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ABSTRACT
Silver nanoparticles and carbon-based nanoparticles are two main categories of

engineered nanoparticles and are massively produced and used in industrial and consumer
products. Silver nanoparticles and hydroxylated fullerenes could both cause toxicity in aquatic
organisms, however, the mechanisms of their toxicity remain unclear. We examined the effects
of silver nanoparticles and hydroxylated fullerenes on fathead minnow embryos (Pimephales
promelas). Silver nanoparticles caused both mortality and sublethal effects in exposed embryos.
Hydroxylated fullerenes caused neither mortality nor meaningful metabolomic responses.
Proposed modes of action of silver nanoparticle exposure included disturbance in
osmoregulation and energy metabolism, induction of reductive glutamine metabolism and
phospholipids biosynthesis. Our study demonstrated that NMR-based metabolomics can be an
ideal approach for determining the toxic mechanisms of nanomaterials.
INDEX WORKDS: Silver nanoparticles, Hydroxylated fullerenes, Fathead minnow,

Embryos, Toxicity, Metabolomics, Modes of action
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Overview

Nanomaterials are one of the more well-known emerging contaminants likely being
inadvertently released into the environment before much is understood of their toxicity or toxic
mechanisms. Because of the increase in the applications of nanomaterials in industry and
consumer products, there is the potential for nanomaterials or nanoparticles to enter the natural
environment and elicit toxicity. Metabolomics is proposed in this study as a more sensitive
method to measure the toxic effects and determine modes of action of nanomaterials at
environmentally relevant concentration. This study focused on the toxicity of silver nanoparticles
and hydroxylated fullerenes in developing fathead minnow (Pimephales promelas) embryos and
their metabolomic responses following the exposure. Background information concerning
nanomaterials will be presented first to define nanomaterials and nanoparticles, their market and
application, and their environmental toxicity in general. This is followed by reviews of silver
nanoparticles and fullerenes, including their fate and transport, applications and environmental
toxicity. Also, a review of the value of the embryonic toxicity test with fathead minnow will be
presented, followed by an overview of the metabolomic approach used in this research project.

Lastly, a brief statement of the research objective and goals follows the literature review.



Nanomaterials background

Nanomaterials are defined as materials with one dimension under 100 nm and
nanoparticles are defined as materials with at least two dimensions between 1 and 100 nm
(ASTM 2006). Nanoparticles have been found existing in all kinds of environments. In urban
atmospheres, nanoparticles are released from the combustion of diesel and gasoline, which could
cause adverse effects on human health (Shi et al., 2001). In aquatic environments, the size of
natural aquatic colloids ranges from 1 nm to 1 um. Nanoscale colloids are capable of binding to
organic and inorganic pollutants because of their small size and high surface area (Lead et al.,
1997). In soils, natural nanoparticles include clays, organic matter, iron oxides, and other
minerals. Soil colloids have been reported to facilitate the movement of pollutants (Ouyang et al.,
1996).

Engineered nanomaterials have been a major concern in recent years because of their
increased production. Nanotechnology is predicted to be a $1 trillion market by 2015 (Roco,
2001). Increased applications and production of nanomaterials make exposure of these
contaminants to the natural water more probable (Mueller and Nowack, 2008). Engineered
nanomaterials are increasingly used in sporting goods, tires, stain-resistant clothing, sunscreens,
cosmetics, and electronics. Research is also looking at applying nanotechnology to disease
diagnosis, medical imaging, and drug delivery (Mueller and Nowack, 2008). Nanomaterials are
designed to have unique physical and chemical properties; however, these novel properties raise
concerns about adverse effects on human and environmental health (Nel et al., 2006). The toxic
mechanisms of most nanomaterials are not well understood. Possible toxic mechanisms include
the disruption of cell membranes or cell membrane potential, protein oxidation, genotoxicity,

interruption of energy transduction, formation of reactive oxygen species, and the release of



toxic constituents (Klaine et al., 2008). Recently, oxidative stress responses were predicted to be
appropriate toxicological paradigms to assess hazards of nanomaterial. Nanomaterials could
induce oxidative stress responses at different cellular levels, from anti-oxidant defense, to
inflammation, to cytotoxicity. Differing physicochemical properties of nanomaterials could lead
to varying types and levels of cellular injuries, which could result in adverse health outcomes in
whole organisms (Meng et al., 2009; Nel et al., 2006).

Engineered nanomaterials could be released to the environment from either liquid or solid
waste during their production. Depending on their applications, they could also be intentionally
released to the environment. Some nanoparticles have applications in groundwater remediation,
such as zero-valent iron, and then enter the water system. Nanoparticles also have applications in
paint, sun screen, and fabric production, and thus enter the environment by different methods and
in a range of concentrations. Nanoparticles could also be released through the abrasion, erosion,
and decomposition in most nanotechnology involved products (Klaine et al., 2008). Once
nanoparticles enter the environment, they have the potential to contaminate soils, surface and
ground water systems. The nanoparticle contamination will not be restricted to the original
contaminated site and will thus increase the difficulty in regulation and remediation (Klaine et al.,
2008).

Nanomaterials can be classified as carbon based nanoparticles (NPs), metal and metal-
containing materials, semiconductors, and dendrimers (Klaine et al., 2008). Metal NPs and
carbon based NPs are the two major categories of engineered nanomaterials currently in use. In
this study, silver NPs, as the most widely used metal NPs, and fullerenes, as the basic unit of

carbon based NPs, are investigated.



Silver nanoparticles

Silver nanoparticles (AgNPs) are involved in the widest range of nanotechnology- based
consumer products. Because of their antimicrobial properties, silver nanoparticles are widely
used in detergents, fabrics, air filters, tooth paste, vacuum cleaner, and washing machines.
(Project on Emerging Nanotechnologies Inventory, Woodrow Wilson International center for
scholars; Washington, DC). In 2008 the worldwide production of silver nanoparticles was
estimated around 500 tons per year (Mueller and Nowack, 2008). The rapid expansion of AgNPs
in commercial use raises concerns for aquatic exposure and resultant toxicity to aquatic
organisms.

Silver nanoparticles could be released to the environment during the production, useful
life, and during disposal processes (Gottschalk and Nowack, 2011). Recent studies have shown
that AgNPs could be released to the environment from consumer products such as socks and
other fabrics during the household washing process (Benn and Westerhoff, 2008). When AgNPs
enter a wastewater treatment plant (WWTP), the AgNPs will react with reduced sulfur and
precipitate as silver sulfide in the sludge with chloride and adsorb to biomass (Kim et al., 2010).
Concerns about the presence of silver nanoparticles in the effluent of WWTP are reduced, but
potential contamination to soil can result following application of sewage sludge materials on
agricultural land as soil amendment or used in other land application, which may contain Ag,S
(Kim et al., 2010). However, there is still concern about the fraction of AgNPs directly released
into water systems without wastewater treatment. Larger silver nanoparticles (>50 nm) have the
potential to persist in the aquatic environment for an extended period of time and serve as a
continuous source of silver ions (Dobias and Bernier-Latmani, 2013). Currently, there is not a

reliable analytical technique to quantify concentrations of silver nanoparticles in the



environment. However, a recent study reported predicted environmental concentrations of silver
nanoparticles in aquatic environments as being between 0.03 and 0.08 pgL™ (Mueller and
Nowack, 2008).

The chemical properties of silver nanoparticles can be used in applications requiring
antimicrobial properties. AgNPs can interact with bacterial cell membranes and be transported
into cells, resulting in membrane damage, the release of reactive oxygen species, and induction
of stress response in the bacterial cell (Choi and Hu, 2008; Morones et al., 2005). AgNPs have
been reported to release silver ions and cause adverse effects on the neurodevelopment of
developing zebrafish (Danio rerio). Lee et al. (2007) demonstrated AgNPs were transported
across chorion pore canals of zebra fish embryos and accumulate inside embryos at each
development stages. The dissolution of silver ions from silver nanoparticles also impairs
embryonic survival, growth, and development at high concentrations, and at low concentrations,
depresses larval swimming behavior (Powers et al., 2010). Exposure to silver nanoparticles
caused acute mortality in both adult and juvenile zebrafish with the 48-hour LC50 values
reported for the adult zebrafish being 7.07 mg/L and for juveniles being 7.20 mg/L (Griffitt et al.,
2008). Laban et al. (2010) reported that the 96-hour LC50 value of two different commercial
AgNPs in fathead minnow embryos were 1.25 mg/L and 1.36 mg/L. Fathead minnow embryos
exposed to AgNPs exhibited high mortality and a greater chance of malformation, including
edema, hemorrhage, and lordosis (Laban et al., 2010).

