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Abstract

Engineered nanoparticles (ENPs) are a part of everyday life. They are
incorporated into a wide array of products including sunscreens, clothing, electronics,
paints, and automobiles. One particular type of ENP, quantum dots (QDs), are
fluorescent semi-conducting nanocrystals, and are touted as the next generation of
medical tracers and energy-efficient light bulbs. The continued development and
expansion of commercial applications for QDs ensure that they will enter the aquatic
environment following manufacture, use, and disposal. Unfortunately, very little
information exists on the bioavailability and sub-lethal toxicological effects of QDs in
aquatic organisms. The studies described in this dissertation focused on determining
the toxicological effects of Lecithin-encapsulated CdSe/ZnS quantum dots in larval and

adult Fundulus heteroclitus (the mummichog).

Quantum dot dispersion is greatly influenced by environmental parameters such
as pH, natural organic matter concentration, and ionic strength. Lecithin-encapsulated
core-shell QDs aggregated and precipitated from suspension in 20 ppt seawater. QD
aggregates adhered to the exterior chorion of Fundulus embryos in aqueous embryo

exposures, but did not traverse the chorion and deposit into the body of the fry.
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Incidences of developmental abnormalities increased and hatching rates declined in

embryos exposed to the highest concentration tested (100 pg/ml).

Dietary assessments showed that QDs were bioavailable to adult Fundulus.
While QDs or their degradation products traversed the intestinal epithelial and were
deposited to the liver, less than 0.01% of the cadmium from the QDs was retained in the
liver and intestinal tissues. QD uptake did not cause significant changes in hepatic total
glutathione or lipid peroxidation levels, nor did it statistically alter the expression of
genes involved in metal metabolism and oxidative stress— metallothionein, glutathione-
s-transferase, glutathione peroxidase, and superoxide dismutases. There was, however,
a clear gender-specific trend in the level of Cu/Zn-superoxide dismutase transcription.
In addition, QDs did impact fecundity presumably by feminizing male fish.
Vitellogenin transcription was elevated and relative gonad size reduced in male
Fundulus consuming 10 ug QD per day. Lastly, QDs or their degradation products were
maternally transferred to the eggs following six to eight weeks of parental exposure,
thus posing a risk to Fundulus progeny. Based on the results of these studies, it is
apparent that chronic exposure to QDs could result in adverse affects in teleosts and

other organisms inhabiting estuarine environments.
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Chapter 1. Quantum Dots: From Synthesis to
Degradation (and Everything in Between)



In 1985 the field of nanoscience arose as a result of the discovery of the fullerene
(Cev) by Kroto and Smalley [1]. While early investigators focused on documenting the
physical and chemical properties of these novel materials, it is their commercial
applications and potential that are driving the nanotechnology revolution.
Nanomaterials are defined as naturally-occurring or engineered particles that are less
than 100 nm in any one dimension. The large surface-to-mass ratios of engineered
nanoparticles (ENPs) confer unique physical, chemical, electrical, and optical properties
that are desirable to many fields including manufacturing, defense, environmental
remediation, and medicine. ENPs are being used to develop innovative solutions to
timeless dilemmas. For example, clinical scientists are investigating nanotubes as drug
delivery devices, fullerenes as potential therapies for neuro-degenerative diseases, and
nano-gold as a treatment for cancer. The National Science Foundation has estimated
that with increasing production and commercialization, the nanotechnology industry

will be worth ~$1 trillion by 2015 [2].

A wide variety of ENPs exist due to diverse synthesis methods, differing core
materials, and an abundance of capping/coating agents. Currently there are 6
classifications of ENPs: fullerenes, carbon nanotubes, quantum dots, zero-valent metals,

metal oxides, and dendrimers. Fullerenes (Ceo, C0, C7, and Cso) are carbon molecules



configured in a hollow, spherical structure [1], whereas nanotubes are carbon molecules
arranged in a cylindrical structure [3]. Quantum dots (CdTe, CdSe, PbS, and InAs) are
semi-conducting nanocrystals composed of alternating layers of metals [4]. Zero-valent
metals, such as nano-Au, Ag, and Fe, are transition metals in the nano size range, while
metal oxides are composed a metal cation and oxide anion(s) in the nano size range
(nano-TiOz, ZnO, CoO2, and MnQO:s). Dendrimers are branched molecules and are used
predominately in the medicinal fields. Scientists have not determined which factors
(composition, morphology, size, surface chemistry, aggregation state, or environmental
parameters) most influence nanoparticle fate and toxicity. As such, ENPs must be

investigated individually for deleterious sequelae.

Accompanying progress in nanoparticle development is a lack of human and
environmental health information regarding exposure and effects of ENPs and their
degradation products. Given the rapid and substantial increase in commercial
applications, ENPs will be released from products into terrestrial and aquatic
ecosystems during use and disposal. For example, nanotubes deposited on roadways
from tire treads enter ditches and streams via stormwater run-off, while nano-iron is
directly injected into aquatic systems as a component of environmental remediation

agents. Similarly, degrading electronics in landfills release quantum dots and fullerenes



into terrestrial environments, which then make their way into aquatic environments
during storm events. The goal of these studies is to determine if one type of ENP,
Lecithin-encapsulated CdSe/ZnS quantum dots, affects biological processes in the
estuarine teleost Fundulus heteroclitus (the mummichog) including oxidative balance,
gene expression changes, reproduction, and embryological development. The
generation of this data will help design future ENPs to be safer for both humans and our

environment.

Quantum dots (QDs), also known as semi-conducting nanocrystals, are
essentially atom clusters of III-V or II-VI metals. QDs in the III-V category are typically
made of GaAs, InAs, or InP, while dots that fall into the II-VI group are composed of
CdSe, CdS, or CdTe. They are 1-10 nm in diameter and emit tunable, discrete
fluorescence when illuminated with visible or near UV wavelengths. QDs are
commercially-available as components of light emitting diodes (LEDs), electronic
displays, telecommunications components, wiring, lasers, inks, and solar cells [4]. QDs
are also being evaluated as potential bio-imaging and bio-labeling agents as they are
superior to conventional fluorophores. Given the immense potential of QDs, they need
to be evaluated from synthesis to degradation for toxicological effects in organisms.

This begins with an extensive review of the QD, cadmium, and selenium literature in



order to highlight potential mechanisms of toxicity. Additionally, because oxidative
stress is thought to be the predominate mechanism by which ENPs exert toxicity, a
thorough investigation of the toxicological effects of reactive oxygen species will identify

potential biomarkers of oxidative stress.

1.1 Synthesis

The initial techniques for synthesizing QDs emerged in the 1980s stemming from
research at the AT&T Bell Laboratories [5-7]. Briefly, two organometallic solutions—one
containing Cd?, the other bis(trimethylsilyl) selenium (Se(TMS)2) —are added to a
microemulsion at high temperatures (approximately 350°C). Nucleation and growth of
the core occur in a layered one-to-one fashion. After the formation of the appropriate
size CdSe core, injection of Zn?" and S* into the micelle media initiates epitaxial growth
of the ions around the cores [6]. Several techniques to synthesize QDs have evolved
since then, including pyrolysis [8], molecular beam epitaxy [9, 10] and electron beam
lithography [11]. These newer methods of creation enhance both size-selectivity and
quality, while reducing cost and the amount of hazardous materials needed to produce

the QDs.



1.2 Chemistry & Structure

The properties of QDs are a function of the particles” diameter and coatings. A
CdSe/ZnS crystal ranges from 1.9-5.2 nm in diameter and has a molecular weight
between 2.7 and 180 pg/nmol [4]. The CdSe core is composed of monodispersed layers
of Cd and Se atoms arranged in a nearly wurtzite crystal, thus having an ABABAB...
pattern [5, 8]. Like other materials in this size range, Van der Waals forces are
responsible for the molecular bonding of the colloid [8]. The molecules are tetrahedrally
bonded (109°, sp® bond), but the bonds ease (120°, sp? bond) as you move outward from
the center of the cluster [12]. In this relaxed crystal, the cadmium is drawn inward,
while selenium is pushed outward [12]. The surface atoms tend to be unsaturated [13]
providing sites for linkages of additional layers. The shapes of these multi-faceted CdSe
core dots are generally regular (tetrahedron or hexagonal prism), spherical, or
ellipsoidal [8, 13]. However, QDs formed by E-beam lithography can take the form of

many shapes including pillars, mushrooms, walls, or crosses [11].

As with most ENPs, particle aggregation is a significant problem that can be
avoided with the introduction of a lyophilic coating. Passivating QDs with organic
ligands (Fig. 1-1) such as tri-n-octylphosphine oxide or hexadecylamine deter

aggregation, flocculation, and interactions with surface molecules. Passivating the



surface also allows the molecule to be solubilized in non-polar solvents. It is the

cadmium that bonds to the organic material [13].

NH;

=0

S

O

VA

Figure 1-1. Organic ligands (A) tri-n-octylphosphine oxide, (B) hexadecylamine, and
(C) mercapto-acetic acid are used to hinder aggregation or render QDs water-miscible.

N

OH

Second generation QDs (Fig. 1-2) are capped with an inorganic shell, usually
ZnS, to hinder aggregation, while increasing stability and brightness. Capping the core
also reduces photoluminescent degradation and oxidation by sterically hindering
bonding with other molecules [14, 15]. ZnS is configured in a tetrahedral pattern like the
CdSe core; however, CdSe and ZnS do not have the same bond length. A Cd-Se bond is

13% longer than a Zn-S bond, so the two lattices do not anneal/alloy due to the 2.5%



mismatch [6, 15]. Typically only 1-3 layers of ZnS are grown on to the core because
additional coverage leads to unevenness and surface defects [16], which alter optical

properties.

Figure 1-2. Core-shell QD structure. The cadmium selenide core (yellow and orange)
is surrounded by a thin zinc sulfide shell (green and blue) [4].

After the addition of proprietary coatings by the manufacturers to deter
degradation, ligands (Fig. 1-3) can be attached to the QDs through a variety of
conjugation techniques. Coatings (Figures 1-1 and 1-4) such as mercapto-acetic acid [17-
19], mercapto-undecanoic acid [20, 21], bovine serum albumin [19], and sheep serum
albumin [21] have been coupled to QDs to render the dots water-miscible and decrease
interactions with cellular components. Polyethylene glycol has also been used to make

QDs biologically inert in vivo. Attachment of thiol, carboxyl, or amine groups alter the



QDs surface charge, while allowing additional biomolecules to be coupled to the QD.
DNA, proteins, antibodies, peptides, and neurotransmitters have been attached to QDs

for assays and cell-specific targeting [22-27].

Y ¥

ES A

V

A M

Figure 1-3. This diagram represents a core (orange and yellow) —shell (green) QD
with a proprietary coating (black) and a biological macromolecule (Y).

1.3 Optical Properties

Quantum dots are essentially fluorophores emitting in the 465-2300 nm range.
Fluorescence occurs when light is absorbed and the electrons jump the band gap to a
higher energy state [14], essentially causing the electrons to move from a bonding to
anti-bonding orbital [28]. As the energy decays, the excited electrons fall back to the
ground state, and emit light at a wavelength that is longer than the excitation
wavelength—known as Stokes-shift [4]. When excited at a wavelength less than 400 nm,

CdSe cores emit at 465-640 nm and CdSe/ZnS QDs at 490-620 nm [4].



QD fluorescence is discrete and can be tuned to a specific wavelength based on
the QDs diameter. As the diameter of the particle decreases, the emission wavelength is
shortened [14]. A 5% variation in diameter is all that is needed to vary the color of the
emission [4]. Unintentional shifts in the peak wavelength can signal aggregation or
degradation. A right shift in the peak signals that aggregation is occurring, while a left

shift—termed bluing—is a sign that the QD is degrading.

1.4 Stability

QD stability varies depending on the coating/shell (type and thickness) and
environmental conditions (air, light, pH). While coatings and shells have been shown to
increase the stability of QDs, the longevity of the coatings is uncertain under
environmentally-relevant exposure scenarios. Studies have indicated that QDs can
break down and leach toxic metal ions [19, 29]. This risk to environmental and human

health signals a need for comprehensive life-cycle and toxicological assessment of QDs.

Oxidation of CdSe QDs in air is thought to be a function of the coating type and
shell thickness. Exposure of CdSe QDs and insufficiently shelled CdSe/ZnS QDs to air
resulted in the release of SeO: and altered Cd:Se ratios within the remaining core [16,

30]. However, QDs that were shelled with 1.3 monolayers of ZnS were sufficiently

10



protected from oxidation [16]. The CdSe QDs degraded in as little as 16 hours, while
those shelled with sufficient layers of ZnS were stable up to 80 hours [16]. Researchers
theorize that increased ZnS thickness conveys stability because it takes longer for

oxygen to diffuse to the core [31].

CdSe QDs with thiol groups attached to the surface are also unstable in air [29].
In studies conducted by Aldana and colleagues [29], the aliphatic thiol ligands
underwent oxidation and disulfide formation after approximately 170 minutes. Core
disassociation followed ligand degradation and nanocrystal shrinkage was confirmed by

a decreased optical density (absorbance) at the original peak.

QDs are also photo-oxidized by visible light. After the Se is oxidized to selenate
and evaporates, free cadmium and an exposed layer of CdSe are left behind [13]. Derfus
et al. [19] showed that mercapto-acetic acid-solubilized CdSe QDs disassociated in air
and light. Non-oxidized QD solutions measured only 6 pg Cd?/ml, while QDs exposed
to air (12 hours) or ultraviolet light (8 hours) resulted in free cadmium levels of 126 and
82 ug/ml, respectively. Shelling CdSe QDs with ZnS eliminated oxidation via air, but

not UV illumination. Coating CdSe/ZnS QDs with BSA conveyed additional stability as

11



it provided another barrier through which oxygen had to diffuse to liberate the core

molecules.

A.
0
HSMOH
B C.
OH
NH,
oH
ns” N HS\)\/

Figure 1-4. The structures of the dispersion coatings (A) mercapto-undecanoic acid, (B)
cysteamine, and (C) thioglycerol investigated by Hoshino. et al. [20] for toxicological
effect.

Hoshino et al. [20] investigated the stability of CdSe/ZnS quantum dots coated
with mercapto-undecanoic acid, cysteamine, thioglycerol, mercapto-undecanoic
acid/thioglycerol, and cysteamine/thioglycerol (Fig. 1-4) at different pHs. All of the
modified QDs, both positively and negatively charged, were stable in weakly basic
environments (pH 9.0) for approximately 30 minutes. However, only QDs with amine

groups, which were positively charged, were stable under acidic conditions (pH 3.0).

12



Low pH and oxidative sites present in intracellular environments provide a plausible

mechanism for QD degradation in vivo.

While most environmental conditions seem to favor QD degradation, natural
organic matter stabilizes QDs in aqueous environments [32]. When CdSe QDs in hexane
were added to samples of natural waters with varying types and degrees of natural
organic matter, the QDs quickly flocculated to the water/solvent interface and
eventually moved from the hexane into the aqueous phase [32]. This suggests that the
inherently lipophilic QDs will become hydrophilic when dispersed in bodies of water. It
also implies that there will be a potential increase in risk to aquatic organisms as both

water-miscible and lipophilic QDs will enter aqueous systems.

1.5 Toxicity & Potential Mechanisms of Action

1.5.1 Toxicity of Quantum Dots

In Vitro Studies

Cytotoxicity [19, 21, 33, 34], DNA damage [35, 36], and generation of reactive
oxygen species (ROS) [37, 38] have all been documented in response to in vitro QD
exposure. While research is still emerging on the subject, it appears that toxicity can be

caused by whole QDs, their degradation products (metallic components), and their

13



coatings. Hoshino et al. [20] determined that the toxicity of CdSe/ZnS QDs was
dependent on the coating agents (mercapto-undecanoic acid, cysteamine, thioglycerol,
mercapto-undecanoic acid/thioglycerol, and cysteamine/thioglycerol). While mercapto-
undecanoic acid-QDs were found to cause significant DNA damage in WTK1 human
lymphoma cells at concentrations greater than 1.5 uM, additional testing revealed that
mercapto-undecanoic acid alone was severely cytotoxic. Cysteamine was weakly

genotoxic, and tri-n-octylphosphine oxide was cytotoxic and genotoxic.

Although Hoshino et al. [20] indicated that the coatings were responsible for the
toxicity, work by Green and Howman [35] proposed an alternate mechanism of action.
Investigators discovered that UV-exposed biotintylated CdSe/ZnS QDs caused elevated
levels of DNA damage. 56% of the DNA was damaged after exposure to light, whereas
only 29% was damaged in darkness. The authors hypothesized that the ZnS shell of the
QD was oxidized to SOz, which then converted to the superoxide and hydroxyl
radicals. Ipe et al. [38] later confirmed the generation of ROS, but the phenomenon
couldn’t be generalized to all QDs. Irradiated CdS QDs generated superoxide and
hydroxyl free radicals, while CdSe QDs only generated hydroxyl free radicals.
CdSe/ZnS QDs did not generate ROS. This implies that oxidative stress could be the

mechanism by which some types of QDs exert toxicity.

14



Chan et al. [39] noted that while CdSe/ZnS QDs had little effect on human
neuroblastoma IMR-32 cells (300 uM, 24 hrs), mercapto-acetic acid-CdSe QDs! (150 and
300 uM ) caused significant apoptosis (controlled cell death), but not necrosis
(premature cell death due to abnormal stresses). This correlated with increased
intracellular ROS generation and pro-apoptotic signaling (activation of caspase-9,
stimulation of caspase-3, and the release of cytochrome c¢). CdSe QDs also activated c-
jun NHz-terminal kinase (JNK, pro-apoptotic), downregulated Ras (survival) expression,
and increased Bax (pro-apoptotic) protein levels. Conversely, no apoptotic signaling
occurred in cells exposed to shelled QDs. Pre-treatment with the ROS scavengers N-
acetyl cysteine and vitamin E reduced ROS generation and apoptosis suggesting that
toxicity is initiated by ROS levels. Taken together, this suggests that unshelled CdSe
QDs generated ROS and stressed the cells, which initiated pathways associated with

apoptosis to prevent further damage to tissue.

Toxicological studies with CdTe QDs have also shown ROS generation and

release of free cadmium [40-42]. Acute exposure to CdTe QDs (< 10 ug/ml, prepared

! Tetrahydrofuran (THF) was used in the solubilization of these QDs. The toxicity of THF-solubilized
fullerene (Ceo) has been attributed to the THF degradation product, y-butyrolactone [43]. Up-regulation of
antioxidant pathways by THF-Cs and THF-water are consistent with the oxidative injury (lipid
peroxidation) reported in other studies [44, 45].

15



without THF) generated ROS and induced apoptotic signaling pathways in rat
pheochromocytoma and human breast cancer cells [40-42]. Cho and colleagues [42]
suggest that the combination of free cadmium and ROS induced cell death. Exposure to
photo-oxidized mercapto-propionic acid-, cysteamine-, or N-acetyl cysteine-capped
CdTe QDs resulted in elevated levels of free cadmium (3.77 - 5.62 uM) and significantly
decreased metabolic activity. Although irradiated mercapto-propionic acid-CdTe QDs
generated singlet oxygen, QDs coated with the antioxidant N-acetyl cysteine did not,
suggesting that cadmium acted by an alternate pathway to alter metabolic activity. Cd
has been known to cause non-ROS related metabolic dysfunction by altering

osmotic/ionic imbalance and energy production processes/strategies [46-48].

Gagné et al. [49] explored the effects of free Cd?** from QDs by exposing rainbow
trout hepatocytes to aged cysteamine-CdTe QDs. Both QDs (aged 2 months and 2 years)
were cytotoxic in acute aqueous exposures (48-hr, <250 pug/ml). Metallothionein and
heat shock protein 72 were also significantly increased at concentrations of 2-250 pg/ml.
While lipid peroxidation was minimally decreased with 2-month old QDs, there was a
significant dose-dependent decrease in lipid peroxidation with 2-year old QDs.

Researchers concluded that while labile cadmium was responsible for some of the
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toxicity, QD properties such as surface charge and size may have also contributed to

toxicity.

Pharmacokinetic Studies

Rodent pharmacokinetic studies have concluded that the kidney, liver, and
spleen are the primary sites of QD deposition [22, 50-53]. Though the route of exposure
was not environmentally-relevant (injection), the deposition pattern is similar to that of
bulk cadmium in fish [54-58]. In Sprague-Dawley rats, mercapto-undecanoic acid-
coated, lysine-crosslinked (LM) and bovine serum albumin-coated (BSA) CdSe/ZnS QDs
were cleared from the plasma quickly, 0.84 + 0.3 ml/min/kg for LM-QDs and 1.22 + 0.2
ml/min/kg for BSA-QDs. There was minimal binding to blood components such as
erythrocytes. The QDs were sequestered primarily in the liver, but were also found in
the spleen, lung, bone marrow, and lymph nodes. Further examination revealed the

QDs were localized to the liver sinusoid or trapped in Kupffer cell vesicles [51].

In Balb/c nu/nu nude mice (immunodeficient, T-cells absent) injected with
CdSe/ZnS QDs coupled to target-specific peptides, mononuclear phagocytes of the
reticuloendothelial system removed the QDs from circulation and deposited them in the

liver and spleen. Additional studies revealed that accumulation was reduced by 95%
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when the QDs were coated in polyethylene glycol (PEG), thus minimizing the
phagocytes ability to detect the invading particles [22]. In Balb/c mice, CdSe/ZnS-PEG
QDs were deposited in liver, bone marrow, and lymph nodes, and the fluorescent signal
was visible for at least 1 month post-injection [50]. CdSe/CdS-PEG QDs were also
deposited in the lymphatic system [52]. Light and fluorescence microscopy of
hematoxylin stained frozen spleen sections revealed that the QDs were concentrated in

the vacuoles of phagocytic cells [50].

