticles are important parameters in determining how nanoparticle uptake
occurs in mammalian cells. Silica ENP led to formation of protein aggregates in the
cell nucleus, thus impairing nuclear function (Chen et al., 2004). Uptake of tungsten
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carbide nanoparticles has been studied in fish gill cell line RTgill-W1 (Kiihnel
et al., 2009). In these cell cultures, the localization seemed to be restricted to the
cytoplasm. The current literature suggests that the uptake of ENP depends on the
characteristics of the ENP (size, surface characteristics) and the specific cell type.

After absorption ENP are incorporated and they cross the epithelial cells and
are further transported to the blood or haemolymph (in invertebrates) or, alterna-
tively, through tight junctions into the blood stream, where they get transported and
distributed to tissues and organs of the body. ENP are probably transported via sorp-
tion to blood proteins to other organs and tissues. They may also form aggregates in
the blood. Distribution may also occur directly via cellular transport; ENP may be
transported directly into the brain via the olfactory nerve through axonal transport
(Oberdorster et al., 2006).

Uptake of ENP has experimentally been investigated in several organisms. Nano-
sized ZnO was internalized by bacteria (Brayner et al., 2006). It was also shown that
multi-walled carbon nanotubes were taken up by protozoans and localized in mito-
chondria (Zhu et al., 2006a). Uptake of NP into zooplankton and fish has also been
studied. CNT, nCgp, fullerene (Cgp), single-walled carbon nanotubes (SWCNT) and
TiO; are taken up by Daphnia and incorporated (Oberddrster, 2004; Oberdorster
et al., 2006). Uptake of fluorescent carboxylated ENP by Daphnia was found to be
followed by translocation from the gut to fat droplets (Fernandes et al., 2007). Cgg
nanoparticles in the digestive tract were also excreted. Translocation of polystyrene
nanoparticles (20 nm) from the digestive tract to other parts of the body was
observed (Baun et al., 2008b). After 48 h exposure of Daphnia magna to a 0.4 mg/L
solution of dispersed nanotubes, the CNT comprised of 6% of the residual organism
dry mass. Daphnia were unable to excrete the nanotubes unless they feed on algae.
Residual accumulated CNT remained in the gut and were not absorbed into cellular
tissues (Petersen et al., 2009). SWCNT were shown to be internalized by the cili-
ata Tetrahymena thermophila, which also causes these protozoa to aggregate, which
in turn impedes their ability to ingest and digest their prey bacteria (Ghafari et al.,
2008).

Water-suspended dispersed non-ionized fluorescent latex ENP (polystyrene
microspheres) were used to investigate uptake, distribution and effects of nanopar-
ticles in the eggs and bodies of medaka (Kashiwada, 2006). Different sizes of
NP were adsorbed to the egg shell (chorion) of medaka eggs and accumulated
in oil droplets. Interestingly, 474 nm particles and not smaller ENP (39 nm par-
ticles) showed highest uptake into eggs. These nanoparticles accumulated in the
yolk and gall bladder during embryonic development. However, other ENP such
as SWCNT (Cheng et al., 2007) and fluorescent silica ENP did not penetrate the
chorion of fish eggs (Fig. 11.1). In contrast, in vivo imaging of transport of silver
nanoparticles (5—46 nm) shows that they are transported into and out of zebrafish
embryos through chorion pore canals and exhibit Brownian diffusion (Lee et al.,
2007). Individual Ag nanoparticles were observed inside embryos at each devel-
opmental stage. Dose-dependent abnormalities (deformities) and mortality was a
consequence.
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Fig. 11.1 Engineered fluorescent 200-nm silica nanoparticles (SNP) do not penetrate the egg
chorion of fish and adhere to the surface. Left, SNP on the chorion surface, middle and right,
fluorescent SNP at the surface shown in the confocal and transmission microscope (K. Fent, C.
Weisbrod, A. Heller-Wirth, unpublished)

Adult fish accumulated the 39-nm sized ENP mainly in the gills and intes-
tine when exposed to 10 mg/LL ENP. They were also distributed into blood and
detected in testis, liver and brain. Obviously, these ENP may penetrate the blood—
brain barrier. In summary, the data from several organisms indicate that ENP may
be bioavailable and taken up by organisms mainly via gill and intestine. They
get distributed without metabolism into the body similar to chemical compounds.
Therefore, the concept used for studying kinetics and adverse effects of chemicals
applies also to ENP.

11.3 Determining Exposure and Effect Concentration

Thus far, toxicity experiments with ENP were performed using nominal concen-
trations; effective concentrations have not or very rarely been determined. This is
not satisfactory, as similar to ecotoxicological experiments with chemicals, adsorp-
tion and aggregation processes may lower the actual exposure concentrations.
Aggregation occurs when nanomaterials are introduced into media in exposure tanks
and containers; hence, exposure concentrations may differ from nominal concentra-
tions. It seems not completely clear, whether effects should be based on the total
mass of ENP, its number or surface area in environmental media. Cell culture exper-
iments indicate that the effects are dependent on the total mass, number of particles
and their surface area, as well as on their concentration (Lison et al., 2008).