In juvenile and adult fish, the uptake of silver nanoparticles is chiefly mainly via the gills.
The adverse effects on the gills could result from the attachment of silver ions from the AgNPs’
surfaces or released from AgNPs to the solution (Griffitt et al., 2009). The contact of silver ions

with the fish gills could potentially cause the inhibition of basolateral Na/K-ATPase activity and



compromise osmoregulation (Wood et al., 1999). Following exposure to silver nanoparticles
zebrafish and rainbow trout (Oncorhynchus mykiss) have exhibited oxidative damage,
impairment of the normal expression of oxyradical-scavenging enzymes, apoptosis, and
impairment of metabolism and normal toxicological response to metals (Choi et al., 2010; Scown

etal., 2010).

Fullerenes

Fullerenes are closed cage, hollow and nearly spherical molecules composed of 60-
carbon atoms that have wide applications in a variety of industrial and consumer products. The
discovery and manufacture of fullerenes provided the possibility of transforming the pure carbon
units into a new structure with unique physical and chemical properties (Dresselhaus et al.,
1996). Fullerenes are currently compounds of drug delivery systems, lubricants, solar cells,
catalyst, and polymer modification. Fullerenes are also applied in consumer products, such as
anti-wear surfaces, cosmetics, and sporting goods (Aschberger et al., 2010). Fullerenes are the
basic building unit of carbon nanotubes (CNTSs), of which the global production is expected to
exceed 12,300 tons in 2015 with a market value of approximately $1.3 billion (Innovative
Research and Products, Inc. 2011). The annual production of fullerenes in U.S. is estimated
between 2 to 80 tons per year (Hendren et al., 2011).

Fullerenes display both electron donating and accepting properties and both unmodified
and modified fullerenes can release oxyradicals in vitro (Kamat et al., 2000; Sayes et al., 2004).
Following accumulation, fullerenes can cause oxidative damage in aquatic organisms
(Oberdorster, 2004; Usenko et al., 2008) and affect gene expression of pathways involved in

regulation of oxidative stress (Henry et al., 2007;). When adult fathead minnows were exposed to



0.5 mg/L of fullerenes, they showed significantly elevated lipid peroxidation in the brain and
gills, and significantly increased expression of CYP2 family isozymes in the liver (Zhu et al.,
2006). Hydroxylated fullerenes [Cgo(OH)24] possess a high water solubility and stability in
solution, which increases their industrial and medical use (Da Ros and Prato, 1999).
Hydroxylated fullerenes displayed less cytotoxicity then unmodified fullerenes (Sayes et al.,
2004), serving mainly as antioxidants and inducing mild ROS-independent pro-apoptosis activity
in vitro (Isakovic et al., 2006). As for the toxicity of Cgo(OH),4 in an in vivo model, Usenko et al.
(2007) reported Cgo(OH)24 caused significant mortality and edema in zebrafish embryos but was
less toxic than robust fullerenes. Hydroxylated fullerenes did not cause significant mortality in
the fathead minnow embryo toxicity assay (FET), however, they did induce pericardial edemas
and yolk coagulation starting at 0.01 mgL™ (Jovanovi¢ et al., 2011a). Adult fathead minnows
exposed to hydroxylated fullerenes exhibited suppressed neutrophil function and altered immune
gene expression (Jovanovi¢ et al., 2011a). A significant alteration in genes involved in regulating
circadian rhythm, kinase activity, vesicular transport and immune response was found in

zebrafish embryos exposed to hydroxylated fullerenes (Jovanovi¢ et al., 2011b).

Fish embryo toxicity test
Fish embryo toxicity testing will be useful in detecting toxicity of nanoparticles. Fish are
the major vertebrate class in freshwater and marine ecosystems and have been traditionally
considered to be an indispensable test species. Fish mortality is the usual method to assess the
effects of chemical spills, industrial pollution, and overall environmental health in aquatic

ecosystems. Additionally, monitoring the overall health of fish populations is a common method



to evaluate water quality in surface waters, which are important water sources for humans. Thus,
several standardized toxicity tests have been developed to measure the pollutant toxicity to fish.

The embryo-larval and early juvenile life- stages are the most sensitive life stages to
pollutants. Toxicity tests using early life stage of fish can be used to predict long-term toxicity
and create water quality criteria (McKim, 1977). Embryonic toxicity tests using zebrafish have
been demonstrated to be more sensitive than cytotoxicity tests using permanent fish cell lines
(Castaiio et al., 1996). Early life stage toxicity tests begin with embryos prior to the eyed stage
and continue until the juvenile stage (McKim, 1977). Compared to whole life stage chronic
toxicity tests, early life stage testing can reduce time and culturing effort while increasing the
total number of test samples.

The fathead minnow belongs to the Cyprinidae family, which is the largest group of
freshwater fish in North America (Scott and Crossman, 1973). The popularity of this species as a
baitfish and forage fish has led to widespread introductions into the wild. Fathead minnows are
easily cultured in the laboratory and have one prolonged spawning period throughout the year.
The fathead minnow embryo-larval survival and teratogenicity tests were developed as a
standardized test to estimate the chronic toxicity of whole effluents and receiving waters

(USEPA, 2002).

Metabolomics
Metabolomic response, as a major component of ecotoxicogenomics, can be used as a
biomarker of exposure to nanoparticles. Ecotoxicogenomics was recently proposed as a method
to integrate transcriptomics, proteomics and metabolomics into ecotoxicology to study the gene

and protein expression in non-target organisms in response to environmental toxicant exposures



(Snape et al., 2004). Traditionally, toxicity endpoints have primarily focused on phenotypical
responses, using mortality, growth and reproduction as endpoints. However, these traditional
endpoints provide little understanding of the mechanisms of toxicity. Also, traditional endpoints
lack sensitivity to elicit a noticeable response to many chemicals or metals at environmentally
relevant concentrations. Ecotoxicogenomics provides a more holistic insight required for a
mechanistic understanding of aquatic ecotoxicology (Snape et al., 2004).

Metabolomics measures the dynamic metabolic responses of an organism to a toxic or
physiological challenge (Nicholson et al., 1999). Xenobiotics could interact with tissue and
extracellular components in a living organism and have effects on gene expression, protein
production, and cellular biochemical regulation. In some cases, a xenobiotic will cause
fluctuations of endogenous biochemicals by affecting key enzymes and nucleic acids that
regulate metabolism. Therefore, using metabolomics, toxicity effects can be investigated by
analyzing subtle alterations in endogenous metabolites in blood, plasma, urine, bile, or tissue
samples (Nicholson et al., 1999).

Metabolomics typically either utilizes a mass spectrometry (MS) platform or is based on
a nuclear magnetic resonance spectroscopy (NMR) platform. Generally, using MS is more
sensitive and more suitable for discovering novel biomarkers. On the contrary, NMR provides an
approach that is open-ended, has excellent cross-platform reproducibility, and less sample bias
(Keun et al., 2002). NMR-based metabolomics can be used to measure stress-induced
biochemical changes in living organisms. Information about a variety of metabolic pathways can
be accessed simultaneously, often with little effort in sample preparation. This information-rich
method accompanied with pattern recognition algorithms and chemometric methods can

maximize information recovery (Gartland et al., 1991).



