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ABSTRACT
THE IMPACT OF NANOMATERIAL FUNCTIONALIZATION AND CORE CHEMICAL
COMPOSITION ON TOXICITY TO DAPHNIA MAGNA

by

Jared Bozich

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor Dr. Rebecca D. Klaper

Nanomaterials (NMs) are being developed for a variety of industrial, biomedical,
and environmental applications. Initially these materials consisted of simple metal
oxides or carbon based NMs. More recently NMs have become increasingly complex
consisting of multiple transition metals and surfaces functionalized with polymers,
surfactants and ligands that have the ability to alter their physiochemical properties
and enhance performance. As manufactured NM production increases, so does the
concern about their release into the environment and potentially harmful effects. The
focus of toxicology has largely been on first generation materials and we have
comparatively less information about the potential impacts of complex NMs. In order to
create environmentally friendly nanotechnologies, the properties that govern NM
toxicity need to be better elucidated. In addition, understanding mechanisms for
toxicity and impacts to molecular and apical endpoints will greatly aid in the rapid
assessment and design of current and future nanotechnologies. In this dissertation my
central hypothesis is: altering the core chemical composition and surface

functionalization impacts the toxicity of nanomaterials to Daphnia magna. To



determine whether to accept or refute this hypothesis | used the environmentally
relevant model organism, Daphnia magna, and chemically tailored NMs. My results
indicated that acute and chronic impacts to Daphnia upon exposure to functionalized
gold NMs are strongly dependent on initial surface charge and the ligand used in the
functionalization process; depending on the ligand, negative impacts are explained by
the ligand choice, however with others the NM-ligand combination are required for a
negative impact indicating a nanospecific effect. Positively charged gold NMs
functionalized with polyallylamine hydrochloride are more toxic than negatively
charged particles functionalized with citrate or mercaptopropionic acid, impacting
daphnid reproduction and mortality at low part per billion concentrations. Gene
expression results from Daphnia acutely and chronically exposed to these same
materials show that each NM-ligand combination has a unique molecular fingerprint
and that for most of the genes | explored the NM-ligand combination induces similar
responses in the Daphnia as its respective ligand. Lastly, my studies demonstrate that
altering the core chemical composition of complex NMs to decrease toxicity. In
addition, this study indicated a nanospecific impact, as the dissolved metals found in
solution could not reproduce the chronic endpoint impacts and daphnid gene
expression response. Collectively, this work assisted in the development of
fundamental knowledge for the factors that regulate NM toxicity and identified novel
molecular pathways and responses triggered by specific alterations to complex NM

surface and core properties.
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CHAPTER 1: INTRODUCTION
Nanomaterials and Nanotechnology

Industry annually produces tens of thousands of tons of nanomaterials (NMs) to
be incorporated in a variety of industrial applications such as water treatment™ and
sustainable energy production? and commercial products such as cosmetics and
medical therapeutics®. Nanomaterials are broadly defined as materials that have one
or more dimensions on the order of 100 nanometers or less. Engineers are developing
NMs to be enhanced and more complex by enriching them with a variety of surface
ligands, surfactants, polymers and core materials that have the ability to alter their
physiochemical properties such as surface charge, reactivity and energy storage
capacity®. The nanotechnology industry as a whole has seen substantial growth with
the NM market estimated at a value of US $4.4 trillion by the year 2018°. Increased
production has led to a growing concern for unintended environmental impacts as
these materials are expected to reach the environment through intentional and
unintentional disposal®. One study estimates that 63-91% of 260,000-309,000 metric
tons of global nanomaterial production in 2010 ended up in landfills of which up to 7%
entered the aquatic environment’. Concern for unintended impacts have been
exacerbated by claims of NMs causing adverse outcomes in a wide range of cells and

organisms®.

The Impact of Nanomaterial Surface and Core Modification on Toxicity

Initial studies of NM induced in vivo impacts have been largely focused on NMs

9-11 12-14 15-17

such as carbon nanomaterials™ ', silver nanoparticles <, silica and single



component metal oxides'®%°

with the majority having been investigated in acute
exposures. These NMs are mainly chosen due to their commercial use, availability and
relative simplicity. However, the applications that rely on NMs that have complex core
structures and surface functionalities are growing. Little emphasis has been given to
studying the long-term in vivo impacts linked to specific properties of complex
multicomponent and surface functionalized NMs. Understanding the impact of
modifying specific core and surface properties (e.g. core chemistry, ligand
composition, charge, charge density, hydrophobicity, etc.) and the combination of
these properties on toxicity is vital to the sustainable production of these complex
NMs*'.

Literature indicates that NM surface functionalization plays an important role in
nanomaterial-biological interactions, bioavailability and biocompatibility?. It is well
known that NM surface coatings increase commercial and industrial applications.
However, it is these altered surfaces that interact with endogenous molecules, cell
organelles, cells, tissues and whole organisms. Nanomaterial surface charge and
degree of hydrophobicity can increase NM-protein interactions and reduce NM
dissolution and toxicity?>#°. It has been established that NM surface charge dictates
cellular uptake, subcellular localization and cytotoxicity?® ?’. For example, positively
charged particles have a high affinity towards the negative charged phospholipid
bilayer and exhibit greater cellular uptake and cytotoxicity than negative or neutral
charged particles in various cell lines®” . The charge dependent subcellular
localization also influences their toxicity profile?”. While the majority of studies that

highlight charge as a factor for NM toxicity are in vitro studies, whole organism studies



have also showed deleterious effects dependent upon initial surface charge, with
positively charged particles showing greater uptake and toxicity in a variety of aquatic
and soil dwelling invertebrates and fish?® *°. Some of the effects include decreased
body size, lifespan and increased developmental abnormalities®” *?. In rare cases,
negatively charged particles have been show to be more cytotoxic than positively
charged particles® 3. This effect is thought to be specific to cell type and role. For
example, phagocytic cells may have a higher affinity towards negatively charged
particles as they mimic the negatively charged surfaces of bacteria®®. Furthermore,
differences can be seen even among NMs with the same charge® *. This indicates
that toxicity is not only solely dependent on the charge of the NM but also the
functional group in question and suggests that potential structure-activity relationships
of the NM bound chemical may be equally important in determining NM toxicity though
the toxicity of ligand itself is often not examined.

Significant differences in NM toxicity have been attributed to the chemical
composition of the core material therefore the core material is expected to be an
important predictor of NM toxicity. For example, many studies have compared the
toxicity of various similar sized single component metal oxide NMs such as ZnO, FeO,
and CuO *°. These materials show various levels of toxicity that can only be
attributed to their differences in core chemical composition. Most often, the toxicity of
the free metal ion predicts the toxicity of the metal oxide NM, where toxic metal ions
produce NMs with greater toxicity®. In addition, metal oxide NMs elicit effects equal to
that of the effects from the metals dissolved in suspension indicating that there is no

nanospecific effect®” 4> *!. Mortality has been observed in cells, bacteria and whole



organisms at low concentrations for NMs containing toxic metals and high
concentrations for NMs containing benign metals. Surface coatings on metallic NMs
reduces their dissolution and therefore toxic effects®®. Less commonly reported is the
toxicity of bimetallic and multicomponent core/shell particles (e.g. Au-Ag and
CdSe/ZnS core/shell NMs). These materials are more complex and contain multiple
metals in their core structures but at different ratios. While these materials are more
complex, studies have begun to show that core chemical substitution or mixing toxic
metals with less toxic metals at different ratios has been proven to effectively reduce
NM toxicity** *>. For example CdSe/ZnS was replaced with InP/ZnS, which has
comparable chemical and morphological properties. It was concluded that, the
substitution of CdSe with InP as the core material significantly reduced toxicity*.

Crystalline phase of the core of a NM can also have an impact on toxicity. Silver
nanoparticle toxicity is influenced by crystal defects, which make the surfaces more
reactive and may explain studies that cannot contribute observed toxicity solely to ion
shedding44. The toxicity of TiO, for example is dependent on its crystal structure with
anatase being more toxic than rutile*®. Anatase has been shown to be more
photoreactive with ultraviolet (UV) radiation and in the presence of water, produces
free radicals that lead to toxic effects in aquatic organisms*®. Other studies suggest
that without UV radiation present in the exposure crystalline phase may not be as
important as properties such as charge and shape which cause greater uptake and
particle-organism interactions®’.

In order to fully understand the importance of surface functionalization and core

modification to NM toxicity more studies are needed that incorporate multiple surface



chemistries and core chemistries within a given study. Identifying trends in properties
that make NMs harmful has been difficult as the use of a wide range of organisms,
experimental conditions and NM synthesis and delivery techniques in experiments
lead to contradictory results*®. Since most of the work has been scattered with few
studies comparing multiple functionalized NMs let alone multiple NMs with complex
core materials, more studies are needed that assess the specific alterations to surface
and core chemistry of technologically relevant complex NMs with comparable physical
and chemical properties. In addition, more studies are needed that address the impact
of surface and core modifications in long-term in vivo exposures, as they are the more
environmentally realistic scenarios. While studies have critically improved our baseline
understanding of which starting materials might be inherently toxic and what general
NM properties are of concern, it remains unclear as to what combination of NM
properties may be used to predict toxicity®"" *°. Nevertheless, addressing these needs
will enable us to better understand how we might avoid unwanted impacts from the

production of future NMs.

Mechanisms for Toxicity and Cellular and Organism Molecular Response to
Nanomaterial Exposures

The current and future assessment of NM toxicity may benefit from a molecular
level understanding of toxicity linked to individual and population level impacts®.
Historically, environmental monitoring and chemical screening programs for several
classes of chemicals such as estrogenic mimicking compounds and legacy

contaminants have benefited from an understanding toxicity at the molecular level®" 2,



Molecular biomarkers have enhanced these programs as they provide an early
indication of organism exposure and a way to determine potential impacts prior to their
occurrence. In addition, molecular biomarkers provide a way to examine mechanisms
of impact® #'°%%2_ Defining the ability of a NM to react with various biological
receptors (e.g. proteins, enzymes, and DNA) and trigger molecular pathways will
provide opportunities to develop biomarkers for high-throughput screening assays that
inform the NM design process®’. However, the molecular and mechanistic information
describing NM perturbations to cells and organisms is still in its infancy®. A unique
mechanism for toxicity that would unite all NMs has yet to be discovered, rather
several mechanisms have been proposed dependent upon the NM physiochemical
properties® *® 4% %3 The NMs explored in this scope do not represent the actual
complexity of future NMs.

The primary mechanism for NM toxicity is believed to be directly or indirectly
related to oxidative stress®®”. Oxidative stress from NMs may be manifested in
several ways3. For example, UV activation of electron hole pairs in the crystal structure
of photoactive chemicals produces reactive oxygen species (ROS) that are then able
to damage cells and organisms*®. NMs containing redox active materials undergo
redox cycling and continually produce ROS. Unsatisfied electron donor/acceptor
chemical groups from crystal defects can create free radicals inside the cell®. Redox
inactive groups can inactivate biological antioxidants leading to the accumulation of
free radicals®®. When the generated ROS overwhelms the cellular mechanisms for
coping, oxidative damage occurs. One consequence of the generation of ROS may be

lipid peroxidation, which results in even greater production of free radical species that



have the potential to damage proteins and DNA®" %8, However, NM exposures that
have demonstrated oxidative stress have largely been high concentration exposures
over acute periods of time>® *°. In addition, oxidative stress is a natural response to
aging®® and is a natural product of exposure to chemical stressors and xenobiotic
metabolism which makes this a nonspecific response. While oxidative stress might be
a good indicator of exposure to stressors, such as heavy metals®®, it is often a poor
indicator for environmentally relevant health effects. Several studies have documented
other potential mechanisms for NM toxicity®® such as endocrine disruption®', metabolic
impairment®® and pH induced lysosomal swelling®®. Understanding which properties
impact pathways involved in reproduction, for example, would help predict potential
population and ecosystem level impacts of functionalized NMs. More studies are
needed that explore mechanisms and modes of action other than oxidative stress.
Identifying sensitive pathways will greatly improve our ability to predict early impacts of
NMs at low-level, chronic exposures®.

Gene expression studies have demonstrated that organisms respond uniquely
to different NM-ligand combinations and core compositions and have the potential to
identify nanospecific impacts®. For instance, Griffitt et al. (2009) assessed the global
transcriptional responses of zebrafish gills upon exposure to sub-lethal concentrations
of CuO, Ag and TiO. They determined that each particle type and their respective
soluble metal had a distinct molecular fingerprint or transcriptional pattern with many
more genes down regulated than up regulated®®. Other studies demonstrate
nanospecifc impacts to organisms by comparing the organism’s gene expression

response after exposure to NM-ligand combinations and their respective unbound



ligands®’. When organisms are exposed to different functionalized NMs with similar
cores, comparing their gene expression patterns show that genes may be triggered to
a greater extent when an organism is exposed to one NM type versus another®®. For
example, positively charged quantum dots induced the up regulation of genes
associated with metal contamination more so than neutral or negatively charged
quantum dots®®. Examining molecular pathways triggered when organisms are
exposed to NMs containing specific properties and their respective metal ions or free
ligands may make it possible to identify novel NM specific effects. This may offer
insight for uncovering new mechanisms for NM toxicity.