More emphasis is placed in recent studies to determine actual exposure concen-
trations (and forms) of ENP. Electron microscopy and various spectrophotometric
methods applied such as MS, LC-MS and ICP-MS were used to determine organic
and inorganic constituents of nanoparticles, but the latter destroy the particles. In
exposure vessels ENP settle and concentrate on the bottom. Therefore, exposure
concentrations fall relatively fast in the exposure containers. For instance, fullerenes
form dispersions of water-soluble aggregates when agitated in fresh or deionized
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water for prolonged periods of time. Increasing the ionic strength of an aqueous
solution (such as NaCl) containing nCgp results in the formation of large-sized
aggregates (Brant et al., 2005b; Brant et al., 2006).

Characterization of experimental test material is important, since without charac-
terization, it is difficult or impossible to compare studies and recognize parameters
that influence toxicity. An important challenge in experimental investigations is the
dissolution of NP in exposure vessels, and its characterization. Solubilizing ENP is
critical, as aggregates have a different bioavailability, uptake and toxicity than sin-
gle ENP. Sonication methods may be the best for solublizing SWCNT, but much
easier are fullerenes (Cgp) to test. Solubilization can be achieved by either using an
organic solvent such as tetrahydrofuran (THF) or stirring for a long period of time
(often 2 months), which is environmentally more accurate and relevant (Oberdorster
et al., 2006). During solubilization ENP form aggregates or clusters. The solubiliza-
tion method has influence on the toxicity. Tetrahydrofuran-nCgp were more toxic
than stirred nCg in Daphnia and fish (Oberdorster et al., 2006), likely due to pres-
ence of solvent residues (Brant et al., 2005a). Hence, it remains unclear whether
effects are related to this solvent rather than to the particles itself (Oberdorster et al.,
2006). The same is true for cell culture experiments, where formation of aggregates
in cell culture media may occur. In conclusion, solubilization is a critical issue that
must carefully be controlled in ecotoxicological experiments (Klaine et al., 2008).

In case of metallic ENP, toxicity may be based rather on metal residues than the
nanoparticle feature itself. It was demonstrated that the toxicity of bulk metals such
as ZnO is similar than that of ZnO nanoparticles. Both nano-ZnO and ZnO aqueous
suspensions delayed zebrafish embryo and larva development, decreased survival
and hatching and caused tissue damage at similar concentrations (Zhu et al., 2007).

11.4 Ecotoxicity

Nanomaterials have been studied in toxicology, mainly for their acute effects in
rodents. The LD50 values are in the high mg/kg to g/kg range, which means that they
are moderately acutely toxic. Target organs are members of the reticuloendothelial
system, including liver and spleen (Stern and McNeil, 2008). Also the kidneys are
targeted as they are the primary clearance route for many nanoparticles. Of course
the major target of ultrafine air particles is the lung. In contrast to acute effects, the
long-term effects are only little known, and the risks of ENP associated with chronic
toxicity are unknown.

In ecotoxicology, ENP have been studied for uptake and toxicity only in a
small number of organisms belonging to bacteria, algae, protozoa, zooplankton
(Daphnia), oligochaetes, mussels, amphibians (Xenopus laevis) and fish (for review
Baun et al., 2008a; Klaine et al., 2008; Navarro et al., 2008a). They belong to the
classical species used in ecotoxicological testing, but whether they are the most
important ecological species remains open. In general, species differences in sen-
sitivity will also occur in the sensitivity against ENP. Furthermore, exaggerated
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concentrations of ENP are studied, but the potential effects at environmental realistic
concentrations remain elusive.

In general, toxicity may be dependent on particle concentration, particle size
and shape and surface properties (surface chemistry). A toxicological review of
quantum dots (QD) suggests that the toxicity depends on physico-chemical and
environmental factors (Hardman, 2006). QD size charge, concentration, outer coat-
ing bioactivity have been implicated as determining factors in toxicity. Most data on
the ecotoxicology of NP were generated in classical ecotoxicity tests using estab-
lished test systems similar to the regulatory framework of testing of chemicals. Thus
far, mainly acute toxicity was studied in a few species, particularly D. magna, but
chronic toxicity data are largely lacking. The acute toxicity data indicate that the
acute systemic toxicity of many ENP in aquatic and terrestrial organisms appears
to be rather low. This is in contrast to the pulmonary toxicity of certain ENP
such as CNT that show significant toxicity in mammals and humans. However, it
should be noted that the risks of ENP are related to chronic and long-term effects
that are not yet adequately studied. It should also be noted that the behaviour of
ENP and associated toxicity may be different at environmentally relevant concen-
trations as compared to the high levels used in acute toxicity studies (Gao et al.,
2009). Furthermore, partial oxidation (“ageing”) and surface modification in the
environment may alter the toxicity of EHP (Phenrat et al., 2009).