High-resolution *H NMR spectroscopy has frequently been used as a rapid, noninvasive
method to measure metabolites present in biofluids (Gartland et al., 1989; Nicholson and
Gartland, 1989). Biochemical changes can be measured in biofluids with *H NMR and provide
information for probing organ toxicity and discovery of biomarkers of toxic exposure and effect
(Holmes et al., 2001). In order to interpret NMR data in metabolomic studies, principal
components analysis (PCA) is a common method of multivariate analysis that reduces a large
number of variables into smaller subsets of uncorrelated principal components. These principal
components are linear combinations of the original (weighted) variables. For example, a 2000
variable data set can be reduced to two or three variables and be represented as a point in the
PCA scores plots. The first principal component explains the greatest variability in the data, the
second principal component is independent of the first component and explains the second
greatest amount of variability in the data. This analysis has been successfully utilized to correlate
tissue-specific toxicity with a combination of metabolite changes (Griffin et al., 2000; Holmes et
al., 2001). The characteristic metabolomic changes can be indicative of the possible mechanisms
behind the toxicological effects.

Metabolomic techniques can be a novel method to investigate the toxicity of
nanomaterials. Metabolomics has been previously utilized to investigate metabolic response after
chemical exposures in aquatic species and mammals, including Japanese medaka (Oryzias
latipes) embryos exposed to trichloroethylene and dinoseb (Viant et al., 2005; Viant et al.,
2006a), mice exposed to varying sizes of silica nanoparticles (Lu et al., 2011) and to TiO, NPs
(Tang et al., 2010), and rats exposed to Ag NPs (Hadrup et al., 2012). NMR metabolomics has
been applied previously in fish embryo toxicity studies to investigate the toxicity mechanisms

and developmental metabolic trajectories (Viant et al., 2005; Viant et al., 2006a; Viant et al.,
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2006b). The change of metabolomic profiles has been proven to be a more sensitive biomarker
than traditional toxicity endpoints in some cases. Metabolomic responses to trichloroethylene
exposure were more sensitive than mortality and hatching success in Japanese medaka embryos
(Viant et al., 2005). Metabolomic profiles taken at different developmental stages illustrated a
dynamic change occurring as an organism develops (Huang et al., 2013). Metabolic changes
throughout embryogenesis can help determine the stage-specific modes of action, which can be
correlated with known morphological events and thus explain potential adverse effects in organs.
Transient exposure to xenobiotics can also be assessed by determining if perturbed metabolic
trajectory returns to the normal course of development for that organism (Viant et al., 2005).
Moreover, transcriptomic and proteomic data can be associated with metabolomic profiles to
provide a deeper insight into the molecular toxic mechanisms. Applying metabolomic techniques
to embryonic toxicity testing can serve as the basis for toxicological and developmental studies

in the 21st century.

Research Objectives

The aim of the research in this thesis was to study the toxicity and toxic mechanisms of
two kinds of nanoparticles, silver nanoparticles and hydroxylated fullerenes in early life stages of
fathead minnow. By using embryonic toxicity testing and an innovative metabolomic approach,
significant advances can be made in understanding morphological toxicity and toxic mechanisms
of these two nanoparticles to fathead minnow embryos.

We hypothesize that, first, AQNPs and hydroxylated fullerenes can cause effects on
mortality or morphological abnormalities in early life stages of fathead minnow. And secondly,

that, '"H NMR-based metabolomics can provide more sensitive biomarkers of toxicity than the

11



fathead minnow embryo toxicity assay and can be used to determine the mechanisms of action of
AgNPs and hydroxylated fullerenes.

Chapter two of this thesis will focus on delineating the effects of silver nanoparticles and
hydroxylated fullerenes by measuring mortality, teratogenicity, and metabolomic profiles. This
research will illustrate possible toxic mechanisms in response to different stages of
embryogenesis and evaluate the benefit of using metabolomic responses as novel biomarkers of
nanoparticles exposure in aquatic systems. Chapter three will put into context the
ecotoxicological implications of these findings and propose future directions of nanotoxicity

research with a metabolomics approach.
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Abstract

Concerns about engineered nanoparticles as emerging contaminants have increased in
recent years. Silver nanoparticles and carbon-based nanoparticles are two main categories of
engineered nanoparticles and are massively produced and used in industrial and consumer
products. Both silver nanoparticles and hydroxylated fullerenes could cause toxicity in exposed
organisms, however, the mechanisms of their toxicity remain unclear. We examined the effects
of exposure to silver nanoparticles or hydroxylated fullerenes on fathead minnow embryos
(Pimephales promelas). In 120-h exposure, the LC50 of silver nanoparticles was 1.63 mgL™ and
the lowest effect concentration of fathead minnow embryos for morphological abnormalities and
mobility was observed at 0.75 mgL™. Hydroxylated fullerenes caused no mortality to fathead
minnow embryos until 4 mgL™. Early hatching in embryos exposed to 4 mgL™ hydroxylated
fullerenes was observed, but not at any of the lower exposure levels. Toxic mechanisms of silver
nanoparticles and hydroxylated fullerenes were investigated by measuring the change of
metabolite profiles in exposed embryos. Metabolomic responses to silver nanoparticles exposure
were observed at 0.75 mgL™; changing metabolites included osmolytes, amino acids, and energy
related metabolites. Proposed physiological responses from these metabolite changes include
disturbances in osmoregulation and energy metabolism, induction of reductive glutamine
metabolism and phospholipid biosynthesis; all are mechanisms that support the whole
organismal responses of edema and reduced mobility in AgNP-exposed fish. However, we were
not able to correlate changing metabolites following exposure of hydroxylated fullerenes to

fathead minnow embryos with any known toxic effects.
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Introduction

Engineered nanomaterials are defined as materials with one dimension under 100 nm
(ASTM 2006) and have gained concern as emerging contaminants with unique physical and
chemical properties. Nanotechnology is predicted to be a $1 trillion market by 2015 (Roco,
2001). Increases in application and production of nanomaterials make exposure of these
contaminants in natural waters more probable (Mueller and Nowack, 2008). However,
information about toxicity and mechanisms of action of nanomaterials is still limited.

Silver nanoparticles (AgNPs) are the most widely used nanomaterials in consumer
products. Because of their antimicrobial properties, they are currently used in 384 kinds of
consumer products, such as detergents, fabrics, air filters, and washing machines (Project on
Emerging Nanotechnologies Inventory, Woodrow Wilson International Center for Scholars;
Washington, DC). The worldwide production of silver nanoparticles is estimated around 500
tons per year. Silver NPs could be released to the environment during their production, useful
life, and during disposal processes (Gottschalk and Nowack, 2011). Continuous release of silver
from socks containing AgNPs during a simulated household washing process has been shown to
last over 96 continuous hours of washing for some products (Benn and Westerhoff, 2008).
Through their release from multiple products, AgNPs could provide a continuous source of silver
ions to aquatic environments (Dobias and Bernier-Latmani, 2013). Currently, there is not a
reliable analytical technique to distinguish concentrations of silver nanoparticles from other
forms of silver, e.g., colloidal silver, in the environment. However, a recent study predicted
environmental concentrations of silver nanoparticles in aquatic environments to be between 0.03

and 0.08 pugL™ (Mueller and Nowack, 2008).

21



Silver NPs have been reported to enter zebrafish (Danio rerio) eggs through chorion pore
canals and accumulate inside embryos (Lee et al., 2007). Fathead minnow (Pimephales promelas)
embryos exposed to AgNPs exhibited higher mortality and a greater chance of malformation,
including edema, hemorrhage, and lordosis (Laban et al., 2010). Silver NPs could slowly release
ionic Ag, which is highly toxic to fish (Gagné et al., 2012; Laban et al., 2010). Abnormal
neurodevelopment in developing zebrafish and impairment of survival, growth, and development
were observed in zebrafish embryos exposed to Ag ions (Powers et al., 2011a). When juvenile or
adult fish gills are exposed to AgNPs, silver ions released from AgNPs can cause the inhibition
of basolateral Na/K-ATPase activity and compromise osmoregulation (Wood et al., 1999).
Exposure to silver nanoparticles has been associated with oxidative damage, impairment of the
normal expression of oxyradical-scavenging enzymes, apoptosis, and impairment of metabolism
and normal toxicological responses to metals in zebrafish and rainbow trout (Oncorhynchus
mykiss) (Choi et al., 2010; Scown et al., 2010).