Studies have covered many different cell lines and organisms, time points and
exposures and a wide range of doses which further complicates our understanding of
the molecular response®'. The molecular level response of an organism may strongly
depend on the concentration of the chemical. In toxicology studies of NMs, cells or
organisms are often exposed to high concentrations of NMs that may trigger pathways
involved in cellular apoptosis and oxidative stress attenuation where if they were
exposed at lower concentrations they may reveal an entirely different response®. For
example, organisms exhibit biphasic dose responses where low concentrations may
be stimulatory and high concentrations may be inhibitory’® "', Long-term stimulation at
low concentrations of chemicals may be simply due to a beneficial aspect of that
chemical at low concentrations, such as increased metabolism’2. However, it also may
be a maladaptive approach that eventually may cause negative impacts to organism
health. Therefore it is important that we examine molecular perturbations when

organisms are exposed at low concentrations, which is the more environmentally



realistic scenario. Time dependent molecular responses upon organism exposure to
NMs have also been observed®. ROS for example, are short lived, are important in
cell signaling in organisms and organisms defense mechanisms rapidly respond to
oxidative stress. Therefore, depending on duration of the exposure, this effect may be

captured or not”

. The majority of molecular level research has been largely focused
on in vitro studies, which do not represent the complexities associated with whole
organisms. Although they enable mechanistic studies, they often do not provide clear
extrapolation of effects to whole organisms. Therefore, when considering the
environmental impacts of NMs, assessing the changes in molecular pathways most
relevant to the environment using environmental model organisms in long-term low

dose exposures is critical. This will better enable the development of high-throughput

molecular approaches and inform models to assess NM toxicity and design.

Difficulties in Nanomaterial Hazard Assessment

Nanomaterial physiochemical properties and toxicity may be regulated by
environmental factors in experiments and the chemical composition of the media,
which may explain the wide variation that exists in organism response across
laboratory experiments®. The toxicity of certain classes of chemicals such as
dissolved metals and polymers may be influenced by factors such as water hardness
and presence of natural organic matter’* . Experimental media in standard toxicity
tests with NMs may vary greatly across labs, with different water hardness levels, ionic
strength, and varying amounts and sources of natural organic matter or proteins.

Nanomaterials may aggregate and fall out of suspension or stay stable depending on



the chemical characteristics of the media’®. Nanomaterial surfaces may form
protective coronas and their effective surface charge or chemistry and subsequent
biological impacts may flip as they adsorb organic molecules’®"®. In addition NMs may
undergo dissolution with a change in pH or ionic strength making it difficult to
determine whether the observed effects in cells or organisms are nanospecific. While
out of the scope of this project, understanding the impact these variables will have on
NM toxicity in standard toxicity experiments will increase the transparency of the
hazard assessment being performed and identify causes for variation when comparing
results from one lab to another®.

Conclusions about which NM properties are important for toxicity also has been
complicated by the presence of experimental artifacts, confounding factors (e.g.
synthesis impurities, byproducts, free ligand contamination, etc.) and inadequate NM
characterization’® ®. Nanomaterials may contain impurities, reagents and byproducts
from synthesis and dispersion that interfere with biological assays or result in
misinterpretations of toxicity®'. Previous examples of this may be found in the early
studies of fullerenes and the use of the chemical dispersant tetrahydrofuran (THF).
Fullerenes dispersed with THF were originally seen as a chemical of toxicological
concern capable of negatively effecting fish at low concentrations®’. When THF was
identified as a potential artifact the studies were corrected. Fullerenes were then mixed
with water and tested and the observed effects were minimal®?. Inadequate NM
characterization can also lead to both misinterpretations and increased experimental
uncertainty, as less information is known about the physical and chemical properties of

the NM being tested’® ®'. Therefore, controlling for experimental artifacts and using
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well characterized NMs will increase the robustness of the data generated and
enables us to make sound conclusions regarding what properties are most important
for NM toxicity”® 8’

Project Scope

The central hypothesis of this dissertation was: nanomaterial core chemistry
and surface functionalization impact the toxicity of nanomaterials to Daphnia magna.

Three sub hypotheses were developed to better define the central hypothesis.
These hypotheses were:

1) Positively charged AuNPs and ligands cause greater impacts to daphnid
survival and reproduction.

2) Daphnids exposed to positively charged particles will express a greater
molecular response at lower concentrations than daphnids exposed to
negatively charged particles.

3) Replacing known toxic metals in multicomponent metal NMs with less
toxic counterparts will reduce their impacts to molecular and apical
endpoints.

In order to appropriately address these hypotheses | performed three studies
using a suite of NMs and Daphnia magna as a model organism in acute and/or chronic
exposures. The first of the three experiments explored the acute and chronic apical
endpoint impacts of two positively and two negatively charged AuNPs to Daphnia
(Hypothesis 1). The second experiment builds off of the first experiment in that it
explored the gene expression response of Daphnia upon acute and chronic exposure

to these same functionalized AuNPs (Hypothesis 2). The third experiment explored
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how alterations in the core chemistry of two lithium based NMs of technological
importance impact acute and chronic toxicity and the gene expression response in
Daphnia (Hypothesis 3).

Daphnia magna are chosen as a model as they are abundant freshwater
invertebrates that are key organisms to the proliferation of higher and lower trophic
levels and form the base of aquatic food webs®®. Daphnia have also been designated
by the U.S. EPA and OECD as a model organism and are widely used for assessing
the toxicity of environmental contaminates. Daphnia are sensitive to xenobiotic
stressors®* and environmental changes®® and experience reduced reproduction,
growth and increased mortality with exposure to toxic substances or substandard food
items®®®. Studies have demonstrated their ability to accumulate and respond to NMs
and some suggest that these materials may be further incorporated in Daphnia
tissues®". In addition, Daphnia spp. has emerged as a model for toxicological
genomics since they have the ability to perform clonal reproduction and maintain a
static genotype that minimizes genetic drift that would otherwise interfere with
toxicological studies®. This allows Daphnia to be used as a model to assess the gene
expression level impacts of NMs. Collectively, these traits make Daphnia an ideal
model organism to be used to assess the environmental impact of engineered NMs.

The first part of this dissertation seeks to better understand how variations in
NM surface properties and functionalization impact Daphnia magna acute and chronic
apical endpoints. Specifically, | examined daphnid survival in acute 48-hour static
exposures and chronic 21-day semi-static renewal exposures. Chronic studies

examined impacts to daphnid reproduction, survival and body size. NMs | tested in this
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study were two positively charged AuNPs functionalized with a cationic polymer,
polyallylamine hydrochloride (PAH-AuNP), and with a cationic surfactant,
cetyltrimethylammonium bromide (CTAB-AuNP), and two negatively charged AuNPs
functionalized with an anionic molecule, citrate (Cit-AuNP) and an anionic ligand,
mercaptopropionic acid (MPA-AuNP). In addition, | tested their respective agents used
in the functionalization process or what | herein will refer to as “free ligands” (i.e. free
PAH, CTAB, Cit and MPA) and their respective AUNP supernatants to determine if
toxicity is attributed to the ligand itself or the byproducts in solution from the synthesis
process. Lastly, | explored AuNP aggregation using transmission electron microscopy
(TEM) and their uptake, ingestion and adherence in daphnids using inductively
coupled plasma mass spectrometry (ICPMS). It was anticipated that positively charged
AuNPs would be more toxic and accumulate/adhere in daphnids to a greater extent
than negatively charged AuNPs as positively charged substances have a higher
affinity towards negatively charged components of biological systems. This research
improved our understanding of how variations in NM charge and ligand composition
influence individual and population relevant endpoints and biological uptake in an
environmentally relevant organism.

The second part of this dissertation expanded on part one as it attempted to
better understand how changes in AuNP surface properties impact molecular
pathways important in cellular processes and population level impacts in daphnids.
This part explored changes in gene expression levels of oxidative stress, reproduction,
cell maintenance and xenobiotic metabolism related genes upon acute chronic

exposure to PAH-AuNPs and MPA-AuNPs and their respective free ligands used in
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part one. | expected that the molecular fingerprint for these two particle types would
vary greatly due to their inherently different surface properties and surface chemical
composition. | hypothesized that daphnids would respond similarly to the NM and their
respective ligands revealing overlap in their gene expression response. The
knowledge obtained from this study will help us better understand important linkages
along the adverse outcome pathway for NM apical endpoint toxicity. In addition, this
study will help identify novel molecular level indicators for exposure and health effects
of functionalized NMs that are conserved across multiple organisms. This work
addresses critical knowledge gaps in the nanotoxiclogical field.

The last part of this dissertation examined how subtle alterations in the core
chemical composition of multicomponent metal oxide NMs elicit impacts to molecular
and apical endpoints in Daphnia. For this study, two lithium intercalation cathode
materials, lithium cobalt oxide (LCO) and lithium nickel manganese cobalt oxide
(NMC), used in energy storage devices were assessed in daphnia acute and chronic
exposures. To determine if there is a nanospecific impact or if the impact is due solely
to dissolved metals in solution | assessed the acute and chronic impacts of their
respective free metal ions and NM supernatants. For NMC, a body burden experiment
was performed to differentiate the amount of NMs adhered to the daphnid carapace
compared to the amount ingested/internalized. In addition, | determined the gene
expression response of a suite of genes involved in metal detoxification, oxidative
stress and cellular maintenance. | hypothesized that, based on the literature; LCO will
be more toxic than NMC because it contains significantly more cobalt, which is found

to be toxic to daphnids at low concentrations compared to the other metals present in
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these materials. | also hypothesized that genes involved in oxidative stress and metal
toxicity attenuation will be significantly up regulated upon daphnid exposure to the
battery materials. This study will add fundamental knowledge as to how core chemistry
alterations cange the toxicity of complex multicomponent metal oxide. This study
intended to identify potential environmental impacts of these materials, mechanisms
for their impacts and whether they can or cannot be mitigated. It is anticipated that
study will greatly inform the battery industry, as toxicity is not currently a part of the
battery design process and little information exists on these novel materials.

Previous groups have indicated the need to develop a molecular understanding
for long-term NM impacts to living organisms linked to their inherent core and surface
properties and the need to rectify known nanotoxicology experimental issues?®' °% 7% 8,
The proposed work in this dissertation is innovative in that this work addresses known
nanotoxicological experimental design problems, responds to the need for more
molecular based information from long-term low dose exposures and describes the
impacts of specific alterations of NM properties of technologically relevant materials.
Specifically, this work provides information to begin to identify: 1.) Trends across
different NM core types and surface properties, that cause NMs to have the greatest
environmental impact; and 2) Molecular pathways triggered upon NM exposure which
are indicative of NM exposure and pathways that are important links in
environmentally relevant adverse outcome pathways for NM toxicity. While the studies
performed herein will not be definitive and represent all NM types and environmental
situations, these studies in addition to others will add to our fundamental knowledge

base to help answer critical questions regarding NM toxicity. Therefore, this project is
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expected to help advance our understanding of pathways for adverse outcomes
underlying toxicity and describe the potential environmental implications of specific

alterations of NM core and surface chemistries.
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Abstract

Nanoparticles (NPs) are the basis of a range of emerging technologies used for
a variety of industrial, biomedical, and environmental applications. As manufactured
NP production increases, so too does the concern about their release into the
environment and potentially harmful effects. Creating nanomaterials that have minimal
negative environmental impact will heavily influence the sustainability of nanomaterials
as a technology. In order to create such NPs, the mechanisms that govern NP toxicity
need to be better elucidated. One aspect of NP structure that may influence toxicity is
the identity and charge of ligand molecules used to functionalize the NP surface.
These surface chemistries have the potential to increase or decrease negative
biological impacts, yet their impacts are poorly understood. In this study, the toxicity of
three types of functionalized ~4-5 nm gold NPs (AuNPs), polyallylamine hydrochloride
(PAH-AuNPs), citrate (Cit-AuNPs) and mercaptopropionic acid (MPA-AuNPs) as well
as cetyltrimethylammonium bromide-functionalized gold nanorods (CTAB-AuNRS)
were evaluated in the toxicological model species, Daphnia magna. In order to get the
most detailed information on NP toxicity in D. magna, both acute and chronic toxicity
assays were performed. Acute exposure toxicity assays show that overall the
negatively-charged AuNPs tested are orders of magnitude less toxic than the
positively-charged AuNPs. However, chronic exposure assays show that both

positively and negatively-charged particles impact reproduction but potentially through
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different mechanisms and dependent upon functional group. In addition, while select
ligands used in NP functionalization (such as CTAB) that are toxic on their own can
contribute to observed NP toxicity, our acute toxicity assays indicate that minimally
toxic ligands (such as PAH) can also cause significant toxicity when conjugated to
NPs. This research demonstrates that surface chemistry plays a pivotal role in NP
toxicity and that surface chemistry has the potential to affect the sustainability of these

materials.