11.4.1 Toxicity Mechanisms and Target Organs

The mechanistic basis of NP toxicity is not well understood, both in toxicology
and in ecotoxicology. Toxicity studies in mammals demonstrated various types of
cellular effects, mainly on the respiratory tract (Oberdorster, 2004; Oberdorster
et al., 2006). Ultrafine particles and nanomaterials have experimentally quite well
been studied in mammals due to their occurrence in air dust. Exposure analysis of
humans via air has mainly been performed in epidemiological studies. At present
air pollution is by far the most important factor for human exposure occurring via
natural and traffic-derived NP. Pulmonary effects of ultrafine particles are known
for long, yet the effects of ENP have been investigated only in the last few years
(Oberdorster et al., 2006). Hence, respiratory toxicity and inflammation reactions
to NP are known. Epidemiological studies clearly support an association between
particulate air pollutants and pulmonary, cardiovascular and CNS disease (Stern and
McNeil, 2008).

In short, the effects of nanoparticles in mammals (and humans) can be summa-
rized as follows: inflammation, cytokine production, cytoskeletal changes, altered
vesicular trafficking, oxidative stress, apoptosis, as well as changes in gene expres-
sion and cell signalling in response to different types of ultrafine particles. This was
found in a number of mammalian cells in vitro and rodents in vivo (Oberdorster,
2004; Oberdorster et al., 2006). The targets within cells include the lysosomes.
Change in lysosomal permeability and the subsequent release of lysosomal enzymes
is one of the mechanisms involved in the induction of alveolar macrophages by silica
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microparticles (Thibodeau et al., 2004). Recently, it was shown in mice that inhaled
multi-walled CNT led to suppression of systemic immune function (Mitchell et al.,
2007), and this is based on the activation of cyclooxygenase enzymes in the spleen
in response to a signal from the lungs (Mitchell et al., 2009).

ENP induce cytotoxicity in vitro in cell lines at high concentrations (Herzog
et al., 2007). As an example, single-walled carbon nanotubes (SWCNT) were found
to have a very low acute toxicity (Davoren et al., 2007). Silver ENP (15 and 30 nm)
lead to more than 10-fold increase of reactive oxygen species (ROS) levels in cells
exposed to 50 mg/L, suggesting that the cytotoxicity is likely to be mediated through
oxidative stress. In addition, a significant inflammatory response was observed by
the release of TNF-alpha, MIP-2 and IL-1beta to cell culture media (Carlson et al.,
2008). In vitro cytotoxicity of many ENP has well been documented (Brunner et al.,
2006). Different ENP were investigated for cytotoxicity and ability to cause DNA
damage and oxidative stress in human lung epithelial cell line A549 (Karlsson et al.,
2008). A high variation among different ENP was observed. CuO nanoparticles were
most potent regarding cytotoxicity and DNA damage. The effects were not due to
soluble metal impurities.

Mechanisms of actions known in mammals may similarly apply for other organ-
isms. Silver ENP are well-known antibacterial agents causing toxicity via multiple
mechanisms (Morones et al., 2005). They may alter the membrane properties, affect-
ing the permeability and respiration of bacterial cells. They can also penetrate into
bacteria and cause DNA damage and release toxic Ag* ions. In addition to direct
effects, indirect effects by ENP are important. ENP may lead to physical blockage
of the gills of aquatic organisms and/or digestive tract. For instance masses of black
CNT were observed in the intestine of amphibian larvae, which lead to acute toxic-
ity at high concentrations of 10-500 mg/L in addition to blockage of gill respiration
(Mouchet et al., 2008).

Prime targets of ENP in aquatic organisms including fish (Handy et al., 2008a)
are uptake organs such as gills and intestine. Their epithelia are exposed directly
to the particles via water and food, respectively. Adsorption to and interaction with
epithelial cells may harm cell membranes and cellular structures. In fact, it has been
demonstrated that fish gills are sensitive to ENP such as TiO; (Federici et al., 2007)
or single-walled carbon nanotubes (SWCNT) (Smith et al., 2007). Adsorption and
attachment to the cell surface compromise its integrity and function. ENP may also
indirectly cause membrane damage through the generation of ROS, leading to lipid
peroxidation and damage of proteins and nucleic acids. Therefore, cell membrane
damage is an important mechanism by which ENP act on the cellular level. The
cytotoxic response of cells is dependent on the degree of functionalization in case
of SWNT (Sayes et al., 2006). Exposure of cells in vitro increased ROS levels and
reduced glutathione levels (Lin et al., 2006). The dose-dependent cytotoxicity was
closely correlated to increased oxidative stress.