Fullerenes are an important category of carbon nanotubes, and the best-known and most
stable fullerene is Cg. The global production of carbon nanotubes is expected to exceed 12,300
tons in 2015 with a market value of approximately $1.3 billion (Innovative Research and
Products, Inc., 2011). Fullerenes are currently used in drug delivery systems, lubricants, solar
cells, catalysis, polymer modification, and other consumer products (Aschberger et al., 2010).

Research has shown that cytotoxicity of fullerenes was related to its ability to cause
oxidative stress (Usenko et al., 2008). Oxidative stress and lipid peroxidation were observed in
the brains of adult fathead minnows exposed to fullerenes (Zhu et al., 2006). Zebrafish embryos
exposed to fullerenes developed significant increases in edema, malformation, and mortality

(Usenko et al., 2007). Hydroxylated fullerenes (Cgo(OH).4) have higher water solubility and
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aqueous stability than fullerenes, giving them increased industrial applications (Da Ros and
Prato, 1999; Jovanovi¢ et al., 2011a). Hydroxylated fullerenes display less cytotoxicity than
unmodified fullerenes, serving mainly as antioxidants while inducing reactive oxygen species
(ROS)-independent cell death in vitro (Isakovic et al., 2006; Sayes et al., 2004). Hydroxylated
fullerenes were an order of magnitude less toxic to zebrafish embryos than fullerenes, and are
proposed to have different toxic mechanisms (Usenko et al., 2007). Fathead minnow embryos
exposed to hydroxylated fullerenes exhibited pericardial edema, yolk coagulation, suppressed
neutrophil function, and altered immune gene expression (Jovanovic¢ et al., 2011a,b).

Metabolomics measures the dynamic metabolic responses of an organism to a toxic or
physiological challenge (Nicholson et al., 1999). Instantaneous fluctuations of endogenous
biochemicals caused by external stress or xenobiotics can be assessed by measuring subtle
alterations in endogenous metabolites detected in biofluids or tissue samples (Nicholson et al.,
1999). NMR metabolomics has been applied previously in fish embryo toxicity studies to
investigate the toxicity mechanisms and developmental metabolic trajectories following
exposure to trichloroethylene. In these studies, metabolomic responses were demonstrated to be
more sensitive than phenotypic effects (Viant et al., 2005; Viant et al., 2006). Monitoring
metabolic changes throughout embryogenesis can help determine the stage-specific modes of
action, which can be correlated with known morphological events and thus explain potential
adverse effects.

The objective of this study was to measure the toxicity of AgQNPs and hydroxylated
fullerenes in early life stages of the fathead minnow and further investigate their modes of action

by analyzing their metabolomic responses.

23



Material and Methods

Particle Characterization

AgNPs were described as 99% purity, <100 nm in size (Sigma-Aldrich, St. Louis, MO).
Hydroxylated fullerenes (99.8% purity) were purchased from MER Corporation, Tucson, AZ.
Particle sizes of nanomaterials were confirmed by Transmission Electron Microscopy (TEM)
(Tecnai F20, Hillsboro, Oregon). Solutions of AgNPs (500 mg/L) and hydroxylated fullerenes
(400 mg/L) were prepared in moderately hard water (MHW) (USEPA, 2002) containing 60 mg
MgSO,, 96 mg NaHCOs, 4 mg KCI, 60 mg CaSO,-H,0 L™ and sonicated for 1.5 h (AgNPs) or
20 m (hydroxylated fullerenes). A drop of either homogenous solution was placed in a copper
grid with lacy carbon film (Electron Microscopy Sciences, Ft. Washington) for TEM analysis.
Dynamic light scattering (DLS) (Zetasizer Nano ZS Analyzer, Marvern, Worcestershire, UK)
was conducted on AgNPs (50 mg/L) and hydroxylated fullerenes (5 mg/L) prepared in MHW to

determine the particle size distribution for each nanomaterial.

Embryo collection

Adult fathead minnow breeders (age 6-8 mo) were purchased from Aquatic Biosystems
(Fort Collins, CO). Breeding ratios (2 males: 5 females) were maintained in 40-L, aerated, flow-
through tanks (filtered dechlorinated tap water) held at 25 + 0.5 °C with a photoperiod of 16 h
light: 8 h dark. Adult fish were fed frozen brine shrimp and tetrafin flakes twice daily. Each tank
was provided with 3 pieces of 4 inch diameter PVC cut in half as breeding substrates. Embryos

were collected from the PVC substrates daily for use in experiments.
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Embryo Toxicity test of AgNPs and Hydroxylated fullerenes

In separate tests, the seven-day fathead minnow embryo toxicity assay was performed
with either six concentrations (0.01, 0.1, 0.75, 1.5, 3, 6 mgL™) of AgNPs or six concentrations
(0.0001, 0.001, 0.01, 0.1, 1 and 4 mgL™) of hydroxylated fullerenes dissolved in MHW. Stock
solutions (500 mgL*AgNPs; 400 mg L *hydroxyalted fullerenes) were prepared in MilliQ water
(AgNPs) or MHW (hydroxylated fullerenes) and were sonicated for 1.5 h (AgNPs) or 20 min
(hydroxylated fullerenes). Test solutions were prepared from stock solutions, followed by a 5-
min sonication. Fathead minnow embryos less than 16 h post fertilization (hpf) were added to
12-well microtiter plates containing 6 mL test solution per well. Five embryos were placed in
each well. There were six replicate wells for each concentration (total of 30 embryos per
concentration). Embryos were incubated at 25°C with a 16 h light, 8 h dark cycle for the 7-d test
duration. Every 24 h 80% of test solutions were renewed and embryo mortality, mobility,

hatching, morphological deformities, including edema and spinal curvature, were recorded.

Statistical analysis

All data were initially analyzed for significance using One Way Analysis of Variance
followed by Dunnett’s procedure for post hoc comparison of means between control and
experimental groups. When toxicity data failed the normality test (Shapiro-Wilk), Kruskal-
Wallis One Way analysis followed by Dunnett’s procedure was used as an alternative method for
analyzing significances between control and experimental groups. A p-value equal to or less than
0.05 was considered statistically significant. Toxicity endpoints and data were analyzed using
SAS 9.2 and LC50 was calculated by the Trimmed Spearman Karber (TSK) method (USEPA

2002).
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Fish embryo exposures for measuring metabolomic responses

Embryos less than 16 h post fertilization were added to 250 mL beakers containing 100
mL nanomaterial test solution (50 embryos per beaker). Embryos were exposed to three different
concentrations (0.001, 0.01, 0.75 mgL™) of AgNPs or three different concentrations (0.0001,
0.01, 4 mgL™) of hydroxylated fullerenes. All test solutions were prepared in MHW. There were
eight replicates in each group. Because of limited daily embryo production, replicate beakers
originated from different collection days, with initiation of individual replicates staggered over a
period of four weeks. Exposure water in all beakers was aerated and dissolved oxygen (DO)
concentrations (YSI Model Pro 2030, Yellow Springs, OH) were > 7 mgL™. Test beakers were
maintained in an incubator at 25°C with a 16 h light, 8 h dark cycle. Test solutions (80%) were
renewed every 24 h. After 72 h or 120 h, embryos and/or hatched larvae were harvested from
replicate beakers, dead embryos were discarded and living organisms (embryos or newly hatched
larvae) were snap-frozen in liquid nitrogen and stored at -80°C until samples were prepared for

NMR spectroscopy.