In studies conducted by Yang et al. [53], ICR mice administered CdTe/ZnS-mPEG
QDs had the same distribution patterns with spleen, liver, and kidney being the
predominant sites of deposition. The plasma half-life suggested that the QDs did not
bind with red blood cells. Light and fluorescence microscopy of paraffin embedded
sections revealed that the QDs (fluorescent red granules) were deposited in vascular-rich
areas in the organs including the linings of the hepatic sinusoids, red pulps of the
spleen, renal vessels, and glomerular vasculature of the kidneys. Pathological
examination showed no microscopic abnormalities in the liver and kidneys; however,

sinusoidal congestion and multinucleated giant cells were observed in the spleen.
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In each of these rodent model studies, elimination was virtually non-existent. In
one study, QDs were only minimally detected in urine (0.01-0.04%) up to 28 days post-
exposure with no detection in the feces [53]. In another, fluorescence in the intestine
suggested metabolism by the liver and excretion; however, fluorescence was detected in
vivo for at least 4 months [50] signifying that elimination of these potentially harmful
metallic clusters was very slow and/or that QDs were subject to re-uptake and
enterohepatic circulation. Conversely, QD excretion (as whole QDs or Cd?*) did not
occur in either urine or feces during a 10 day study suggesting that sequestration, not

metabolism or excretion, occurred [51].

Keeping in mind that the pharmacokinetic studies previously mentioned utilized
injection as the means of exposure, toxicity should differ when exploring
environmentally-relevant pathways of exposure. Dermal in vitro studies suggest skin
penetration depends on the surface charge [59]. Recent studies have confirmed that
consumed CdSe/ZnS QDs are degraded by enzymes in the digestive tract [60],
suggesting that QD toxicity will manifest as Cd toxicity. Additional in vivo studies
employing environmentally-relevant exposure routes are needed to clarify uptake,

depuration, and toxicological effects of QDs.
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Ecotoxicity

While screening via cell culture provides rapid assessment for toxicity, these
studies show only a snap-shot of what is occurring. In vitro studies do not encompass
the multitude of pathways, defensive cascades, and feedback loops affected by a
chemical insult. Currently, there are a limited number of in vivo studies regarding QD
(CdSe, CdTe, and CdS) toxicity. In freshwater mussels (Elliptio complanata) CdTe QDs
deposited to the gill > digestive gland > gonad and caused oxidative stress, immune
system dysfunction, and genotoxicity (24 hrs, <8 ug/ml) [61, 62]. Lipid peroxidation
was significantly elevated, while metallothionein was significantly reduced in the gills at
a concentration of 8 ug/ml. Conversely, the digestive gland had a dose-dependent
decrease in lipid peroxidation and significantly elevated metallothionein at 1.6 and 4
ug/ml QD. Phagocytic ability and hemocyte viability were significantly reduced at all
concentrations tested (1.6, 4, and 8 ug/ml). Investigators attributed the effects to the
release of free cadmium and colloidal interactions (aggregates). While individual QDs
are thought to go undetected by the body’s defense system, at higher QD concentrations
where aggregation is increased, gill filaments trap and pass the particles to the digestive
system. Gill damage (i.e. elevated lipid peroxidation) likely occurred due to the
decrease in immune response; however, damage in the digestive gland was probably

circumvented by the increased metallothionein levels.
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1.5.2 Toxicity of Quantum Dot Components

1.5.2.1 Cadmium

As previously mentioned, coated and uncoated QDs leach cadmium ions under
various environmental conditions. Cadmium (bulk) has been associated with oxidative
stress, behavioral abnormalities, neurotoxicity, nephrotoxicity, genotoxicity,
teratogenesis, and carcinogenesis. Because cadmium has multiple targets, determining
the mechanism of toxicity has proven difficult. The prevailing mechanism of action is
substitution. Transition metals—those in groups 3 though 12 on the periodic table —
have similar physico-chemical properties (size, 2s electrons, ionization potential), which
allows them to be substituted in place of one another in proteins and enzymes.
Cadmium has the ability to mimic and/or displace other divalent cations such as Cu, Fe,
Ca, and Zn. One example is the exchange of Cd for Zn in metallothionein. In Cd
exposed organisms, the metal is bound to albumin, an abundant plasma transport
protein, and transported to the liver where it is conjugated to glutathione for excretion
via the bile or bound to metallothionein [63]. Metallothionein (MT)—a low-molecular
weight protein containing thiol groups—binds, transports, stores, and regulates metal
ion concentrations in organisms. Consequently, exposure to cadmium induces

metallothionein synthesis [64-68]. Zinc is displaced from metallothionein by cadmium,
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and the increase in free zinc ion levels signals for the up-regulation of metallothionein

[67].

Uptake and Deposition

Uptake and deposition of bulk Cd is dependent on the route of exposure. When
injected (i.v. injection in the tail or jugular vein of rodents versus i.p. injected in fish), the
deposition pattern of free cadmium in fish is similar to that of CdSe/ZnS QD-injected
rodents. Rodents accumulated Cd in the liver, kidney, and spleen [51, 53], whereas
rainbow trout (Oncorhynchus mykiss, formally Salmo gairdneri) accumulated Cd?* in the
liver, kidney, and gills [57]. Though the trout only retained about 37% of the intended
dose, elimination of the remaining cadmium was extremely slow. There was no loss of
Cd from the organs 98 days post-injection [57]. Similar conclusions regarding

elimination were drawn in the QD rodent studies.

Currently there are very few publications regarding oral/dietary exposure of
organisms to QDs. Karabanovas et al. [60] reported that CdSe/ZnS QD suspensions in
fat or sonicated in water crossed the esophagus in Wistar rats. Photoluminescence was
detected in the internal and external walls of the esophagus 30 minutes post-exposure.

While the photoluminescent spectra were not detectable in the esophagus, stomach,
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duodenum, or small intestine at 1 hour post-exposure, the left-shift (bluing) in the peak
wavelength after 30 minutes suggests degradation occurred in the stomach, most likely
due to the acidic environment. No data was collected regarding cadmium

concentrations, so uptake and deposition patterns could not be discerned.

Despite the lack of distribution information from dietary QD studies, exposure of
fish to dietary Cd suggests that uptake from ingestion is limited and will result in little
toxicological risk. Rainbow trout that were fed 500 mg/kg Cd for 28 days retained less
than 1% of the dose from the diet (40% in the kidney and liver and 20-35% in the
stomach and intestine) [55]. Similarly, an infusion of Cd?* (0.1617 mg/kg) into the
stomachs of rainbow trout resulted in only 2.4% of the dose diffusing across the gut
wall, while 17% remained in the gut tissue and 27% in the lumen [69]. Given that our
study involves dietary QD uptake, Cd is expected to accumulate in the gastrointestinal

tract and traces may be detected in the liver.

Fish embryos can also be exposed to free cadmium in ovo through a process
referred to as maternal transfer [70, 71]. In 1980, Shackley et. al. [71] reported that
natural populations of blennies (B. pholis) collected from intertidal pools in Mumbles

Head, U.K. showed an increase in gut cadmium levels from March to July, which
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coincides with the spawning period. The liver and ovaries accumulated Cd from March
to April, but the metal concentration decreased from April to May. The investigators
theorized that the lost cadmium was transported from the liver to the oocytes via the

yolk as a way of eliminating the metal from the body.

Sellin and Kolok [70] later reported that larval fathead minnows (Pimephales
promelas) exposed in ovo to aqueous Cd (0-100 pl/1) displayed a positive trend in
cadmium body content with increasing maternal exposure concentration. Though
reproduction (spawning rate, clutch size, fertilization rate, and hatch rate) was not
negatively impacted, larval mortality was significantly increased at concentrations of 25
and 100 Cd pg/l. The mechanism for maternal transfer was confirmed when in vitro
studies reported that vitellogenin (VTG), the egg yolk protein precursor, bound
cadmium by displacing calcium and zinc [72]. When the VIG-Cd complex was injected
into female Atlantic croaker (Micropogonias undulatus), 69% was incorporated into the
ovaries within 48 hours versus free cadmium (26%). This suggests that vitellogenesis
mobilizes Cd accumulated in the liver by binding to vitellogenin and moving it to the

ovaries for sequestration to the eggs.
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Toxicological Effects of Cd

It is well known that cadmium can generate ROS [73, 74]. Although it is not a
Fenton metal and cannot directly generate ROS, Cd displaces Fenton metals such as iron
and copper from intracellular proteins such as ferritin or apoferritin, thus indirectly
causing the generation of superoxide anion, hydroxyl radicals, and hydrogen peroxide
(for reviews, see [75, 76]). Generation of ROS can lead to oxidative imbalance, otherwise
known as oxidative stress. Section 1.5.3 discusses the effects of oxidative stress in more

detail.

Antioxidant levels, though tissue- and species-dependent, are affected by
cadmium exposure. Basha and Rani [77] evaluated superoxide dismutase, xanthine
oxidase, glutathione peroxidase, and catalase in tilapia exposed to 5 pg/ml CdCl—one
tenth of the 48-hour LCso value. The liver and kidney tissues of the sub-chronically
exposed tilapia (Oreochromis mossambicus) were collected at sacrifice on days 1, 7, 15, or
30. For both organs, there were significant increases in all antioxidant enzyme levels
from day 7 through day 15, followed by a decrease at day 30 that still remained above
control levels. Studies employing juvenile tilapia (Oreochromis niloticus) chronically
exposed to 0.35-3.0 ug/ml CdCL: reported that liver superoxide dismutase was

significantly increased at all concentrations. Liver glutathione peroxidase was increased
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at 1.5 and 3.0 pg/ml CdClz, and lipid peroxidation levels were significantly reduced
when the glutathione peroxidase levels were at their highest. Although white muscle
showed increased superoxide dismutase and glutathione peroxidase levels at all
concentrations tested, superoxide dismutase was depleted in red muscle at 1.5 and 3.0
pg/ml cadmium. Therefore, white muscle was effectively quenching ROS as evidenced
by the lack of lipid peroxidation at all concentrations despite 60 days of continuous

exposure [78].

DNA damage and impairment of repair mechanisms have been noted in
response to Cd exposure [66, 79-81]. Dally and Hartwig [79] found that HeLa cells
incubated with 1, 5, 10, or 50 uM CdCl: for 5 hours caused a significant increase in the
number of DNA strand breaks at 10 and 50 uM Cd. No DNA lesions (adducts) were
reported. Further investigation revealed that Cd affected the ability of the nucleotide
excision repair machinery to recognize and/or excise light-induced DNA damage at low,
non-cytotoxic concentrations (< 25 uM CdClz) by causing a dose-dependent reduction of
protein binding to DNA [79, 80]. ZnCl: was able to restore binding (DN A-protein
interactions) and repair the DNA. This suggests that cadmium’s ability to displace Zn at
critical binding motifs is responsible for altering the functioning of nucleotide excision

repair machinery [80]. In the case of base excision repair dysfunction, cadmium
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essentially hinders the expression, protein translation, and catalytic ability of an

essential DNA repair enzyme, 8-oxoguanine-DNA glycosylase [81].

Cadmium can affect regulatory gene expression during embryonic development
resulting in teratogenesis. Zebrafish embryos (Danio rerio) exposed to 1-1000 uM CdClz
for 18 hours showed a wide range of morphological deformities, specifically cranial
hypoplasia, hypopigmentation, heart edema, yolk sac abnormalities, spinal curvature,
and tail alterations. Additional studies found that embryos exposed to 100 uM CdCl:
had altered expression of select genes including sonic hedgehog (shh), even-skipped
(evel), and no tail (nt1) in the malformed areas [82]. Examination of embryos displaying
spinal curvature revealed misshapen myotomes [82, 83], while immunostaining showed
a 45.3 - 74% decrease in the motor protein myosin [82]. Markers for fast and slow
muscles showed a significant loss of fast muscle fibers in areas of axial curvature. In situ
hybridization with myoD showed myogenic cells developing in place of somitic cells and
expressing myoD in areas of the tail region where a notochord failed to develop [83].
Studies also found that cadmium-treated embryos experienced stunted growth in
primary and secondary motor neurons. Motor neuron axon extension into myotome
regions was limited in embryos with and without trunk malformations [83]. Chan et al.

[84] noted that embryos treated with 100 uM CdClz possessed a significantly increased

27



number of apoptotic cells (2440 + 1764 cells/embryo vs. 94 + 54 cells/embryo in Controls),
and the location of these apoptotic cells corresponded to areas with morphological

abnormalities.

Larval behavior of fry exposed to Cd during embryonic development is also
altered. In touch tests, Cd-treated zebrafish embryos displaying abnormal skeletal
curvature did not display typical coiling or avoidance behaviors. Treated embryos
without abnormal axial curvature still experienced reduced coiling activity and were
slow to swim away from the stimulus [83]. These diminished or absent tactile responses
could be attributed to muscle loss and the lack of motor neuron extension previously

described.

1.5.2.2 Selenium

Selenium, in contrast to cadmium, is an essential micronutrient. Selenium is
biotransformed to selenophosphate and then used to synthesize selenoproteins.
Selenomethionine can be substituted into proteins for methionine, and selenocysteine is
a co-factor for glutathione peroxidase [63]. However, at elevated levels selenium causes
teratogenesis and neurotoxicity [85]. Effects of selenosis—high selenium levels—in

adult fish include gill swelling, increased immune response, anemia, cataracts, popeye,
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edema, and reproductive failure [86, 87]. While mechanisms of selenium toxicity are
still being evaluated, two prominent hypotheses have emerged: (1) thiol substitution of

Se for S, and (2) generation of ROS.

Uptake and Deposition

Selenium uptake in fish is a function of chemical speciation, species, and gender.
Inorganic forms of selenium include elemental selenium (Se?), selenides (Se%), selenite
(Se*), and selenate (Se®*), while organic forms include selenomethionine, selenocysteine,
and selenophosphate. Kleinow and Brooks [88] reported that dietary selenomethionine
accumulated to a greater extent in fathead minnow than selenite (SeOs) or selenate
(SeOs). Regardless of the form, Se deposited preferentially to the liver. The heart was
the secondary site of selenomethionine deposition, while inorganic forms of Se
deposited in high concentrations to the kidney and digestive system. Although the
distribution pattern of inorganic Se is consistent with the work of Hilton et al. [89] and
Sato et al. [90], others have reported that Se deposits primarily to the gonads [91-93].
Baumann and Gillespie [91] found that in natural fish populations, females had large
amounts of Se in the ovaries, while testis did not. This may be because in

reproductively-active females, Se (mainly in the form of selenomethionine) is
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redistributed after the initial uptake and sequestered to the ovaries for ovo-deposition

[88, 91-93].

Toxicological Effects of Se

Selenium has the ability to generate ROS including superoxide and hydrogen
peroxide (for reviews see [94, 95]). The generation of these species is thought to occur
via thiol oxidation. Ironically, Se-generated ROS are enhanced by the addition of excess
glutathione [96, 97]. Shen et al. [98] noted that HepG: cells (human hepatoma)
experienced a dose- and time-dependent depletion of intracellular glutathione when
exposed to 10 pM Naz5eOs. Shen et al. [96] later reported that while HepG: cells exposed
to selenite showed increased generation of ROS, co-treatment with selenite and
glutathione more than doubled the amount of ROS generated. This is because various
forms of selenium can oxidize glutathione to form selenodiglutathione (GS-Se-SG)
instead of GSSG. Selenodiglutathione has the ability to oxidize a cysteine residue of
thioredoxin [99] —a ubiquitous oxidoreductase enzyme responsible for reducing
proteins [100]. While thioredoxin reductase or glutathione reductase can directly reduce
selenodiglutathione, the oxidation of thioredoxin inhibits it from functioning properly

[99, 100].
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As mentioned previously, antioxidant levels are affected by exposure to
selenium; however, the toxicological effects are species-dependent. In juvenile rainbow
trout, acute aqueous exposure to selenite (0- 3.60 mg/1 for 96 hr) caused a significant
depletion of glutathione stores at concentrations of 2.52 and 3.60 mg/l. Although lipid
peroxidation levels fluctuated, they remained at or below normal levels despite
increasing Se concentrations [101]. Similarly, in studies involving male Kunming mice,
glutathione peroxidase and glutathione-s-transferase levels were significantly increased,
while reduced glutathione levels were significantly depleted by dietary selenite or
Nano-Se (elemental) (0-6 mg/kg, 12 days). Superoxide dismutase and catalase activities
were significantly decreased by dietary selenite, but not Nano-Se. At a dietary dose of 6
mg/kg Se, hepatic lipid peroxidation levels were significantly reduced by Nano-Se and
significantly increased by selenite [102]. This illustrates that selenite has a greater

propensity to cause oxidative imbalance than Nano-Se.

As with cadmium, selenium has been linked to DNA damage and repair
inhibition. Acute exposure of mouse L1210 cells (leukemia) to 0-10 uM selenite resulted
in increased single and double DNA strand breaks [103]. Zhou et al. [104] confirmed
that selenite was able to cause chromosomal strand breaks in HL-60 cells, while

selenocysteine and selenomethionine did not. Studies examining the ability of inorganic
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selenium to alter DNA repair in U20S cells (human osteosarcoma) revealed that low
concentrations of SeOs (0.01- 10 uM) significantly decreased DNA repair via the
transcription coupled repair pathway. It was suggested that selenium substituted for
the sulfur in the sulfhydryl group of DNA repair proteins, thus altering their structures
and subsequent catalytic activities [105]. Alternately, Blessing et al. [106] hypothesized
that selenium-containing compounds were able to oxidize thiol groups of proteins
causing a release of zinc from binding motifs and altering the enzymatic activity of the
DNA repair enzymes formamidopyrimidine-DNA glycosylase (FPG) and xeroderma
pigmentosum group A (XPA). While FPG activity was not affected by up to 1 mM
selenomethionine, it was significantly reduced (~90%) by 150 uM selenocysteine during
in vitro assays involving DNA from the marine bacterium Alteromonas espejiana. XPA
binding to DNA was also affected by selenocysteine, possibly through thiol oxidation
and disulfide bond formation. Selenocysteine caused a dose-dependent increase in free
zinc with treatment with as low as 6 UM selenocysteine causing a release of zinc from

the XPA-zinc finger.

Despite the varied reports that fish accumulate large amounts of Se in the
ovaries, reproduction (spawning frequency, clutch size, and hatchability) does not seem

to be significantly altered by high Se burdens [92, 93, 107-109]. However, larval

32



mortality and incidences of morphological abnormalities are increased by selenium
whether parentally- or environmentally-exposed [107, 108, 110]. Adult fathead
minnows aqueously exposed to SeOs or SeOs transfered selenium to their offspring
resulting in lordosis and edema [107, 110]. Parental dietary exposure of bluegills
(Lepomis macrochirus) to selenite and selenomethionine resulted in fry with skeletal and
jaw abnormalities. Fry also experienced a decrease ability to swim up, or surface for
food once the yolk sac was absorbed [111]. Sacramento splittail embryos (Pogonichthys
macrolepidotus) acutely exposed to 0, 5, and 15 pg/ml selenite displayed scoliosis,
kyphosis, lordosis, and tail loss [108]. Other teratogenic deformities observed in natural
populations of fish from selenium-contaminated waters include missing or deformed
tins, gills, gill covers, and eyes [86]. The hypothesized mechanism of embryonic
malformation is the substitution of selenium for sulfur during amino acid and protein
synthesis and disruption of disulfide bonds resulting in impaired musculo-skeletal

development [108].

1.5.2.3 Lecithin

Lecithin, also referred to as phosphatidylcholine, is a phospholipid found in
biological membranes and acts as natural surfactant (for review, see [112]). It is derived

from egg yolk and soy, and is found in all organisms. It is used in foods as an
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emulsifying agent, in pharmaceuticals as a drug delivery device, and in cosmetics as a
skin-conditioning and emulsifying agent. Lecithin has also been used as a medicinal

supplement to lower cholesterol and triglyceride levels [113, 114].

Encapsulation technique

Lecithin is composed of a large polar head and two non-polar hydrocarbon
chains (Fig. 1-5). The hydrocarbon chains vary in length, but are usually between 12 and
18 carbons in length with varying degrees of saturation [115]. While Lecithin is
insoluble in water, it organizes to form monolayers when dispersed in organic solvents
such as toluene and chloroform. Micelles spontaneously form in solution when the
threshold surfactant concentration is reached or surpassed —known as the critical

micelle concentration.
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Figure 1-5. The structure of (A) Lecithin, (B) a lipid bilayer, and (C) a cross section of
a liposome.

Various methods have been devised to create phospholipid vesicles—
liposomes—in aqueous solution [116-120]. Briefly, the lipids are mixed in organic
solvent for a period of time after which the solvent is removed under a stream of
nitrogen gas. The remaining film is dispersed in water via shaking and sonication to

yield multilamellar vesicles and small unilamellar vesicles [112]. Nanoparticles or other
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materials such as pharmaceuticals can be incorporated into the internal space of the
vesicles if added to the solution prior to sonication or stirring. Gold nanoparticles have

already been successfully rendered water-miscible using Lecithin [121].

Toxicological Effects of Lecithin

Only a limited number of human, animal, and ecological toxicological studies
have been conducted with Lecithin. Reports confirm that is it neither a reproductive,
nor developmental toxicant; evidence also suggests it is not mutagenic [122]. Mice
(Webster-derived CD-1) receiving a single injection of 150 puL of soybean Lecithin (20%
w/w phosphatidylcholine) showed no behavioral or toxicological effects 15 days post-
injection [123]. Pikeperch (Sander lucioperca) exposed via diet to increasing amounts of
soybean Lecithin (1.4, 4.7, and 9.5% of dry matter) showed significantly improved
growth and no change in the percentage of larva with deformities [124]. White-leg
shrimp (Penaeus vannamei) fed diets supplemented with 1.5% soybean Lecithin also had
significantly improved growth as well as a reduced sensitivity to osmotic stress [125].
Thus, in the absence of sufficient toxicological data, the Food & Drug Administration
regards Lecithin as safe for human consumption as long as good manufacturing

processes are upheld [126].
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1.5.3 Oxidative Stress

Oxidative stress is a condition that occurs when an organism is experiencing an
imbalance in pro-oxidant and antioxidant processes. The ROS that is generated by
contaminants can bind to enzymes and proteins causing abnormal activity or complete
dysfunction. ROS can also disrupt membranes through lipid peroxidation. Basal levels
of antioxidants such as superoxide dismutase, catalase, and glutathione are available to
neutralize endogenous sources of ROS (Fig. 1-6), but these levels are tissue- and species-
dependent. Exogenous sources of ROS induce upregulation of these protective
enzymes. If the oxidation and subsequent damage overwhelms the organism’s defenses,

oxidative stress occurs.