Additional modes of actions of ENP have been determined in mammals.
Oxidative stress is induced by iron nanoparticles in human bronchial epithe-
lial cells, leading to cytotoxicity and cell damage (Keenan et al., 2009). The
response is equivalent to the response observed when cells are exposed to the same
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concentration of dissolved Fe(Il), however. Fullerenes (Cgp) may act as antioxi-
dants; however, a strong oxidative potential through photoactivation has also been
shown. ENP may interact with proteins directly or by producing ROS or other dam-
aging radicals. Some ENP (e.g. fullerenes) are photoreactive. Induction of oxidative
stress seems to be an important mechanism also in aquatic and terrestrial species.
Fullerenes induced potentially harmful lipid peroxidation in the brain of fish (large-
mouth bass) (Oberdorster, 2004). In contrast, no such effects have been found in
Fundulus heteroclitus, however (Blickley and McClellan-Green, 2008).

ENP also induce pulmonary inflammation, fibrosis, granulomatosis and emphy-
sema in mammals. CNT have been compared to asbestos, due to their needle-like
shape, raising concerns that they may lead to mesothelioma and lung cancer in mam-
mals (Stern and McNeil, 2008). Indeed multi-walled CNT resulted in asbestos-like
pathology in mice such as inflammation and formation of lesions known as gran-
ulomas (Poland et al., 2008). The asbestos-like hazard of such CNT is a cause of
concern important for the production and application of such ENP, in particular at
the working place. This is because CNT may have unusual toXicity properties, such
as a special ability to stimulate mesenchymal cell growth and to cause granuloma
formation and fibrogenesis (Donaldson et al., 2006). CNT may exhibit some of their
effects through oxidative stress and inflammation.

Less is known so far in aquatic and terrestrial toxicology. Similar to mammals,
possible toxicity mechanisms of ENP may include among others the following:

. Disruption of membranes or membrane potential

. Formation of reactive oxygen species and oxidative stress

. Induction of apoptosis and necrosis; induction of stress-related genes
. Oxidation and denaturation of proteins and other biomolecules

B W =

Recently it was demonstrated that fullerenes Cg elicit oxidative stress response
in embryonic zebrafish (Usenko et al., 2008). Gene expression analysis with
zebrafish using microarrays on the effects of Cgp demonstrated alterations in
several key stress response genes including glutathione-S-transferase, glutamate
cysteine ligase, ferritin, alpha-tocopherol transport protein and heat-shock protein
70 (Usenko et al., 2008). These alterations in gene expression patterns clearly
indicate induction of oxidative stress in zebrafish. Furthermore, there was an upreg-
ulation of development, cell cycle (including induction of apoptosis) and signal
transduction genes.

Genotoxicity has been investigated with TiO; in fish cells in vitro (Vevers and
Jha, 2008). Increased levels of DNA strand breaks were observed only in combina-
tion with UVA light. Obviously, genotoxicity was photo-induced. Fullerenes were
found to be nonmutagenic in the Ames test and non-genotoxic in a Chinese hamster
lung cell chromosomal aberration assay up to 5 mg/mL (Mori et al., 2006).

Silver ENP led to cellular and DNA damage as well as to carcinogenic and axida-
tive stresses in medaka, as suggested by analysis of gene expression alterations
(Chae et al., 2009). Silver resulted in a lower overall transcriptional stress response
in the liver than silver ENP.
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Recently, molecular and histological effects following exposure to 0.1 mg/L
nanocopper and 1 mg/L nanosilver and nano-TiO, (particle sizes between 45 and
688 nm) have been studied in gills after exposure of zebrafish for 24 and 48 h
(Griffitt et al., 2009). Nanocopper (100 pg/L) increased mean gill filament width.
Gene expression analysis demonstrated that the exposure to each nanometal or solu-
ble metal produced a distinct gene expression profile, suggesting that each exposure
is producing a biological response by a different mechanism. The effect of each
nanoparticle does not appear to be based solely on the release of soluble metal
ions into the water, but by the particulate feature as well. Although nano-TiO, did
not show toxicity, different genes are altered, demonstrating a transcriptomal effect.
Whereas 1 mg/L nano-TiO; altered a number of genes involved in ribosome struc-
ture and activity, nanocopper upregulated over 100 genes involved in the cellular
processes such as apoptosis, mitogenesis and cell proliferation, as well as in can-
cer progression. Interestingly, no genes involved in oxidative stress were altered.
Therefore, the extent to which oxidative stress can generally be assumed as a key
molecular process by which ENP act on the cellular level remains elusive.