Introduction

In the U.S. alone, the engineered nanoparticle (NP) industry is a multibillion-
dollar industry and is predicted to increase to a one-trillion-dollar industry by 2015".
One study estimates that 63-91% of over 260,000-309,000 metric tons of the world NP
production in 2010 entered our environment through landfills?. As production
increases, there is a concern about the potential environmental and health effects of
NP exposures. The surfaces of NPs are typically modified with surface functional
groups that control properties such as NP stability 35 To create NPs that are less toxic
and more environmentally sustainable there is a need to understand which NPs may
cause harm to the environment and what physiochemical properties determine their
impacts on organisms. This involves: 1) understanding the interaction of NPs with an
organism; 2) which physiochemical properties of a NP best predict toxicity; and 3) how
alterations in NP surface chemistry can alleviate toxic impacts. To better understand
these factors, experiments are needed that use fine-scale alterations in NP surface

chemistry to probe the interactions of NPs with cells, tissues and organisms. In
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addition, it is necessary to create NPs that have specific and well-defined bulk and
surface chemistries to determine how their chemical composition and structure of the
NP and surface functional groups may influence toxicity.

Although many studies on toxicity of NPs have been conducted to date, the
mechanisms that govern NP toxicity are still in question as experimental artifacts and
the design of experiments can impede understanding of the fine scale interactions of
NPs with biological entities®. For example, the charge of the NP surface has been
implicated as a major factor in toxicity ™12 Yet the initial charge of a particle may be
altered during an experiment due to interactions with media "*"'®. Particle size and

surface chemistry have also been suggested to impact NP toxicity "'

as both particle
size and surface chemistry can influence particle uptake and partitioning in organelles
and tissues®*?°. The density of ligands on the NP surface is often poorly characterized,
however it may also have an impact on toxicity>” *'. Aggregation over time in
experimental media or in the environment, can either increase or decrease NP toxicity
and may have a significant impact on toxicity *>**. Byproducts from particle synthesis
or the ligands alone may cause toxicity *. Few studies attempt to include controls for
several of these factors, which can complicate conclusions of properties associated
with toxicity. Finally, many studies that have been conducted to date have been
carried out using in vitro systems and only over short time periods, which may not
accurately reflect real world whole organismal interactions with NPs & 3¢:37
To examine the specific interactions of NPs with differing surface

functionalization in a whole organism model, we evaluated the in vivo toxicity of a

library of well-characterized gold NPs (AuNPs) with differing surface functionalities to
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the aquatic toxicity model Daphnia magna. AuNPs were chosen as a model NP as
they can be synthesized with very fine control of size and shape, are readily altered
with well-know surface chemistries, have a low environmental background level (so
they can be easily tracked within an organism), and have many potential commercial
applications due to their unique optical properties and their benign nature.
Furthermore, unlike other functionalized metal and metal oxide NPs, AuNPs are
resistant to dissolution or significant changes in size or shape under typical
environmental and biological conditions®®**'. Applications where these particles have
been used range from cellular imaging “*?, bio-chemical sensing **, drug and gene
delivery ***°, to medical therapeutics *°. The successful implementation of AuNPs in
these applications depend strongly upon appropriate particle functionalization 47,

In this study, acute and chronic assays were carried out in order to measure
both short term and full life cycle effects of various functionalized AuNPs on Daphnia
magna. Particles were characterized after synthesis and within exposure media to
better untangle the biological effects caused by particle stability and aggregation.
Controls were designed to take into account the toxicity and other adverse impacts
due to free ligands, supernatants containing reagents and NP synthesis byproducts
and impurities in reagents. This study begins to address the molecular properties of

NPs that influence their toxicity and interactions with aquatic organisms.

Materials and Methods

Nanoparticle synthesis and functionalization.
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All materials were used as received, unless otherwise noted. Gold
tetrachloroaurate trihydrate (HAuCls*3H20), 3-mercaptopropionic acid (MPA), sodium
borohydride (NaBH,), polyallylamine hydrochloride (PAH; M,, 15, 000 g/mol), and
silver nitrate (AgNO3) were obtained from Sigma Aldrich. Hexadecyltrimethyl
ammonium bromide (CTAB), L-ascorbic acid, and trisodium citrate were obtained from
Sigma. Deionized water was prepared using a Barnstead NANOPURE water filtration
system. PALL Minimate tangential flow filtration capsules for AUNP purification, with 50
kD pore size was obtained from VWR. TEM grids, SiO on copper mesh (PELCO) were
used for transmission electron microscopy studies. Functionalized AuNPs were
synthesized using previously reported methods in a millifluidic reactor, which enabled
high-throughput NP synthesis. The millifluidic reactor for NP synthesis was assembled
(as previously described) from commercially available components: a peristaltic pump
(Cole-Palmer Masterflex L/S), Tygon polyvinyl tubing (ID = 2.79 mm), polyethylene Y-
mixers (ID = 1.79 mm), and polyethylene joints*®. AUNPs were synthesized in the
reactor at an overall flow rate of 50.0 mL/min, and experienced a residence time of 3.0
min for the spherical AUNP syntheses, and 20.0 min for the gold nanorod synthesis.

NPs stabilized with four different surface chemistries were synthesized: (1)
Citrate-functionalized NPs (“CIT-AuNPs”), (2) Poly(allylamine) hydrochloride (“PAH-
AuNPs”), (3) mercaptopropionic acid-functionalized NPs (“MPA-NPs”) and (4) Cetyl
trimethylammonium bromide -functionalized gold nanorods (“CTAB-AuNRs”) (Fig. 1).

Cit-AuNPs (5.0 nm). 5.0 nm Citrate AuNPs were synthesized using previously
reported procedures *°. In a typical synthesis, 4.0 L of a growth solution, consisting of

aqueous gold tetrachloraurate (HAuCls, 10.0 mM) and 10.0 mM sodium citrate(aq), as
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well as a 4.0 L of an aqueous solution of sodium borohydride (5.0 mM) were prepared.
The two solutions were flowed together in a millifluidic synthesis reactor at a flow rate
of 50.0 mL/min, and experienced a residence time of 3.0 min. The combined solutions
rapidly change color to a deep brown, and then red-brown prior to exiting the reactor.
The AuNP solution was collected in an aqua regia-cleaned 4.0 L bottles and stirred for
3.0 hours. The Cit-AuNPs were then concentrated and purified by diafiltration (5.0
volume equivalents)®.

PAH-AuNPs (5.0 nm). Cit-AuNPs were wrapped with polyallylamine
hydrochloride (PAH) to prepare 4.0 PAH-Functionalized AuNPs, as previously
described®'. Briefly, Cit-AuNPs were dissolved in 20.0 mL of a 1.0 mM aqueous
sodium chloride solution to give a final AUNP concentration of approximately 20.0 nM .

To each 20.0 mL of polyelectrolyte wrapping solution, 500.0 n L of PAH (10.0 mg/mL)

dissolved in 1.0 mM NaCl was added. The wrapping solution was then mixed at vortex
briefly and left to stand for 16 h. The PAH-AuNPs were subsequently purified by
centrifugation and washing (55 min. at 8000 rcf), in nanopure deionized water. The
PAH-AuNPs were then concentrated in a diafiltration membrane.

MPA-AuNPs (4.0 nm). Thiol-stabilized AUNPs were prepared by direct
synthesis with sodium borohydride according to previously reported methods®® 2,
Briefly, two 4.0 L aqueous solutions (a growth solution and a reducing agent solution)
were prepared. The growth solution contained HAuCl,4 (3.0 mM) and MPA(6.0 mM)
dissolved in nanopure deionized water. The pH of the growth solution was adjusted to

approximately 8.5 by the addition of sodium hydroxide. The other 4.0 L solution

consisted of 5.0 mM-aqueous NaBH4. The two solutions were flowed together in a

78



millifluidic reactor at 50.0 mL/min. and experienced a residence time of 3.0 min. The
combined solutions rapidly change color to a deep orange-brown. The AuNP solution
was collected in an aqua regia-cleaned 4.0 L bottle and stirred for 3.0 hours. The thiol-
stabilized AuNPs were then concentrated and purified by diafiltration (40.0 volume
equivalents of nanopure deionized water in a 50 kD membrane).

CTAB-Stabilized Gold Nanorods (AuNRs). CTAB-stabilized Gold nanorods with
aspect ratio (length/width) 4.0 were synthesized using our previously reported seeded
growth procedures®®. Two solutions were prepared: a growth solution and a “Seed”
solution. For the growth solution, 10.0 mL HAuCl4 (0.1M), 16.0 mL AgNO3 (0.01M),
and 11.0 mL of ascorbic acid (0.1M) were added to 1.0 L of a 0.1 M aqueous CTAB
solution. For the seed solution, 2.4 mL of a previously prepared gold NP seed
dispersion (aged 2 hours) was added to 998.0 mL of a 0.1 M CTAB solution. The
solutions were mixed within the flow reactor (flow rate = 50.0 mL/min), and the AuNR
growth solution experienced a residence time of approximately 15.0 min in the reactor
before being deposited into an aqua regia-cleaned 4.0 L bottle. AuUNRs were purified
and concentrated by centrifugation and washing (two times, 20 min. at 11 000 rcf) with

nanopure deionized water.

Functionalized gold nanoparticle characterization and analysis.

Gold NP solutions were analyzed using a combination of UV-vis absorption
spectroscopy, transmission electron microscopy (TEM), { -potential analysis, Dynamic
Light Scattering (DLS) and x-ray photoelectron spectroscopy (XPS). UV-vis

absorbance spectroscopy analysis was performed using a Cary 500 Scan UV-vis-NIR

79



Spectrophotometer. For transmission electron microscopy analysis, a small aliquot of
the purified AuNP solution was dropcast onto a SiO/Cu mesh/formvar TEM grid (Ted
Pella), and examined using a JEOL 2100 Cryo TEM. Size distributions for the AuNPs
were determined using Imaged analysis, according to previously reported
procedures®. For XPS analysis, purified AuNP solutions were dropcast onto indium
foil and analyzed using a custom-designed, ultrahigh vacuum Physical Electronics

XPS system with a monochromated Al X-ray source. DLS and { -potential (Malvern

Instruments, model #ZEN3600) of the functionalized NPs were obtained in both
nanopure deionized water ([AuNP] = 10 nM, pH = 5.8) and daphnid media ([AuNP] =
10 nM, pH = 6.8) to determine aggregate sizes and stability of particles in MHRW prior
to and during the experiment.

Ligand densities for particles at the beginning of the experiment were
determined using XPS. Detailed procedures for XPS sample preparation and analysis
are presented in the Supporting Information. Briefly, NP solutions were dripped onto Si
wafers, and XPS features characteristic for each molecule were measured and
normalized against gold as an internal standard. A quantitative numerical modeling
procedure was validated and used to correct for NP curvature and scattering effects.

These measurements are presented in Table 3.

Daphnia magna toxicity assays.
Daphnia magna are freshwater invertebrates that selectively filter feed in both
benthic and pelagic regions of the aquatic environment. Important to aquatic food

webs and designated by the U.S Environmental Protection Agency (U.S. EPA) as a
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model organism, Daphnia magna are widely accepted as a model organism for
assessing the toxicity of environmental contaminates and experience reduced
reproduction, growth and increased mortality with exposure to toxic substances or
substandard food items *°.

Daphnids were bred in the Klaper lab at UWM-School of Freshwater Sciences
and cultures were maintained in tanks of moderately hard reconstituted water (MHRW)
at 20°C on a 16:8 light/dark cycle (per OECD and EPA protocols)®® *’. Daphnids were
fed a diet composed of freshwater algae (Selenastrum capricornutum) with an algal
density of 400,000 algal cells/mL and the supernatant of 405 mg of alfalfa (Medicago
sativa) suspended in 50 mL ultrapure water after 20 min of stirring and 10 min of
settling.

D. magna were exposed to concentrations of four types of functionalized
AuNPs, described above, over a concentration range of 0.001-25 mg/L (see particle
descriptions, and synthesis methods). In addition, the corresponding ligands (Cit,
MPA, PAH and CTAB) were tested at 0.001-25 mg/L. These concentrations were
chosen to be far in excess of the total ligand present in the NP suspension. The
supernatants and filtrates were collected from the particle purification process and
then the supernatant and filtrate stocks were diluted to a concentration of 0.001-25
mg/L (based on the estimated total ligand concentration in the supernatant). AuNP
stock solutions were prepared at a maximum concentration of 2000 mg/L>® °°.
Accordingly, daphnids were exposed to functionalized AuNPs at a maximum

concentration of 25 mg/L in the acute and chronic exposure studies.
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For 48 hour acute studies five female daphnid neonates less than 48 hours old
were placed in 100 mL of MHRW (control) or NPs in MHRW (experimental) totaling
100 mL in volume. A minimum of three replicates was carried out for each
concentration and the mortality of daphnids were assessed per beaker by calculating
the remaining percentage of daphnids alive.

For chronic exposures, daphnids less than 48 hours old were exposed to NPs
for 21 days below the concentrations that were found to be acutely toxic. Five
neonates were placed in 94 mL of MHRW (control) or NPs in a static renewal
exposure where 100% media exchange occurred three times per week. Daphnia
magna were fed 4 mL of algae (Selenastrum capricornutum) and 2 mL of alfalfa
(Medicago sativa) at each exchange period to bring the total beaker volume to 100
mL. Mortality and reproduction were measured during the media changes and daphnid
size was measured at the end of the exposure. Size was measured on day 21 of the
exposure as the length of the daphnid from the top of the helmet to the base of the
spine.