GSH 4H-0 + O2 + GSSG

. SOD
402 + 4H* ———» 202 +2H0O2

CAT
2H20 + O:

Figure 1-6. Conversion of reactive oxygen species via SOD, CAT, and GSH.

Glutathione levels can be an indicator of oxidative stress. The sulfhydryl groups

in GSH are responsible for reducing radicals. The accumulation of oxidized glutathione

37



(GSSG) and a subsequent increase in the GSSG/GSH ratio is indicative of an organism
suffering from oxidative stress. If glutathione reductase doesn’t efficiently return the
enzyme to its reduced form, the increased GSSG levels leads to increases in the number
of protein-mixed disulfides (protein-SSG) [127]. Female C57BL/6] mice injected with 5
ug/kg/day 2,3,7,8-tetrachlorodibenzo-p-dioxin exhibited elevated GSSG levels after 1
week of treatment and elevated protein-glutathione mixed disulphide levels after 8
weeks of exposure [127]. When a critical thiol of an enzyme, protein, receptor, or
signaling molecule is compromised, it will not function properly and will be targeted for
degradation [128]; alterations in proteins responsible for proliferation regulation (Fos,

Jun, PKC, etc.) could lead to carcinogenic lesions [127].

Lipid peroxidation (LPo) also serves as a biomarker for oxidative stress. It occurs
when ROS attack lipids, such as those found in biologic membranes, and antioxidants
are unable to quench the reaction. LPo propagates the oxyradical cycle through its by-
products malonaldehyde and 4-hydroxynonenal, which in turn causes enzyme

inhibition, DNA damage, protein modification, and more [129-132].
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Reactive Oxygen Species

ROS (superoxide anion radical, hydroxyl radical, peroxyl radical, alkoxyl radical,
hydroperoxyl radical, hydrogen peroxide, singlet oxygen, and peroxynitrite) are
frequently generated in organisms by endogenous sources —xanthine oxidase, nitric
oxide synthase, fatty acid oxidase, metals, and the electron transport chain. A basal
amount of ROS is biologically necessary; it is utilized by phagocytic cells as a weapon
against invading microbes, as second messengers in signaling cascades, and in cellular
respiration (oxidative phosphorylation). Exogenous substances known to generate ROS
include quinones, polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
brominated flame retardants, dioxins, estrogenic compounds, and metals such as Fe, Cu,
Cr, and Se. For reviews, see [128, 133-136]. While the body has the means to manage
exogenous sources of ROS, the insult can overwhelm antioxidant resources (superoxide
dismutase, catalase, glutathione, glutathione peroxidase, and vitamin E) leading to
inhibition of enzymes, alteration of appropriate cellular signaling, and damage to

biological macromolecules.

The response to ROS is a function of cell, tissue, or species type as well as being
time- and concentration-dependent [137]. Low levels of oxidants (3-15 pM H202)

actually stimulate growth in cells (HA-1 cell line, Chinese hamster ovary fibroblasts)
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because the oxidant acts as a cellular proliferation signal. Moderate levels can cause
senescence (120-150 uM H202) or permanent growth arrest (250-400 uM H20z). This
keeps DNA from being uncoiled and replicated in its damaged state [137]. Apoptosis
and necrosis are exhibited at the highest concentrations of ROS (0.5 mM to 10mM H202)
[129, 138, 139]. Apoptotic signaling does not cause inflammation or result in additional
oxidative damage, whereas, necrosis leads to the demise of surrounding cells and

further perpetuates the ROS cycle.

Studies have reported that QDs and/or their degradation components generate
reactive oxygen species [38, 40-42]. Free cadmium ion indirectly generates superoxide
anion, hydrogen peroxide, and hydroxyl radicals by displacing metals (from proteins)
that can generate ROS when labile [73-76]. Selenium generates superoxide anion and
hydrogen peroxide via thiol oxidation [94, 95]. Thus, QDs through the generation of
ROS have the potential to: cause DNA damage, incorrectly activate or inactivate
enzymes, alter antioxidant levels, modify cellular signaling, and affect embryonic
development. The remainder of this chapter is dedicated to reviewing the toxicological
effects of other contaminates that generate ROS to identify targets of ROS that should be

studied with in vivo QD exposures.
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DNA Damage

Exposure to ROS has been linked to DNA damage such as adducts, strand
breaks, base modifications, and cross-links. ROS reacts with proteins, nucleic acids,
sugar moieties, and the phosphate backbone resulting in structural and functional
modifications that can affect transcription and translation. For reviews, see [136, 140-

142].

When ROS are accompanied by Fenton metals?, the damage is increased. Metals
can modify the strand structure by bringing the components closer together, thus
facilitating the formation of ionic and covalent bonds (cross-linking). It may also
enhance base oxidation [143]. Exposure of salmon sperm DNA to hydrogen peroxide
and the metals Cu, Fe, or Ni caused intrastrand cross-links, adducts, and strand breaks
(both single and double). The reduction of H2O: by the metals led to the formation of
hydroxyl radicals [144]. Similarly, the hydroxyl radicals generated in the livers of male
Fischer rats after exposure to the arsenical metabolite trimethylarsine oxide (1.47 mM, 20

days) caused DNA adducts and substantially elevated expression of the repair enzyme

2Fenton metals are reduced (gain an electron) during the first phase of the Fenton reaction, when superoxide
anion is converted to oxygen. The metal loses the electron when it is oxidized by H20: for form a hydroxyl
radical [145]. The Fenton reaction: *O2 + Fe¥* — Oz +Fe?* (phase 1)

Fe?* + H2O2 — HO* + OH- + Fe3* (phase 2)
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8-oxoguanine-DNA glycosylase [146]. In some instances, exposure to chelating agents,

such as EDTA, prior to the insult decreased DNA damage [144, 147].

Industrial chemicals can also cause DNA damage through the generation of ROS.
Wang and colleagues [147] showed that the carcinogen 4-aminobiphenyl and its isomer
2-aminobiphenyl caused single strand breaks and alkali-labile sites in HepG: cells by
generating H>Oz. Pre-exposure to iron and copper chelating agents (desferrioxamine
and neocupronine, respectively) decreased DNA damage. This suggests that ions are

involved in the formation of the strand breaks.

Enzymes

Pharmaceuticals given for their therapeutic effects can alter enzymes as a result
of oxidative stress. Acetaminophen has been shown to generate superoxide anion in
Swiss mice that were given a single injection (375 mg/kg). Consequently, the mice
suffered from elevated liver enzymes (lactate dehydrogenase, alanine aminotransferase,
and aspartate aminotransferase) signifying that damage had occurred. Antioxidant

levels and activities were also compromised [148].
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As briefly mentioned, the by-products of lipid peroxidation can cause inhibition
of enzymes. Thioredoxin is an antioxidant enzyme that inhibits ASK-1 (apoptosis),
activates NF- kB (cell survival), has the ability to refold proteins, and can reduce ROS by
providing a disulphide complex [149, 150]. Thioredoxin reductase is responsible for
returning it back to thioredoxin for further reactions. However, the LPo by-product 4-
hydroxynonenal has been linked to the inactivation of thioredoxin reductase (in
conjunction with the inactivation of the tumor suppressor p53), thus the ability of the

cells to combat the oxidant imbalance is compromised [132].

The activity of Protein Kinase C (PKC), an enzyme that mediates growth,
proliferation, differentiation, and expression by phosphorylating various proteins in
signaling cascades [151, 152], can be altered by ROS. Modification of PKC’s regulatory
or catalytic domains as a result of increased ROS levels can cause abnormal activation or
inactivation of the enzyme. The enzyme’s binding domain contains a zinc-finger that is
susceptible to oxidation. When it is compromised, DNA cannot bind properly to the
domain [153, 154], thus altering the necessary signaling for growth, proliferation,

differentiation, or apoptosis.
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Antioxidants

Antioxidant levels fluctuate in response to oxidative insults and enzymatic
damage. Studies using Caco-2 cells (human colon carcinoma) noted that administration
of hydrogen peroxide (50-250 uM) induced an antioxidant response. The cells
responded to the oxidative imbalance with an increase in catalase activity at all
concentrations and in increase in glutathione peroxidase activity at concentrations > 150
uM H:0z. Superoxide dismutase activity waselevated at lower H20: concentrations (50
uM), but was significantly inhibited at higher concentrations (= 150 uM). Investigators
hypothesized that the inhibition of SOD at higher concentrations could be occurring as a
result of oxidative damage at a key histidine site or structural alterations that might

restrict binding [155].

Cellular Signaling

Oxidative stress can trigger the activation of a variety of signaling cascades
responsible for growth, proliferation, differentiation, apoptosis, necrosis, or survival.
The exact pathway is determined by factors such as the type of toxin, concentration,
duration of exposure, and tissues type. AP-1, NF- kB, myb, p53, HIF-1, and NFAT are a

few of the transcription factors that are activated by elevated levels of ROS levels. Other
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responses to oxidative stress include kinase phosphorylation, altered gene expression,

and caspase cleavage. For reviews, see [132, 138, 149, 150, 156-158].

Kinase phosphyorylation is one response to oxidative stress. Two genes that are
phosphorylated in response to oxidants, mitogen-activated protein kinases (MAPKSs)
and PKC, show duel redox-activities and can signal for death or survival [157, 159].
MAPKs are a family of serine/threonine protein kinases that are responsible for
transmitting various signals into the nucleus of the cell. Types of MAPKSs that have
redox-sensitive sites include: (1) extracellular signal-regulated kinases (ERK), which is
involved in cellular proliferation, differentiation, and development; (2) JNK, which can
cause apoptosis; and (3) p38 mitogen-activated protein kinases (p38 MAPK), which is
associated with cell differentiation and apoptosis [160]. Phosphorylation of ERK has
been linked with both pro- and anti-apoptotic signaling [161]. Researchers suggest that
the actions of ERK are mediated by the duration of the oxidant exposure; transient ERK
activation leads to survival, whereas, prolonged activation causes growth arrest and

apoptosis [137].

The pathways activated by ROS are a network of competing interests, survival

and growth versus arrest and cell death. Moreover, cross-talk and redox-sensitive steps
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in each pathway can cause contrasting results. In the study conducted by Turner et al.
[162], investigators suggested that oxidative stress had activated three distinct pathways
based on their findings: (i) MEK-1/2 and ERK-1/2; (ii) MKK-4, JNK, c-Jun, and ATF-2;
and (iif) MKK-3 and p38 MAPK. In this scenario, ERK activation seemed to be
associated with necrosis, while JNK phosphorylation led to apoptotic death and p38
activation caused senescence. In reviewing the oxidative stress literature, Martindale
and Holbrook [157] felt that there was a balance between ERK and JNK activity, and
alteration of this balance would determine cell survival. They also noted that pathways
had check points in redox-signaling that measure changing levels of ROS and respond

accordingly.

Table 1-1 shows the progression from anti-apoptotic to apoptotic cell signaling as
hydrogen peroxide concentrations are increased in vitro. Exposure to oxidants at low
concentrations or for short durations increased antioxidant levels. H20Oz and 4-
hydroxynonenal (LPo by-product) activate transcription factors that phosphorylate
various kinases, such as PKC and PKD, resulting in cell stabilization because they signal
for increased production of glutathione or other antioxidants to prevent further

oxidative injury [163-165]. Anti-apoptotic signaling also occurs to assist in saving the
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cells. Phospholipase C-y1(PLC-y1, cell motility) is a pro-survival pathway that inhibits

or suppresses apoptosis [157, 166].

Table 1-1. Signaling cascades affected by H.0: exposure.

Cell line Conc. (uM) Effect Ref.
HeLa 10 Transient T PKD [164]
50 . .
HeLa, Ratl, NIH 3T3, PC12 200 Transient 1 ERK2, c-jun, and c-fos; 1 JNK [167]
1 SOD, glutathione reductase, XPG, NF-
AR42] 80 «B, GADD, p53 [168]
Jurkat 100-200 1 PKC and MAPK activity [169]
h 1 ; -3 cl ;
H9e2 cardiac muscle 400 Cyto? ron.le c release; casp-3 cleavage; [170]
transient 1in JNK
Swiss 3T3 fibroblasts,
COS-7, HeLLa, NIH 3T3 10-500 1 PKD [171]
fibroblasts
Mouse embryonic 0-600  Phosphorylation of PLC-y1 [166]
fibroblasts osphotylation o Y
caspase activation; phosphorylation of
H9¢2 cardiac muscle 0-1000 ERK?2, INK, p38 MAPK, MEK-1/2, MKK-4, [162]
ATF-2, c-jun
COSs-7 5000 Activation of all PKC isoforms tested [154]

Activation of p53 and p38 MAPK are associated with arrest, but also with

apoptosis [156, 157, 172]. When an organism experiences oxidative stress at high levels
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or for a prolonged period of time and cannot compensate by upregulating the
production of antioxidants, then apoptotic signaling usually occurs. This is a protective
mechanism which halts the replication of damaged DNA and keeps inflammation from
affecting surrounding tissues. Apoptosis consists of cell shrinkage, nuclear
condensation, and membrane blebbing [173]. Pro-apoptotic signaling, such as the
release of cytochrome c and cleavage of caspases, leads to DNA fragmentation [132,

170].

When the cellular damage from ROS is too extensive, necrotic signaling occurs.
Necrosis—uncontrolled cell death—is marked by caspase (pro-apoptotic) suppression
[149]. Cellular debris leaking from necrotic cells alters signaling cascades and causes
inflammation in the surrounding tissues. This can lead to additional ROS generation

and subsequent damage.

Again, signaling pathways are not always linear. A variety of genes and
transcription factors have multiple responses, some contradictory. The literature shows
that activation of the transcription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B) initiates genes associated with immune response, cell growth,

survival, and apoptosis [137, 160]. Therefore, exposures to contaminants such as QDs
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will need to evaluate multiple points along various signaling pathways to determine

how the organism is responding to the oxidative insult.

Developmental Toxicity

Various metals (including Se), pharmaceuticals, and industrial chemicals that
generate ROS and cause oxidative stress have been linked with developmental toxicity.
Wistar rats that were maternally exposed to aluminum (345 mg/kg/day orally) displayed
reduced bone ossification that was reversible with the administration of therapeutic
agents glutathione and/or Tiron. A decrease in fetal glutathione and glutathione-s-
transferase coupled with an increase in catalase and lipid peroxidation suggests
oxidative stress was occurring and may be responsible for the lack of bone ossification
[174]. Increased selenium has been shown to affect bone development in birds; altered
GSH and GSSG levels as well as increased lipid peroxidation suggests that oxidative

stress was the cause of the avian deformities [175].

Tamoxifen, which is used in the treatment of breast cancer, caused an increase in
superoxide production and lipid peroxidation in sea urchin embryos (10-%-10° M).
Embryolethality and developmental defects occurred in a dose-dependent fashion.

Examination of oxidative DNA damage (8-OHdG) revealed that genetic damage
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occurred at low tamoxifen concentrations, and therefore could be responsible for

lethality and mitotic arrest [176].

Nicotine is another substance known to cause developmental abnormalities via
oxidative stress. C57BL/6] mouse embryos grown in culture with nicotine (0.6, 1, 3, 6
uM; 48 hours) showed deformities at the highest two concentrations. Deformities
included an open neural tube, smaller forebrain, and underdevelopment of the lower
portion of the spine. TUNEL-assays confirmed that apoptosis was occurring at
malformation sites. Additional studies with mouse embryos exposed to 3 uM nicotine
for 24 hours discovered increased ROS and Ca? levels in tissues where the
malformations occurred. Co-exposure to nicotine and an antioxidant or Ca chelator

showed ROS levels and incidences of malformation consistent with Controls [177].

Other compounds including dichloroacetate (a by-product of water treatment
processes) [178], diepoxybutane (a metabolite of 1,3-butadiene) [179], and PAH
derivatives [180] have also induced morphological deformities attributable to oxidative
stress. These studies noted altered levels or activities of antioxidant enzymes, or directly
measured ROS production to conclude redox imbalance as the cause of the

developmental toxicity.
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Conclusions

Quantum dots have the potential to alter biological processes in a variety of
ways. Studies have shown that QDs and their degradation components affect ionic
homeostasis, genetic stability, oxidative balance, cellular proliferation, and embryonic
development. As the study of QDs continues, it is important to scrutinize the
composition and stability of QDs in aqueous environments as well as monitor the

biological pathways mentioned in this chapter to determine how QDs affect organisms.
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Chapter 2. Developmental Toxicity of Aqueous
CdSe/ZnS QD Exposure in Teleosts

Reproduced in part with permission from Marine Environmental Research, submitted.
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Given the increased production and commercialization of engineered
nanomaterials, contamination of aquatic ecosystems is inevitable [181, 182]. Yet
virtually nothing is known about the effects of engineered nanoparticles on developing
fish. Studies have confirmed that certain types and forms of nanoparticles are
bioavailable and can affect embryonic development in fish. Lee et al. [183] published
that nano-silver was able to diffuse through the chorionic pore canals of developing
zebrafish (Danio rerio) and subsequently deposit in the retina, brain, heart, gill, and tails.
Morphological abnormalities included tail fin truncation, heart malformation, yolk sac
edema, head edema, and eye anomalies. This concurs with a study in which zebrafish
were exposed to BSA or starch-capped Ag nanoparticles at concentrations up to 100
ug/ml; researchers found that nano-sized Ag depressed heart rates and caused abnormal
twisting of the notochord [184]. In contrast, water-stirred Ceo (aqua-nCeo) did not affect
the embryonic development of zebrafish and mummichogs (Fundulus heteroclitus)[43,
185]. The lack of morphological abnormalities associated with aqua-nCe exposure was
attributed to aggregation and the adherence of fullerene aggregates to the chorion of the
teleost [185]. Similarly, single-walled carbon nanotubes did not alter zebrafish
development (conc. <360 mg/l) because the nanotubes were not bioavailable due to their
length. Hatching delays did occur, but were most likely caused by nanotube aggregates

that were attached to the chorionic surface, which may have altered embryonic oxygen
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levels [186]. Thus, the developmental effects caused by ENPs in fish appear to be a

factor of composition and aggregation state.

Fundulus embryos are at risk of encountering QDs in nature. The ionic strength
of estuarine water results in the agglomeration and precipitation of engineered
nanomaterials from the water column [185, 187]. While the eggs spawned on or buried
in the sediment have a protective chorion, fish chorions are pervious to exogenous
contaminants including nano-silver [183], polystyrene beads [188], 2,3,7,8-
tetrachlorodibenzo-p-dioxin [189, 190], and benzo[a]pyrene [190]. Morphological
deformities arising from Cd exposure include cranial hypoplasia, hypopigmentation,
heart edema, yolk sac abnormalities, spinal curvature, and tail alterations [191].
Therefore, the goal of this study was to determine whether aqueous exposure to
Lecithin-encapsulated CdSe/ZnS QDs adversely affected the development of Fundulus

embryos.
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Materials and Methods

Chemicals
CdSe/ZnS Evidots (ED-C11-TOL) were purchased from Evident Technologies
(Troy, NY, USA). Lecithin (102147) was purchased from MP Biomedicals, Inc. (Solon,

OH, USA). Gelatin (G-9382) was purchased from Sigma (St. Louis, MO, USA).

Quantum Dot Preparation

A Mixed QD suspension containing orange (4.0 nm, A=600 nm), green (2.4 nm,
A=540 nm), and blue (1.9 nm, A=490 nm) QDs [4] was prepared according to Dubertret et
al. [192] with slight modifications. QDs were precipitated from toluene using 5 volumes
of methanol and dried under vacuum. The precipitate was dissolved in chloroform and
sonicated in a Branson 1200 bath sonicator (Danbury, CT, USA) for 5-10 minutes (50/60
Hz, 117V, 0.7 Amps) to disperse the QDs. Lecithin (from soy) was added to the
chloroform mixture in a 1:2 QD:Lecithin ratio (by weight). The solution was stirred in
darkness at a speed of 400-500 rpms overnight to encourage monolayer and micelle
formation. The solvent was then evaporated under a steady stream of N2. The residue
was heated in a water-bath at 80°C for 5 minutes. Sterile deionized (DI) water was
added and the suspension was sonicated briefly (15-20 seconds) to re-suspend the film.

The suspension was centrifuged at ~ 125,000 g for 8 hrs in a Beckman L8-80M
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ultracentrifuge (Palo Alto, CA, USA) with a type 55.2 Ti fixed-angle rotor to break apart
empty micelles containing residual solvent. After the supernatant was discarded, sterile
DI water was added. The material was vortexed briefly, transferred to a glass vial, and
sonicated 3-5 minutes to acquire the final QD suspension. The Mixed QD suspension
had a nominal concentration of 400 pg/ml. A Lecithin suspension containing no QDs
was prepared via an identical process and had a nominal concentration of 730 pg/ml.

All suspensions were stored in darkness at 4°C prior to exposure.

QD Characterization

The emissions profile of the Mixed QD suspension was acquired on a
SpectraMax M2 fluorometer (Sunnyvale, CA, USA). The excitation wavelength was 320
nm and the emissions were recorded from 460 to 680 nm in 5 nm increments. The QD’s

photoluminescent spectrum was compared to that of sterile DI water.