Quantification of total AgNPs

Solutions of three different concentrations (0.01, 0.1, 0.75 mgL™) of AgNPs dissolved in
MHW were prepared and stabilized by adding five percent of trace metal grade nitric acid
(Fisher Scientific, Waltham, MA ). Silver concentrations were measured by inductively coupled
plasma (ICP) spectroscopy (Perkin-Elmer Optima 4300 DV or 7300 DV), following EPA

Method 6010.
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Processing of metabolomics samples

The extraction of samples for metabolomic analysis was conducted according to Collette
et al. (2010). Briefly each sample containing approximately 50 embryos was extracted in a 96-
well plate with ice-cold methanol water solution (400 parts methanol: 85 parts Milli-Q water).
All samples were tissuelysed (Qiagen, Hilden, Germany) for 10 min and transferred to Qiagen 96
well plates. Ice cold chloroform was added to each column of the Qiagen plate followed by
vigorously shaking for 20 min. After spinning down the Qiagen plate for 2 min, ice cold
chloroform and ice cold Milli-Q H,O (1:1 ratio) were added to each column, mixed by shaking
for 10 min and centrifuged at 2000 rpm at 3°C for 20 min. The polar phase (top layer) was
transferred from each column to corresponding 1-mL wells in a MicroLiter 96 square well plate.
The polar residue was vacuum dried overnight (16 h) in a speedvac and stored in a -80°C freezer
until samples were analyzed by nuclear magnetic resonance (NMR) spectroscopy.

For NMR spectroscopy, sample extracts were reconstituted with 0.1 M sodium phosphate
buffered deuterium oxide (pH 7.4) that contained 50 uM sodium 3-(trimethylsilyl) propionate-
2,2,3,3-d4 (TSP). Samples were filtered through 0.45 um 96-well filter plates (Multiscreen HTS-
HV filter plates, Millipore) and run on a 600 mHz Agilent Inova spectrometer. Spectra were
collected using a 1D-NOESY pulse sequence (2-S acquisition time, 16,000 data points, 512

scans per sample).

NMR data processing and analysis
NMR data processing and analysis followed previously described procedures (Collette et
al., 2010). Acquired spectra were processed using ACD/1D NMR Manager (Advanced

Chemistry Development, Toronto, Canada). Samples were Fourier-transformed, baseline
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corrected, and referenced to trimethylsilylpropionate (TSP). Then, the spectra were segmented
into 0.005 ppm-wide bins and exported to Microsoft Excel. Water (4.70-5.00 ppm) and methanol
peaks (3.35-3.37 ppm) were removed. In addition, singlets at 1.24-1.25 ppm and 7.67-7.69 ppm,
due to unidentified contaminants in the controls were also removed. Remaining bins in each
spectrum were then normalized to unit total integrated intensity and exported to SIMCA-13.0
(Umetrics Inc., Kinnelon, NJ). Principal component analysis (PCA) was applied to compare
exposure classes (high, middle, low concentrations, and controls).

T-test filtered difference spectra were generated to help identify changing metabolites
following nanoparticles exposure. Difference spectra were calculated by subtracting the average
bins of the control class from those of the exposed class. T-tests were used to determine if each
bin in the exposed class was significantly different from the corresponding bin in the control
class (p<0.05). If the result of a t-test was not significant, the bin value would be replaced with
zero. To control for false positives, isolated non-zero bins and adjacent bins with opposite
arithmetic signs were replaced with zero, because the outcomes are not compatible with NMR
spectra. T-test filtered difference spectra were then plotted based on the remaining bin value.
Peaks above baseline correspond to metabolites that increased after exposure, and peaks below
baseline correspond to metabolites that decreased. Peaks in the difference spectrum were

identified to match a corresponding metabolite, which could be considered treatment dependent.

Result and Discussion
Particle characterization
Particle size distribution of AgNPs and hydroxylated fullerenes measured by dynamic

light scattering yielded an average diameter of 67.87 nm for AgNPs and an average diameter of
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35.87 nm for hydroxylated fullerenes (Fig. 1). The TEM images revealed that AgNPs can
aggregate and form large particles (> 100 nm); however, some smaller-sized AgNPs still existed
in the solution (Fig. 2A). The TEM images showed the presence of large, aggregated

hydroxylated fullerene particles (> 200nm) in unfiltered test solution (Fig. 2B).

Embryos toxicity test

Exposure of fathead minnow embryos to AgNPs induced mortality and a variety of
developmental abnormalities, including pericardial edema, yolk edema, and spinal curvature
(Fig. 3). Exposure to AgNPs resulted in significant mortality compared to controls at
concentrations higher than 3.0 mgL*(Kruskal-Wallis One Way analysis, p<0.05). The 96- and
120-hr LC50 were 3.57 (95% confidence interval, 2.54 to 5.03) mgL™ and 1.63 mgL™(95%
confidence interval; 1.41 to 1.88) mgL™, respectively. Laban et al. (2010) reported a 96-hr LC50
of 1.35 mgL *for fathead minnow embryos exposed to AgNPs, which is more toxic than our
observations. Early hatching compared to control was observed in embryos exposed to 0.75, 1.5,
3 and 6 mgL™ AgNPs after 96-h exposure (Fig. 4). The lowest observed effects concentration
(LOEC) for early hatching was 0.75 mgL™. Concentration-dependent effects of AgNPs included
decreased mobility, edema, and spinal curvature. The LOEC for edema and decreased mobility
after 120-h exposure was 0.75 mgL™ (Kruskal-Wallis One Way analysis, p<0.05) (Fig. 5).

Differences in toxicity of AgNPs to fish embryos observed among different studies could
be caused by many factors. Properties of nanomaterials, including size, shape, aggregate state,
solubility, and binding capacities to macromolecules and other organic materials, would affect
bioavailability and toxicity of nanoparticles (Fabrega et al. 2011, Gagné et al. 2008; Gagne et al.

2012). In addition, the size of nanoparticles has been shown to be a factor in the uptake of
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nanoparticles by cells (Chithrani and Chan, 2007; Chithrani et al., 2006). In vitro tests with
mammalian cells after a 6-h exposure showed nanoparticles with an approximate diameter of 50
nm are taken up into the cell through endocytosis more readily than larger or smaller sizes
(Chithrani et al., 2006; Johnston et al., 2010). AgNPs with an approximate diameter of 50 nm
were also more toxic than AgNPs with smaller (20 nm) or larger (110 nm) diameter to zebrafish
embryos (Bowman et al., 2012). The average diameter of AgNPs in our study was approximately
70 nm (Fig. 1). The reduced toxicity of AgNPs to fathead minnow embryos in the present study
could be related to their smaller surface area which may decrease the protein adsorption to the
particle and reduce the efficiency of protein-mediated endocytosis.

Increased incidence of developmental abnormalities and mortality were observed, which
was supported by previous studies with zebrafish and fathead minnow embryos exposed to
AgNPs (Asharani et al., 2008; Laban et al., 2010; Lee et al., 2007). The toxicity of AgNPs to
fathead minnow embryos could result from silver ions released by AgNPs, although silver ions
were not measured in the present study. In the zebrafish model, silver ions have been reported to
have corresponding effects on neurodevelopment, embryonic survival, growth, and morphology,
in addition to depressed larval swimming behavior (Powers et al., 2010). The concentration of
free Ag ions could decrease in the presence of increased pH, hardness and various ligands found
in solution (Hogstrand and Wood, 1998). The rate of Ag ions released from AgNPs decreased
rapidly at pH values > 8 (Liu and Hurt, 2010). In our test system, the pH was 7.9 and hardness
was 82 mgL™; the rate of free silver ions released from AgNPs could be much slower than from
AgNOs. Previous research has also shown that larger AgNPs, such as the ones used in our study,
released much fewer Ag ions by desorption in natural water than did smaller AgNPs (Dobias and

Bernier-Latmani, 2013). Therefore, in our study, the toxicity of AgNPs could be reduced by a
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decreased release of Ag ions. Previous studies reported that zebrafish embryos could accumulate
AgNPs by passive diffusion through chorion pore canals (Lee et al., 2007). Therefore, the
toxicity of AgNPs in our study could also result from accumulated AgNPs inside embryos,
which may interact with biomolecules and further alter the homeostasis of metabolism or
signaling cascades of the developing fish.