Exposures adhered to the mortality and reproduction guide lines designated by
the OECD guidelines for the Testing of Chemicals®’. Alterations were done to the
exposures to account for discrepancy introduced by changes in population density
through the exposure®. Daphnids were held at a concentration of one daphnid per 20
mL of media. Reproduction was calculated for the number of remaining individuals at
the time of measurement and stated as the mean number of neonates generated per

remaining individual.
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ICP-MS determination of AuNP uptake by Daphnia magna.

In order to determine how the surface chemistry of the AuNPs influenced NP
uptake by daphnids as well as the external adsorption onto the daphnid carapace, gold
content both inside and outside of the daphnids were quantified by ICP-MS analysis.
For the ICP studies, D. magna were exposed to AuNPs at a concentration of 5.0 ppb
for a period of 6 h, under the standard acute toxicity conditions. After 6 h, five
daphnids were removed from each of the AuNP-containing media and either treated
with or without a 100 mM iodide etchant solution for 5 min to differentiate the particles
adsorbed onto the daphnid carapace vs. particles ingested. Daphnids were then
individually digested in 1.0 mL of freshly prepared aqua regia for 2 h. Afterwards, the
digest solutions were diluted to a final volume of 10.0 mL with nanopure water. The
digested Daphnia magna samples were analyzed by ICP-MS (Perkin-Elmer SCIEX
Elan DRCe) to determine the total gold concentration. The total Au concentration was
then converted to the number of AUNPs taken up/adsorbed by each daphnid using the
density of bulk gold and the volume of each AuNP in order to determine the number of

Au atoms per NP.

Statistical Analysis

D. magna body size and reproduction were normalized to control averages to
account for changes in daphnid populations over time. Some of the data failed to meet
the assumptions of normality for the independent f test analysis. Therefore, the effects
of NP exposures on daphnid fecundity, mortality and body size were weighed against

controls by the nonparametric Mann-Whitney U test for two-independent samples.
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Values were considered significant at p < 0.05. SPSS (IBM 2013) was the program
chosen to carry out statistical analysis.

Gold NP uptake in D. magna (see Supporting Information Fig. S6) was
analyzed using the independent t test in Microsoft Excel 2013. Values were

considered significant at p < 0.05.

Results
Gold nanoparticle characterization.

AuNPs were characterized using TEM, UV-vis absorbance spectroscopy, and
dynamic light scattering in order to rigorously determine AuNP size. The size and
surface chemistry characterization data for the AuNPs is presented in detail in Table 1.
Representative TEM images and size analysis for the spherical AUNPs are provided in
the Supporting Information (Fig. S1 and S2, respectively). The CTAB-stabilized AuNRs
had a longitudinal diameter of ~50 nm, and a transverse diameter of ~ 12 nm. PAH-
AuNPs had a mean diameter of 4.7 £ 1.4 nm (10). Cit-AuNPs had a mean core
diameter of 4.9 + 1.4 nm. MPA-AuNPs had a mean core diameter of 3.8 £ 1.1 nm.
Here, the polydispersity in the sample is given as a single standard deviation from the
mean core diameter. The surface charge of the AuNPs was determined using (-
potential analysis (Table 1).

The ligand density of the AuNP library was determined using XPS and with the
exception of CTAB-AuNR Table 3 shows that the ligand densities for Cit-AuNP and
MPA-AuUNP are nearly the same and are also nearly identical to values previously

reported for densely-packed self-assembled monolayers on planar gold surfaces o1,
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Because CTAB-AuNR is a rod shaped particle, a max/min range based on the
assumption of a planar and spherical particle has been provided. As the rods still
possess a significant amount of curvature the ligand density should be closer to the
lower density estimate. Though there are physically more CTAB molecules, CTAB
coats the AuNR in a bilayer®® ®. Thus, the increased number of CTAB ligands is not
due to a higher packing density. The number of ligands on the outer leaflet of CTAB-
AuNR is comparable to the other functionalized particles in this study. For PAH-AuNP,
the polymeric nature of the PAH ligand makes it difficult to determine an equivalent

molecular density.

Stability of AUNPs in daphnid media.

In order to better connect the physiochemical properties of the AuNPs tested
with their acute mortality in Daphnia magna, we monitored the changes in the AUNP
physiochemical properties the AuNPs undergo following dispersion in daphnid media

using UV-vis absorption spectroscopy, DLS, and { -potential analysis. The positively-

charged AuNPs (the CTAB-AuNRs and the PAH-AuNPs) showed no evidence of
changes in size, shape, or aggregation state (based on their UV-vis spectra, Fig. S3,
and DLS analysis, Table 2). In contrast, the negatively-charged AuNPs show evidence
of aggregation following dispersion in daphnid media. This aggregation is evidenced
by broadening of the Surface Plasmon Resonance (SPR) absorbance (~520 nm) in
the UV-vis spectra, and a significant increase in their hydrodynamic diameter over the
course of the 48 h exposure time (Dy, see Table 2). Interestingly, the structure of the
aggregated Cit-AuNPs appears to be different from the MPA-AuNP aggregates. TEM

analysis of the AUNP aggregates shows significant fusion of the Cit-AuNP cores to
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form larger AUNPs and wire-like structures after 48 h, while the MPA-AuNP
aggregates appear to consist primarily of large, loosely bound networks of AuNPs with
an ~4 nm primary particle size (Fig. 2). The MPA-AuNPs could be re-suspended from
their aggregated state by gentle agitation, while the Cit-AuNPs could not, which would
be consistent with the structure of the aggregates observed in the TEM images (Fig.

S5).

Effects of AUNPs on daphnid acute mortality.

Particle surface chemistry and stability played an important role in daphnid
survival, with positively-charged particles, CTAB-AuNRs and PAH-AuNPs, being
orders of magnitude more toxic than the negatively-charged particles, Cit-AuNPs and
MPA-AuNPs. CTAB and PAH-AuNPs significantly affected daphnid mortality (93%
mortality, U = 0, p < 0.05; and 40% mortality, U = 0, p < 0.05, respectively) at
concentrations as low as 10 pg/L (Fig. 3). However, PAH and CTAB-AuNPs
demonstrated similar toxicity at 5 pg/L, showing 13% mortality. Cit and MPA-AuNPs
did not significantly affect Daphnia magna mortality at all concentrations tested (p >
0.05), which reached an order of magnitude higher than the positively charged particle.
Positively-charged particles were also more stable in the MHRW media (Table 2).

Of the four ligands tested, CTAB was the only ligand that by itself significantly
affected D. magna mortality compared to control daphnids (Fig. 3). CTAB ligand
caused the same daphnid mortality as CTAB-AuNR acute exposure, causing 13%
mortality at 5 pg/L, 93% mortality at 10 ug/L and 100% mortality at 50 pg/L (Fig. 3).

The PAH ligand, unlike the PAH-AuNP, did not affect daphnid mortality at the
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concentrations that were significantly impacting daphnid mortality in the PAH-AuNP
acute assay (Fig. 3). Citrate and MPA free ligands, like Cit and MPA-AuNPs, had no
impact on daphnid mortality.

When comparing toxicity to that of supernatants and filtrates (collected from the
particle purification process), only the supernatants significantly impacted daphnid
survival with PAH-AuNP supernatant being the more toxic of the two positively-
charged supernatants (Fig. 2). PAH-AuNP supernatant significantly affected daphnid
mortality up to 5 pg/L causing 73% mortality (U = 0, p < 0.05) and 100% mortality at 10
and 50 pg/L (U =0, p <0.05). UV-vis and TEM analysis of the PAH-AuNP supernatant
indicated that, unlike the other supernatants used tested in this study, the PAH-AuNP
supernatant contained a low concentration of very small (dcore < 4.0 nm) AuNPs. The
UV-vis spectrum of the PAH-AuNP supernatant and a representative TEM image are
provided in the Supporting Information as Figure S7. CTAB-AuNR supernatant
significantly caused mortality at 50 pg/L, eliciting 100% mortality in D. magna

exposures (U =0, p <0.05).

Effects of chronic AUNP exposures on daphnid survival, reproduction, and body
size.

PAH (positively charged) and Cit-AuNPs (negatively charged) were the only
functionalized AuNPs that significantly decreased daphnid reproduction over the 21-
day chronic exposure (Fig. 4a and 4b). PAH-AuNPs significantly decreased
reproduction at 5 pg/L (12% decrease, U = 10, p < 0.05)(Fig. 4a). In contrast, the free

ligand PAH, significantly increased reproduction in daphnids (10% increase, U =7, p <
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0.05; and 13% increase, U = 8, p < 0.05) at both 1 ug/L and 5 pg/L concentrations.
Daphnid exposed to the CTAB free ligand also experienced increased reproduction by
20% in 5 pg/L exposures (U = 3, p < 0.05) but the CTAB supernatant decreased
reproduction by 18% at 1 ug/L (U = 9.5, p < 0.05). For negatively charged particles,
Cit-AuNPs significantly decreased daphnid reproduction (97% decrease, U =0, p <
0.05) at 25 mg/L averaging only 3 D. magna neonates per individual compared to 83
neonates per individual control daphnids (Fig. 4b). MPA-AuNPs had no impact yet at 5
mg/L the MPA free ligand increased reproduction by 14% ( U = 4, p < 0.05).

Daphnia magna exposed to 25 mg/L Cit-AuNPs and MPA-AuNPs exhibited a
significant reduction in adult body size as compared to control daphnids (U =0, p <
0.05; and U = 0, p < 0.05)(Fig. 5), while daphnids exposed to CTAB and PAH showed
no significant reduction in daphnid body size. At 25 mg/L, Cit-AuNPs reduced daphnid
growth by 15% compared to control daphnids, having an average length of 3.36 mm
compared to 3.85 mm, respectively and exposure to MPA-AuNPs elicited a 7%
reduction in daphnid body size, averaging 3.57 mm body length. Since chronic
exposures were conducted at sub lethal levels as determined by acute exposures we

did not observe any significant mortality for any of the chronic NP exposures.

Effects of surface chemistry on AUNP uptake in Daphnia magna.

The surface chemistry of the AuNPs was found to have minimal influence on
NP uptake by daphnids in this study (Fig. S6), as ICP-MS analysis indicated that all
the AuNPs tested were found to be taken up by daphnids in similar amounts (on a per

mass basis). However, MPA-AuNPs were significantly taken up (p < 0.05) to a greater
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extent when compared to PAH-AuNPs and Cit-AuNPs even though it is still relatively
comparable throughout treatments. Additionally, there was no significant difference in
the quantity of NPs on the daphnid carapace and minimal accumulation across all
treatments when iodide treated samples were compared to samples without the iodide

treatment.

Discussion

Initial particle charge significantly impacted overall toxicity observed in this
study, with positively-charged particles being more toxic than their negatively-charged
counterparts. Positively-charged particles, PAH and CTAB-AuNPs, were orders of
magnitude more toxic than negatively-charged citrate and MPA-AuNPs, significantly
eliciting mortality in Daphnia magna down to a concentration of 10 ug/L. In addition,
PAH-AuNPs significantly affected daphnid reproduction at 5 pg/L whereas Cit-AuNPs
affected Daphnia magna reproduction at 25 mg/L (Fig. 4a and 4b). Toxicity caused by
imparting positive charge to NPs has been shown with other cells, mammals and
aquatic organisms such as algae, bivalves and fish” '* %" One study in particular,
demonstrated a charge dependent response when exposing zebrafish to AuUNPs.
When 0.8 nm and 1.5 nm AuNPs functionalized with a cationic surface group,
trimethylammoniumethanethiol (TMAT), were more toxic than anionic 2-
mercaptoethanesulfonate (MES) or neutral charged 2-(2-mercaptoethoxy)ethanol
(MEE) surface groups, affecting mortality, morphology, behavior and developmental

endpoints to a greater extent®”.
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One possible reason that PAH and CTAB-AuNPs were more toxic than their
negatively-charged counterparts is potentially due to these particles having a high
affinity towards the negative charged surfaces of cellular membranes . The high level
of attraction that positive charged particles have with cellular membranes increases
cellular uptake of these particles through mechanisms such as phagocytosis,
pinocytosis and membrane disruption, which creates holes in the membrane due to
the densely populated charge on the NP surface®® ’°. This allows the positive charged
particles to enter the intracellular matrix and potentially damage cell organelles integral
to cellular functions. Lovern et al. (2008)"' and Garcia-Cambero et al. (2013)"?
observed the uptake of gold NPs in vivo with minimal evidence of AuNPs ability to
cross the Daphnia magna digestive tract. However, these studies were not focused on
positively-charged particles, which have a greater potential to be further incorporated
into the organism. The lack of tissue accumulation of negatively-charged NPs could be
one of the potential mechanisms that caused the positively charged NPs to be more
toxic and could explain the low toxicity observed with the negatively charged particles.

Another potential explanation for the difference seen in toxicity between the
differentially charged particles in our experiment may be due to particle stability and
aggregation in our media (MHRW). Positively charged particles, PAH and CTAB-
AuNPs, did not aggregate significantly in the media (as can be seen in the UV-vis
spectra of these AuNPs, provided in the Supporting Information, Fig. S3), while
negatively charged particles, MPA and Cit-AuNPs, underwent greater aggregation
during in our experiments (Table 2). Stable particles, PAH-AuNP and CTAB-AuNP,

remained less than 100 nm in size (55.9 + 4.1 and 17.5 £ 0.2, respectively) and the
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unstable particles, MPA-AuNP and Cit-AuNP, aggregated or agglomerated to a large
extent, drastically increasing their size over the period between media exchanges
(750.6 £ 8.2 and 90.8 + 5.9, respectively) (see Fig. 6 and Fig. S3-S5). Aggregation-
dependent toxicity has been seen in other studies using zebrafish embryos, leading us
to believe that aggregation can affect NP toxicity73’ “ Although daphnids clearly
ingested all functionalized particles (Fig. S6) the aggregation size may cause a
difference in their interactions with daphnid, potentially affecting the surface area of the
particle available for interaction with the cells within the organism, as well as the
potential uptake into cells.