Aqueous Embryo Exposures

Eggs and sperm were obtained from our breeding colony of Fundulus heteroclitus
and in vitro fertilization was carried out in the laboratory. When eggs reached the 2- to
4-cell stage they were randomly divided among the treatment regimes and housed in 6-

well plates. Each well contained 10-15 developing eggs and the treatment solution
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volume was adjusted appropriately so that each well contained 0.2 ml of treatment
solution per embryo. The Mixed QD stock suspension was diluted with 0.22 pm filtered
seawater to obtain the appropriate QD concentrations at a salinity of 17 ppt. Final
nominal concentrations were 0, 1, 5, 10, 50, and 100 pg QD/ml. Lecithin was tested for
developmental effects by exposing embryos to 0, 100, and 200 ug Lecithin/ml. Embryos
were monitored on days 2, 3, 5, 8, and hatching (~14 to 15 days post-fertilization ) for
morphological variations in the notochord, eyes, brain, heart, bladder, trunk, and fins
[193]. At the conclusion of the exposures, embryos were imaged using a Leitz Laborlux
12 fluorescent microscope (Wetzlar, Germany) with a DAPI filter cube (type A, Leitz
#513596, excitation A= 340-380 nm). Images were taken with a Canon Powershot A650 IS
with microscope adapter. A subset of QD-exposed eggs was also examined with
confocal microscopy to determine if QDs could be visualized within the embryo. The

study was replicated 3 times; in total, 40 eggs were exposed to each concentration.

Statistics

Embryonic development was assessed using a x? test («=0.05) in Excel (Microsoft

Corporation, Redmond, WA).
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Results

Prior to embryonic exposures, the Lecithin-encapsulated QD suspension was
examined for degradation via the fluorescence emission spectrum. The
photoluminescent spectrum of the Mixed QD suspension (Fig. 2-1) showed a right shift
of 15 nm in the intensity peak of the blue (490 nm) QDs and a 5 nm shift of the orange
(600 nm) QDs suggesting the particles were larger than when manufactured. The green

(540 nm) QDs peak emission was not affected.
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Figure 2-1. The emission profiles of the Mixed QD suspension (o) versus sterile de-
ionized water (o). Fluorescence intensity peaks are at 505 (blue), 540 (green), and 605
nm (orange). The insert in the upper right corner is a fluorescent micrograph of the
QD aggregates in suspension.
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CdSe/ZnS QDs aggregated in seawater and adhered to the exterior chorion of the
mummichog embryos in an apparent dose-dependent fashion (Fig. 2-2); however, no

QDs were visualized within the embryos [194].

Figure 2-2. Fluorescent micrographs of embryos that have undergone static exposure
to (A) 0, (B) 1, (O) 5, (D) 10, (E) 50, and (F) 100 pg/ml CdSe/ZnS QDs for 16 days. While
no QD signal is visible in A-C, micrographs D-F show an apparent dose-dependent
increase in the chorionic surface area that is covered by QDs. Scale bars = 0.5 mm.

Levels of abnormal development—early mortality and sub-lethal morphological
deformities —were significantly elevated in the 100 pug/ml Mixed QD treatment and
marginally elevated in the 200 pg/ml Lecithin treatment, 10% in each treatment versus

2.5-5% in their respective Controls (Table 2-1). The types of physical deformities
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observed included hemorrhages and pectoral fin deformities. The hatching rate at 100
ug/ml QD (72.5%) was significantly lower than Controls (85.0%). Lecithin did not affect

hatching success.

Table 2-1. Developmental toxicity of aqueous QD exposure

Treatment % abnormal @ % hatched ®
0 2.5 85.0
1 2.5 85.0
5 2.5 85.0
10 2.5 90.0
50 2.5 77.5
100 pg/ml QD 10.0* 72.5*
0 5.0 95.0
100 2.5 92.5
200 pug/ml Lecithin 10.0 90.0

a includes lethal and sub-lethal deformities, *includes both normally-

and abnormally-developed fry; * o = 0.05.

Discussion

Embryos exposed to the Lecithin-encapsulated CdSe/ZnS QD suspension in
seawater developed normally with very few incidences of morphological abnormalities.
QDs were prepared with a 1:2 QD: Lecithin ratio, so increasing the QD concentration
proportionally increased the Lecithin concentration. The elevated percentage of

abnormally developed embryos in the highest QD dose (100 ug/ml QD, 200 pg/ml
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Lecithin) was the same as the corresponding Lecithin control treatment, 200 ug/ml
Lecithin (no QDs). Thus, it appears that exposure to Lecithin accounts for the increase in

developmental toxicity.

The lack of developmental abnormalities in the aqueous QD exposures
contradicts a recent study by King-Heiden and colleagues [195] in which polyethylene
glycol (PEG)-coated CdSe/ZnS QDs caused morphological defects in chorionated
zebrafish embryos/larvae. The investigators reported that QDs coated with PEGsoo were
an order of magnitude more toxic than CdClz and displayed deformities such as edema,
bent spine, tail malformation, and yolk sac malformation, which are all deformities
typical of aqueous cadmium exposure [191]. Alternately, QDs coated with PEGsso were
virtually non-toxic. The investigators observed that PEGss-QDs aggregated heavily in
embryo rearing medium, whereas PEGs0-QDs did not. Thus, the disparity in the
developmental toxicity of differently sized PEG-coated QDs may be due to the size of

the aggregates limiting their bioavailability.

Qualitative assessments of eggs exposed to QDs support the hypothesis that QDs
do not penetrate the chorion. Detection of the signature fluorescent signal of the QDs

was limited to the chorion. The large aggregate size and surface chemistry of the
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chorion likely impedes movement through the chorionic pores. Similar observations
have been noted with other engineered nanomaterials in solution including fullerenes
[185] and carbon nanotubes [186]. It is also likely that the chorion functions as a barrier
to degradation products of QDs such as free cadmium. In Japanese medaka eggs
(Oryzias latipes) exposed to 10 pg/ml Cd, 94% of the cadmium was loosely bound to the

chorion and 5% was detected in the body of the fry [196].

As was the case with embryos exposed to PEGs50-QDs [195], our Lecithin-
encapsulated QDs aggregated in seawater. The salts in seawater act as counter ions to
disrupt repulsive forces, so the QDs form large aggregates that are not bioavailable.
These aggregates may be responsible for the decline of hatching in the 100 ug/ml QD
treatment. The QD aggregates on the chorion could be affecting hatching enzymes,
physically stabilizing the chorion, or altering the reception of hatching cues such as

dissolved oxygen and light [197].

Conclusions

This study has shown that Lecithin-encapsulated QDs are developmentally toxic
to Fundulus embryos only at high concentrations, beyond what would currently be

considered as environmentally-relevant. Teleost embryos in estuarine systems are
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protected from QDs by their outer chorion. The structure and charge of the chorion
combined with the size and charge of the QD aggregates prevents the QDs from
entering the embryo and interfering with development. Future advances in QD
synthesis and composition (coatings and shelling materials) may prevent aggregation
from occurring in saline environments. At such a time, it would be necessary to re-

evaluate the potential toxicity of QDs to estuarine fish embryos.
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Chapter 3. Lecithin as an Encapsulating Agent for QDs:
A Pilot Study

Reproduced in part with permission from Marine Environmental Research, submitted.
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The vast majority of studies investigating QD toxicity have been acute in vitro
exposures. These studies report that QDs are cytotoxic [21, 33, 34, 42], genotoxic [36,
198], and capable of generating reactive oxygen species [38]. While in vitro exposures
provide information rapidly, they do not examine systemic physiological processes such
as growth and reproduction, nor do they take into account the multitude of pathways
that organisms have for responding to exogenous contaminants (metallothionein, the
immune system, and antioxidants). To date, there are 5 publications on the toxicity of
QDs in aquatic organisms. CdTe QDs reportedly altered oxidative stress biomarkers
(lipid peroxidation) and metallothionein levels in freshwater mussels (Elliptio
complanata) [61, 62]. CdS QDs induced liver injury and increased oxidized glutathione
levels in sticklebacks (Gasterosteus aculeatus) [199], and developmental malformations
occurred in zebrafish embryos (Danio rerio) that were aqueously exposed to CdSe/ZnS
QDs [195]. Cadmium ions and the generation of ROS are thought to be the main culprits

in the toxicity of both shelled and unshelled QDs.

Our model organism Fundulus heteroclitus, the mummichog, is abundant in
estuarine waters from Maine to the Gulf of Mexico. Adult and larval stages are
opportunistic feeders that will encounter QDs while swimming in the water column or

foraging on the sediments. The ability of QDs to aggregate and be transferred up the
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food chain [200] increases the likelihood that these fish will be exposed via their diet.
Given that QDs are degraded by enzymes in the digestive tract [60], possible effects of
the free cadmium and selenium include oxidative stress, behavioral abnormalities,
reproductive toxicity, and teratogenesis. Therefore, the objectives of this study were to
determine if Lecithin-encapsulated CdSe/ZnS QDs adversely affected the development
of Fundulus embryos when parentally-exposed, and whether QDs caused oxidative

stress or altered fecundity in adult Fundulus heteroclitus.

Materials and Methods

Chemicals
CdSe/ZnS Evidots (ED-C11-TOL) were purchased from Evident Technologies
(Troy, NY, USA). Lecithin (102147) was purchased from MP Biomedicals, Inc. (Solon,

OH, USA). Gelatin (G-9382) was purchased from Sigma (St. Louis, MO, USA).

Quantum Dot Preparation
Maple red-orange QDs with a diameter of 5.2 nm (emit A= 620 nm) were
encapsulated in Lecithin as previously mentioned (Chapter 2). The suspension, herein

referred to as the Maple QD stock, had a nominal QD concentration of 377 pug/ml. The
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Lecithin suspension (no QDs) made by an identical processes had a concentration of 793

pg/ml.

Adult Dietary Exposures

Eighteen male-female pairs of sexually mature Fundulus heteroclitus obtained
from tidal creeks in Morehead City, NC were randomly assigned to one of three
treatment groups: Standard Diet (SD), Lecithin (0 pg QD and 20 ug Lec./day), and QD
(10 pg QD and 20 ug Lec./day). Pairs were housed in segmented tanks containing ~15
liters of filtered seawater. Water parameters were held at ~23°C and a salinity of 20 + 2
ppt with a 16:8 photoperiod. Partial water changes (1/3 of the tank volume) occurred
daily. The Standard Diet consisted of 112.5 mg/ml ground tropical fish flake food
(Aquatic Ecosystems, Apopka, FL), 250 pl/ml shrimp puree (puree=1 shrimp per 10 ml
of DI water), and 2% type B gelatin prepared in sterile DI water. The treatments—water,
Lecithin, or Maple QD suspension—were added to the food slurries and stirred to obtain
a homogeneous mixture. The mixture was pipetted (250 ul per well) into 96-well plates
and frozen at -20°C until administered. The contents of 2 wells (a total of 500 pl) were
considered a single dose and fed daily to each fish to equal the treatment concentrations

described above. Feeding was observed to ensure the fish consumed the entire dose.
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Table 3-1. QD and Cd content in the diets.

Treatment Target Dose? Measured Dose®
Standard Diet OugLec. O0pgQD 0.00 ug Cd
Lecithin 10 ug Lec. 0 pg QD 0.00 ug Cd
QD 10 ug Lec. 5 ug QD 1.04 pg Cd

acontent is listed for 1 food cube. Daily diets consisted of 2 food cubes per fish.

The cadmium content (Table 3-1) of the diets was confirmed with inductively
coupled plasma mass spectrometry (ICP-MS). Briefly, individual food cubes were
digested in 200 ul of ~7 N nitric acid for 1 hour. Samples were homogenized for 20
seconds with a battery-operated hand-held grinder. Then, 800 pl of 7 N nitric acid was
added to each tube and the samples were digested overnight at room temperature. The
following day, the samples were sonicated for 5 minutes (Branson 2510, Danbury, CT),
and then ~90 pl of H20O2 was added to each sample. The samples were vortexed
intermittently over the next 5 hours. Next, the samples were combined with 10 ml of
internal standard solution and centrifuged at ~1,300 X g for 10 minutes. One milliliter of
supernatant was moved to a fresh tube with 10 ml of internal standard solution and run
on a VG Plasmaquad 3 ICP-MS (Thermo Scientific, Waltham, MA). The internal
standard solution consisted of 10 ppb In, Tm, and Bi in ~2 % HNOs. The detection limit

was 0.0005 pg of total Cd per sample or 0.002 ng/ml [201].

68



All pairs received the Standard Diet for 12 days and were observed to confirm
spawning activity. After 12 days of observation, the fish received the SD, Lecithin, or
QD diets daily for 35 days. Eggs were collected daily from spawning traps.
Reproductive output was based on the total number of eggs spawned that had a
hardened chorion—an indication of fertilization [202, 203]. Spawning activity was
divided into three time-periods based on a semi-lunar spawning cycle: observation
(days 1-13), transition (days 14-30), and acute (days 31-47). Fecundity was determined
for each pair by calculating the average number of eggs spawned per day in each of the
3 spawning periods. The observation rate for each pair was set as the baseline (100%)
and the transition and acute spawning rates were calculated as a percent based on the
observation rate. For the embryonic development assessment, 4 subsets of eggs per
treatment were collected and reared in 24-well plates in 20 ppt seawater. Development
was monitored for morphological deformities of the notochord, eyes, brain, heart,
bladder, trunk, and fins [193]. Embryos with deformities were imaged using a Meiji
Techno R2 dissecting microscope (Japan) and captured with a T45 camera (Diagnostic
Images, Inc., Sterling Heights, MI) using Image-Pro Plus software (MediaCybernetics,
Inc, Bethesda, MD). Hatching was also recorded. At the conclusion of the study, adult
Fundulus were humanely euthanized in accordance with North Carolina State University

policy and tissues were collected. The livers were quickly removed and a portion was
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fixed in 10% neutral buffered formalin for histopathology. The remaining liver tissues
were stored at -80°C until analyzed for oxidative stress biomarkers (total glutathione and

lipid peroxidation).

Total Glutathione (GSH) Assay

Total glutathione (N=6 individuals per treatment) was determined using the
DTNB-GSSG Recycling Assay [204, 205] modified for 96-well plates. Livers were
homogenized in 10 volumes of 5% sulfosalicylic acid (SSA) and then centrifuged to
obtain the supernatant. The supernatant was diluted 1:10 with SSA. A 10 ul aliquot of
the sample was combined with 195 ul of reaction cocktail consisting of 0.238 mg/ml
NADPH buffer, 10mM 5, 5’-dithiobis (2-nitrobenzoic acid), and sterile DI water.
Glutathione reductase (50 U) was added to each well and read at 405 nm every 10
seconds for 2 - 2%2 minutes on a SpectraMax 190 UV/VIS spectrophotometer (Sunnyvale,
CA, USA). Samples were compared to a GSH standard curve and analyzed by linear
regression. Samples and standards were run in triplicate. Concentrations were

expressed as nmol GSH per mg of tissue.
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Lipid Peroxidation (LPo) Assay

Liver samples (N=10-12 individuals/treatment) were prepared and analyzed
according to the protocols of Ringwood et al. [204] adapted from Ohkawa et al. [206].
Tissues were homogenized in 4 volumes of 150 mM TRIS, pH 7.5, ImM EDTA buffer
and then centrifuged at 4°C [207]. A 100 pl aliquot of supernatant was combined with
1.4 ml 0.375% thiobarbituric acid and 14 ul 2% butylated hydroxytoluene. The samples
were heated in a water-bath at 100°C for 15 minutes and centrifuged at 13,000 g for 5
minutes at room temperature. Then, 200 ul aliquots of the supernatant were measured
spectrophotometrically at 532 nm and compared against a malondialdehyde
tetraethylacetal (MDA) standard curve. Samples and standards were run in triplicate.

Concentrations were expressed as nmol MDA per mg protein.

Protein Assay

Liver protein content was determined using a Pierce Coomassie Protein Kit
(Rockford, IL, USA). Briefly, a 5 pl aliquot of supernatant from the LPo assay was
reacted with 250 ul of Coomassie blue reagent at room temperature. The solution was
measured spectrophotometrically at 595nm. Samples were compared to a bovine serum

albumin standard curve.
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Histopathology

Liver samples were preserved in 10% neutral buffered formalin for
approximately 1 month. Samples were then rinsed with DI water and transferred to a
0.1 M Tris solution, pH 7.4 until processing. The samples were dehydrated in a graded
series of ethanol solutions, cleared in Citrisolv™ (Fisher Scientific, Pittsburgh, PA), and
embedded in Paraplast® Plus (Oxford Labware, St. Louis, MO) using a Leica EG 1160
Embedding Center. The embedded livers were sectioned (7 pm thickness) using a HM
340E rotary microtome and mounted on glass histology slides. Following removal of
paraffin, sections were hydrated and stained with hematoxylin and eosin for survey.
Slides were imaged using a Nikon Eclipse E600 microscope and captured with a T45
camera (Diagnostic Images, Inc., Sterling Heights, MI) using Image-Pro Plus software

(MediaCybernetics, Inc, Bethesda, MD).

Data Analysis and Statistics

Body weights were taken at the beginning and end of the exposure period to
determine growth (g). The hepatosomatic indices were calculated by comparing the
liver wet weight to the final body weight, HSI = liver wt (g)/body wt (g) X 100. Growth,
hepatosomatic indices, and liver total glutathione and lipid peroxidation levels were

analyzed with a Kruskal-Wallis non-parametric ANOVA with a Dunn’s test post-hoc
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(a=0.05) [208]. Average fecundity, deformity, and hatching (expressed as a percent)
were assessed using a Kruskal-Wallis ANOVA with a Dunn’s comparison post-hoc
(a=0.05). Since no statistical difference existed between the averages of the 4 subsets of
developing embryos, the data were combined and presented as total embryos that
developed normally, expressed as a percent. Statistical analysis was performed using

GraphPad Prism, version 5.0 (GraphPad Software, San Diego, CA).

Results

Fundulus were observed closely for mating aggression, which can result in the
loss of scales and fins. All pairs in the SD group completed the study. One pair from
the Lecithin group was removed from the study during the observation period because
of severe mate aggression. All data from this pair was omitted in the analysis. Another
mating pair in the Lecithin group was separated on the 25" day of exposure due to the
male’s aggressive behavior. The pair was not included in the acute fecundity data as it
did not complete the entire spawning interval, but dietary QD treatment continued so
the individuals could be assessed for oxidative stress biomarkers. All the QD pairs

completed the study without incident.
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Figure 3-1. Growth and relative liver size. The average (A) growth and (B)
hepatosomatic indices of adult Fundulus after 5 weeks of dietary treatment. HSI =
liver wt (g)/body wt (g) X 100. Bars are mean * standard error, a = 0.05.

Lecithin-encapsulated CdSe/ZnS QDs were not acutely toxic to adult Fundulus,
but they did have sub-lethal effects on the fish. Fish consuming QDs had hepatosomatic
indices that were significantly lower than fish consuming the Lecithin diet (Fig. 3-1B).
Growth was also reduced in the QD diet versus the Lecithin treatment, though it was

not statistically different (Fig. 3-1A).

Total liver glutathione and lipid peroxidation levels in the adults were unaltered
by treatment (Fig. 3-2). Lecithin had slightly lower GSH (1.47 + 0.17 nmol/mg tissue)

when compared to the SD (1.60 + 0.05 nmol/mg), while QD treatment slightly increased
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GSH levels (1.82 + 0.18 nmol/mg). Lipid peroxidation levels followed the same trend as
GSH. Lecithin had the lowest LPo (0.93 + 0.13 nmol/mg protein), followed by the SD

(0.99 £ 0.12 nmol/mg) and QD (1.25 + 0.17 nmol/mg).
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Figure 3-2. The average (A) total glutathione and (B) lipid peroxidation levels of adult
livers after 35 days of treatment. Bars are mean * standard error.

Livers of Fundulus fed the Standard, Lecithin, and QD diets were analyzed using
survey histopathology and results are shown in Figure 3-3. Fundulus fed the Standard,
Lecithin, or the QD diets had rounded, apparently enlarged hepatocytes whose
cytoplasm did not stain, but was filled with large vacuoles of smooth margin. The
vacuoles were apparently due to lipid inclusion, the presence of which was not detected
in hematoxylin and eosin stains due to removal during ethanol dehydration phases of

histologic processing.

75



9L

Figure 3-3. Micrographs of H&E stained liver sections (7 um) from male Fundulus fed the (A) Standard, (B)
Lecithin, and (C) QD diets for 5 weeks. Hepatocyte margins are indicated by the staining of plasma membranes.
Nuclei were apparent. The empty vacuoles characterized hepatocytes of all Fundulus (arrows). Figure 3-3C
shows numerous erythrocytes in the large hepatic vessel (V) at the top of the field. Magnification: 400X. Scale

bars =50 um.



Fecundity was positively impacted by the addition of Lecithin or QDs to the
Standard Diet (Fig. 3-4). The addition of Lecithin to the diet significantly increased
fecundity during the transition spawn (+390.2%), while co-exposure to QDs diminished
the nutritional benefit of the Lecithin (+18.3%). No significant effect on fecundity was

noted during the acute spawning interval.
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Figure 3-4. Fecundity. Spawning rates (eggs/day) as a percent based on the
observational spawning rates for the Standard Diet (white), Lecithin (gray), and QD
(black). Bars are mean + standard error, a=0.05.

Parentally-exposed embryos had few incidences of severe morphological
abnormalities, most of which were associated with the Lecithin group (Fig. 3-5).

Hemorrhages and fin deformities were the most common malformations recorded. The
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proportion of embryos that developed correctly was 96.4% for the SD treatment, 94.1%
for Lecithin treatment, and 95.8% in the QD treatment. Neither the percentage of
deformed embryos, nor the hatching rates (data not shown) were significantly altered by

treatment.
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Figure 3-5. Light micrographs of embryos from the Lecithin treatment group. The
embryo on the left (A) has a deformed, apparently spiral tail shape (T) and
hemorrhage in the hind brain (HB). The embryo on the right (B) has developed
normally with the tail extending over the yolk (Y) and caudal portion of the fin
resting near the head. Embryo B is also considerably larger in size despite being at a
similar stage in development. Scale bar = 0.5 mm.