Embryos exposed to hydroxylated fullerenes did not exhibit significant developmental
deformities or toxicity at concentrations ranging from 0.0001 to 4 mgL™. Although early
hatching was observed at 96-h post exposure in embryos exposed to 4 mgL™ hydroxylated
fullerenes (Fig. 6), early-hatched embryos did not differ morphologically from normally hatched
embryos. Previous research has shown that hydroxylated fullerenes could cause pericardial
edema and yolk coagulation in fathead minnow embryos at concentrations higher than 0.01 mgL"
! (Jovanovié et al., 2011a). Zebrafish embryos exposed to hydroxylated fullerenes exhibited
significant mortality and pericardial edema at 5 mgL™ (Usenko et al., 2007). Hydroxylated
fullerenes caused less toxicity in our system compared to previous research, which may be
related to the hardness and pH of water in our exposure system. Use of moderately hard water
(pH 7.9 to 8.1; hardness, 80 to 100 mgL™) rather than reconstituted instant ocean in MilliQ water
(hardness is estimated less than 20 mgL™) could facilitate particle aggregation, which may affect
uptake of nanoparticles by embryos (Handy et al., 2008). This hypothesis is consistent with our
TEM results that identified a high degree of aggregation (aggregates > 200 nm) among

hydroxylated fullerenes in our exposures.
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Total silver in metabolism exposures

Embryos were exposed to three different concentrations of AgNPs for measuring
metabolite profiles. Nominal concentrations (low, middle, and high concentrations) were 0.001,
0.01, 0.75 mgL™, and the actual concentrations were confirmed using ICP-MS. Actual
concentrations were 122.81+ 9.9% of nominal concentrations at the middle concentration,
85.61+ 2.32% of nominal concentration at the high concentration. The lowest concentration

(0.001 mgL™*) was below the instrument detection limit (0.005 mgL™).

Metabolite profiles in response to AgNPs exposure

By measuring the metabolite profile of fathead minnow embryos exposed to AgNPs, we
were able to assess the putative modes of action of AgNPs. We hypothesized first, that
metabolomic responses could be sensitive biomarkers of exposure; and second, that the changes
in metabolite profile could provide insights into modes of action for toxicity of AgNPs exposure.

Scores plots from a PCA model were built for all four exposure classes of AgNPs:
control, low concentration (0.001 mgL™), middle concentration (0.01 mgL™), and high
concentration (0.75 mgL™). These three concentrations of AgNPs correspond to two no observed
effect concentrations (low and middle concentrations) and one LOEC (high concentrations) in
our embryo toxicity tests. Responses from the high concentration class showed a better
separation along PC1 than did responses from the medium or low concentrations (Fig. 7), and the
separation was more evident in the 120-h exposure group than the 72-h exposure group.
However, the variation within each class was larger than we expected. In our experimental
design, replicates of each class of exposed embryos were collected and combined at different

times, from two independent groups with identical exposure systems and conditions. For most
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classes, we found a systematic difference in metabolite profiles between these two groups, which
tended to increase within-class variation.

Next, we constructed several t-test filtered difference spectra (p<0.05), wherein the
average spectrum for the control class was subtracted from that of an average exposed class.
These difference spectra helped determine the metabolites that were changing in response to
exposure to AgNPs. We could further compare the treatment effect by comparing multiple
difference spectra. If AgNPs caused a large impact on metabolite profile, numerous and intense
peaks could be observed in the corresponding difference spectrum. Also, the pattern of peak
changes could be regarded as specific fingerprints in response to specific modes of action. When
we examined the difference spectra of both 72-h treated and 120-h treated embryos (Fig. 9A, B),
there were more changing metabolites at the highest exposure concentration (0.75 mgL™), which
was also the LOEC in the embryo toxicity testing, than at the middle (0.01 mgL™) or low
concentrations (0.0001 mgL™). This result indicated that the metabolomics responses to AgNPs
might not be more sensitive biomarkers of exposure than the embryo toxicity endpoints in our
exposures. However, the increased within-class variation due to the different replicate exposure
batches could have reduced the ability to observe significantly changing metabolites at lower
concentrations.

Metabolites that were identified from the difference spectra of AgNP-treated embryos,
either treated for 72 h or 120 h, are listed in Table 1a. For embryos exposed to AgNPs for 72 h,
some changing metabolites related to energy metabolism, including lactate, fructose, and citrate,
were observed. An increase in lactate is accompanied by a decrease in citrate in embryos
exposed to the highest concentration of AgNPs (0.75 mgL™). This might have indicated an

increase in anaerobic respiration, wherein pyruvate is converted into lactate instead of entering
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the tricarboxylic acid (TCA) cycle and forming citrate. Increased lactate concomitant with
decreased citrate was previously reported when cells were under hypoxia or exposed to
respiratory chain inhibitors (Fendt et al., 2013). Recently published research has shown that
inhibition of oxidative phosphorylation and reduced consumption of oxygen were observed in
zebrafish embryos treated with AgNPs (van Aerle et al., 2013) and other mammalian cell models
(Costa et al., 2010; Teodoro et al., 2011). The decrease in glutamate observed in the 72-h
spectrum could indicate the conversion of glutamate to a-ketoglutarate, an important alternative
carbon source for fatty acid synthesis that sustains rapid cell proliferation (Fendt et al., 2013).
Similarly, previous research with AgNPs-treated juvenile rainbow trout has also shown an up-
regulation in glutamate dehydrogenase, which was likely responsible for glutamate reduction
through reversible conversion of glutamate into a-ketoglutarate and ammonia (Gagné et al.,
2012).

Embryos exposed to AgNPs for 120 h exhibited more changing metabolites than those
exposed for 72 h (Fig. 9A, B; Table 1a). An increase in glucose was observed, which could be a
general stress response in fish mainly mediated by catecholamine-induced liver glycogenolysis
(Wendelaar Bonga, 1997). Previous research also showed a significant increase in glucose
concentration in the serum of the Nile tilapia (Oreochromis niloticus) following a 10-d exposure
to Ag (Oner et al., 2008). The observed increase in glucose could be correlated with the observed
increase in three amino acids (phenylalanine, tyrosine, and tryptophan) (Table 1a), which are
related to the biosynthesis of catecholamine. Catecholamine biosynthesis is likely controlled by
tyrosine level because tyrosine hydroxylase acts as a rate-limiting enzyme in the catecholamine

synthesis pathway (Kanehisa et al., 2012)
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Thus, elevated tyrosine could cause increases in both catecholamine and catecholamine-
stimulated glucose biosynthesis (Gamperl et al., 1994; Reid et al., 1998). Increased glucose
might also result from decreased glycolysis. Previous research has shown that AgNPs cause a
decreased activity of pyruvate kinase, which catalyzes the rate limiting step of glycolysis that
produces ATP (van Aerle et al., 2013).

Additionally, AgNPs could induce reductive glutamine metabolism in exposed embryos.
Decreases in citrate and glutamine were identified after 120 h exposure to AgNPs and could have
resulted from a reductive glutamine metabolism (Table 1a). Reductive glutamine metabolism
involves the conversion of a-ketoglutarate to citrate and acts as a carbon source for fatty acid
synthesis to support cell growth and viability (Fendt et al., 2013; Wise et al., 2011). Respiratory
chain inhibitors were reported to induce reductive glutamine metabolism in mammalian cells as
well as decrease the efficiency of the TCA cycle (Fendt et al., 2013). We suggest that AgNPs,
while acting as a respiratory inhibitor, could induce reductive glutamine metabolism to support
cell growth, viability, and proliferation in embryonic development.

We observed an increase in choline or phosphocholine in difference spectra of AgNPs
(Table 1a). Increased phosphocholine following 72-h exposure to AgNPs coupled with increases
in both choline and phosphocholine following 120-h exposure at 0.75 mgL™ could indicate an
induction of phospholipid biosynthesis. Phosphocholine is a precursor of phosphatidylcholine,
which is synthesized along the cytidine diphosphate (CDP)-choline pathway. This pathway is
often up-regulated in tissues experiencing cell proliferations leading to cellular increases in
choline and phosphocholine levels (Southam et al., 2008). CDP-choline could attenuate lipid
peroxidation and protect neurons from ROS (Fresta et al., 1994; Rao et al., 2000). Exposure of

AgNPs has been reported to result in lipid peroxidation in juvenile rainbow trout (Gagné et al.,
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2012); the observed increase in choline and phosphocholine could serve as a protective
mechanism to counter AgNP-induced formation of ROS.