The smaller size of the positively-charged particles in our study may have
increased their toxicity by enabling them to cross the gut lumen of the daphnids,
potentially further interacting with D. magna cells and organelles vital to daphnid
homeostasis and other functions. This could account for the high mortality seen at low
concentrations, especially because the PAH-AuNP supernatant exposure produced
high mortality and TEM images revealed a small amount of <4 nm PAH-AuNPs
present in the supernatant suspension (Fig. S7). Small, 10 nm positively-charged
amine coated AuNPs have been shown to enter a freshwater bivalve’s branchial and
digestive epithelial cells, entering the cytoplasm where the particles were then able to
penetrate the cells nucleus and lysosomial vesicles®. AuNPs with core diameters less
than 50 nm (15 and 50 nm AuNPs) have also been shown to affect inner organs of
rats to a greater extent than larger particles (160 nm)?*. 7. 2. Similar size dependent
toxicity has been shown in aquatic organisms with various NP types'’. Negatively-

charged particles aggregating to a large size have fewer mechanisms to enter the cell,
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reducing the ability to cross the cellular membrane and damage cell organelles. Main
routes of entry of larger particles are through macropinocytosis, phagocytosis and
clathrin mediated endocytosis®®. Other studies have shown that larger particles and
aggregates are less toxic than their smaller, monodispersed counterparts?" 3% 34, For
example, increasing the extent of aggregation therefore increase particle size of MPA-
AuNPs, also reduced toxicity to zebrafish embryos "> ™.

MPA and Cit-AuNPs did impact reproduction (at high concentrations of Cit-
AuNP, Fig. 4b) and body size (Fig. 5), however we observed unusual aggregation in
the chronic exposures for these two particles. Cit-AuNPs, the more toxic of the two
negatively-charged particles, formed agglomerates as appose to aggregates (Fig. 2).
These agglomerates could not be re-suspended and formed a film on the bottom of
the beaker. TEM imaging of the AuNP aggregates confirms that the Cit-AuNPs form
extended wires and larger spherical AUNPs as a result of their aggregation process as
appose to the MPA-AuNPs, which remain ~4.0 nm particles, but form large networks
of closely associated AuNPs. We hypothesize that these agglomerates could cause an
impact on the energy budgets of these organisms either through blocked nutrient
absorption or a decrease in food consumption’® or due to an impact on swimming and
molting as these particles were found to adhere to the exoskeleton, adding mass to
the swimming organism (Fig. 6). Lee and Ranville (2012)"” while conducting a 48-hour
acute assay using D. magna, found that organisms exposed to aggregated Cit-AuNPs

shed their exoskeletons while the controls did not. The increased molting observed in

the Cit-AuNP exposed daphnids demonstrates that Daphnia magna may use this tactic
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to avoid any unwanted effects caused by the adhered Cit-AuNPs, however, the
increased molting requires energy, leaving less for daphnid growth and reproduction.
Certain ligands used to alter the surface chemistry of NPs are more toxic than
others, which could also explain the increased toxicity of CTAB-AuNRs in particular in
our study. For the CTAB ligands, the acute ligand toxicity exactly matched the acute
toxicity of the CTAB-AuNR, while the PAH ligand was only toxic when paired with the
gold NP (Fig. 3). For CTAB-AuNRs, it is widely accepted that improper purification or
ligand desorption can result in free-floating CTAB ligands in NP suspensions, which
leads to this functionalized particle being highly toxic'. This potentially downplays the
effect of charge on toxicity for this functionalized AuUNP, However, both ligand
concentrations in the particle suspensions were much lower than what we tested in the
free ligand control experiments implying that there is another mechanism that causes
the ligands as well as the particles to become more toxic. We hypothesize that the
increase in PAH and CTAB toxicity when attached to the gold NPs may be due to an
increase in the concentration of PAH and CTAB inside the daphnids gut due to their
ingestion with the NP and localization of ligand on or in daphnid cells. There were
some indications of an increase in the reproduction of daphnids in the presence of the
free ligand of CTAB, PAH and MPA. This may be due to some physiological use for
the daphnids of these functional groups but may also be due to a hormesis effect of
the ligands where a small amount of these chemicals is stimulatory to the organism’s
biochemical mechanisms that deal with toxins and therefore an up-regulation of other
pathways dealing with reproduction. This may be a life history strategy for the

organism to increase reproduction in a time of stress, as seen by others’® ”°.
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Lastly, in this experiment, the effects of ligand density and gold dissolution on
NP toxicity are thought to be minimal. The similarity in ligand densities determined by
XPS results (Table 3) for these ligands demonstrates that the differences in
subsequent biological interaction are not likely to be associated with differences in
ligand density. Additionally, it should be noted that while functionalized AuNPs may be
susceptible to aggregation under specific environmental conditions, AuNPs are not
readily susceptible to dissolution or oxidation under typical environmental conditions
(which is in contrast to many functionalized silver or metal oxide NPs)***'. As a
consequence, when we considered how AuNP stability influences toxicity in this
discussion, we focused primarily on the stability of AUNPs against aggregation, rather
than dissolution or oxidation.

The results of this study are important, because it identifies mechanisms for
AuNP toxicity by examining NP toxicity with different charges using an environmentally
relevant organism. The present study and our previous work®® demonstrate the need
for functionalized NPs to be evaluated in chronic exposures, as acute exposures do
not explain the full adverse affects of NPs on aquatic organisms, as seen with Cit-
AuNPs. This study also demonstrates that characterization of NP size after exposure
to media as well as accounting for free ligand and synthesis impurity toxicity are

important in determining the mechanism for NP toxicity.
Conclusion

NPs have the potential to be highly beneficial to society, however in order to

create NPs that are beneficial, while minimizing the environmental implications of
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these materials, the mechanisms that govern the toxicity of NPs need to be better
elucidated. We found that surface chemistry plays a significant role in NP toxicity; not
only does the charge of the ligand on the AuNP surface influence both acute and
chronic toxicity, but the identity of the ligand itself can influence toxicity. Interestingly,
~4.0 nm AuNPs functionalized with a non-toxic ligand (PAH) showed significant acute
and chronic toxicity. In addition, the smallest particles ( <4 nm) as seen in the PAH-
AuNP supernatant exposures, could potentially be much more harmful to Daphnia
magna than comparatively larger sized PAH-AuNPs ( > 4 nm). Furthermore, the
chronic toxicity assays performed in this study indicate that AuNPs that show minimal
acute toxicity can induce significant long-term effects, impacting daphnid reproduction.
Therefore, chronic toxicity studies are essential for elucidating potential long-term
exposures of manufactured NPs. Testing libraries of NPs with a variety of surface
chemistries with different effective charges and functionalities in a given study will help
discover trends in NP toxicity and translate these experiments to predictions for other

types of NPs.
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Supporting Information

Nanoparticle ligand density measurement and analysis: Nanoparticle
suspensions were centrifuged (14.5 kxg, minimum 60 min) to pellet particles, and the
supernatant was removed and the particles were re-suspended and sonicated in a
small amount of 18 MQcm deionized water (Barnsted Nanopure). Particles were
dripped onto pre-cleaned highly conductive (<1 milliohm-cm) silicon wafers and dried
in at least two iterations. The nanoparticle layers were sufficiently thick that the
underlying Si wafer was not detectable in subsequent XPS measurements. In order to
validate the procedures used to correct the data for electron scattering, we also
prepared “ligand-free” samples by gently removing the ligands by photo-oxidation.
XPS measurements were performed using a custom-built, ultra-high vacuum Physical
Electronics XPS system equipped with an aluminum Ka source (~ 1487 eV x-ray
energy), a quartz-crystal X-ray monochromator, a hemispherical electron energy
analyzer, and a 16-channel array detector. This system is ion-pumped with a base
pressure of <2x107° torr. For each ligand, XPS spectra were obtained, and initial
experiments were used to determine which specific peaks provided the best
quantitative data free of extraneous contamination. Subsequent experiments involved
measuring and quantitatively analyzing these peaks. For CTAB and PAH-modified
nanoparticles, the C(1s) /Au peak area ratio was used for quantitative primary
analysis. For MPA, the S(2p) peak was used because the C(1s) signal from this small

molecule is otherwise difficult to separate unambiguously from potential background
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contamination. For citrate, we used the high binding-energy carbon peak near 290 eV
that is characteristic of carboxylic acid groups; typical contamination shows little or no
signal in this region.

Nanoparticle shape and inelastic scattering within the Au and within the
inorganic layer accounted for using direct finite-element analysis to model the creation
and scattering of electrons within ligand-coated spherical nanoparticles 'To account for
the electron scattering within the organic layers, values for the inelastic mean free
paths (IMFP) measured by Laibinis, et al® for Au photoelectrons propagating through
self-assembled alkyl monolayers of different thicknesses, yielding values for the IMFP
of ~ 1400 eV for Au photoelectrons propagating through the organic monolayers | a, c.
The IMFP of the ~ 1200 eV C(1s) electrons scattering within the organic film were then
obtained using the well-known energy scaling laws, > and these values were used as
inputs into the finite-element analysis program to model the experimentally observed
XPS peak ratios as a function of ligand coverage. As a check, we also compared the
absolute intensity of the Au XPS peaks from ligand-covered and the “ligand-free”
samples prepared by ozone oxidation of the ligand-covered samples, as described
above. Measuring the absolute Au peak areas from the ligand-free sample (A igand-free)
and ligand-bearing samples (A iigand-bearing) With identical sample geometry and

alignment yields a direct measure of the t/Aa, c via

A

ligand —bearing —t/ Ay,
——=exp "
A

ligand - free
where t is the thickness of the film and the Aa ¢ is the inelastic mean free path of Au

electrons in the organic layer. In all cases where a direct comparison could be made,
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we found that the finite-element modeling yielded results consistent with the

experimental data.
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CHAPTER 2 TABLES

Table 1. AUNP characterization as synthesized.

AuNP Sample | SPR 1 max dcore (hnm) | Dh (nm) { -Potential

(nm) (mV)
CTAB -AuNRs | 512,778 50 x 14 20.7x05 | 16.7x15
PAH-AuNPs 524 4.7 1.2 179%09 | 17.9%0.9
Cit-AuNPs 518 4914 128*1.2 | 156315

MPA-AuNPs 512 3.8x1.1 8.0+1.2 -18.5+£1.3
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Table 2. AUNP characterization in daphnid media.

AuNP Sample | Time (h) Dh (nm) Z-Potential (mV)
CTAB-AuNRs | 0 16.6 £ 2.0 281%+1.6
CTAB-AuNRs | 48 17.5+0.2 27.7%+138
PAH-AuNPs 0 52.8 +1.7 11.8 5.2
PAH-AuNPs 48 55.9+4.1 204104
Cit-AuNPs 0 219%0.9 -15.3%+1.5
Cit-AuNPs 48 90.8 +5.9 -5.6 0.2
MPA-AuNPs 0 50.7 £ 1.1 -9.1%53
MPA-AuNPs 48 750.6 + 8.2 -11.0+1.0

Table 3. AuNP ligand density determined by XPS.

AuNP Sample Measured density

CTAB-AuNR 7.6 x 10" and 1.39 x 10" molecules/cm®
PAH-AuNP 1.12 x 10"° formula units/cm?

Cit-AuNP 4.7 x 10" molecules/cm?