Discussion

Dietary delivery of Lecithin-encapsulated CdSe/ZnS core-shell QDs had little
impact on adults or embryos. After ingestion, digestive processes should have removed

the Lecithin coating from the QDs and exposed the ZnS shell. While the core and shell
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dissociate in acidic environments [20], Fundulus have an alkaline digestive tract [209]
and the shell would remain stable under these conditions. Adult hepatic glutathione
and lipid peroxidation levels were not significantly altered after 5 weeks of QD
exposure. The lack of an oxidative stress response indicates either low uptake across the
gut or protection from degradation by the ZnS shell. A study of CdTe and CdSe/ZnS
QD toxicity by Cho and colleagues [42] noted that unshelled CdTe QDs leached free
Cd?, while the ZnS-shelled QDs showed no detectable levels of free cadmium at 24
hours. In effect, placing a shell on the QD core deters oxidation [16, 31] and conveys
additional stability. Thus, the elevated LPo levels of freshwater mussel gills after acute
CdTe QD exposure (24 hr, 8 pug/ml) reported by Gagné et al. [61] appear to be a function

of leached cadmium ions.

As we conceived this study, Hoshino et al. [20] published that cytotoxicity in QD
exposures was due to the coating agents. To avoid potential negative effects of the
coating, we chose Lecithin, otherwise known as phosphatidylcholine, which is a
membrane phospholipid found in all organisms. Fundulus fecundity is dependent on a
variety of factors including the age of the fish, nutritional status, temperature, salinity,
and photoperiod [210]. Our results suggest that Lecithin acted as a nutrient because

supplementation of the Standard Diet with Lecithin resulted in significantly increased
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fecundity. Growth and relative liver size were also increased, though not significantly,
with the addition of Lecithin to the diet. This increase in body and liver size could have
contributed to the significant increase in fecundity during the transition period. In
contrast, Fundulus ingesting 10 ug QD per day did not show increased fecundity despite
co-ingestion with Lecithin. This suggests that fecundity would be reduced if QDs were

coated in a less nutritious material such as PEG or silica.

While Lecithin improved fecundity in the transition period, fecundity of the
Lecithin group was not significantly different from the Standard Diet during the acute
spawning interval. Daily ingestion of phospholipid could have caused hepatic steatosis
(fatty liver), a condition in which normal functioning of the liver is disrupted by the
accumulation of lipid droplets [211]. Pathological examination of several livers
indicated the condition could be occurring, though an exhaustive examination was not

conducted.

Based on the literature reports for QD deposition and our understanding of egg
maturation in fish, we predicted that QDs would be maternally transferred to the eggs.
Pharmacokinetic studies with rodents have shown QDs primarily deposit to and

accumulate in the liver [51, 53]. Thus, QDs accumulate in the organ where
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vitellogenin —the egg yolk protein precursor—is synthesized. Vitellogenin is then
transported via the blood to the ovaries where it is deposited into the developing ova.
Development was monitored in parentally-exposed embryos to evaluate the hypothesis
that whole or degraded QDs are maternally transferred to developing progeny. While
we did not directly measure the cadmium content of the embryos, we did examine the
offspring pre- and post-hatch for QD presence via fluorescent microscopy. No visible
red-orange QD signal was detected. Moreover, incidences of gross morphological
abnormalities were consistent between all diets. Although this suggests that whole QDs
were not maternally transferred to offspring, dissociated cadmium may still be
sequestered in ovo. Studies have shown that cadmium can bind with vitellogenin and be
ovo-deposited to fish embryos [70, 72]. In the future, tests for evidence of maternal

transfer of QDs or free Cd will be pursued with longer dietary exposures.

Conclusions

Various mechanisms of action have been theorized for the toxicity of QDs
including, but not limited to: generation of reactive oxygen species, oxidative stress,
DNA damage, developmental toxicity, and changes in gene expression. This study has
shown that in adult Fundulus, CdSe/ZnS QD consumption for 35 days did not elicit an

oxidative stress response, nor did it alter reproduction when packaged with Lecithin.
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Future studies should explore chronic exposures and alternate coating materials to

determine if the core-shell QDs are truly benign in fish.
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Chapter 4. Bioavailability and Oxidative Stress from
Dietary Quantum Dot Exposure in Fundulus

Reproduced in part with permission from Environmental Science & Technology, submitted.
Unpublished work copyright 2010 American Chemical Society.
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Recent reports of the release of engineered nanoparticles from commercially-
available products raise concerns regarding the environmental fate and toxicity of
nanotechnology [181, 182]. The available literature shows that in aquatic systems ENPs
complex with organic debris and adhere to organisms living in the water column [32,
212]. In waters with high salinities (ionic strength), ENPs form large aggregates that
precipitate to the sediments where they interact with benthic dwellers and bottom
feeders [185, 187, 213, 214]. Yet, little information is available on the bioavailability and

subsequent toxicity of ENPs in environmentally relevant situations.

Quantum dots are ENPs that emit tunable, discrete fluorescence when excited by
visible and near UV wavelengths. This tunable fluorescence, which is based upon
particle diameter, has spurred their incorporation into commercially-available products
such as light emitting diodes (LEDs), security inks, solar cells, and telecommunication
components. Applications for QDs continue to flourish; therefore environmental fate
and toxicity studies are needed to determine the risk QDs and their degradation

products pose to aquatic organisms.

Several studies have shown that QDs are cytotoxic, genotoxic, and able to

generate reactive oxygen species [33, 35, 36, 38, 42]. Green and Howman [35] theorized
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that the DNA damage that occurred following acute exposure to UV-exposed
biotintylated CdSe/ZnS QDs was the result of ROS interaction. They hypothesized that
the ZnS shell of a QD was oxidized to SO2*, which was then converted to the superoxide
and hydroxyl radicals. Ipe and colleagues [38] reported that although no sulfur-
containing radicals were observed in their studies, irradiated CdSe QDs generated
hydroxyl radicals and CdS QDs generated both superoxide and hydroxyl radicals. QD
constituents (cadmium and selenium) also generate ROS [73-76, 94, 95]. Given that QDs
and their degradation products generate ROS, oxidative stress—the imbalance of pro-

and anti-oxidant processes—could be the mechanism by which QDs exert toxicity.

The goal of this study was to determine if an oxidative stress response occurred
in the mummichogs (Fundulus heteroclitus) exposed via diet to Lecithin-encapsulated
CdSe/ZnS QDs. Hepatic total glutathione and lipid peroxidation levels were measured
as oxidative stress biomarkers. Furthermore, quantitative real-time PCR (qPCR) was
used to evaluate changes in the expression of metallothionein (mt), glutathione-S-
transferase (gstmu), glutathione peroxidase (gpx), Cu/Zn-superoxide dismutase (sod1),

and Mn-superoxide dismutase (sod2).

85



Materials and Methods

Chemicals

CdSe/ZnS Evidots (cat. # ED-C11-TOL-0620) were purchased from Evident
Technologies (Troy, NY). CdClz (202908) and Gelatin (G-9382) were purchased from
Sigma-Aldrich (St. Louis, MO). Lecithin (102147) was purchased from MP Biomedicals,
Inc. (Solon, OH, USA). Optima™ trace-metal free HNOs and H20: were purchased from
Fisher (Pittsburgh, PA). The cadmium standard (CLCD-2-2Y) was purchased from Spex

CertiPrep (Metuchen, NJ).

Quantum Dot Preparation

Suspensions of Lecithin encapsulated CdSe/ZnS quantum dots (diameter = 5.2
nm, emit A =620 nm [4]) were prepared as previously mentioned (see Chapter 2) with
modifications to decrease liposome size and increase dispersion [119, 121, 215]. The QDs
were precipitated from toluene with 5 volumes of methanol, dried under vacuum,
dissolved in chloroform, and sonicated for 10 minutes in a Branson 1200 bath sonicator
(Danbury, CT). The solution was then divided equally into two glass vials—each vial
undergoing identical treatment. The solutions were mixed on a bench-top stirrer for 1
hour. Refined Lecithin (from soy) was added in a 1:1 Lecithin:QD ratio (by weight) to

the chloroform-QD mixture and stirred in darkness at a speed of 400-500 rpms overnight
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to encourage mono and bi-layer formation. Then, the solvent was evaporated under a
stream of N2 and the residue was heated in a water-bath at 80°C for 5 minutes. The film
was dried in vacuo overnight at room temperature to remove any traces of residual
solvent. The following day, sterile de-ionized water was added and the vials were
sonicated briefly (1 minute) to re-suspend the film. Each suspension was mixed for 2
hours and then sonicated for 30 minutes to form small, uniform unilamellar vesicles.
The suspension was centrifuged in a Beckman L8-80M ultracentrifuge (Palo Alto, CA)
with a type 55.2 Ti fixed-angle rotor at 125,000 g for 8 hrs to break apart empty micelles
[192]. The supernatant was discarded and sterile DI water was added to each vial. The
material was then vortexed, transferred to a fresh glass vial, and sonicated for 5 minutes
to acquire the final QD suspension. The vials were combined to form a uniform
suspension with a nominal concentration of 730 pg/ml QD and 730 pg/ml Lecithin. A
Lecithin suspension with a concentration of 730 pg/ml Lecithin (no QDs) was prepared
in the same fashion. The stock suspensions were stored at 4°C in darkness for up tol

week until used as components of the diets.
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QD Characterization
Photoluminescence

QDs precipitated from suspension while being stored in darkness at 4°C; thus,
prior to use the QD stock suspension was sonicated for 1 minute to re-suspend the
nanoparticles and obtain a homogenous mixture. A fluorescence profile for Lecithin
encapsulated-CdSe/ZnS QDs was acquired with a SpectraMax M2 fluorometer
(Sunnyvale, CA). The excitation wavelength was 355 nm and the emissions were
recorded from 450 to 680 nm in 10 nm increments. The QD suspension was compared to

the Lecithin suspension and sterile DI water.

Particle Size

QD and Lecithin suspensions were sonicated for 30 seconds in a bath sonicator,
and then a 200 ul aliquot from each suspension was used to determine particle size.
High-resolution size-based separation of the particle population was carried out using
Asymmetric Flow Field-Flow Fractionation AF4 with tandem multiangle laser light
scattering (MALLS) detection and characterization (model DAWN EOS, Wyatt
Technology, Santa Barbara, CA). Static light scattering intensity was measured at 12
angles simultaneously and used to calculate the excess Rayleigh ratio of the particles in

solution as they eluted from the AF4 separation. Light scattering data were analyzed
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using Zimm formalism. The radii of the eluted fractions were monitored using the
MALLS with data processing using software supplied by the vendor (ASTRA, Wyatt

Technology, Santa Barbara, CA).

Diet Preparation

Five diets were prepared: a Standard Diet (SD), SD + Lecithin, Low QD, High
QD, and Cd (Table 4-1). Each diet contained 112.5 mg/ml ground tropical fish flakes
(Aquatic Ecosystems, Apopka, FL), ~2% gelatin, 250 ul/ml shrimp puree (1 homogenized
shrimp/10 ml of DI water) for flavoring, and sterilized DI water. The appropriate
amount of the QDs, Lecithin, and/or CdCl> were added to each food mixture and stirred
for 5-10 minutes to obtain a homogeneous slurry. The liquid diets were pipetted in 250
ul aliquots onto wax paper. The discs were allowed to solidify briefly at room
temperature and then stored at -20°C until administered. The daily dose was achieved

by feeding each fish 2 discs per day.

Table 4-1. QD and Cd content? in the diets

Treatment Target dose Measured dose
Standard Diet (SD) 0 ug Lec. 0.0 ug QD 0.00 pug Cd
SD + Lecithin 5 ug Lec. 0.0 ug QD 0.00 ug Cd
Low QD 5 ug Lec. 0.5 ug QD 0.07 ug Cd
High QD 5 ug Lec. 5.0 ug QD 0.74 ng Cd
Cd 5 ug Lec. 1.7 ug Cd 1.42 pg Cd

aamounts are for an individual food disc. Each fish received 2 food discs per day.
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The cadmium concentrations of the food discs (Table 4-1) were measured with
inductively coupled plasma mass spectrometry. Cubes were homogenized in acid-
washed polypropylene tubes for 30 seconds with a battery-operated hand-held grinder
in 200 pl of 7 N nitric acid. Then, 800 pul of 7 N nitric acid was added to each tube and
the samples were allowed to digest overnight. In the morning, the samples were
sonicated for 5 minutes (Branson 2510, Danbury, CT) and then approximate 90 ul of
H:0: was dispensed into each mixture. The samples were vortexed intermittently over
the next 6 hours and then transferred to trace-metal free 15 ml vials. Each sample was
combined with 10 ml of internal standard solution and then centrifuged at ~1,300 g for
10 minutes. One milliliter of supernatant was transferred to a fresh tube with 10 ml of
internal standard solution and analyzed on a VG Plasmaquad 3 ICP-MS (Thermo
Scientific, Waltham, MA). The internal standard solution consisted of 10 ppb In, Tm,
and Bi in ~2 % HNOs. The detection limit was 0.0005 ug of total Cd per sample or 0.002

ng/ml [201]. Recovery of cadmium spiked SD + Lecithin food discs was 86.8%.

Research Design
Thirty male-female pairs of sexually mature Fundulus heteroclitus were obtained
from tidal creeks in Morehead City, NC. After an appropriate laboratory acclimation

period, mating pairs were housed in segmented tanks containing ~ 15 liters of natural
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filtered seawater at ~23°C and 20 + 2 ppt salinity with a 16:8 light:dark cycle. Partial
water changes were performed daily. Each pair received the Standard Diet for 27 days.
Following the observation period, the treatment diets were administered daily for 85
days. Two food discs were administered to each male-female pair and feeding was
observed to ensure each fish consumed a disc. The process was then repeated with a
second set of discs to reach the proper daily dose. The fish were given additional
tropical flake food once or twice daily (after the food discs were consumed) and live
brine shrimp (Artemia) at least twice a week. At the conclusion of the study, Fundulus
were euthanized with MS-222 and the tissues quickly excised. The intestinal lumens
were purged with sterile PBS to remove any fecal matter and then preserved at -80°C
until analyzed for cadmium content. A portion of the liver no more than 2-3 mm was
fixed in at least 10 volumes of ice-cold Millonig’s buffer + 2% glutaraldehyde. The
remaining liver tissue was portioned and preserved at -80°C until analyzed for cadmium
concentration via ICP-MS, oxidative stress biomarkers (total glutathione and lipid
peroxidation), or changes in RNA expression of genes related to metal detoxification and
oxidative stress (metallothionein, glutathione-s-transferase, glutathione peroxidase, and
superoxide dismutases). The gonads, spleen, brain, and gills were also excised.
Specimens were taken from abnormal tissues and preserved in 10% neutral buffered

formalin. The remaining tissues were preserved at -80°C.
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Transmission Electron Microscopy

Liver samples (2-3 mm thick) from fish fed the Standard Diet, SD + Lecithin,
High QD, and CdCl: diets (N=2-4 individuals/diet) were fixed as above and stored at
4°C until processing. After rinsing (3X) in Millonig’s phosphate buffer, the tissues were
post-fixed in 2% osmium tetroxide /Millonig’s buffer for 90 minutes at room
temperature. Resultant secondarily fixed liver tissues were then rinsed 3X in distilled
water and en bloc fixed in 2% aqueous uranyl acetate for 1 hour. The samples were
dehydrated in a graded series of ethanol solutions ending in 3 changes of 100% ethanol.
Samples were then rinsed (3X) in propylene oxide, placed in a 1:1 propylene oxide:
Spurr’s resin mixture for 1 hour, and transferred to a 1:2 propylene oxide: Spurr’s resin
mixture overnight. The next day, samples were transferred to a 1:3 propylene oxide:
Spurr’s resin mixture for 4.75 hours and then 100% Spurr’s resin for 1 hour. After the
initial infiltration, samples were placed in fresh 100% Spurr’s resin for 1 hour, embedded
in molds with fresh Spurr’s resin (1 hour), and cured for at least 8 hours at 70°C. After
polymerization, semithin sections (0.5 pm thick) were cut with a glass knife on a
Reichert Ultracut E ultramicrotome, placed on glass histological slides, stained with
Richardson’s methylene blue/Azure II/ borate solution [216], coverslipped, and viewed.
These high resolution sections proved useful for two purposes; first, to determine

presence of liver in the block and second, to survey for alterations in liver structure.
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With respect to the latter, the secondary osmium fixation preserved lipids and made it
possible to directly detect lipid stores as vacuoles in hepatocytes. Imaging was
performed using a Nikon Eclipse E600 light microscope, a Nikon DXM 1200 digital
camera, and EclipseNet imaging software (Nikon, Melville, NY). Once liver tissue was
verified in semithin sections, ultrathin sections (60-85 nm thick) were cut from the epon
blocks using a diamond knife and affixed to copper grids. Resultant sections were
stained with 2% aqueous uranyl acetate for 5 minutes followed by 0.4% aqueous lead
citrate for 1.5 minutes. Grids were viewed on a Zeiss EM10CA transmission electron
microscope. All processing and imaging of tissues for electron microscopy were

performed at the University of Maryland, College Park.

Tissue Cd Measurement

Although QD concentrations can be determined via fluorescence in simple
systems [217], its use in whole animals is limited. Thus, cadmium concentrations were
measured to infer QD uptake and accumulation. Liver and intestinal tissues were
weighed and placed in acid-washed polypropylene tubes. Tissues were homogenized in
200-300 pl of 7 N nitric acid for 20 seconds. The samples were brought up to 1 ml of acid
and digested overnight at room temperature. The next morning, samples were

sonicated for 5 minutes (Branson 2510, Danbury, CT) and then 90 pl of H2O: was added.
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The samples were vortexed intermittently over the next 6 hours and then transferred to
trace-metal free 15 ml vials. Each sample was combined with 10 ml of internal standard
solution and centrifuged at ~1,300 g for 10 minutes. One milliliter of supernatant was
transferred to a fresh tube with 10 ml of internal standard solution. The samples were
analyzed on a VG Plasmaquad 3 ICP-MS and compared to a cadmium standard curve.
Recovery of cadmium spiked NIST bovine liver standard reference material (SRM

1577b) was 83.7%.

Total Glutathione (GSH) Assay

Total glutathione (N= 4-6 individuals/treatment/sex) was determined using the
DTNB-GSSG Recycling Assay [204, 205] modified for 96-well plates. Livers were
homogenized in 10 volumes of 5% sulfosalicylic acid (SSA) and then centrifuged at 6,000
g for 15 minutes at 4°C. The supernatant was diluted 1:10 with SSA. A 10 ul aliquot of
sample was combined with 195 pl of reaction cocktail consisting of 0.238 mg/ml NADPH
buffer, 10mM 5, 5’-dithiobis (2-nitrobenzoic acid), and sterile DI water. Glutathione
reductase (50 U) was added to each well and read at 405 nm every 10 seconds for 2 - 2%2
minutes on a SpectraMax 190 UV/VIS spectrophotometer (Sunnyvale, CA, USA).

Samples were compared to a GSH standard curve and rates determined using linear
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regression. Samples and standards were run in triplicate. Concentrations were

expressed as nmol GSH per mg of tissue.

Lipid Peroxidation (LPo) Assay

Liver samples (N=4-6 individuals/treatment/sex) were prepared and analyzed
according to the protocols of Ringwood et al. [204] adapted from Ohkawa et al. [206].
Tissues were homogenized in 4 volumes of 150 mM TRIS, pH 7.5, ImM EDTA buffer
[207] and then centrifuged at 6000 g for 12 minutes at 4°C. A 50 ul aliquot of supernatant
was combined with 700 ul 0.375% thiobarbituric acid and 7 ul 2% butylated
hydroxytoluene. The samples were heated in a water-bath at 100°C for 15 minutes and
centrifuged at 13,000 g for 5 minutes at room temperature. Then, 200 ul aliquots of the
supernatant were measured spectrophotometrically at 532 nm and compared against a
malondialdehyde tetraethylacetal (MDA) standard curve. Samples and standards were

run in triplicate. Concentrations were expressed as nmol MDA per mg tissue.

Protein Assay
Liver protein content was determined using a Pierce Coomassie Protein Kit
(Rockford, IL, USA). Briefly, a 5 ul aliquot of supernatant from the LPo assay was

reacted with 250 ul of Coomassie blue reagent at room temperature. The solution was
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measured spectrophotometrically at 595nm. Samples were compared to a bovine serum

albumin standard curve.

Quantitative Real-Time PCR

All glassware was baked at 100°C for 1 week or soaked in 3% H:O: for 15
minutes and rinsed in DEPC-treated water. The hand-held grinder, pipettes, and bench-
top were cleaned with 70% EtOH and RNaseZap. RNase, DNase-free disposable pestles
were rinsed with DEPC-treated water between samples. RNA was isolated from the
livers of adult Fundulus using RNA-Bee reagent (Tel-Test, Inc.) according to the
manufacturer’s protocol with an additional chloroform phase separation and EtOH rinse
of the pellet. The RNA/DNA ratio was measured spectrophotometrically at 260/280 nm
on a Spectramax 190 microplate reader (Sunnyvale, CA) and the final concentration of

RNA determined (ng RNA/ul). All samples had a 260/280 ratio of 1.9 or higher.

Reverse transcription was carried out using the Omniscript cDNA synthesis kit
(Qiagen Inc., Valencia, CA) according to the kit’s directions. Briefly, 500 ng of RNA, 10
uM oligo dT primers (Promega Corp., Madison, WI), and RNaseOut inhibitor

(Invitrogen Corp., Carlsbad, CA) were combined and incubated at 37°C for 1 hour in an
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Eppendorf Mastercycler (Hamburg, Germany). The cDNA was then diluted to a 2 ng/ul

working concentration.