Osmolyte disturbance, including metabolic changes in trimethylamine-N-oxide (TMAO),
betaine, and taurine, were observed in changing metabolites following exposure to AgNPs for
120 h (Table 1a), whereas metabolic changes in TMAO was observed following 72-h exposure.
Changes in osmolytes could indicate a disturbance in osmoregulation. The primary function of
these osmolytes is to adjust the salinity and maintain the osmotic balance of tissues in aquatic
organisms (Wu and Wang, 2010), and they may also have cytoprotective properties (Arakawa
and Timasheff, 1985). Taurine and betaine are cytoprotective antioxidants (Hagar, 2004; Jaleel et
al., 2007) and TMAO can stabilize serum proteins from the effects of accumulated waste
products, especially elevated concentration of urea (Arakawa and Timasheff, 1985; Cho et al.,
2011). Disturbed osmoregulation could also result from the impairment of the Na/K transporter
by exposure to ionic Ag released by AgNPs, which can perturb two key enzymes of ion transport
in gills, Na/K-ATPase and carbonic anhydrase (Webb et al., 2001; Wood et al., 1999), limit the
excretion of ammonia, and cause disturbance in ionoregulation and osmolytes (Corotto and
Holliday, 1996; Morgan et al., 2005).

We proposed that metabolomic responses can be correlated with sublethal effects that we
observed in the embryo toxicity assay. Edema, usually caused by an increase in fluid uptake
and/or retention by tissues, was an important sublethal endpoint for AQNP exposure in present
study. Edema was observed in fish embryos exposed to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin
(TCDD) (Hill et al., 2004) and polycyclic aromatic hydrocarbons (PAH) (Li et al., 2011).
Mechanisms of inducing edema include disruption of the water barrier (i.e., embryonic

epidermis), alteration in the osmotic gradient between interior body fluids and external water
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environment (Hill et al., 2004), and inhibition of Na*/K* ATPase (Li et al., 2011). In fish, silver
ions appear to bind to and inhibit the gill Na*/K*™ ATPase transporter, which reduces active Na*
and CI transport across the gills, a critical mechanism regulating osmolality in fish (Wood et al.,
1999). Altered osmotic gradient correlates with our observation of altered osmolytes. Thus, in
the present study, we propose that AgNPs-induced edema may result from inhibited gill Na*/K*
ATPase and increased osmotic gradient.

Reduced mobility was observed in AgNP exposed embryos and may also be explained by
the metabolomics results. Reduced mobility can be observed when fish are exposed to a hypoxic
environment and reduce their energy expenditure (Crocker and Cech, 1997). We observed that
the AgNP exposure induced reductive glutamine metabolism while inhibiting oxidative
phosphorylation in exposed embryos, which reduces the efficiency of aerobic respiration and
cellular oxygen consumption (Fendt et al., 2013; van Aerle et al., 2013). We suggest that
embryos exposed to AgNPs might experience physiological effects similar to those in organisms
subjected to long-term hypoxia. Thus, reduced mobility in exposed embryos might result from
inhibition of oxidative phosphorylation in order to reduce energy expenditure.

In general, metabolic changes following exposure of AgNPs to fathead minnow embryos
showed a possible mechanism of action of AgNPs, including a perturbed energy metabolism
(i.e., switch to reductive glutamine metabolism and induced catecholamine biosynthesis),
increased phospholipid biosynthesis, and several disturbed osmolytes (Fig. 10). In addition, the
number of changing metabolites increased with extended exposure time (120 h). Although
mechanisms of proposed 72 h and 120 h exposures to AgNPs follow the same trend, there were
no changing metabolites following either 72-h or 120-h exposure to AgNPs at 0.001 or 0.01

mgL™. If we consider all changing metabolites as a biomarker of exposure, the metabolomic
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LOEC will be 0.75 mgL™, which is the same as the LOEC for sublethal effects from embryo

toxicity testing.

Metabolites profiles in response to hydroxylated fullerenes exposure

The separation among each hydroxylated fullerene-treated classes and control class along
PC1 was not significant (Fig. 8). Few meaningful interpretations could be made from
metabolomics analysis of embryos exposed to hydroxylated fullerenes (Fig. 9 c, d; Table 1b).
Decreases in glycogen and glucose following 72-h exposure of 4 mgL™* hydroxylated fullerenes
to fathead minnow embryos could indicate an induction in glycolysis. Previous research has
shown that hydroxylated fullerenes could inhibit the genes responsible for transporting lactate
out of the cell (Jovanovic et al., 2011). Perhaps the increase in lactate was only observed at the
lowest concentration (0.0001 mgL™) because lactate couldn’t be transported outside the cells at
the increased exposure concentration (0.01 and 4 mgL™) of hydroxylated fullerenes. Increases in
the osmolyte TMAO was observed at 0.01 and 4 mgL™ hydroxylated fullerenes. However, with
extended exposure time from 72 to 120 h, none of these changing metabolites persisted, except
for lactate. The lack of metabolic responses to hydroxylated fullerene exposures correlated with
the absence of observable morphological abnormalities or mortality in the embryo toxicity assay.
Without further metabolomic information, the mechanism of action of the only toxicity endpoint,

early hatching, remains unclear.

Conclusion
In the present study, the toxicity of AgNPs and hydroxylated fullerenes was assessed by a

fathead minnow embryo toxicity assay. We found that AgNPs exposures were consistent with
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mortality and incidence of several morphological deformities in exposed embryos. Proposed
mechanisms of action were identified from metabolomic responses to AgNP exposure. We
detected physiological stress to fathead minnow embryos that correlated with increased glucose
levels, possibly regulated by increased catecholamine biosynthesis. We also proposed that
AgNPs can act as a respiratory chain inhibitor and induce reduced glutamine metabolism to
sustain the need for cell growth and proliferation. In addition, data suggest that AgNPs cause
induced phospholipids biosynthesis and altered osmoregulation. All these above responses were
more significant with a longer exposure time. In addition, these metabolomic responses
following exposure to AgNPs were correlated with the sublethal effects we observed in embryo
toxicity testing. For hydroxylated fullerenes, we found no mortality or morphological
abnormalities following exposure to hydroxylated fullerenes, which was consistent with the lack
of meaningful metabolomic responses.

This is the first study applying metabolomic profiling to assess fish embryo toxicity
following exposure to nanoparticles. The metabolomic approach described here adds valuable
mechanistic information to known genetic responses to help determine modes of action for

nanomaterial exposure.
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Fig. 1. Particle size distribution of (A) AgNPs and (B) hydroxylated fullerenes. The average
diameter for AgNPs and hydroxylated fullerenes were 67.87 and 35.87 nm, respectively.
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Fig. 2. Transmission electron microscopy of the nanoparticles used in this study. (A) AgNPs,

(B) hydroxylated fullerenes
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Fig. 3. Representative larval fathead minnow (Pimephales promelas) after 96 h exposure: (A)
control larvae, (B and C) embryos exposed to 1.5 mg/L AgNPs. AgNP-exposed embryos
exhibited sublethal effects, including pericardial edema (PE), yolk edema (YE) and spinal

curvature (SC).