11.4.2 Effects on Aquatic Organisms: Acute Toxicity

There are a few major classes of nanomaterials: metal and metal oxide nanoparti-
cles, carbon-based nanoparticles and nanotubes, fullerenes and macromolecules. At
present knowledge about the toxicity of these ENP is clearly not sufficient. Acute
toxicity of ENP on a variety of different organisms has been studied. Most studies
were performed with filter-feeding Daphnia, where general toxicity signs such as
immobilization were usually assessed. Here, some of the most relevant findings are
summarized in the following and in Table 11.1, other literature reviews are given
elsewhere (Baun et al., 2008a; Klaine et al., 2008; Novak and Bucheli, 2007). So
far, almost all studies deal with the acute toxicity of very high concentrations of
ENP. In general, they found acute toxicities of various ENP in the range of around
1 to several mg/L (Table 11.1), and therefore it is not very high. Only a few stud-
ies show toxicity below 0.1-0.5 mg/L. Furthermore, toxicity seems to be dependent
on the physico-chemical characteristics of the nanoparticles, therefore a range of
non-toxic to toxic nanomaterials can be found.

High concentrations of ENP inhibit the growth of algae with ECs in tens of mg/L.
(Hund-Rinke and Simon, 2006). Aggregates may be formed at the surface including
cell walls leading to indirect effects on growth and photosynthesis. Mortality and
toxicity in Daphnia was induced by single-walled nanotubes (SWNT) at 10 mg/L
(Templeton et al., 2006), whereas the lowest observed effect concentration of fil-
trated fullerenes was 0.26 mg/L. Acute toxicity was also observed with inorganic
ENP with decreasing toxicity for ZnO, SiO,, TiO, (Adams et al., 2006).

Exposure of aquatic crustaceans (D. magna, Artemia salina and Gammarids)
to several ENP (TiO,, fluorescent polystyrene particles, carbon black) indicates
that particles are readily ingested and accumulated in the gastrointestinal tract and
distributed into body lipid droplets (Fernandes et al., 2007; Roberts et al., 2007) and
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other parts of the body (Baun et al., 2008a). The ENP also adhered to the surfaces
of organisms and may induce effects such as increased moulting of the carapace by
neonates (Fernandes et al., 2007). Daphnia can also biomodify single-walled CNT
by stripping the lipid coating, which is used as a nutrient (Roberts et al., 2007).

Thus far, only a few experiments have been conducted with saltwater species.
The toxicity of fullerenes has been investigated in adult and larval fish F. hete-
roclitus (Blickley and McClellan-Green, 2008). Very little effects were noted and
no median lethal concentrations could be calculated up to 10 mg/L. Aggregates
of fullerenes adhered to the chorion of eggs and did not affect embryonic devel-
opment or hatching. Exposed larvae exhibited a dose-dependent increase in total
glutathione, which was accompanied by a decreasing trend in lipid peroxidation.
Increases in glutathione were also noted in liver but not gills of adult fish.

Current knowledge of different categories of ENP on various organisms indicates
the following:

Metallic ENP. High concentrations of various metallic and inorganic NP have
been shown to inhibit the growth of bacteria (Morones et al., 2005) and algae (Hund-
Rinke and Simon, 2006), and cause mortality to invertebrates and fish. Due to their
use as bactericides, nano-sized silver particles are quite well studied in bacteria. The
cells of bacteria are damaged and this is dependent on the concentration, shape and
size of the particles (Morones et al., 2005; Pal et al., 2007). Nanosilver appears to
be more toxic than silver anions (Lok et al., 2006). Silver nanoparticles can be toxic
because of their size and shape, but on the other hand, they could be toxic because
they release silver ions, which are well known for their antibacterial activity and
toxicity to algae. Exposure of algae to silver nanoparticles showed that in the first
hour silver ions inhibit the photosynthesis about 18 times more than nanosilver did
(Navarro et al., 2008b). But thereafter, the nanoparticles continued to be even more
toxic than the ions alone. Obviously, the nanoparticles contributed to the toxicity as
a source of silver, which is formed in the presence of algae.

Other inorganic ENP such as TiO», SiO; and ZnO show toxicity to bacteria and
other organisms. Nano-sized filtered TiO, induced acute toxicity to D. magna at
2 mg/L and higher (Lovern and Klaper, 2006). The effect was greater for these and
Ceo particles when prepared in THF than with sonication, and Cgp was more toxic
than TiO;. Toxicity of nano-sized and bulk ZnO, CuO and TiO; was studied in
bacteria (Microtox assay), D. magna and the crustacean Thamnocephalus platyurus.
Metal-specific recombinant biosensors were used to differentiate the effects induced
by the metal oxides or nanoparticles (Heinlaan et al., 2008). Suspensions of nano
and bulk TiO; were not toxic even at 20 g/L, whereas ZnO and CuO of bulk and
nano-compounds showed acute toxicity. It was shown that the toxicity was largely
due to soluble Zn and Cu ions, respectively.