Table 4-2. Real-time PCR primer sequences for F. heteroclitus

Gene GenBank ID  Primer Name Primer Sequence (5'-3')
. Fh-B-Actin-F ACCACACATTTCTCATACACTCGGG

p-Actin® AYZBI% pp pActinR | CGCCTCCTTCATCGTTCCAGTTT

.. Fh-MT-F1 AAAGGGAAGACCTGCGACAA
Metallothionein (mf) ABA26465 g MTRI ACAAAGAAAGGCTCGGCGTA
Glutathione-S-transferase, AY725220 Fh-GSTmu-F1 TATGTGCGGAGAGACTGAGG
mu class (gstmu) Fh-GSTmu-R1 TCACAAAGCCGTTTCTGAAG
Glutathione peroxidase CN971701 Fh-GPX-F1 TCACCGACGAGCACTACAGG
(gpx) Fh-GPX-R1 TGAACAGCGGGAAGGAGACG
Cu/Zn Superoxide CV824930 Fh-SOD1-F1 AGCCGTGTGTGTGCTGAAAG
dismutase (sod1) Fh-SOD1-R1 TGCCAAAGGGATTGTAGTGTGG
Mn Superoxide dismutase CN9S074T Fh-SOD2-F1 ACACTTCCTGACCTGACATACGAC
(sod2) Fh-SOD2-R2 ATGATGCTTGCTGTGGTGGAG

aprimers originally described by Battle, L. [218]

Quantitative real-time PCR was carried out using previously published (-actin

primers [218]. Target gene primers (Table 4-2) were designed using PrimerQuest

software (Integrated DNA Technologies, Coralville, IA;

http://www .idtdna.com/Scitools/Applications/Primerquest). Primer efficiencies were

tested to confirm that B-actin and target genes amplified with comparable efficiency.

QPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster

City, CA) following the manufacturer’s protocol. Briefly, a 25 pl reaction consisting of
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200 nM of each primer, 12.5 pl 2x SYBR Green PCR Master Mix, 9.5 ul dH:0, and 4 ng
cDNA template was amplified using an Applied Biosystems 7300 Real-Time PCR
System with the following thermal profile: 95°C for 10 min; 40 cycles of 95°C for 15 s,
60°C for 60 s. A dissociation curve was generated at the completion of the run. All
samples were amplified in duplicate. Data were analyzed using ABI PRISM 7000
Software, Version 1.1 (Applied Biosystems Inc., Foster City, CA). Gene expression was
calculated using relative quantification by the 2-42¢r method of Livak and Schmittgen
[219]. Target gene expression, following normalization to [-actin, was compared to
references (SD + Lecithin) to estimate average fold induction for each experimental
group, and each target gene. Each biological replicate represents a single adult
Fundulus, and each experimental group is represented by at least four

individuals/treatment/sex. Data are presented as mean fold induction + standard error.

Histopathology

Testes from fish receiving the Standard Diet and Cd diet were fixed in 10%
buffered formalin. After being rinsed with DI water overnight, the samples were
dehydrated in a graded series of ethanol solutions, cleared in Citrisolv™ (Fisher
Scientific, Pittsburgh, PA), and embedded in Paraplast® Plus (Oxford Labware, St. Louis,

MO) using a Leica EG 1160 Embedding Center. The embedded livers were cut in 6 um
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sections using a HM 340E rotary microtome. Sections were stained with Harris
hematoxylin (Fisher Scientific, Kalamazoo, MI) and Y eosin (EM Scientific, Gibbstown,
NJ). Slides were imaged using a Nikon Eclipse E600 microscope and captured with a
T45 camera (Diagnostic Images, Inc., Sterling Heights, MI) using Image-Pro Plus

software (MediaCybernetics, Inc, Bethesda, MD).

Statistical Analysis

Cadmium concentrations for liver and intestinal tissues were log transformed
and analyzed for significance using a 3-factor ANOVA (treatment, tissue, and sex) with
a Tukey HSD post-hoc, o= 0.05 (Fig. 4-3). Liver and intestinal cadmium concentrations
without regard to sex (Table 4-3) were analyzed with a Kruskal-Wallis test with a
Dunn’s post-hoc comparison (N=10-12 individuals/treatment). For total glutathione and
lipid peroxidation concentrations, a Kruskal-Wallis test with a Dunn’s post-hoc
comparison was used to compare across all treatment groups and between sexes (N=4-6
individuals/treatment/sex). For the qPCR analysis, the SD + Lecithin treatment served as
the Control for statistical comparisons because the effects of the QDs and Cd, not the
encapsulation material, were the focus of the study. A Kruskal-Wallis analysis with a
Dunn’s post-hoc test was used to determine significance (N=5-6

individuals/treatment/sex). When no statistical differences were seen between the sexes,
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the data was merged. Statistical analysis of cadmium concentrations was performed
using JMP, version 8.0.2 (SAS Institute Inc®, Cary, NC). All other statistical analyses
were performed using GraphPad Prism, version 5.0 (GraphPad Software, San Diego,

CA).

Results

QD Characterization
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Figure 4-1. Emission profiles of the Lecithin-encapsulated QD suspension (o),
Lecithin suspension (A), and sterile de-ionized water (o) when excited at 355 nm. The
insert in the upper left corner is a fluorescent micrograph of the final QD suspension.

QDs fluoresce at discrete wavelengths according to their core-shell diameter, so

degradation or aggregation can be inferred by evaluating the photoluminescence
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emission spectrum of the prepared QD suspension. The spectrum (Fig. 4-1) shows a 10
nm right shift in the peak intensity (630 nm) from the manufacturer’s listed peak
wavelength of 620 nm [4] suggesting that there was a slight increase in particle size due
to preparation methods. Flow field-flow fractionation analysis, which determines
particle size and abundance in the 0-1000 nm range (Fig. 4-2), shows that the majority of
the QD suspension particles were between 200 and 230 nm in radii with a calculated z-
average RMS radius of 157.0 nm. The Lecithin suspension particles had a linear
differential rms radius between 290 and 330 nm, and the z-average RMS radius was

324.1 nm.
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Figure 4-2. Particle size/abundance of the QD (red) and Lecithin (black) suspensions.
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Dietary QD exposure

Despite monitoring the fish prior to the beginning of the study for aggressive
behavior such as fin nipping and chasing, 2 female fish in the SD + Lecithin treatment
died during the exposure portion of the study as a result of pair mis-match (male
aggression). A female Fundulus from the High QD treatment group also died during the
exposure period, but signs of aggressive behavior were absent, suggesting that QD

exposure may have contributed to the death.

Bioavailability

Liver slices examined for the presence of QDs by transmission electron
microscopy were inconclusive (Figures 4-3 through 4-5). Sections from fish fed the High
QD diet showed the presence of dense bodies in lipid vacuoles; however, the dense
bodies were also observed in SD + Lecithin and Cd tissues suggesting that they may be

artifacts from staining or biological inclusions.
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Figure 4-3. Electron micrographs of liver sections from a male Fundulus after dietary
exposure to the SD + Lecithin diet for 85 days. Hepatic lipid vacuolation (L) is the
major alteration. Note the unknown substances (arrows) in the vacuoles, which are
believed to be cellular debris. Magnification: (A) 2,500 X (B) 4,000 X.
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Figure 4-4. Electron micrographs of liver sections from a male (A, B) and female (C,
D) Fundulus that have been fed the High QDdiet for 85 days. The unknown
substances (arrows) in the lipid vacuoles are presumed to be QD aggregates and show
a different, more diffuse aggregate structure than the unknown substances present in
Figure 4-3 above. L=lipid, ER=endoplasmic reticulum. Magnification: (A) 8,000 X, (B)
16,000 X, (C) 20,000 X, (D) 31,500 X.
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Figure 4-5. Electron micrographs of liver sections from a male Fundulus that has been
fed the CdCl: diet for 85 days. Field A shows enhanced lipid vacuolation (L), while
field B shows a lipid vacuole containing a large aggregate of unknown origin (arrow).
Magnification: (A) 2,500 X (B) 6,300 X

QD uptake was also evaluated by measuring the cadmium concentrations in
intestinal and liver tissues. Statistical analysis revealed that the intestinal Cd
concentrations in male and female fish fed the CdCl: diet were significantly elevated
from their SD + Lecithin counterparts (Fig. 4-6). Cd-treated females had an average
intestinal Cd concentration of 23,017.3 + 2,110.8 ng Cd/g tissue versus 46.1 + 13.9 ng Cd/g
tissue in females receiving the SD + Lecithin diet, while males receiving the Cd diet had
an average intestinal concentration of 14,451.0 + 2,451.4 ng Cd/g tissue compared with

31.3 £ 13.2 ng Cd/g tissue in the SD + Lecithin males. Similarly, liver cadmium
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concentrations of both sexes were significantly increased in the Cd diet versus SD +
Lecithin diet. In females, the average cadmium concentration in the liver was 7,680.4 +
1,620.2 ng Cd/g tissue in Cd diet versus 20.8 + 2.9 ng Cd/g tissue in the SD + Lecithin
treatment. Males receiving the Cd diet had an average liver Cd concentration of 3,573.7
+710.8 ng Cd/g tissue compared to 18.7 + 8.0 ng Cd/g tissue in males fed the SD +
Lecithin treatment. Cadmium concentrations in the Low and High QD diets were not
statistically different from the SD + Lecithin diet in either organ when combined in one
data set for statistical comparison. However, the cadmium concentrations in the
intestine and liver of Fundulus fed the High QD diet are statistically increased from the
SD + Lecithin group when the data sets for each tissue are analyzed separately (see Table

4-3).

When uptake was examined with regard to sex-specific differences, it was
determined that females acquired cadmium more readily than males (P=0.0013), but that
this phenomenon was not affected by the treatment (P=0.8096). There were no statistical
differences in cadmium concentrations between males and females within each
treatment diet in either intestine or liver tissues (Fig. 4-6); therefore, male and female

data were combined to calculate the average cadmium concentrations listed in Table 4-3.
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Figure 4-6. Cd concentrations of intestine and liver tissues in female (open) and male (filled) Fundulus
heteroclitus after being treated for 85 days. Bars are mean * standard error. Bars not connected by the same letter
are significantly different. A 3-factor ANOVA (a = 0.05) was used for statistical analysis, thus comparisons can
be made between treatments, sexes, and tissues. The table denotes the p-values for each statistical factor
individually as well as the various crosses in the 3-factor ANOVA.



Cadmium concentrations were also affected by tissue type (P<0.0001), though it
may or may not have been influenced by treatment (P=0.1007). Thus, statistical
comparisons in Table 4-3 are non-parametric 1-factor ANOVAs and should not be

compared between the tissues.

Table 4-3. Average Cd concentrations in the intestine and liver after the exposure

Treatment Intestine Liver
(ng Cd/g tissue) (ng Cd/g tissue)
Std Diet (SD) 37.0+£6.0 43.9 +10.0
SD + Lecithin 38.7+94 19.8 +4.1*
Low QD 55.9 +11.2 (< 0.01%) 314 +5.2 (<0.01%)
High QD 102.8 +25.4 (< 0.01%) @ 41.6 +5.7 (< 0.01%) 2
Cd 18,734.2 + 2011.5 (0.9%) 2 5,627.0 + 1046.3 (0.5%) 2

* denotes a statistically significant difference between the Standard Diet and SD + Lecithin
treatments; @ statistically different from the SD + Lecithin treatment, ot = 0.05, N = 10-12.

Lecithin supplementation affected hepatic, but not intestinal cadmium
concentrations. There was a significant difference in the hepatic Cd concentration
between the Standard Diet and SD + Lecithin groups (Table 4-3). Cadmium was not
incorporated into either diet (Table 4-1), so the cadmium detected was accumulated
from the natural environment prior to this study. The decreased hepatic cadmium

concentration in the SD + Lecithin treatment corresponds with the increased relative

108



liver size (Fig. 5-2), thus Lecithin supplementation diluted the accumulated cadmium

over a Iarger organ.

Measurement of Cd uptake in intestine and liver tissues suggest QDs or their
degradation products were bioavailable, but that they were not retained in appreciable
amounts (Table 4-3). The total Cd dose administered over the course of the 85 day
exposure period was 12.5 pg Cd/fish in the Low QD diet, 125.2 pg Cd in the High QD
diet, and 240.8 ug Cd in the CdCl: diet based on the diet analysis (Table 4-1). Cd-
exposed fish had significantly elevated cadmium levels in intestinal (18,734.2 +2,011.5
ng Cd/g tissue) and liver (5,627.0 + 1,046.3 ng/g) tissues when compared to the SD +
Lecithin tissues (38.7 + 9.4 ng/g in the intestine and 19.8 + 4.1 ng/g in the liver). No
appreciable amount of cadmium was retained within the intestines or liver of Fundulus
fed the Low QD diet; however, the average cadmium concentrations in the intestine and
liver of animals fed the High QD diet were significantly increased (102.8 +25.4 and 41.6
+ 5.7 ng/g, respectively) from the SD + Lecithin diet. Given the Cd concentrations in the
intestinal and liver tissues, it was determined in both QD treatments that less than 0.01%
of the total dose was retained within the tissues. Alternately, 0.9% of the total cadmium
administered was retained in the intestine and 0.5% retained within the liver of fish

receiving the Cd diet.
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Oxidative Stress Biomarkers

Oxidative stress biomarkers were measured in adult liver tissue to determine if
the organisms elicited a response as a result of QD or Cd ingestion. Total glutathione
(Fig. 4-7A) and lipid peroxidation levels (Fig. 4-7B) were not statistically different from
the SD + Lecithin treatment. Furthermore, supplementation of the Standard Diet with
Lecithin had no significant effect on total glutathione or lipid peroxidation levels

(Figures A-1 and A-2).

While there were no sex-specific differences in glutathione levels, lipid
peroxidation showed a different response pattern between sexes. Though statistically
insignificant, males showed a very slight increase in MDA levels with treatment,
whereas females showed variable MDA levels. Low and High QD females had elevated
levels of MDA (35.0 + 15.5 and 23.0 + 8.7 nmol MDA/g tissue, respectively) when
compared to the SD + Lecithin females (21.2 + 6.3 nmol/g), while Cd-treated females had

a lower MDA level (15.8 + 2.1 nmol/g).
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Figure 4-7. The average hepatic (A) total glutathione and (B) lipid peroxidation levels
in female (open boxes) and male (filled boxes) Fundulus heteroclitus after 85 days of
continuous dietary exposure to CdSe/ZnS nanocrystals. Bars are mean * standard
error.

Gene Expression Changes

RNA expression of oxidative stress responsive genes (Fig. 4-8A) shows that mt
was upregulated, though insignificantly, in response to Cd consumption (3.02 + 0.7 fold
induction versus 1.53 + 0.4 in the SD + Lecithin diet). This increased expression was not
observed in QD treated fish (1.14 + 0.2 fold induction). Expression of gstmu, gpx, sod1,
and sod2 were not significantly affected by QD or Cd exposure. Sex-specific differences
in expression were examined for each target gene (Figures A-3 through A-7); however,
only sod1 was differentially induced in males and females. Trends indicate that females
given the High QD or Cd diets upregulated sod1, while expression in males did not
change (Fig. 4-8B). Because of high individual variation, neither males nor females in

the Cd treatment group had sod1 levels that were significantly different from the SD +
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Lecithin treatment. However, sod1 expression in these two groups was significantly
different from each other (0.86 + 0.2 fold induction in males versus 3.59 + 0.8 fold
induction in females). Although statistically insignificant, the High QD females and

males showed the same tendencies as those fish in the Cd diet with regard to sod1

transcription.
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Figure 4-8. Expression changes (A) in metallothionein (mt), glutathione-s-transferase
(gstmu), glutathione peroxidase (gpx), Mn-superoxide dismutase (sod2), and Cu/Zn-
superoxide dismutase (sod1) hepatic RNA levels; and (B) sex-specific differences in
sod1 expression in female (open boxes) and male (filled boxes) Fundulus heteroclitus
after 85 days of dietary exposure. Bars are mean fold induction + standard error.
Asterisks indicate statistical differences between the sexes, a = 0.05.
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Histopathology

Upon dissection, it was noted that a male from the Cd diet had developed a
testicular tumor measuring approximately 2.5 cm in length and weighing 1.50 grams, an
order of magnitude greater than the average gonad weight across all males (0.1138 g)
and of the Cd treated males (0.1 g). Histopathological examination revealed swelling
and degenerative damage in the testes of the Cd-treated male (Fig. 4-9). The abundance

of sperm was noticeably reduced when compared to a male Fundulus receiving the

Standard Diet (Fig. 4-10).
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Figure 4-9. Light micrographs of 6 um sections of testes from a Fundulus fed the Cd
diet. Swelling and degeneration are apparent in both fields. Note the abundance of
open spaces devoid of sperm (S). Magnification: 400X. Scale bar =50 pm.
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Figure 4-10. Light micrographs of testes from Fundulus fed the Standard Diet. The
dark clusters are sperm (S). Compare the structure of the normal testes to that of
Figure 4-9. Magnification: 400X. Scale bar =50 um
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Liver pathology was extended from the survey histopathology (Chapter 3) by
examination of sections of epon embedded livers stained with Richardson’s methylene
blue/Azure II/ borate solution [216]. Male and female Fundulus livers showed enlarged
hepatocytes with extensive vacuolation of lipid (as aquamarine staining material). This
lipid vacuolation appeared regardless of the treatment diet (Figures 4-11 through 4-14).
Spongiosis hepatis is a degenerative lesion seen during serial investigations of the
progressionof liver carcinogenesis in fishes [220]. Thin extensions of stellate cells of Ito,
the perisinusoidal cells that form the hepatic skeleton, delineate spaces once occupied by
hepatocytes [221]. Spongiosis hepatis was observed in livers of females fed the
Standard, High QD, and Cd diets (Figures 4-11A, 4-12A, and 4-14B, respectively)
suggesting that the appearance of this type of lesion was not a function of treatment, but
reflected the stress due to aging and/or reproductive activity. Necrosis, however, was
seen in female Fundulus fed the High QD diet (Fig. 4-13). Debris and necrotic
hepatocytes were observed in the rounded spaces. Neither spongiosis hepatis nor

necrosis were observed in any of the liver sections from male fish (data not shown).
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Figure 4-11. Light micrographs of liver sections from female Fundulus fed the
Standard Diet. Micrograph A shows a spongiosis hepatis (SP) in center of field with
septae of stellate cell cytoplasm partially dividing the lesion and appearing sponge
like. Flattened nuclei are occasionally seen (arrowheads). Note the extensive
hepatocyte lipid vacuolation (L) seen as aquamarine staining circular forms. Field B
is from a different female fish fed the same diet. Arrows point to hepatocyte plasma
membrane and show the extent of enlargement of these cells. 0.5 pm section of epon
embedded liver stained with Richardson’s methylene blue/Azure II/ borate solution
[216]. Magnification: (A) 200X, and (B) 600X.
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Figure 4-12. Light micrographs of liver sections from female Fundulus fed the SD +
Lecithin diet. Field A shows two foci of inflammation with spongiosis hepatis (SP).
At the margin of the lesions, note inflammatory cells (arrows). (B) is an enlarged view
of the margin of spongiosis hepatis seen in A. Vessel (V) at margin of spongiosis
shows margination of inflammatory cells (arrowheads). Hepatocytes fill right side of
field and show marked lipid (L) in the cytoplasm. Lipid accumulation is associated
with enhanced volume of hepatocytes. 0.5 um section of epon embedded liver
stained with Richardson’s methylene blue/Azure II/ borate solution [216].
Magnification: (A) 200X, and (B) 600X.
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Figure 4-13. Liver of female Fundulus fed the High QD diet. (A) While lipid vacuoles
are present in most hepatocytes of the field, they are smaller in diameter than seen
under the SD or SD + Lecithin diets (open arrowheads). Large circular areas contain:
clear space — and may represent fluid accumulation (arrows) or sites of debris from
necrotic hepatocytes (NH); other spaces contain inflammatory cells (IC). (B) is
another field from the liver of the female fish fed the High QD diet. Contiguous
hepatocytes are undergoing necrosis (filled arrowheads). The majority of hepatocytes
contain lipid and variable areas of cytoplasm showing darker staining. 0.5 pm
section of epon embedded liver stained with Richardson’s methylene blue/Azure II/
borate solution [216]. Magnification: 600X.
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Figure 4-14. Light micrographs of a female Fundulus fed the Cd diet. The exocrine
pancreas (EP) is in the upper left of field A. Importantly, the extent of lipid
vacuolation is marked with all hepatocytes being affected. Larger clear vacuoles (X)
are likely sites where hepatocytes once resided. Micrograph (B) shows a focus of
spongiosis hepatis (SP). This lesion is comprised of large regions containing fluid or
very lightly staining material. The thin septae (arrows) are comprised of hepatic
stellate cells, the “skeleton” of the liver. Hepatocytes are filled with numerous lipid
(L) vacuoles. 0.5 pm section of epon embedded liver stained with Richardson’s
methylene blue/Azure II/ borate solution [216]. Magnification: 600X.
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Discussion

Bioavailability

Given the increased production and commercial applications of quantum dots, it
is prudent to evaluate how organisms respond to them. Cd analysis confirmed that QDs
or their degradation products were taken up via diet and distributed to the liver, but not
to the same extent as free cadmium. While the High QD diet contained roughly half as
much cadmium as the Cd diet, the High QD intestinal and liver tissues had cadmium
concentrations approximately 180 and 130 times lower than fish receiving the Cd diet.
Evaluation of livers from exposed animals using TEM and confocal microscopy were
inconclusive, so it remains to be determined if whole QDs were deposited to the liver, or
if the particles degraded and free cadmium was re-distributed to the liver. At present,
there are only a few publications in the literature that have examined uptake of ZnS
shelled QDs in aquatic organisms. Carboxylated CdSe/ZnS QDs were observed in the
digestive tracts of water fleas (Ceriodaphnia dubia) [222] and rotifers (Brachionus
calyciflorus) [200], but QD distribution wasn’t examined, thus it is not known if the QDs
were assimilated. The fluorescent signal from PEG-functionalized CdSe/ZnS QDs was
not observed in aqueously exposed zebrafish embryos/larvae (Danio rerio), but cadmium
body burdens were elevated after 120 hours of exposure confirming uptake [195]. King-

Heiden et al. [195] hypothesized that QDs were absorbed across the skin and gills, but
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assimilation and distribution of cadmium to the tissues were not examined. However,
Karabanovas et al. [60] used the fluorescent signal of CdSe/ZnS QDs to determine that
whole QDs traversed the esophagus and duodenum when administered to Wistar rats.
It has also been reported that core-shell QDs can be degraded by gastric fluids and
enzymes in vitro [60, 223]. Taken together, this suggests that whole as well as degraded

QDs will pass through the walls of the upper digestive tract.