MPA-AuNP 5.6 x 10"* molecules/cm?
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CHAPTER 2 FIGURES

Figure 1
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Schematic representation of functionalized AuNPs used in the toxicology study.
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Figure 2

Agglomerated vs. aggregated AuNPs. TEM images of 4.0 nm Cit-AuNPs (A,B) and
MPA-AuNPs (C,D) immersed in daphnid media for 48 h. Close examination of the
aggregated Cit-AuNPs reveal that the AUNPs have formed extended networks of
irregular nanowires and large particles. In contrast, the MPA-AuNPs remain dispersed,
but closely associated individual AuNPs. Scale bar in (A) and (C) is 25 nm. Scale bar

in (B) is 20 nm. Scale bar in (D) is 10 nm.
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Figure 3
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Effects of AuNPs, free ligands and impurities on daphnid acute mortality. Effects
of AUNP exposure on (a) daphnid mortality after 48-hour exposure to 1, 5, 10 and 50
pug/L CTAB or PAH-AUNPSs, free ligands and supernatants. Acute mortality evaluated
by Mann-Whitney U test for two independent samples. Asterix indicate significant

difference from control (p < 0.05).
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Figure 4a
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Effects of AuNPs, free ligands and impurities on daphnid reproduction in
chronic assays. Effects of AUNP exposure on (a) daphnid reproduction after 21-day
exposure to 1 and 5 ug/L CTAB or PAH-AuNPs, free ligands and supernatants and (b)
daphnid reproduction after 21-day exposure to 5 and 25 mg/L Cit or MPA-AuNPs, free
ligands and filtrates. Reproduction evaluated by Mann-Whitney U test for two

independent samples. Asterix indicate significant difference from control (p < 0.05

Figure 5
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Effects of AUNPs on daphnid body size after 21-day chronic exposure. Effects of
AuNP exposure on daphnid body size after 21-day exposure to 5 and 25 mg/L of Cit or
MPA AuNPs. Body size evaluated by Mann-Whitney U test for two independent

samples. Asterix indicate significant difference from control (p < 0.05).
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Figure 6

Nanoparticles adhered to daphnid exoskeleton. Cit-AuNPs adhered to a daphnid
carapace. (a) Cit-AuNP algal-agglomerate adhering to daphnid carapace. (b) Cit-

AuNPs are ingested by daphnids but may also be found on the outside of the

daphnids.
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CHAPTER 2 SUPPORTING INFORMATION
Surface chemistry, charge and ligand type impact the toxicity of gold nanopatrticles to

Daphnia magna

Number of supporting information pages: 10

Number of Figures: 7
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50 nm \

Figure S1. Representative TEM images of functionalized AuNPs used in this study.
(A) 4.7 nm PAH-AuNPs, scale bar 20 nm. (B) 4.9 nm Cit-AuNPs, scale bar 50 nm. (C)

3.8 nm MPA-AuNPs, scale bar 50 nm. (D) 50x12 nm CTAB-AuNRs, scale bar 50 nm.
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Figure S2. Size distribution data for the spherical AuNPs used in the study. (A) 4.7 nm

PAH-AuNPs. (B) 4.9 nm Cit-AuNPs. (C) 3.8 nm MPA-AuNPs.
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Figure S3. UV-vis spectroscopy analysis of AUNP stability in Daphnia media over an
extended period of time. Exposure conditions mirror the acute toxicity exposures. (A)
PAH-AuNPs, (B) CTAB-AuNRs, (C) Cit-AuNPs, and (D) MPA-AuNPs. [AuNP] = 10.0

nM, [CTAB-AuNR] = 2.0 nM.
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Figure S4. DLS analysis of (A) MPA-AuNP aggregation and (B) Cit-AuNP aggregation
in Daphnia media over various incubation times. Incubation conditions mirrored the

acute toxicity exposures. [AuNP] = 10.0 nM.
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Figure S5. Negatively-charged AuNPs (Cit, MPA-AuNPs) aggregate over 48 h in
Daphnia media, however the MPA-AuNPs and the Cit-AuNPs show different
aggregation behaviors. (A) MPA-AuNPs aggregate reversibly. After 48 hours, the initial
red-brown solution (left) gives way to black clumps of aggregated AuNPs (middle), but
after gentle agitation, the red-brown solution color is restored (right). (B) In contrast,
Cit-AuNPs aggregate irreversibly. The red-orange solution (left) gives way to a black-
blue aggregate (middle). Even after vortex mixing and sonication, the solution remains

blue-black; the AuNPs have not re-suspended.
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Figure S7

A

Absorbance (A.U.)

400

500 600 700
wavelength (nm)

B RS SR C *1 dee=3.4+1.0nm
St anlnttee T o | N=1975
% $.. . pe ;i.' X 15
R R ‘@ - S e Al <
.: ..,4..’ .‘:".. “e §
R R TS DAL Y 10
ool k8
“‘.w.;t'--"-*. i D s
! “t N ,“, ..0.01.: ™
g 5% 3% '-..,‘-.’. =
800 "‘.. "’ e O —,
® f.' ‘ery s Diameter (nm)
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image (B) of the concentrated PAH-AuNP supernatant, and the corresponding size

distribution analysis (C).
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Abstract

Nanoparticle (NP) physiochemical properties have been shown to be important
determinants of NP interactions with biological systems. Due to both nanomaterial
diversity and environmental complexity, a mechanistic understanding of how
physiochemical properties affect NP/organism interactions will greatly aid in the
accurate assessment and prediction of current and emerging NP-induced
environmental impacts. Herein, we investigated key biological apical endpoints, such
as viability, growth, and reproduction and the expression of genes associated with
related molecular pathways in response to exposure gold nanoparticles (AuNPs)
functionalized with either positively charged ligands, polyallyamine hydrochloride, or
negatively charged with mercaptopropionic acid ligands, in two model organisms, the
bacterium Shewanella oneidensis MR-1 and the water flea Daphnia magna. By linking
changes in molecular pathways to apical endpoints, potential biomarkers for
functionalized AuNP impacts were identified in both organisms. Specifically, act was
identified as a potential biomarker in D. magna and 16S as a potential biomarker in S.
oneidensis. We also revealed that changes in molecular pathways induced by ligand-
NP combination were strongly dependent upon the type of ligand on NP surface and
the effects from their respective ligand alone might predict these effects from the
ligand-NP combination. Lastly, we identified that it is possible to identify similar
pathways provoked upon NP exposure across organisms. This study shows that
molecular pathways will help elucidate mechanisms for NP toxicity that are predictive

of adverse environmental outcomes.

71



Introduction

Engineered nanoparticles (NPs) are being produced to enhance a wide range
of societally beneficial applications, from energy storage capacities and material
durability to medical therapeutics and water treatment devices'>. These applications
are possible because of the novel physiochemical properties NPs display, such as
high surface area and reactivity as well as distinct surface chemistries, composition
and size distributions. It is, however, these same size-dependent physiochemical
properties that may influence their biocompatibility*®. For example, size, shape and
core composition have been thought to mediate receptor-ligand binding rates, cellular
phagocytosis, exocytosis and cytotoxicity® 2. Other studies suggest that NP surface
charge is the main determinant of biological interactions, with positively charged
particles being more toxic than negatively or neutrally charged particles'®.

These classifications of critical features that determine biological impact all
focus on the NPs themselves. The differences in response across organisms or cell
types is less often considered despite the fact that toxicological evaluations of the
biological impacts caused by engineered NPs have revealed a wide range in
responses across cell types or organisms considered'®?3. For example, Sohaebuddin
et al. (2010)** demonstrated that cell type determines the extent of response to
nanomaterials with different composition and size. In another study using ZnO NPs,
the ECso differed by orders of magnitude for V. fischeri, D. magna and T. platyurus®.
Variation across cell systems and organisms makes it difficult to develop a common
understanding of the properties of nanomaterials that may determine toxicity. Even for

well-studied chemicals, such as pesticides, models that use general acute endpoint
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data to predict impacts often inaccurately estimate concentrations that cause effects
across similar chemicals, and rarely are applicable across organisms® ?’. These
studies have shown that a more mechanistic understanding of the impacts of
chemicals at sublethal doses provides a more accurate description of impacts and
better data for modeling these effects across species. The goal of this project is to
achieve a more mechanistic understanding of NP/organism interactions to facilitate
efficient prediction of the impact nanotechnology will have on environmental health.
Linking specific molecular mechanisms that are impacted by NPs across organisms
will not only greatly aid in assessing the potential environmental impact of these
materials but is also crucial to informing NP design for safe and sustainable
development of nanotechnologies.

Currently, the major proposed molecular mechanism for NP toxicity is oxidative

4, 28-31

stress . However, the exposures that produce oxidative stress in many studies

are well above what is estimated to be the current or future environmental

32, 33 I

concentrations; long-term low dose exposures are the more likely scenario n

addition, the molecular mechanisms responsible for coping with oxidative stress are

34.3% and are a natural

triggered upon exposure to a wide range of chemical species
biological response that does not necessarily lead to an adverse outcome®. The focus
on oxidative stress and lethal dose exposures makes it difficult to uncover other
mechanisms that may have a greater predictive power for the environmental impact of

NPs. Sublethal concentration-based exposures allow the cell to have a more natural

perturbation by the contaminant that triggers subtle, but potentially specific, molecular
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responses®” 3. It is these more realistic exposure scenarios that will uncover more

mechanism-based information to predict meaningful impacts across species.
Molecular biomarkers provide a sensitive indicator of the response of an

organism to stressors such as exposure to a toxicant in addition to providing

37. 38 Mechanistic

information on the mechanisms that are impacted by exposure
information that can be tied to larger impacts on reproduction for example enhance the
possibility of predicting negative outcomes where standardized toxicological tests,
although valuable, have limited the ability to accurately predict the impact of emerging
contaminants. Overreliance on these methods has led to risk assessment failures™®.
Developing such candidates for molecular biomarkers for NP toxicity will greatly aid in
the rapid assessment and impact prediction for current and emerging nanomaterials
across a wide range of organisms. Previously developed biomarkers, for example,
vitellogenin, have been used for the successful determination of adverse outcomes of
some classes of endocrine disruptors and their impacts on vertebrate reproduction*®*2.
Metallothioneins are biomarkers used in organisms to detect toxic metal ion exposure,
and they are known to respond to a wide range of metal-based contaminants
associated with environmental pollution®®. Heat shock proteins, indicative of
proteotoxic stressors, indicate subtlethal cellular damage and respond in a dose-
dependent manner to environmental stressors**. Molecular biomarkers that provide
mechanistic insight for grouping nanomaterials by their molecular level interactions,

especially if they apply to effects seen across species, would provide insight for

grouping nanomaterials by their molecular level interactions. Furthermore, they may
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indicate both nonspecific and specific modes of action as well as underlying
mechanisms for toxicity of NPs with particular physiochemical properties.

In this study, we examined several candidate biomarkers in two model species,
the bacterium Shewanella oneidensis and the invertebrate Daphnia magna, that are
associated with pathways of importance in these two species and determined how
their expression related to the biological impacts of exposure to gold NPs (AuNPs)
with positively or negatively charged surfaces. Shewanella oneidensis (MR-1) is an
environmentally beneficial gram-negative bacterium with a unique metal-reducing
capability to respire heavy metals; S. oneidensis plays an important role in the cycling
of metal elements in the ecosystem as well as the bioremediation of toxic elements*.
Daphnia magna is a designated toxicology and toxicogenomics model organism by
multiple agencies (OECD, NIH and EPA), and is an environmentally relevant
freshwater invertebrate that composes an integral part of freshwater food webs®.
AuNPs were chosen as a model NP in this study due to the chemical inertness of the
gold core and our ability to readily control size*’, shape*® and surface
functionalization*®. Two ligands were used for AuNP functionalization, positively
charged polyallylamine  hydrochloride @ (PAH) and negatively charged
mercaptopropionic acid (MPA).

We explored genes in various molecular pathways in our two model organisms.
Pairs of genes selected from each organism were selected to represent pathways
encoding for similar cellular functions in two organisms, including oxidative stress,
xenobiotic detoxification, protein folding, cellular electron transport, and cellular

maintenance. In addition, genes in pathways related to reproduction in D. magna and
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to cell division, DNA repair and extracytoplasmic stress in S. oneidensis were also
investigated. The goal was to determine 1) how the exposure to NPs with differing
surface properties impacted each organism and how this differed from their respective
ligand controls 2) if gene expression for these pathways were an indication of impacts
seen in each organism 3) if exposure duration altered effects and gene expression
measurements and if acute measurements of gene expression would provide an
indication of chronic impacts 4) if gene expression for similar pathways across
organisms would provide biomarkers that were predictive across species. The NPs
used in this study were quantitatively and qualitatively characterized prior to and after
exposure to assay media to aid us in understanding how alterations in NP physical
properties may impact molecular pathways. Overall, this work aims to link molecular

pathways to NP characteristics in two distinct environmentally relevant organisms.

Methods
Functionalized AuNP synthesis and characterization

All materials were used as received, unless otherwise noted. Gold
tetrachloroaurate trihydrate (HAuCls*3H,0), sodium borohydride (NaBH,), trisodium
citrate, 3-mercaptopropionic acid (MPA), and polyallylamine hydrochloride (PAH; M,
15, 000 g/mol) were obtained from Sigma Aldrich. Ultrapure deionized water was
prepared using a Barnstead NANOPURE water filtration system. PALL Minimate
tangential flow filtration capsules for AuNP purification with 50 kD pore size was
obtained from VWR. Transmission electron microscopy grids were obtained from

PELCO (SiO on copper mesh).
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The 4.7 (x 1.5)-nm-diameter PAH-AuNPs were prepared by polyelectrolyte
wrapping of ~4-nm-diameter citrate-coated AuNPs. The (4.3 + 1.3)-nm-diameter MPA-
AuNPs were prepared by direct synthesis. After synthesis, measuring and counting
using TEM images determined size distributions. Detailed descriptions of the AuNP

syntheses are given below.