A comparative toxicity study of bulk and nano-sized ZnO, TiO, and aluminium
oxide (Al,O3) to zebrafish early life stages was undertaken to understand potential
effects of such nanoparticles (Zhu et al., 2008a). Both bulk and nano-ZnO aqueous
suspensions delayed zebrafish embryo and larval development, decreased hatching
rate and survival and caused tissue damage. The 96-h LCsg of nano-ZnO and ZnO
was 1.79 and 1.55 mg/L, respectively. No effects were found for the other two ENP
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at the concentrations tested. This study showing no different toxicities between
bulk and nano-ZnO indicates that the toxicity is mainly based on the metal oxide
concentration rather than the nature of nanoparticles.

Similarly, a series of metallic ENP was tested in an algae, daphnids and zebrafish
and compared to metal ions (Griffitt et al., 2008). Nanosilver and nanocopper caused
toxicity in all organisms with a 48-h median lethal concentration as low as 40
and 60 ng/L, respectively, in Daphnia pulex, whereas TiO; did not cause toxicity.
Susceptibility differed among species, with filter-feeding invertebrates being more
susceptible compared with zebrafish. This study also found that soluble metals were
more toxic than the nano-particulate forms.

Effects of a range of metallic ENP were assessed on rainbow trout (Federici et al.,
2007) and zebrafish (Griffitt et al., 2007; Griffitt et al., 2008). Exposure of rainbow
trout to dispersed nanoTiO; (0.1-1 mg/L) for 14 d in a static-renewal experiment
caused some effects on gills such as oedema and thickening of lamellae (Federici
etal., 2007). Decrease in Na*K*-ATPase activity in gills and intestine and a trend of
decreased activity in the brain were also observed. An increase in total glutathione
levels the gills is a sign of anti-oxidative defence and depletion in the liver. Liver
cells showed minor fatty change and lipidosis, and some liver cells showed con-
densed nuclear bodies. Fish probably ingested TiO, during exposure leading to
erosion on the intestinal epithelia. Obviously, ENP are not major iono-regulatory
toxicants, although they lead to oxidative stress, organ pathologies and induction of
anti-oxidative defences in form of glutathione level increase.

Silica nanoparticles show low acute toxicity. No cytotoxicity occurred in cell
cultures up to 0.1 mg/mL silica nanoparticles (Jin et al., 2007). The growth of algae
is only little affected by 20 and 28.8 mg/L (Van Hoecke et al., 2008). The 12.5 and
27 nm-sized ENP were found to adhere to the outer cell surface of algae. No signs
of uptake were found. This is also the case with 50 nm and 200 nm fluorescent
nanoparticles in fish eggs (Fig. 11.1).

Fullerenes (Csp) have been studied to a larger extent than other non-inorganic
ENP. Increasing the salinity or ionic strength of aqueous media causes aggregations
of fullerenes to be formed (Fortner et al., 2005). However, an increase in humic
acids stabilizes the suspension allowing them to remain in solution. Hence, organ-
isms may be exposed to Cgg dissolved in water (Chen and Elimelech, 2007). The
dispersion of fullerenes and their toxicity in natural waters vary significantly with
water chemistry and the reactivity, as shown in two toxicity tests with Ceriodaphnia
and a bioassay; Ceo did not exhibit toxicity even at concentrations of >3 mg/L (Gao
et al., 2009).

Acute toxicity to bacteria (Lyon et al., 2008), D. magna (Lovern and Klaper,
2006; Oberdorster, 2004) and fish (Oberdorster, 2004; Oberdorster et al., 2006; Zhu
et al., 2006b) has been studied. The exposure of juvenile largemouth bass to 0.5 and
1 mg/L nCep resulted in signs of lipid peroxidation in the brain (Oberdorster, 2004).
These were assumed to reach the brain via the olfactory nerve. Cytochrome P450
enzymes were not affected by these ENP. THF-pre-treated Cgo induced mortality in
fathead minnows, whereas stirring of ENP in water did not affect survival. However,
lipid peroxidation was observed in the gill (Zhu et al., 2006b). This shows that the
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method of ENP preparation is important for their biological activity. The formation
of aggregates usually reduces the bioavailability and toxicity. The use of solvents
may also alter the toxicity as it may contribute to the effect. In case of metal ENP,
the dissolution of metal ions (in addition to the nanoparticles) may contribute to
the toxicity. Buckminster fullerene aggregates suspended in water (nCgp) affected
zebrafish embryo survival, hatching rate, heartbeat and caused pericardial oedema at
1.5 mg/L and higher (Zhu et al., 2007). Moreover, embryo and larval development
was delayed. Subsequent treatment with antioxidant glutathione mitigated toxic-
ity, suggesting that oxidative stress was the cause for observed toxicity. Fullerol (a
hydroxylated Cgg derivative, Cen(OH)16-18 had no such effect even at 50 mg/L (Zhu
et al., 2007). An oxidative stress response was also observed in embryonic zebrafish
(Usenko et al., 2008). Exposure of fish F. heteroclitus embryos larvae and adults to
nCgo resulted in very little mortality up to 7 mg/L (Blickley and McClellan-Green,
2008). Fullerenes adsorbed to the chorion of eggs but did not affect development
of the embryos or their hatching success. In larvae and adults, increase in total glu-
tathione and a decreasing trend in lipid peroxidation were the only signs of fullerene
exposure.