Given the disparity in cadmium tissue concentrations between QD and Cd-
treated fish, it is likely that QD uptake and accumulation were very low. There are
notable differences in total cadmium retained in the tissues of fish receiving the QD and
Cd diets. QD-treated fish retained less than 0.01% of the total dose administered in the
intestine and liver (as it pertains to Cd content of the food versus the tissues), while
Fundulus given the Cd diet retained 0.9% of the total dose in the intestinal tissue and
0.5% in the liver. These results suggest that while free cadmium uptake is relatively low,
the configuration of the core-shell structure further inhibits QD bioavailability. The
amount of free cadmium retained from the Cd diet is comparable to other sub-chronic
dietary cadmium studies in fish (< 1% Cd accumulated) [55, 56]. Low retention occurs
because a large amount of dietary Cd is bound in the digestive tract tissues (stomach,

cecae, and intestines) [69] or eliminated via feces [56].
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Although bioavailability of QDs and Cd from the diet was low, females had
higher tissue cadmium concentrations than males. However, this phenomenon occurred
independent of the treatment diet. This indicates that females, in general, are at risk of
accumulating higher Cd burdens and are more susceptible to Cd toxicity than males.
Though cadmium’s endocrine disrupting capabilities are disputed in the literature [224-
228], it is a known reproductive toxicant and teratogen [82, 229]. This implies that
subsequent reproductive and developmental effects would cause declines in fish

populations.

Oxidative Stress Biomarkers

Another potential consequence of QD or Cd uptake is the generation of reactive
oxygen species. Excessive ROS causes oxidative stress, which can lead to DNA, lipid,
protein, and enzyme damage [230-232]. In vitro studies have reported the generation of
ROS and oxidative stress as a consequence of exposure to shelled and unshelled QDs
[35, 38, 41, 42, 233, 234]. Yet, little is known about the ability of QDs to generate ROS and
cause oxidative stress in whole animal models; thus, we measured the occurrence of
molecular biomarkers for oxidative stress in exposed Fundulus. In our study, total
glutathione and lipid peroxidation levels were not significantly altered by QDs, which is

conceivable given that uptake of QDs or their degradation products was extremely low.
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This is consistent with our 5 week dietary exposure of mummichogs to CdSe/ZnS QDs
[235] and a 21 day aqueous exposure of sticklebacks (Gasterosteus aculeatus) to CdS QDs
[199]. However, our results are in contrast to a study by Gagné and colleagues [61]
where lipid peroxidation levels were significantly elevated in the gills of freshwater
mussels (Elliptio complanata) acutely exposed to CdTe QDs. The conflicting results are
likely due to differences in the type of QD, concentrations, exposure length, tissue type,

and model organisms.

The stability of QDs is a function of structure and environmental conditions.
Cho et al. [42] reported that unshelled CdTe QDs leached free Cd*, while the ZnS-
shelled QDs showed no detectable levels of free cadmium at 24 hours. However,
shelling QDs does not provide absolute protection. A ZnS shell delays, but does not
prevent oxidative degradation of QDs [19]. The liberation of cadmium from degraded
QDs would affect antioxidant and lipid peroxidation levels as free cadmium indirectly
generates ROS (superoxide anion, hydrogen peroxide, and the hydroxyl radical) [75].
As such, unshelled QDs are expected to more effectively induce an oxidative stress

response than shelled QDs as long as a threshold level of free cadmium is attained.
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The duration of the exposure also influences oxidative stress biomarkers. In
acute QD exposures, detoxification biomolecules metallothionein and glutathione are
depleted, while lipid peroxidation levels are elevated [49, 61, 62, 234]. Yet, in the only
sub-chronic QD study published thus far, oxidized glutathione levels in sticklebacks
were not altered by aqueous exposure to CdS QDs suggesting limited bioavailability

and/or adaptation by the organism to the insult [199].

Changes in glutathione levels are dose- and time-dependent with respect to free
cadmium exposure. In acute in vitro exposures, Pathak and Khandelwal [236] reported
dose-dependent glutathione depletion. However, other studies have shown transient
changes in glutathione levels; glutathione concentrations were initially elevated, but
then fell to slightly above Control levels and were accompanied by increased lipid
peroxidation [237, 238]. Transient effects on these molecular biomarkers were also noted
during longer cadmium exposures. For example, hepatic total glutathione was elevated
on day 14, but not day 28 in rainbow trout (Oncorhynchus mykiss) aqueously exposed to
Cd [239]. Berntssen et al. [240] showed that even though hepatic cadmium
concentrations were significantly elevated in Atlantic salmon (Salmo salar) after 1 month
of dietary exposure to Cd (204 mg/kg), hepatic lipid peroxidation and total glutathione

levels were unaltered. If intermediate time points were not taken, as was the case in our
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study and that of Berntssen et al. [240], early changes in glutathione levels may have
been missed. This adaptive response occurs because metal contaminants signal the
synthesis of additional antioxidants to quench ROS and for metallothionein to
bind/sequester un-necessary or excess free metals. Hence, the increased antioxidant
levels may persist for a period of time, after which antioxidant levels fall despite

continued contaminant exposure [239-241].

Certain forms of selenium have also been linked to the generation of superoxide
anion and hydrogen peroxide [97, 242, 243]. Although selenide is one of the major
components of CdSe/ZnS QDs, we did not measure selenium in this study because it is
an essential micronutrient and the accuracy of detection was uncertain. While selenide
is not a form of Se that is linked to ROS generation, possible transformation into one of

the toxic forms of selenium is acknowledged and should be considered.

Gene Expression Changes

As mentioned previously, oxidative stress signals the upregulation of a suite of
ROS-related genes including thioredoxin, metallothionein (mt), glutathione-s-transferase
(gstmu), glutathione peroxidase (gpx), and superoxide dismutases (sod1 & sod?2) [75,

244]. We determined that mt signaling was not altered by exposure to the High QD diet,
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but that fish receiving the Cd diet had twice the amount of mt RNA as the SD + Lecithin
diet. This slight increase in mt transcription is supported in the literature [239, 244-247].
Cadmium’s affinity for metallothionein and its ability to displace zinc in the
configuration of metallothionein is well known, as is the increase in metallothionein
production that occurs when labile Zn is subsequently increased. Lange et al. [239]
correlated transient hepatic mt mRNA levels with hepatic cadmium concentrations.
Silver barbs (Puntius gonionotus) aqueously exposed to Cd had elevated hepatic mt
mRNA levels from day 5 to 56, though levels peaked at day 28 and subsequently
declined [247]. Conversely, Roesijadi et al. [248] reported that dietary cadmium
exposure of Fundulus for 7 days resulted in significantly increased intestinal mt mRNA,
but insignificantly increased hepatic mt mRNA levels. The differences in reported effect
emphasize the importance of exposure route. It's probable that like Lange et al. [239],
the Fundulus livers hadn’t accumulated or maintained sufficient cadmium to induce a

change in metallothionein transcription.

Although none of the oxidative stress-related genes were significantly altered by
QD or Cd exposure, there were sex-specific differences in sod1 mRNA levels. Females
fed the High QD and Cd diet had sod1 levels that were elevated, though not

significantly, whereas males had sod1 mRNA levels that were consistent with that of the
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SD + Lecithin males. This is one possible explanation for the unusual trend observed in
female lipid peroxidation levels. Though we did not measure actual SOD1 levels, if they
were elevated as suggested by the upregulation of the signal, this would combat lipid

peroxidation by quenching radicals and mitigating the damage of lipid radicals.

Histopathology

A testicular tumor was present in one of the Fundulus fed the Cd diet. While the
linkage between cadmium and testicular tumors is well established in rodents [249], the
correlation in fish is unsubstantiated by the literature. Acute cadmium exposure has
been linked to testicular damage (hemorrhagic necrosis) in adult brook trout [250] as
well as lesions (fibromas and granulomas) in the kidneys of rainbow trout [251], but no
evidence of testicular tumors was recorded, perhaps due to the short duration of these

studies.

Pathological examination of the liver revealed that females were more affected
than male fish. Spongiosis hepatis was only observed in female Fundulus. While this
type of lesion has previously been linked to contaminant exposure, it was observed in
females fed the Standard Diet suggesting that reproduction may have a significant

impact on female liver morphology and that some changes likely resulted from this
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physiological stressor. Spongiosis hepatis is a degenerative lesion commonly seen in
some strains of aging rats [252]. The lesion was also seen during serial investigations of
the progressionof liver carcinogenesis in fishes [220]. More dramatic changes in liver
morphology occurred in female Fundulus fed the High QDs diet. QDs caused hepatic
necrosis and inflammation. Little information is available in the literature regarding
pathological alterations induced by QDs. Sanders et al. [199] reported that aqueous
exposure to unshelled CdS QDs caused hepatocellular nuclear pleomorphisms in
sticklebacks, while Ramot et al. [253] observed multifocal organizing thrombi in
pulmonary arteries of NOD/SCID mice (T and B cell lymphocyte impaired) i.v. injected
with QD-labeled stem cells. This suggests that QDs or their degradation products could

have significant effects on morphology, and thus deserves continued study.

Conclusions

As the popularity of engineered nanoparticles grows, they will become
ubiquitous in the environment due to use and disposal. In this simplified dietary study,
pristine CdSe/ZnS quantum dots that were consumed by fish were minimally
bioavailable and did not elicit an oxidative stress response. However, QDs did cause
necrosis in female Fundulus. As more information comes to light regarding mechanisms

of toxicity, trophic transfer, and the environmental fate of ENPs, we will be able to
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determine if QDs pose a significant risk to aquatic organisms given their low

bioavailability.
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Chapter 5. Reproductive Toxicity and Maternal Transfer
of CdSe/ZnS QDs in Mummichogs

131



Engineered nanoparticles have been detected in aqueous environments following
their release from commercial products. Weather events caused leaching of nano-TiO:
from building paints to surface waters [181], and antimicrobial socks released nano-Ag
in wash water [182]. This presents an environmental dilemma as the ENPs that are
revolutionizing medicine, environmental remediation technology, construction
materials, and energy efficiency may cause toxicity in aquatic environments. Currently
little information exists on the bioavailability and sub-lethal effects of ENPs to aquatic
organisms. As such, there is a need for in vivo toxicological studies given the instability

of ENPs in products.

ENPs such as fullerene (Ceo) and titanium dioxide (TiO2) have already been
associated with reproductive and developmental impairment [212, 254-256]. Water-
stirred fullerene (nCeo) decreased fecundity in water fleas (Daphnia magna) by delaying
molting and subsequent breeding [212]. nC60 also accumulated in neonates and caused
reproductive impairment in greater than 90% of the daughter daphnids by delaying
reproductive maturity [254]. Mice that were prenatally exposed to fullerene died as a
result of severe head, tail, and yolk sac deformities, and maternally transferred TiO: was
deposited in the brain and testes of male offspring, thus affecting genital and cranial

nervous system development [255, 256].

132



We recently determined that quantum dots, a type of ENP that emits a
fluorescent signal based on the diameter of its metallic core, are bio-available to
estuarine fish. Fundulus heteroclitus, the mummichog, assimilated CdSe/ZnS QDs from
its diet and distributed the QDs or their degradation products to the liver —the organ
responsible for producing the egg-yolk precursor protein in teleosts. This suggests a
potential risk to Fundulus progeny through maternal transfer. Moreover, QDs are
known to degrade in vivo [60, 223]. QD constituents, cadmium and selenium, are known
reproductive and developmental toxicants [82-84, 86, 107-110]. So, to evaluate the ability
of QDs to cause reproductive and developmental effects in fish, Lecithin-encapsulated
CdSe/ZnS QDs were incorporated into the diet of sexually mature Fundulus for
approximately 3 months. The objectives of this study were to monitor reproduction,
observe embryonic development, quantify cadmium uptake in eggs, and measure

vitellogenin transcription in adult fish.

Materials and Methods

Chemicals
CdSe/ZnS Evidots (cat.# ED-C11-TOL-0620) were purchased from Evident
Technologies (Troy, NY). Lecithin (102147) was purchased from MP Biomedicals, Inc.

(Solon, OH, USA). CdCl2 (202908) and gelatin (G-9382) was purchased from Sigma-
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Aldrich (St. Louis, MO). Optima™ trace-metal free HNOs and H20: were purchased
from Fisher Scientific (Pittsburgh, PA). The cadmium standard (CLCD-2-2Y) was

purchased from Spex CertiPrep (Metuchen, NJ).

Quantum Dot Preparation

The preparation of the Lecithin-encapsulated CdSe/ZnS quantum dot (diameter =
5.2 nm, emit A = 620 nm [4]) suspension is described in great detail in Chapter 4. Briefly,
the QDs were precipitated from toluene, dried under vacuum, dissolved in chloroform,
sonicated for 10 minutes in a bath sonicator, and stirred for 1 hour. Lecithin was added
in a 1:1 Lecithin:QD ratio (by weight) to the chloroform-QD mixture and stirred in
darkness overnight to encourage mono and bi-layer formation. The solvent was
removed and sterile de-ionized water was added. The suspension was sonicated for 1
minute, mixed for 2 hours, and then sonicated again for 30 minutes to form small,
uniform unilamellar vesicles [112]. The suspension was centrifuged at 125,000 g for 8
hours to break apart empty micelles [192]. After the supernatant was discarded, sterile
DI water was added and the suspension was vortexed, transferred to a fresh glass vial,
and sonicated for 5 minutes. The final QD suspension had a nominal concentration of
730 pg/ml QD and 730 pg/ml Lecithin. A Lecithin suspension was prepared in the same

fashion and contained 730 pg/ml Lecithin.
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Diet Preparation

Five diets were prepared from the stock QD and Lecithin suspensions: the
Standard Diet (SD), SD + Lecithin (0 pg QD and 10 pg Lec./day), Low QD (1 ug QD and
10 pg Lec./day), High QD (10 pg QD and 10 pg Lec./day), and CdClz (3.4 pg Cd and 10
ug Lec./day). The diets were prepared by mixing 112.5 mg/ml ground tropical fish
flakes (Aquatic Ecosystems, Apopka, FL), ~2% gelatin, and 250 pl/ml shrimp puree (1
shrimp homogenized in 10 ml of DI water) in sterile DI water. The appropriate amount
of the QDs, Lecithin, and/or CdCl> were added to each food mixture and stirred for 5-10
minutes to obtain a homogeneous slurry. The diets were pipetted in 250 pl aliquots onto
wax paper. After the discs cooled and solidified at room temperature, they were stored
at -20°C until administered to the fish. The daily dose was achieved by feeding each fish
two 250 ul discs per day (Table 4-1). Feeding was observed to ensure the discs were

consumed.

While fluorescence is often used to determine QD concentrations in transparent
suspensions [217], the complexity of the diets required the use of ICP-MS to measure the
concentration of cadmium in each of the diets. The food cubes were digested and
analyzed as previously mentioned (see Chapter 4). The SD and SD + Lecithin diets

contained no cadmium, while the Low QD, High QD, and Cd diets contained 0.07, 0.74,
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and 1.42 pg Cd per disc, respectively. The detection limit was 0.0005 pg of total Cd per
sample or 0.002 ng/ml [201]. Recovery of cadmium spiked SD + Lecithin food discs was

86.8%.

Research Design

Thirty male-female pairs of sexually mature Fundulus heteroclitus were obtained
from tidal creeks in Morehead City, NC. After acclimation to the laboratory, mating
pairs were housed in partitioned tanks containing ~15 liters of well aerated, filtered
natural seawater at ~23°C and 20 + 2 ppt salinity. Fish were maintained on a 16:8
light:dark cycle. Partial water changes (~7 liters) occurred daily. Each pair received the
Standard Diet for 27 days while being observed for spawning. Following the
observation period, the treatment diets were administered daily for 85 days. Embryos
were collected daily from egg traps. Subsets of eggs were raised in clean 20 ppt
seawater during which development was monitored for morphological variations in the
notochord, eyes, brain, heart, bladder, trunk, and fins [193]. Embryos with deformities
were imaged using a Meiji Techno R2 dissecting microscope (Japan) and captured with
aT45 camera (Diagnostic Images, Inc., Sterling Heights, MI) using Image-Pro Plus
software (MediaCybernetics, Inc, Bethesda, MD). Additional eggs were preserved at -

80°C for cadmium analysis. At the conclusion of the study, Fundulus were euthanized
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and their organs quickly excised and weighed. A portion of the liver was preserved at -

80°C for vitellogenin mRNA analysis.

Vitellogenin Analysis

RNA was isolated from the livers of adult Fundulus using RNA-Bee reagent (Tel-
Test, Inc.) according to the manufacturer’s protocol with an additional chloroform phase
separation and EtOH rinse of the pellet. The RNA/DNA ratio was measured
spectrophotometrically at 260/280 nm on a Spectramax 190 microplate reader
(Sunnyvale, CA). The absorbance ratio was used to calculate the final RNA

concentration in ng /ul. All samples had a 260/280 ratio of 1.9 or higher.

Reverse transcription was carried out using the Omniscript cDNA synthesis kit
(Qiagen Inc., Valencia, CA) according to the manufacturer’s directions. Briefly, 500 ng of
RNA, 10 uM oligo dT primers (Promega Corp., Madison, WI), and RNaseOut inhibitor
(Invitrogen Corp., Carlsbad, CA) were combined and incubated at 37°C for 1 hour in an
Eppendorf Mastercycler (Hamburg, Germany). The cDNA was then diluted to a 2 ng/ul

working concentration.
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Table 5-1. Real-time PCR primer sequences for F. heteroclitus

Gene GenBankID  Primer Name Primer Sequence (5'-3")

, Fh-B-Actin-F ACCACACATTTCTCATACACTCGGG
p-Actin AY735154 Fh-B-Actin-R =~ CGCCTCCTTCATCGTTCCAGTTT
Vitellogenin U07055 Fh-vg-F1 GCTCTTCCTGTTGATGTGCCTGAA
(vtg) Fh-vg-R1 GCTTGGATGTGTGTCTCCTGATTGG

2B-actin primers designed by Battle, L. [218]

Quantitative real-time PCR was carried out using primers for -actin [218] and
vitellogenin. The Fundulus vitellogenin primers (Table 5-1) were designed using
PrimerQuest software (Integrated DNA Technologies, Coralville, IA). Primer
efficiencies were tested to confirm that 3-actin and vtg amplified with comparable
efficiency. QPCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) following the manufacturer’s protocol. Briefly, a 25 ul
reaction consisting of 200 nM of each primer, 12.5 ul 2x SYBR Green PCR Master Mix,
9.5 ul dH:0, and 4 ng cDNA was amplified using an Applied Biosystems 7300 Real-
Time PCR System with the following thermal profile: 95°C for 10 min; 40 cycles of 95°C
for 15 s, 60°C for 60 s. A dissociation curve was generated at the completion of the PCR.
All samples were run in duplicate. Data were analyzed using ABI PRISM 7000 Software,
Version 1.1 (Applied Biosystems). Gene expression was calculated using relative

quantification by the 2-24¢r method of Livak and Schmittgen [219]:
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Cr(vtg) — Cr (B-actin) = ACr
ACrt (treatment) - ACr (SD + Lecithin) = AACr

2 %4cm = fold change

Vitellogenin gene expression, following normalization to $-actin, was compared
to references (SD + Lecithin) to estimate average fold induction for each experimental
diet. Each biological replicate represents a single adult Fundulus, and each experimental
group is represented by at least 4 individuals/treatment/sex. Data are presented as mean

fold induction + standard error.

Embryo Cd Measurement

Eggs (N=10 per sample, 3-5 samples per diet) were homogenized in 200 ul of 7 N
nitric acid. The material was transferred to Teflon vials and 800 pl of 15.8 N nitric acid
was added to each sample. Samples were digested overnight at 90°C. The following
day, the samples were sonicated for 5 minutes (Branson 2510, Danbury, CT) and 90 pl of
H:0: was added. The samples were vortexed intermittently over the next 6 hours and
then transferred to trace-metal free 15 ml vials. Each sample was combined with 10 ml
of internal standard solution (10 ppb In, Tm, and Bi in ~2 % HNOs) and then centrifuged
at ~1,300 g for 10 minutes. One milliliter of supernatant was transferred to a fresh tube

containing 10 ml of internal standard solution. The samples were analyzed on a VG
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Plasmaquad 3 ICP-MS (ThermoScientific, Waltham, MA) and compared to a cadmium
standard curve. The detection limit was 0.0005 pg of total Cd per sample or 0.002 ng/ml

[201]. Recovery from cadmium spiked eggs was 79.0%.

Data Analysis and Statistics

Growth (final body wt-starting body wt) and hepatosomatic indices (HSI = liver
wt/body wt X 100) in adults were analyzed for significance across all the treatment diets
using a Kruskal-Wallis test with a Dunn’s comparison post hoc. Gonadosomatic indices
(GSI = gonad wt/body wt X 100) and vtg expression were analyzed with a Kruskal-
Wallis test with a Dunn’s comparison post hoc. Fecundity rates (eggs/day) for each
spawn were determined for each individual breeding pair. Similarly, acute and chronic
fecundity were calculated as the eggs per day in the observation period, spawns 2 and 3
(acute), and spawns 4 and 5 (chronic) for each breeding pair. The rates were then
converted to percentages based on the pair’s spawning rate on the Standard Diet prior to
exposure (observational spawning rate (O)) and averaged for each treatment diet (N=3-6
pairs). Pairs that did not spawn during the observation period were not used to
determine fecundity. If a pair did not complete a spawning interval, their rate was not
included in the average for that time-point through the end of the study. Spawn-to-

spawn fecundity was not evaluated for statistical significance given the low sample size
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and missing values created when female fish died prior to the end of the study. Acute
and chronic fecundity (compared to the SD + Lecithin treatment) was evaluated using a
2-way ANOVA with a Bonferroni post-test, a = 0.05. Statistical analysis was performed
using GraphPad Prism, version 5.0 (GraphPad Software, San Diego, CA). Embryonic
development was assessed using a x? test (a=0.05) in Excel (Microsoft Corporation,

Redmond, WA).