PAH-AuNPs (4.7 £ 1.5 nm). As a first step in synthesis of PAH-AuNPs citrate AuNPs
were synthesized using previously reported procedures*’.***’*" |n an aqua regia-
cleaned round-bottomed flask, 5.0 mL of aqueous gold tetrachloraurate hydrate
(HAuCl43H20, 10.0 mM) was combined with 1.5 mL of aqueous 0.1M sodium citrate
and diluted to a final volume of 400 mL with ultrapure deionized water. The reaction
mixture was stirred vigorously for 10 min. An aqueous solution of ice-cold 10.0 mM
sodium borohydride (30.0 mL) was then added to the reaction mixture, while stirring
continued. Following borohydride addition, the solution rapidly changed color to a deep
brown, and then red-orange over the course of the first 10 minutes of stirring. The
resulting AuNP solution was then stirred for a further 3.0 hours. The crude 4 nm Cit-
AuNPs were then concentrated using a diafiltration apparatus, prior to polyelectrolyte
wrappingso. Cit-AuNPs were then wrapped with polyallylamine hydrochloride (PAH) to
prepare 4 nm PAH- AuNPs, as previously described®’. Briefly, the concentrated Cit-
AuNP solution was dispersed in 20.0 mL of a 1.0 mM aqueous sodium chloride
solution to give a final AUNP concentration of approximately 20.0 nM . To each 20.0
mL of polyelectrolyte wrapping solution, 500 uL of 15 000 M,, PAH (10.0 mg/mL)

dissolved in 1.0 mM NaCl was then added. The wrapping solution was briefly mixed at
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vortex briefly and left to stand for 16 h. The PAH-AuNPs were subsequently purified by
centrifugation and washing (55 min. at 18,894 rcf), in ultrapure deionized water. The

purified PAH-AuNPs were then concentrated in a diafiltration membrane®.

MPA-AuNPs (4.3 £ 1.3 nm). MPA-stabilized AuNPs were prepared by direct synthesis
with sodium borohydride according to previously reported methods®2. Briefly, a 500 mL
aqueous solution of HAuCl4 (1.5 mM) and MPA (3.0 mM) was prepared using ultrapure
deionized water in aqua regia-cleaned round-bottomed flask. The pH of the growth
solution was adjusted to approximately 8.5 by the addition of dilute aqueous sodium
hydroxide, and stirred at vortex for 10 min. 10.0 mL of a 0.1 M aqueous sodium
borohydride solution was then added to the reaction mixture. The combined solutions
rapidly changed color to a deep orange-brown, and the reaction mixture was stirred for
a further 3 hours. The thiol-stabilized AuNPs were then concentrated and purified by
diafiltration (40.0 volume equivalents of ultrapure deionized water in a 50 kD

membrane).

AuNP characterization and analysis

Synthesized functionalized AuNPs were characterized in Milli-Q water, bacteria
growth medium, and Daphnia medium using various analytical techniques, including
TEM for absolute sizes (JEOL 2100 Cryo TEM), dynamic light scattering for
hydrodynamic diameter (Brookhaven ZetaPALS), zeta-potential for surface charge

(Brookhaven ZetaPALS), and UV-Vis localized surface plasmon resonance (LSPR)
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spectroscopy for particle concentration and aggregation (Mikropack DH-2000 UV-vis-

NIR Spectrometer).

Free ligand suspensions

Free ligands, MPA and PAH (M, 15, 000 g/mol), were obtained from Sigma
Aldrich. MPA and PAH ligands are readily soluble in water and do not require a co-
solvent for dispersion. The ligands were dissolved into Milli-Q water at a maximum
concentration of 50 mg/L and diluted accordingly for free ligand toxicity control

experiments.

Shewanella oneidensis MR-1 cultivation and cell respiration assay

S. oneidensis MR-1 cultivation. S. oneidensis MR-1 was obtained from Professor
Jeffery Gralnick, University of Minnesota Department of Microbiology and was stored
at -80°C before use. Bacteria were inoculated onto a LB broth agar plate and
incubated at 30°C for 24 hours or until visible colonies formed. A minimal medium
consisting of salts and buffering agent was used in this study. 0.68 g NaCl, 0.3 g KCl,
0.285 g MgCl,-6H,0, 0.3975 g NaSO4, 0.15 g NH4CI, and 2.383 g HEPES (4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid) were dissolved in 1 liter of Milli-Q
water. After autoclaving and cooling down, 0.0125 g Na;HPO,4 and 0.0056 g CaCl,
were added per liter. Right before use, 1.86 mL sodium DL-lactate syrup (60% w/w,
Sigma-Aldrich) was mixed with the minimal medium to make 100 mL of the final
growth medium containing 129 mM sodium DL-lactate. Lactate was used as an

additional carbon source to promote bacterial growth. Colonies formed on agar plates
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were inoculated into the minimal medium with lactate in sterile culture tubes and grown
in a 32 °C orbital shaker at 300 rpm until ODggp ~0.25, the maximal optical density that

Shewanella oneidensis MR-1 can reach in the minimal medium with lactate.

Monitoring S. oneidensis oxygen uptake. The oxygen uptake of the bacteria
population over time was monitored using a PF-8000 aerobic/anaerobic respirometer
system (Respirometer Systems and Applications, LLC). Bacteria were grown in
minimal medium with lactate until it reached ODggp ~0.25 and diluted 1:10 into that
growth medium supplied with NP/ligands in reaction vessels that were kept in a 32 °C
water bath. Exposures of PAH-NPs were conducted at 30, 100, and 5000 ug/L, and
exposures of PAH ligand were 30, 100, 300, 600, 1000, 2000 and 5000 pg/L. In all
subsequent experiments and comparisons, a ten-fold mass concentration of PAH free
ligand and an equivalent mass concentration of MPA free ligand were used as ligand
controls, which was calculated to be an overestimate of possible total free ligand
present in the suspension (See SI)*®. A tube filled with 1 mL 30% (w/w) KOH solution
was inserted into each reaction vessel to absorb carbon dioxide generated from cell
respiration. The consumption of oxygen was compensated by continuous oxygen
injection to keep the pressure constant in the headspace of the reaction vessels.
Oxygen uptake was recorded every 10 minutes automatically for 24-48 hours by the
instrument. The first derivative of oxygen uptake was plotted to identify the maximal
oxygen uptake rate and the time of that maximum. To represent each cell oxygen
uptake trace with a single value, the ratio of maximal oxygen uptake rate to the time

when it reached maximal rate was calculated following the equation below:
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Maximal rate (%)
Ratio =

Time to reach maximal rate (h)
The ratio was then normalized to the average of control groups and represented

as a percentage, where 100% indicates no inhibition of cell oxygen uptake.

Daphnia magna cultivation and biological assays

D. magna cultivation. Populations used in this experiment were cultivated at the UW-
Milwaukee School of Freshwater Sciences in the R. Klaper laboratory. Daphnia
neonates used for the gene expression assays were collected from populations
maintained in moderately hard reconstituted water (MHRW) incubated at 20°C on a
16:8 light/dark cycle as designated by EPA protocols®. Daphnia breeding populations
were held at a concentration of 14 adult Daphnia per 1 L of media in glass beakers
and were discarded once adults reached 28 days old. Daphnia were fed 50 mL
freshwater algae (Pseudokirchneriella subcapitata) at an algal density of 400,000
algal cells/mL and 15 mL of dissolved alfalfa (Medicago sativa). Alfalfa stock was
prepared by suspending 405 mg of Alfalfa in 50 mL milli-Q water after 15 minutes of

stirring and 5 minutes of centrifugation at 3,829 RCF.

D. magna acute assay. Acute survival assays were carried out in a 48 hr static
exposure. All exposures used 5 Daphnia neonates (24 - 48 hours old) per 100 mL of
MHRW (control), NPs, or free ligands suspended in MHRW, bringing the total volume
to 100 mL. A minimum of three replicates was carried out for each treatment, and
survival was determined as percentage alive at 48 hrs. Exposures were carried out to

determine sublethal concentrations of NPs and free ligands. Concentrations tested for
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NPs and free ligands are: 1, 5, 10, 50, 100 pg/L for PAH-AuNPs and PAH free ligand

and 1, 5, 10 and 25 mg/L for MPA-AuNPs and MPA free ligand.

D. magna chronic assay. Daphnia chronic exposures used 5 Daphnia neonates (24 -
48 hours old) exposed to NPs or ligands for 21 days in a static renewal exposure, and
triplicate assays were performed for each condition. A total of 5 neonates were placed
in 94 mL of MHRW (control) or NPs/ligands where full media change out occurred
three times per week. In chronic exposures, daphnids are supplemented with 4 mL of
algae (Selenastrum capricornitum) and 2 mL of alfalfa (Medicago sativa) at each
media exchange to bring the total volume to 100 mL. Concentrations tested in the
chronic assay were: 1 and 5 pg/L for PAH-AuNPs and PAH free ligand and 5 and 25
mg/L for MPA-AuNPs and MPA free ligand. Reproduction and mortality were
measured at each media exchange, and body size was recorded at the end of the
exposure.

Reproductive exposures adhered to the mortality and reproduction guidelines
designated by the OECD (OECD guidelines 1998). Daphnids were kept at a
concentration of 5 daphnids per 100 mL, and results were normalized to controls (i.e.
daphnia exposed to only MHRW) to account for changes in reproduction and body

size as these replicate exposures took place over a period of several months.

Gene expression exposures and RNA preservation

Gene expression exposures were performed in parallel with bacterial oxygen uptake

and D. magna survival and reproduction assays.
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S. oneidensis. Colonies from agar plates were inoculated in minimal medium supplied
with 129 mM lactate until the bacterial suspension reached ODgog ~0.25. The bacterial
suspension was adjusted to ODggp = 0.2 before AuNPs were added. The sublethal
dosages, 30 ug/L of PAH-AuNPs and 300 pg/L of PAH ligand, and 5 mg/L of MPA-
AuNPs/ligands, were primarily used for gene expression studies; in addition, a 100
pg/L dose of PAH-AuNPs was used to investigate two biomarker candidates, in order
to provide further evidence to link molecular pathways to inhibition of bacterial oxygen
uptake. After exposure, the bacterial suspension was incubated on a 32°C orbital
shaker at 300 rpm for 1 hour or 6 hours. Cells were harvested by centrifuging at 1,500
g for 10 minutes, and then the pellets were sufficiently re-suspended into either 200 pL
(PAH-AuNP/ligand) or 1 mL (MPA-AuNP/ligand) of RNAzol®RT (Molecular Research

Center, Inc.) for cell lysis and RNA preservation.

D. magna. Daphnia neonates (24 - 48 hours old) were exposed to NPs and free
ligands in an acute exposure lasting 24 hours. All exposures used 10 neonates per
100 mL of MHRW (control) or NPs or free ligands suspended in MHRW (treatment)
bringing the total volume to 100 mL. Exposures were carried out at sublethal
concentrations of NPs/free ligands between 5-1000 mg/L depending on the NP/free
ligand being considered. Sublethal concentrations for acute exposures were chosen
based on previous study (Bozich et al. 2014). Greater than three replicates within an
experiment were carried out for each treatment and concentration tested. At the end of

the exposure duration, daphnids were collected and put in a 1.5 mL RNase-free
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eppendorf tube corresponding to their replicate number. Excess liquid was removed
and daphnids were immediately flash frozen in liquid nitrogen and stored at -80°C to
await further processing. For D. magna chronic exposures, exposures were carried
out at sublethal concentrations of NPs/free ligands between 5-5000 mg/L, and
daphnids were collected at the end of the 21-day exposure period and preserved using
the same method as the acute exposure samples. All samples RNA were extracted

using TRIzol® for cell lysis and RNA preservation.

RNA extraction, reverse transcription and real-time quantitative PCR

A Direct-zol™ RNA MiniPrep kit (Zymo Research) was used for total RNA isolation
and purification by spin columns. The manufacturer’'s recommended protocol was
followed using a centrifugation speed of 12,000 xg with an on-column DNase |
treatment at 30°C for 15 minutes. RNA was finally eluted from the column at 16,000
xg for 1 minute. Total RNA was characterized using a Thermo Scientific NanoDrop
8000 and an Agilent 2100 Bioanalyzer for quality control.

Total RNA was reverse transcribed into cDNA following the manufacturer's
protocols. Briefly, 100 ng of total RNA were incubated in the presence of either
random primers (Promega) for S. oneidensis or oligo(dT)s primer (Promega) for D.
magna at 65°C for 5 minutes. After cooling on ice for 1 minute, the SuperScript Il
reverse transcriptase, DTT, and RNaseOUT™ recombinant ribonuclease inhibitor (Life
Technologies) were added into the mixture followed by incubation at 25°C for 5
minutes (this step was only for random primers), 50°C for 60 minutes, and 70°C for 15

minutes for primer extension. Once synthesized, cDNA were stored at -20°C.
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Target genes were chosen for both S. oneidensis and D. magna. Four pairs of
genes in similar pathways related to stress response in the two organisms were
selected, including gst (S. oneidensis)/gst (D. magna, same order for the following
pairs) in xenobiotic detoxification, nqrF/nadh for electron transport, katB and sodB/cat
for oxidative stress attenuation, and ibpA/hsp70 for heat shock response. To link to
apical endpoints, the vig gene for D. magna reproduction and ftsK for bacterial cell
division were also examined. Genes for actin (act) in D. magna and for 16S ribosomal
RNA (16S) and RNA polymerase (rpoA) in S. oneidensis were monitored to consider
NP/ligand impacts on basic organism machinery. In addition, stress response genes
including pspB for extracytoplasmic stress, sodB for oxidative stress, and radA for
DNA repair were also examined in S. oneidensis. Table 1 shows a full list of genes
along with their corresponding functions.

Primers for real-time quantitative PCR were designed by the PrimerQuest Tool
(Integrated DNA Technologies). Two sets of primers were designed for each gene,
and the one with efficiency closest to 1 was chosen to be the primer for subsequent
real-time PCR. Table 1 includes a full list of primers used in this study.