Baun et al. (2008b) studied the effect of combinations of ENP and chemical con-
taminants as a mixture. In D. magna and an algal species it was observed that Cgg
may serve as a contaminant carrier (Baun et al., 2008b). Suspensions of Cgg were
made by a 2-month stirring in medium and subsequently mixed with different con-
taminants. Depending on the contaminant, different toxicities occurred in D. magna
and the algae Pseudokirchneriella subcapitata. The possibility of ENP serving as
contaminant carriers has environmental relevance and should further be explored.

CNT induced dose-dependent growth inhibition in a protozoan (Zhu et al.,
2006a). When CNT were coated with lipids they were readily taken up by Daphnia.
They modified the solubility of the CNT through digestion of the lipids coating
(Roberts et al., 2007). In fish, single-walled CNT (SWCNT) exposure caused a
dose-dependent rise in ventilation rate, alteration in gills (oedema, altered muco-
cytes, hyperplasia), which points to a respiratory toxicant (Smith et al., 2007). In
addition, increases in glutathione levels in gills and liver and condensed nuclear
bodies in the liver were observed. SWCNT were ingested by fish resulting in precip-
itates in the gut and intestine. The brain showed swelling in parts of the cerebellum.
Aggressive behaviour and gill irritation/damage led to the conclusion that SWCNT
are respiratory toxicants in trout.

Effects of CNT have also been investigated in developing zebrafish (Cheng et al.,
2007). Delay in hatching was observed at high concentrations for both single- and
multi-walled CNT, but the toxicity may have been in part due to possible contam-
ination of CNT. At very high concentrations of 120 mg/L hatching was delayed,
whereas carbon black had no effect (Cheng et al., 2007). SWCNT did not influence
embryonic development and survival. It was found that the chorion of zebrafish
embryos acts as a protective barrier to prevent the passage of large nanotube aggre-
gates through the pores. Delayed hatching was regarded as an indirect effect of
hypoxia, because the nanotube aggregates hindered oxygen uptake. In contrast,
40 nm fluorescent latex nanoparticles are taken up by embryos and larvae of medaka
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and accumulate in the yolk and gallbladder (Kashiwada, 2006). Double-walled CNT
induced acute toxicity at 10-200 mg/L in larvae of the frog X. laevis due to physical
blockage of the gills and/or digestive tract. This material has been taken up into the
intestine (Mouchet et al., 2008).

Quantum dots (QD) are semiconductor nanocrystals which contain a cadmium
crystalline core (Cd/Se and CD/Te) coated with a shell of ZnS and an outer organic
polymer coating. QD are incorporated by primary rat hepatocytes, which may result
in toxicity (Derfus, 2004). Aqueous toxicity and food chain transfer of QD were
studied in freshwater algae and Ceriodaphnia dubia (Bouldin et al., 2008). No
lethality was observed at 48-h exposure to C. dubia up to 110 pg/L; however,
the alga P. subcapitata was affected with a 96 h ECsp of 37.1 pg/L. It was fur-
ther shown that QD were transferred from dosed algae to C. dubia, indicating that
these nanoparticles are transferred via food chain. It has to be further investigated to
what extent bioaccumulation or even biomagnification in the aquatic food chain will
occur (Holbrook et al., 2008). Effects of QD (cadmium telluride) were also stud-
ied in freshwater mussel Elliptio complanata, a filter feeder (Gagne et al., 2008).
Exposures led to oxidative stress in gills and to DNA damage. Increased oxidative
stress has also been indicated by increased carbon black concentrations in D. magna
(Zhu et al., 2006b). Toxicity was influenced in zebrafish embryos by the QD coating,
which also contributed to the QD suspension stability (King-Heiden et al., 2009).
At sublethal concentrations, many QD produced not only signs of cadmium toxi-
city but also distinctly different toxicity that could not be explained by cadmium
release.

11.4.3 Effects on Aquatic Organisms: Chronic Toxicity

In constrast to studies on the acute mortality in various organisms including Daphnia
(Lovern and Klaper, 2006; Lovern et al., 2007; Oberdorster, 2004; Oberdorster
et al., 2006; Zhu et al., 2006b), an estuarine meiobenthic copepod (Templeton et al.,
2006) and fish (Kashiwada, 2006; Oberdorster, 2004), the long-term toxicity (sub-
lethal alterations or subtle chronic effects) of nanomaterial has been studied only
marginally. Potential impacts of environmentally realistic exposures (low concen-
trations) or chronic toxicity of ENP are not or inadequately known. Currently, there
is a lack of knowledge about the long-term risks and potential mechanisms of tox-
icity of ENP, and therefore, there is a clear need to address these questions instead
of focusing on acute toxicity only.