Results

During this study, no unusual behaviors were observed. It is common for male
fish in confinement to develop aggressive behaviors toward females, which results in fin
tears, scale loss, and occasionally death. As mentioned previously (Chapter 4), a female
receiving the SD + Lecithin diet died during the treatment period and 2 females from the
Low QD treatment died during the observational period due to pair-mismatch and
subsequent aggression. However, the death of a High QD female during the exposure
period was attributed to the contaminant as no signs of male aggression or disease were

observed.

Upon dissection, it was noted that a male from the Cd diet had developed a

testicular tumor measuring approximately 2.5 cm in length and weighing 1.50 grams, an
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order of magnitude greater than the average gonad weight across all males (0.1138 g)
and of the Cd treatment (0.1 g). This outlier was not included in growth, HSI, and GSI

calculations. Histopathology of the tumor can be viewed in the Chapter 4 (Fig. 4-9).

The general condition of individuals was assessed though growth and relative
liver size. Though there were no significant differences in growth as a result of
treatment, trends indicate that males grew more than females (Fig. 5-1). In contrast,
females had higher HSI than males (Fig. 5-2), though they weren’t statistically different.
Growth and hepatosomatic indices indicate that Lecithin supplementation was most

likely responsible for the slight increase in the body and liver size of females.
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Figure 5-1. Growth of females (open boxes) and males (filled boxes) after dietary
exposure to CdSe/ZnS QDs. Bars are mean * standard error.
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Figure 5-2. Hepatosomatic indices of females (open boxes) and males (filled boxes)
after 85 days of continuous dietary exposure to CdSe/ZnS QDs. HSI = liver wt /body
wt X 100. Bars are mean * standard error.

Evaluating reproduction on a spawn-to-spawn basis revealed that fecundity was
altered by Lecithin, QDs, and Cd* (Fig. 5-3). Lecithin caused premature increases in
fecundity as compared to that of the SD group. SD fecundity steadily increased over the
breeding season until the last spawn. In comparison, the SD + Lecithin group had an
immediate increase in fecundity during the transition spawn (1018% versus 219% in the
SD) and was highly variable, ranging from 670% to 1967%, not including the last spawn.
This increased fecundity was not observed in all the diets containing Lecithin. The High
QD diet group had a minor increase in fecundity during the transition (116%) and
subsequently declined below 100% for the remainder of the study. Fish fed the Low QD

and Cd diets had an increase in fecundity during the transition (931% and 816%,
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Figure 5-3. Fecundity shown as the eggs/day as a percent of the observational
spawning rate (O). Fish were exposed from the transition spawn (T) through the sixth
spawn. Bars are mean * standard error.
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respectively), similar to the SD + Lecithin group (1018%), but egg numbers steadily
declined post-transition and fell below 100% by the fourth spawn. These changes,
though dramatic, could not be analyzed for statistical significance due to the small

sample size (N=3-6 pairs/diet), thus only trends can be inferred.

Acute and chronic fecundity (Fig. 5-4) were also assessed to determine how fish
tolerated shorter versus longer QD exposures. Even though it appears that Lecithin
acutely increased fecundity (when compared to the Standard Diet), neither the acute or
chronic fecundity were significantly different between the SD and SD + Lecithin
treatments due to high variability. Similarly, neither acute nor chronic fecundity were

statistically different between the SD + Lecithin and the QD- and Cd-treated diets.
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Figure 5-4. Acute (A) and chronic (B) fecundity. In both graphs, the horizontal axis
crosses as 100%, the observational spawning rate. Bars are mean * std error.
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Given the apparent reproductive toxicity of QDs, we examined the expression of
vitellogenin (vtg) mRNA in the adults at the conclusion of the study (Figures 5-5 and
All). Hepatic vtg transcription was elevated, though insignificantly, in males
consuming the High QD (13.6 + 10.5) and Cd (9.3 + 4.2) diets; the vtg levels were three to
five times higher than the levels measured in the SD and SD + Lecithin animals (2.0 + 1.5
and 2.7 + 1.0 fold induction, respectively). Transcription of vtg was not induced in males
consuming the Low QD diet (1.0 + 0.5 fold induction). With the exception of the
Fundulus with the testicular tumor, males fed the QD or Cd diets also tended to have
smaller testes that those receiving the SD + Lecithin diet (Fig. 5-6). Female vtg
transcription and gonadosomatic indices were not statistically different due to the

extreme variability (Figures A-8 and A-9).
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Figure 5-5. Male vtg mRNA levels after QD exposure. Bars are mean * std error.
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Figure 5-6. Male gonadosomatic indices in Fundulus after 85 days of dietary exposure.
GSI = testis wt/ body wt X 100. Bars are mean * standard error.

Alterations in embryonic development can also be a sentinel for contaminant
exposure. The addition of Lecithin to the diet (SD + Lecithin) caused a significant
increase in the percentage of abnormally sized (3.9%) (Fig. 5-7) and malformed embryos
(6.9%) during the first three treated spawns when compared to the Standard Diet (2.8%
small and 1.6% malformed embryos). Yet, when embryos were parentally exposed to
QDs or CdCl, they had significantly lower percentages of developmental deformities
than the SD + Lecithin group (Table 5-2). Moreover, hatching percentages of embryos in
the QD and Cd exposures were significantly higher than hatching percentages for

embryos in the SD + Lecithin group (Table 5-2).
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Table 5-2. Development and hatching of parentally exposed embryos 2

Treatment % Small b % Abnormal ¢ % Hatched 4
Standard Diet 2.8 1.6 64
SD + Lecithin 3.9° 6.7° 68°
Low QD 1.7* 0.3% 84*
High QD 3.5* 3.1* 81*
Cd 0.0* 2.2% 98*

a embryos were collected from spawns T, 2, and 3; » no deformities, but are half
the size of normal embryos; ¢ includes lethal and sub-lethal deformities; d
includes both normally- and abnormally-developed fry; ® significantly different
from the SD; * statistically different from the SD + Lecithin treatment, ot = 0.05.

Figure 5-7. Embryos from parents that were fed the SD + Lecithin diet. The embryos
are differently sized despite being the same age; the yolk (Y) fills the egg on the right,
while it only fills half of the egg on the left. H = heart.

Ovo-deposition is one mechanism by which female Fundulus rid themselves of

contaminants [190]. Analysis of embryos from the second and third treated spawns
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revealed that none of the embryos contained detectable levels of cadmium. However,
cadmium was detected in High QD embryos collected from the fourth spawn.
Concentrations ranged from 0.0 to 0.7 ng Cd per sample with the average cadmium
content being 0.244 + 0.1 ng Cd/sample. Cadmium content could not be analyzed in the
Low QD or CdCl: embryos from the fourth treated spawn due to insufficient egg

production.

Discussion

Reproduction is an energetically demanding physiological process for female
fish. Males expend little energy to produce thousands of gametes, while females expend
copious amounts of energy to provide their oocytes the lipid-rich yolk necessary to
survive during embryonic development and larval growth until active feeding begins.
Growth and HSI measurements indicate that although the treatments did not
significantly affect either parameter, males grew more than females, and females had a
relatively larger liver size. Males have the advantage of spending energy on growth
because they are not producing eggs. Sexually mature females, however, utilize their
energy stores for reproduction. Newman et al. [257] reported that condition factor,
relative liver size, and visceral fat stores were increased in cod (Maccullochella peelii peelii)

prior to the spawning season. However, during the spawning season, the HSI and fat
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stores declined as the GSI increased in cod and anglerfish (Lophius litulon) [257, 258].
Kamler [210] proposed that there is a trade-off in female fish between energy needed for
metabolism and growth versus the energy needed for reproduction. In this study, it
appears that females sacrificed growth to maintain their liver condition and improve the

likelihood of producing successful progeny.

In the natural environment, Fundulus spawn multiple batches of eggs from April
through September according to a semi-lunar cycle. Fecundity is extremely variable
from individual to individual, and is dependent on several factors including maternal
body size, hepatosomatic indices, age, food supply, temperature, photoperiod, and
stressors [210, 259]. In this study, we monitored reproduction to determine the impact
of long-term QD exposure on fish populations. While QDs did affect reproduction, it is
obvious that the encapsulation agent also altered fecundity. Trends indicate that
Lecithin hastened reproductive onset. With the exception of the High QD diet, all the
diets supplemented with Lecithin exhibited increased fecundity during the transition
spawning interval. Similar fecundity levels were not observed in the Standard Diet until
the fourth spawn. Furthermore, acute fecundity was elevated almost 6-fold in the SD +

Lecithin group compared to the SD group.
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Lecithin is a membrane phospholipid and may have impacted reproduction by
improving maternal condition. Female growth and hepatosomatic indices doubled from
the Standard Diet group to the SD + Lecithin exposure group indicating that Lecithin
served as a nutrient by improving both body and relative liver size. The changes in
fecundity due to Lecithin ingestion are supported by the pilot study in which Lecithin
(20 pg/day) significantly increased fecundity during the transition spawn in a 5 week
dietary exposure (Chapter 3). However, the benefit of Lecithin was not sustained
throughout the exposure as the subsequent spawn showed no changes in fecundity due
to Lecithin or QD consumption. It is important to note that the pilot study used twice as
much Lecithin as the current study, and it is possible that the excess phospholipid
caused hepatic steatosis, which could have hindered reproduction. Therefore, Lecithin
was decreased to 10 pg/day for the 3 month reproductive assessment to avoid potential

liver damage and unduly influencing reproduction.

Despite the nutritional benefit provided by the encapsulation agent,
reproduction after the transition period was decreased in the Low QD, High QD, and Cd
exposures. The reproductive profiles suggest that the QD concentration impacted
fecundity during acute exposures. Low QD fecundity was greater than the

observational rate during the acute spawning interval, while High QD fecundity fell
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below 100%. However, chronic QD ingestion severely depressed reproduction at both
doses. Fish receiving the Cd diet also showed severely depressed fecundity with
chronic exposure. This suggests that free cadmium might have played a role in reducing

fecundity.

One potential mechanism for reduced fecundity is disruption of the endocrine
system. However, almost no information is available regarding QDs and endocrine
function. Based on the elevated vtg transcription in male Fundulus, it appears that QD
and Cd ingestion feminized male fish. This differs from reports that aqueous exposure
to CdS QDs for 21 days did not alter vitellogenin induction in male sticklebacks
(Gasterosteus aculeatus) [199]. Saunders et al. [199] hypothesized that Cd?* concentrations
were too low to induce a change in vitellogenin levels, although they also conceded that
the sticklebacks were not in the correct physiological state for reproductive assessment

as all treatments showed a lack of nest building.

There are reports that free cadmium causes endocrine disruption in fish, but the
studies are inconsistent. For instance, Haux et al. [260] reported that Cd exposure
decreased plasma vitellogenin in female rainbow trout (Oncorhynchus mykiss) while

plasma vitellogenin levels were unaltered by treatment in male and female Japanese
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medaka (Oryzias latipes) [225]. In another study, male Japanese medaka exposed to
cadmium in ovo had elevated hepatic vitellogenin levels [228]. Studies measuring
plasma estradiol levels following cadmium exposure are similarly indeterminate.
Circulating estradiol levels were reported as both elevated [224, 225] and diminished
[225] in female fish aquously exposed to Cd. While cadmium has been shown to bind
and activate the estrogen receptor-alpha (ER-a) in MCE-7 cells (human breast cancer)
[227], selenite can also block estradiol and bind to ER-a [261]. Although Se
concentrations were not measured in the adults, if QDs are degrading in vivo, selenide

could be contributing to fecundity declines by feminizing males.

As early life stages are often more susceptible to toxicity, embryonic
development is a good marker for contaminant exposure. In this study, Lecithin alone
negatively affected development more than QD or Cd exposure. This is consistent with
the pilot study, in which the proportion of Fundulus embryos that developed abnormally
after parental exposure to the Standard Diet, SD + Lecithin, or QD diets were 3.6%, 5.9%,
and 4.2%, respectively (Chapter 3). Furthermore, assessments investigating the
developmental toxicity of aqueous exposure of eggs to Lecithin-encapsulated QDs
strongly suggested that Lecithin was the cause of the hemorrhages, limb deformities,

and mortality (Chapter 2).
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Recent studies have shown that certain types of ENPs are bioavailable, and that
they are transferred from parent to the offspring [254, 262, 263]. Ovo-deposition is a
mechanism commonly employed by fish to rid themselves of contaminants, including
metals [70, 110, 190, 264-266]. While previous studies have shown that Lecithin-
encapsulated QDs are unable to traverse the Fundulus chorion in aqueous exposures due
to QD aggregation (Chapter 2), maternal exposure to QDs would by-pass this physical
defense mechanism by incorporating the QD or Cd into eggs prior to fertilization and
extrusion. Metal analysis of embryos from the second, third, and fourth treated spawns
showed that maternal transfer of QDs or their degradation products occurred after six to
eight weeks of dietary exposure. This is the first study to report maternal transfer of

QDs to offspring.

Conclusions

In summary, declining trends in fecundity suggest that while fish populations
may be able to tolerate acute dietary exposure to QDs, chronic QD exposure could have
dire consequences. QD uptake impacts reproduction by feminizing male fish.
Moreover, maternal transfer of QDs or their degradation products to developing

progeny circumvents the egg’s chorion, thus directly impacting the offspring.
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Chapter 6. Conclusions: The Potential Consequences of
QDs in Estuarine Systems
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The immense commercial potential of quantum dots ensures their continued
production and development. QDs will enter the aquatic environment following
manufacturing, use, and disposal where they will encounter organisms residing in the
water column as well as the sediments. This dissertation sought to determine if, and
how, Lecithin-encapsulated CdSe/ZnS QDs caused toxicity in larval and adult Fundulus
heteroclitus. Specific aims were to: (1) determine bio-availability, (2) monitor
reproduction, (3) observe embryonic development, (4) quantify biomarkers of oxidative
stress, and (5) measure changes in the expression of genes associated with metal

metabolism and oxidative stress.

Bioavailability

Aqueous exposure of developing Fundulus embryos to quantum dots showed
that QDs were limited to the chorion, and thus, not bioavailable (Chapter 2).
Conversely, QDs or their degradation products were detected in livers of adult Fundulus
fed QDs (Chapter 4). Less than 0.01% of the cadmium from QDs was retained in the
liver and intestinal tissues. In comparison, 0.9% of the Cd was retained in the intestine
and 0.5% in the liver of fish fed the CdClz diet. This indicates that the structure of the
core-shell QD reduced uptake. Additionally, females assimilated cadmium more

efficiently than males. Intestinal and hepatic cadmium concentrations were higher in
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females than males regardless of the treatment diet. This implies that although
bioavailability of QDs was very low, female fish might be more susceptible to

toxicological effects than male fish.

Reproductive Effects

Fecundity was not significantly altered in sexually-mature Fundulus that were
fed QDs for 35 days (Chapter 3). However, when the exposure duration was lengthened
to 85 days, fecundity declined (Chapter 5). Assessment of vitellogenin transcription
showed that males given 10 pug QD/day had vtg levels five times that of unexposed
males. Relative gonad size was also reduced in QD exposed males. Similar trends
occurred in males fed the CdCl: diet. Thus, it appears that declining fecundity occurred

because the QDs, like free cadmium, feminized the male fish.

Developmental Toxicity

Fundulus embryos that were aqueously exposed to CdSe/ZnS quantum dots were
protected by their chorion (Chapter 2). QDs formed large aggregates in seawater that
were unable to traverse the chorion and therefore, did not disrupt embryonic
development. However, QD aggregates that were attached to the chorion affected the

ability of larval fish to hatch. Eggs from parents exposed to QDs confirmed that QDs or
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their degradation products were maternally-transferred to the ova (Chapter 5). Thus,
developing embryos were vulnerable to quantum dots whether aqueously- or

maternally-exposed to QDs.

Oxidative Stress

Dietary exposure to QDs for 35 and 85 days did not elicit an oxidative stress
response in adult Fundulus. Hepatic total glutathione and lipid peroxidation levels were
not significantly altered at the conclusion of either study (Chapters 3 and 4).
Additionally, expression of genes related to metal metabolism and oxidative stress (mt,
gstmu, gpx, sod1, and sod2) were not significantly altered after 85 days of continuous
QD exposure (Chapter 4). This suggests that although QDs were bioavailable, the

teleost adapted to the insult or uptake was not sufficient to induce oxidative stress.

Study Implications

In these studies, larval and adult Fundulus were exposed to pristine CdSe/ZnS
QDs. However, in the natural environment QDs will be oxidized, enzymatically-altered,
or bacterially-degraded. In the life-time of a core-shell QD, it may be ingested,
metabolized, and excreted by multiple organisms, each time affecting the stability of the

QD structure. So, although bioavailability was limited, the toxicological effects observed
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during these studies would likely be magnified when the ZnS shell failed and free

cadmium and selenium were released in vivo.

Future Studies

QD toxicity in teleosts was a function of the concentration and duration of the
exposures. Observations made during these studies also showed that environmental
conditions play a significant role in the fate of QDs. Salinity caused aggregation and
precipitation to the sediments, suggesting that benthic organisms are more likely to be
exposed to QDs than pelagic fish. Thus, future studies with engineered nanoparticles
should focus on assessing toxicity using concentrations, exposure routes, ecosystem
conditions, and animal models that are environmentally-relevant. This will clarify if the

effects seen in the laboratory will occur in the natural environment.
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Appendix

Fundulus were evaluated for sex-specific differences in hepatic total glutathione
(Fig. A-1) and lipid peroxidation levels (Fig. A-2) after 85 days of dietary exposure to the
Standard Diet, SD + Lecithin, Low QD, High QD, or Cd diets. The graph on the left
shows the effect of Lecithin supplementation of the Standard Diet, while the graph on
the right is a comparison of all the treatment diets. Statistical analysis using a Kruskal-
Wallis test with a Dunn’s comparison post hoc (o = 0.05) revealed no significant

differences between the treatments.
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Figure A-1. The average hepatic total glutathione levels in female (open boxes) and
male (filled boxes) Fundulus heteroclitus after 85 days of continuous dietary exposure
to CdSe/ZnS QDs. Bars are mean * standard error.
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Figure A-2. The average hepatic lipid peroxidation levels in female (open boxes) and
male (filled boxes) Fundulus heteroclitus after 85 days of continuous dietary exposure
to CdSe/ZnS nanocrystals. Bars are mean * standard error.

Transcription of genes related to oxidative stress and metal detoxification were
also evaluated for sex-specific differences after 85 days of dietary exposure to the
various treatments (Figures A-3 through A-7). The graph on the left shows the effect of
Lecithin supplementation of the Standard Diet, while the graph on the right is a
comparison of all the treatment diets. Statistical analysis using a Kruskal-Wallis test
with a Dunn’s comparison post hoc (a = 0.05) revealed that Lecithin supplementation
did not affect the expression of the genes evaluated. Moreover, there were no sex-
specific differences in the expression of mt, gstmu, gpx, and sod2. However, female
Fundulus fed the Cd diet had significantly elevated sod1 mRNA levels versus their male

counterparts.
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Figure A-3. Changes in hepatic metallothionein (mt) expression in female (open
boxes) and male (filled boxes) Fundulus heteroclitus. Bars are mean fold induction +

standard error.
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Figure A-4. Changes in glutathione-s-transferase (gstmu) hepatic RNA levels in
female (open boxes) and male (filled boxes) Fundulus. Bars are mean fold induction

standard error.
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Figure A-5. Changes in hepatic glutathione peroxidase (gpx) RNA levels in female
(open boxes) and male (filled boxes) Fundulus heteroclitus. Bars are mean fold
induction * standard error.
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Figure A-6. Changes in Mn-superoxide dismutase (sod2) hepatic RNA levels in
female (open boxes) and male (filled boxes) Fundulus heteroclitus. Bars are mean fold

induction * standard error.
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Figure A-7. Changes in hepatic Cu/Zn-superoxide dismutase (sod1) expression in
female (open boxes) and male (filled boxes) Fundulus heteroclitus. Bars are mean fold

induction #* standard error, a = 0.05.

The vitellogenin levels (Fig. A-8) of female Fundulus exposed to QDs or Cd for 85

days were measured to determine if they might have an impact on fecundity. However,

there were no statistical differences between treatment groups due to the high

variability. This is not uncommon as vtg levels in female fish vary depending upon

their individual reproductive cycle. Similarly, female gonadosomatic indices (Fig. A-9)

were not altered by the treatment diets. Gonad weight in females is based on how

recently the individual spawned, and as such, is not a good marker for comparison.
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Figure A-8. Female hepatic vitellogenin mRNA levels after 85 days of dietary QD
exposure. Bars are mean * standard error.
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Figure A-9. Female gonadosomatic indices after 85 days of QD exposure. Bars are
mean * standard error.
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Milwaukee, WI. November 13%, 2007. (invited presentation)

Behavior of Water-soluble Fullerenes (nCe) in Seawater and their Developmental Effects
in Teleost Embryos. T. M. Blickley, P. McClellan-Green, and E. Oberdorster. SETAC
North America Meeting. Montreal, Quebec. November 8t, 2006. (poster)

Ecotoxicology of Fullerene (Ce) in Five Aquatic Species. E. Oberdorster, S. Zhu,
T.M. Blickley, P. McClellan-Green, and M.L. Haasch. 1¢t International Conference on
Nanotoxicology: Biomedical Aspects. Miami Beach, FL. January 31¢, 2006.
(presentation)

Foraminiferal-based Predictions of Metal Bioavailabilities in Estuarine Sediments. C.J.
Hintz, T. M. Blickley, G.T. Chandler, and T. Shaw. SETAC North America Meeting.
Austin, TX. Nov. 9-13%, 2003. (poster)

Development of Seasonal Anoxia in a Shallow Lagoon-Delaware Inland Bays.” S. Ma,
M. Blickley, M.G. Mensinger, R. Scarborough, B. Glazer, R. Trouwborst, R. Tyler, and
G. Luther, III. Gordon Conference on Chemical Oceanography. Tilton, N.H. August 13-
14, 2001. (poster)
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