49



120

100 -
* *

[@)]

£

e

S 60

$

S
40
20

0 T T T T T T T
0 0.01 0.1 0.75 15 3 6

AgNPs concentration (mg/L)

Fig. 4. Effects of silver nanoparticles on hatching of fathead minnow embryos following 96-h
exposure (mean £ SD). The LOEC for early hatching was 0.75 mg/L. Asterisks denote treatment
that differs significantly from the MHW control group (One-Way ANOVA Dunnett’s test

p<0.05).
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Fig. 5. Effects of silver nanoparticles on fathead minnow embryos included reduced mobility,
edema, and spinal curvature following 120-h exposure (mean = SD). Asterisks denote treatment
that differs significantly from the MHW control group. The LOEC for reduced mobility and
edema were 0.75 mg/L (Kruskal-Wallis One Way Dunnett’s test, p<0.05).
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Fig. 6. Percentage of hatching in fathead minnow embryos following 96-h exposure to
hydroxylated fullerenes (Cgo(OH)24). (mean + SD). Early hatching was observed at 4 mg/L
Ce0(OH),4 exposure. 3,4-dichloroaniline (3,4-DCA) exposures serve as positive control.
Asterisks denote treatment that differs significantly from the MHW control group (One-Way
ANOVA Dunnett’s test, p<0.05).
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Fig. 7. Two-component scores plot from principal component analysis (PCA) of NMR spectra
from unexposed fathead minnow embryos (con, control) and those exposed to AgNPs at low
concentration (low, 0.001 mg/L), middle concentration (mid, 0.01 mg/L), and high concentration
(high, 0.75 mg/L) for (A) 72 h or (B) 120 h. Each marker is the mean score value for a given
treatment with standard error. The amount of variations included in each component is shown in
the axis title.
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Fig. 8. Two-component scores plot from principal component analysis (PCA) of NMR spectra
from unexposed fathead minnow embryos (con, control) and those exposed to hydroxylated
fullerenes at low concentration (low, 0.0001 mg/L), middle concentration (mid, 0.01 mg/L), and
high concentration (high, 4 mg/L) for (A) 72 h or (B) 120 h. Each marker is the mean score value
for a given treatment with standard error. The amount of variations included in each component
is shown in the axis title.

54



TMAO

/

55

Fructose™
Phosphocholine
\/l/ Lactate
High - 0.75
Ty ! [T V
\/ Citrate
Myo-inositol*
Mid - 0.01 )
. A M
Low - 0.001
4?5 tll 3?5 '_;» 2?5 1?5
Chemical shift (ppm)
Fig. 9A.



Betaine + TMAO

/ Phosphocholine

Choline
Lysine
Taurine

Lysine
Betaine

/Phenylalanine

High - 0.75
N

\ V
Glucose \
GXP Citrate \/
Choline

\ Glutamine
Mid - 0.01

W v ——r
Low - 0.001 P

Chemical shift (ppm)
Fig. 9B.

56



Fatty Acids*
TMAO
Creatinine®
High-4.0 A
U ] T
Glycogen + Glucose
TMAO
Fatty Acids*
Creatinine™
Mid - 0.01
A_U LI
Fatty Acids*
Lactate
Creatinine®
Low - 0.0001 / N
A -l
[ 4?5 4Il 3?5 '_;» 2?5 2| 1?5
Chemical shift (ppm)
Fig. 9C.

57



High- 4.0 n
Fa N |
“ L
Lactate
Mid - 0.01
A, L
Lactate
Alanine
Low - 0.0001 ~.
LA l l
5 45 tll 3?5 1;» 2?5 2I 1?5 ‘1I

Chemical shift (ppm)

Fig. 9. Average NMR difference spectra (exposed minus control) generated from fathead
minnow embryos exposed to: (A) AgNPs (0.001, 0.01, 0.75 mg/L) for 72 h (B) AgNPs (0.001,
0.01, 0.75 mg/L) for 120 h (C) hydroxylated fullerenes (0.0001, 0.01, 4 mg/L) for 72 h (D)
hydroxylated fullerenes (0.0001, 0.01, 4 mg/L) for 120 h. Positive-going peaks indicate
metabolites that increased upon exposure, while negative-going peaks indicate those that
decrease. Each peak was determined to be significant by t-test (p<0.05). All difference spectra in
each fig. are displayed using the same Y-axis scale. Changing metabolites following exposure
were identified and labeled. Tentative assignments are indicated by Asterisks.
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Fig. 10. Proposed modes of action based on changing metabolites following AgNP exposure.
AgNPs may induce biosynthesis of catecholamines and phospholipids, reductive glutamine
metabolism, and disturbed osmoregulation, while blocking the TCA cycle.
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CHAPTER 3
CONCLUDING REMARKS

With increased applications of nanomaterials in industry and consumer market, their
global production and market value will keep growing. The global market value of nanomaterials
is expected to exceed 1 trillion by 2015 (Hobson, 2009). Nanomaterials were often synthesized
to fit the need of specific applications. Surface modification, size, and shape of nanomaterials
could greatly determine their physical and chemical properties and thus decide their application.
However, these properties could also affect the bioavailability and toxicity of nanomaterials.
Nanomaterials of the same type but with different coatings, surface modifications, size, or shapes
could react differently with nontarget organisms, causing differences in toxicity (George et al.,
2012). In 2007, a US EPA Nanotechnology White Paper advocated the importance of developing
suitable toxicity test methods for nanomaterials. However, uncertainty exists when we try to use
the toxicological assessment of one nanomaterial to predict the toxicity of others that are
produced in different ways. Measuring the toxicity of every kind of nanomaterials is not feasible,
and a toxicogenomic approach was proposed to assist in determining and classifying the modes
of action of various nanomaterials (Matranga and Corsi, 2012; Robertson, 2005; Snape et al.,
2004).

In the present study, we focused on studying the toxicity and toxic mechanisms of AgNPs
and hydroxylated fullerenes in the fathead minnow (Pimephales promelas). Previous research
has reported that the genetic responses corresponding to AgNP exposure to fish embryos and
hydroxylated fullerenes could be used in determining possible toxic mechanisms (Jovanovic et

al., 2011; van Aerle et al., 2013). Compared to genomic responses, metabolomic responses are
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much closer to the actual physiological effects. Based on our metabolomics results, we propose
that AgNPs serve as a respiratory chain inhibitor to inhibit aerobic respiration, induce
catecholamine-regulated glucose synthesis and phospholipids’ biosynthesis, and also cause
disturbed osmoregulation. Disturbed osmoregulation could result in yolk edema, a prominent
sublethal toxicity endpoint. Thus, in our study, NMR-based metabolomics appeared to be a good
method for determining the modes of action of AgNPs. However, we are not able to assess the
relative sensitivity of metabolomic responses versus whole body responses following AgNP
exposure because we only detected responses at the highest concentration (0.75 mgL™), the
LOEC for both assessment techniques. To reduce variability and improve the sensitivity of
metabolomic responses, all embryo samples should be exposed at the same time to avoid
systematic differences in metabolite profiles, and adding exposure concentrations at closer
intervals should also be considered. Few changing metabolites in response to hydroxylated
fullerene exposure were consistent with results from embryo toxicity testing; however, variations
within exposure group could result in reducing statistical significance between exposed and
control groups. By combining whole embryo toxicity results with metabolite profiles, we can
predict the long-term toxicity of specific nanoparticles and make prediction about their modes of
action.

Future research should compare the toxicity and modes of action between AgNPs and Ag
ions. Silver ions released by AgNPs could cause toxicity to aquatic organisms, however, recently
published research reported that Ag ions induced different modes of action in Japanese medaka
(Oryzias latipes(Chae et al., 2009). Silver NP exposures resulted in DNA damage, oxidative
stress and induction of a metal detoxification pathway, while exposure to silver ions only

induced some inflammatory responses. NMR-based metabolomics would provide a method to

63



confirm and refine these findings. In addition, conducting AgNP exposures in the presence of
natural matter (NOM) would create a more realistic and natural exposure scenario, but also help
isolate effects of AgNPs from those of Ag ions. Gao et al (2009) reported decreased release of
silver ions by AgNPs in the presence of NOM, which could result in differences in uptake,
toxicity and modes of action for AQNP-NOM exposures.

Metabolomics can assess all the metabolic alterations in response to nanomaterial
exposure in specific tissues or whole organisms (e.g., fish embryos) at the same time. In
combination with traditional toxicity testing, this information-rich method has the potential to be
a timely and cost effective system to provide health risk assessment information for an increasing

number of nanomaterial types.
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