Similar to the situation with chemical compounds such as pharmaceuticals (Fent
et al. 2006), chronic toxicity data of ENP are very sparse or lacking. There are only
very few studies so far. Some data are given in Table 11.1. D. magna were exposed
for 21 d to 2.5 and 5 mg/L fullerenes, resulting in a delay of moulting and reduced
offspring production, a clear sign of chronic toxicity (Oberdorster et al., 2006). The
full life cycle effects of SWINT on an estuarine copepod (A. tenuiremis) were studied
over 28 d exposure. No significant mortality, development and reproduction effects
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were observed with purified SWNT, but effects occurred at the highest concentration
of 10 mg/L of more complex SWNT mixtures (Templeton et al., 2006).

Growth reduction and signs of oxidative stress, as indicated by a decrease in glu-
tathione and an increase in antioxidant enzymes superoxide dismutase and catalase
in gills and liver were observed in juvenile carp that were exposed to 0.04—1 mg/L
fullerene aggregates for 32 days (Zhu et al., 2008b). In addition, lipid peroxida-
tion was altered in liver and gills. Single-walled carbon nanotubes induced effects
on gills (increase of Na™K*-ATPase activity) in rainbow trout when exposed up
to 10 days. Increase of glutathione was observed in gills, liver and intestinal tract.
Furthermore, aggressive behaviour was observed (Smith et al., 2007).

11.4.4 Terrestrial Plants and Soil Organisms

Less attention has been paid so far on implication of ENP to the terrestrial envi-
ronment. Agglomerates of Cgo applied to soil (up to 50 mg/kg dry soil) had little
effects (Johansen et al., 2008). Respiration and microbial biomass were unaffected,
whereas the number of fast-growing bacteria was decreased after ENP application.
Also protozoans reacted not very sensitive to fullerenes.

Phytotoxicity was studied in ryegrass. In the presence of ZnO ENP, ryegrass
biomass significantly reduced, root tips shrank and root epidermal and cortical cells
were destroyed (Lin and Xing 2008). ZnO ENP greatly adhered on to the root sur-
face. Individual ZnO ENP were observed present in apoplast and protoplast of the
root endodermis and stele, but little ZnO ENP could translocate up in the ryegrass.

Reproduction of earthworm FEisenia veneta was affected by double-walled
nanotubes (DWNT) administered through food at concentrations above 37 mg
DWNT/kg food. The most sensitive toxicological parameter was reproduction
(cocoon production), with no effect on hatchability, survival or mortality up to
495 mg DWNT/kg and 1000 mg Cgo/kg. The toxicity of ENP and bulk ZnO,
AlO3 and TiO; has been evaluated in the nematode Caenorhabditis elegans.
Both ENP and their bulk counterparts inhibited growth and the reproductive
capability at mg/L concentrations (Wang et al., 2009). The toxicity of Al,O3
and TiO, nanoparticles was higher than that of their bulk counterparts. Silver
nanoparticles decreased reproduction potential in C. elegans. Increased expres-
sion of the superoxide dismutase 3 and other genes occurred with 0.1 and
0.5 mg/L exposures concurrently with decreases in reproduction (Roh et al., 2009).
Oxidative stress was indicated to be an important mechanism of silver ENP
toxicity.

11.5 Conclusions
Recent studies suggest a risk of nanotubes that may act similar as asbestos fibres

with a potential cancerogenic activity (Poland et al., 2008). Moreover adverse
effects on the immune system have been indicated (Mitchell et al., 2009). This
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suggests a toxic potential for human exposure, previously known with respect to
inhalation of nanoparticles. Much less is known, however, on the potential risks
to the environment. Thus far, the acute toxicity of a variety of ENP with differ-
ent physico-chemical properties and sizes has been studied in various organisms at
high concentrations. However, the effects at low and environmentally relevant con-
centrations remain largely unknown. Furthermore, it is almost unknown whether
or not, and which chronic effects occur at realistic environmental concentrations.
In addition, basic questions such as the bioavailability from environmental media,
uptake and distribution in the body of organisms remain to be studied in more detail.
The current knowledge is yet too restricted to draw conclusions about potential
environmental hazards and risks of ENP. Further investigations are needed on the
mode of actions and the toxic mechanisms of different ENP, particularly at low and
environmentally realistic concentrations. Emphasis should be placed particularly
on long-term effects, chronic toxicity and risks for bioaccumulation and transfer
in the food chain. All measures should be taken to avoid or at least to reduce the
introduction of ENP into the environment. Precaution is needed, because environ-
mental consequences are largely unknown, in particular with respect to long-term
effects.
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