Real-time quantitative PCR (qPCR) was performed on a StepOnePlus™ Real-Time
PCR System (Life Technologies) using SYBR Green as the fluorescent intercalating
dye (iTag™ Universal SYBR® Green Supermix, Bio-Rad). For each qPCR reaction,
cDNA and primers were mixed with the fluorescence dye following the manufacturer’s
protocol. Starting with an initial 10 min denaturation at 95°C, real-time PCR repeated

40 cycles of amplification, each of which was 15 s at 95°C followed by 30 s at 60°C.
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Fluorescence of SYBR Green was detected at the end of each cycle. All g°PCR

experiments were done in technical duplicates.

NORMA-Gene analysis of qPCR data

Real-time quantitative PCR data were processed by the Miner’® program and
NORMA-Gene algorithm®. Miner applies an objective analysis scheme to obtain the
dynamic fluorescence threshold (R), threshold cycle number (C:), and efficiency (E) for
each gPCR reaction, instead of using the same threshold for all reactions. Data of
normalized reporter signal (Rn) versus cycle number were extracted from amplification
data exported from the StepOnePlus™ software as the input to the Miner program to
obtain R, C;, and E values for each reaction. Ry, the initial fluorescent reporter signal,
was calculated based on the equation below:

Ry = RX(1 + E)

Due to the change in housekeeping genes throughout experiments, NORMA-
Gene, a qPCR normalization method based on target gene data, was applied to
normalize the gene expression data and reduce the variation among replicates rather
than using a single housekeeping gene. Using this technique the geometric means of
Ro values of technical duplicates were calculated as the average and were put into the
NORMA-Gene workbook generously provided by Dr. Yuya Hayashi. Normalized Ry
values, which were the output of NORMA-Gene algorithm, were then further
normalized to control groups by dividing the normalized Ry of treated groups by the
geometric mean of normalized R, values of control groups to obtain the relative fold

change.
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Statistical analysis

The normalized ratios from oxygen uptake traces were further subjected to
statistical analysis. No normality and outliers were considered within this data set due
to the limited sample size (N<5). The two-tailed Student’s t-test was performed on
treated samples versus their respective control group with a = 0.05. GraphPad Prism
(GraphPad Software, Inc.) was used for statistical analysis.

Data from Daphnia acute studies failed to meet the assumptions of normality.
Therefore, the effects of NP and free ligand exposures on Daphnia survival, were
compared to controls using the Student’s t-test for two-independent samples (N<3).
Impacts on daphnid reproduction and body size were assessed using one-way
ANOVA with Tukey’s multiple comparison tests after normality and variance
homogeneity were determined (N>3). One round of statistically determined outliers
was removed, and treatments were deemed significantly different than controls at
probability value < 0.05. SPSS (IBM 2013).

The relative fold change values of S. oneidensis gene expression were log,-
transformed followed by the combination of control groups. Outliers were identified and
excluded from the data set (ROUT algorithm, Q = 1.0%, Prism GraphPad), and post-
hoc Tukey’s tests after ANOVA were performed to determine statistical significance
among different treatments at one time point and one gene of interest. For the 16S
and sodB genes upon 100 pg/L PAH-AuNP exposure, as there was only one

treatment, an unpaired t-test was used instead of ANOVA. Again, normality was not
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tested due to the limited sample size (N < 6). GraphPad Prism was used to perform
statistical analysis.

The relative gene expression data from Daphnia short-term and long-term gene
exposures were normalized to controls and log, transformed to fit a normal distribution.
Outliers were removed prior to statistical analysis. Significant differences in relative
expression were determined using one-way ANOVA with Tukey’s multiple comparison
tests after normality and variance homogeneity were determined (p < 0.05) (N>3).

SPSS (IBM 2013) was used to interpret data.

Results
Nanoparticle characterization

TEM analysis of absolute size showed that the two AuNPs had very similar core
size, while the hydrodynamic diameter of PAH-AuNPs in water was larger than MPA-
AuNPs, possibly due to the polyelectrolyte wrapping (Table 2). It was notable that
MPA-AuNPs showed increased hydrodynamic diameter and a peak shift in UV-vis
extinction upon resuspension in growth medium, indicating the aggregation of MPA-
AuNPs, though the MPA-AuNPs still retained a negative surface charge in the growth
medium (Table 2). The aggregation may result from elevated ionic strength in the
growth medium or the pH change from slightly acidic Milli-Q water (pH ~6.3) to neutral
growth medium (pH ~7.2). This aggregation might lead to altered NP toxicity, as
previous studies have revealed' °’. Similar behavior was not observed on PAH-
AuNPs, indicating more stability of PAH-AuNPs in growth medium than MPA-AuNPs

(Table 2).

]R8



Shewanella oneidensis oxygen uptake

PAH-AuNPs significantly affected bacterial oxygen uptake at 100 pg/L
(unpaired t-test, t=9.895, df=5, p < 0.05) while its corresponding free ligand control, 1
mg/L of PAH free ligand elicited similar inhibition compared to control groups (unpaired
t-test, t=4.222, df=6, p < 0.05) (Figure 1(c)). A concentration of 30 pug/L of PAH-AuNPs
was chosen as the sublethal dose as this concentration produced no inhibition; this NP
dose was paired with the 10-fold dose, 300 ug/L, as the corresponding PAH free
ligand control. MPA-AuNPs did not inhibit bacterial oxygen uptake at the highest dose
tested (5 mg/L), while the respective 5 mg/L of MPA free ligand demonstrated oxygen
uptake inhibition (t=9.713, df=2, p < 0.05) (Figure S2).

As the oxygen uptake reflects bacterial population growth, the doubling time of
bacterial growth at the exponential phase was calculated based on oxygen uptake
traces (See Sl). Results showed that S. oneidensis had an average doubling time
between 2 and 3 hours in the growth medium used in this study; thus, 1 hour was
chosen as a time point for short-term exposure and 6 hour for long-term exposure in

the subsequent gene expression studies.

S. oneidensis gene expression response

At the sublethal exposure dosages, differential expression levels of ten genes in
S. oneidensis were observed at both 1-hour and 6-hour time points when comparing
treatment and control. The general pattern of gene expression os summarized in the

heat map (Figure 2(a)).
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In all cases, the differences in gene expression appear to be dominated by
ligand rather than NP exposure. All changes in gene expression induced by ligand-NP
combination were accompanied by the changes in their respective free ligand control,
including 16S (PAH, F = 18.33, df = 22, p < 0.0001), rpoA (PAH, F = 8.177, df = 31, p
= 0.0001), pspB (PAH, F = 8.198, df = 22, p < 0.0003), and ibpA (MPA, F = 36.92, df =
22, p <0.0001) at 1-hour exposure (Figure 3(a)), and sodB (PAH and MPA, F = 10.06,
df = 22, p < 0.0001) at 6-hour exposure (Figure 3(b)). Exceptions are two NP-specific
effects that were observed in sodB (PAH, F = 7.543, df = 22, p < 0.05) at 1-hour
exposure and 16S (PAH, F = 3.238, df = 22, p < 0.05) at 6-hour exposure, where the
free ligand control did not elicit similar effects as NPs when compared to control. For
these two genes, S. oneidensis was exposed to a higher dosage (100 ug/L) of PAH-
AuNPs to explore the link to inhibition of oxygen uptake (Figure 4). The 16S gene
expression decreased upon 100 pg/L PAH-AuNP exposure at 6-hour exposure
(unpaired t-test, t=38.67, df=7, p<0.0001), while sodB gene expression did not show a

significant difference compared to the control group at 1-hour exposure.

The difference in ligand-NP combination appears to be important in determining
the differential gene expression pattern at 1-hour exposure, as only down-regulation
was observed in PAH-AuNP exposure but only up-regulation was observed in MPA-
AuNP exposure (Figure 2(a)). However, upon 6-hour exposure, the ligand-NP
combination did not determine the gene expression pattern, as only down-regulation

was observed for all treatmenta, regardless of the type of ligand (Figure 2(a)).
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Time frame is also an important factor in terms of gene expression response, as
differential gene expression responses were observed at different time points. In the
response to PAH-AuNP/ligand exposure, effects that were observed in the rpoA and
pspB genes at 1-hour exposure diminished by the 6-hour exposure timepoint. More
interestingly, for MPA-AuNP/ligand exposure, the expression level compared to control
at 6-hour exposure appeared to be opposite of the responses in 1-hour exposure,

especially for MPA ligand exposure.

Daphnia magna acute toxicity

NP surface functionalization played an important role in acute toxicity in the
form of daphnid survival, with positively charged PAH-AuNPs being orders of
magnitude more toxic than the negatively charged MPA—-AuNPs (Figure 2(a)). PAH-
AuNPs significantly affected daphnid mortality, eliciting 40% mortality at 10 pg/L (U =
0,p< 0.05)13. MPA—-AuUNPs did not significantly affect daphnid survival at the highest
concentration tested, 25 mg/L (data not shown) (p > 0.05)". The free ligands used in

NP functionalization had no impact on daphnid survival at any concentration tested.

Daphnia magna chronic toxicity

Ligand-NP combination is also important in governing the chronic impacts on
daphnid reproduction. Of the two NPs tested, PAH-AuNPs significantly decreased
daphnid reproduction over the 21-day chronic exposure (Figure 2(b)) while MPA-
AuNPs did not (data not shown). PAH-AuNPs significantly decreased daphnid

reproduction by 15% at the highest concentration tested, 5 pg/L (F= 14.751, df= 23, p
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< 0.05). In comparison, PAH free ligand caused a statistically insignificant increase in
daphnid reproduction at 50 pg/L. As previously reported, 5 mg/L MPA free ligand

increased daphnid reproduction by 14% (U = 4, p < 0.05, data not shown)'.

Daphnia magna acute gene expression response

After a 24 h acute exposure, NP functionalization is also an important factor in
determining Daphnia response at the gene level when exposed to PAH and MPA-
AuNPs, resulting in different gene expression patterns for cat, nadh, vitg, gst and
hsp70 (Figure 2). For Daphnia exposed to PAH-AuNPs, there was a significant 0.74
fold decrease in the relative expression of hsp70 (F= 31.799, df= 49, P<0.05)
compared to controls. Daphnia exposed to MPA-AuNPs caused a significant 1.36 fold
increase for hsp70 (F= 31.799, df= 49, P<0.05), 1.49 fold increase for nadh (F=29.066,
df=55, p<0.05), 1.67 fold increase for gst (F=23.116, df=53, p<0.05) and 3.12 fold
increase for vig (F=11.556, df=47, p<0.05) over controls. MPA-AuNP-exposed
Daphnia had significantly different gene expression patterns than Daphnia exposed to
PAH-AuNPs for nadh, vtg, gst and hsp70 (Figure 2 and 5). Notably, PAH-AuNPs
caused a 0.33 fold increase in relative expression of vig while MPA-AuNPs elicited a
3.12 fold increase in relative expression of vtg (F=11.556, df=47, p<0.05).

The impacts of free ligands used in particle functionalization closely follow the
gene expression patterns observed for their respective functionalized NPs at 24 hrs
(Figure 2). Daphnia exposed to the PAH ligand showed no statistical difference
compared to Daphnia exposed to PAH-AuNPs for all genes tested except cat (F=

8.640, df=55, p<0.05) and vtg (F=11.556, df=47, p<0.05). Each gene that showed a

9?2



significant positive fold change in relative expression for Daphnia exposed to MPA-
AuNPs also showed a significant fold change in relative expression for the MPA free

ligand treatment and did not significantly differ between the two.

Daphnia magna chronic gene expression response

Similar to the 24 hr acute exposure, AuNP surface functionalization played an
important role in determining gene expression levels in Daphnia chronically exposed to
AuNPs (Figure 2 and 5). For Daphnia exposed to PAH-AuNPs, there was a significant
1.33 fold decrease in the relative expression of vig (F=16.592, df=42, p<0.05) and a
significant 0.87 fold increase in the relative expression of act (F=9.68, df=42, p<0.05)
over controls (Figure 5). MPA-AuNPs elicited a significant 1.24, 0.82 and 0.93 fold
decreases in the relative expression of hsp70 (F=9.294, df=42, p<0.05), cat
(F=18.128, df=44, p<0.05) and nadh (F=14.9, df=44, p<0.05), respectively, compared
to controls (Figure 2 and 5). Notably, for this treatment, there was a significant 2.2 fold
increase in the relative expression of vig (F=16.592, df=42, p<0.05) over controls
(Figure 2). A significantly different gene expression response was observed for several
genes when AuNP treatments were compared. PAH-AuNP treatment elicited a
positive fold change in the relative expression of cat, nadh and act while MPA-AuNP
elicited a negative fold for these same genes. The greatest difference between these
two treatments was observed for vig.

NP-specific impacts were observed in Daphnia chronically exposed
functionalized AuNPs versus their respective PAH and MPA ligands as reflected in the

gene expression patterns (Figure 2 and 5). PAH-AuNP and PAH ligand caused a
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similar relative expression pattern in Daphnia for genes gst, hsp70, vtg and nadh, as
no significant difference was observed among these conditions (Figure 2). However,
PAH ligand caused 0.6 fold decrease in relative expression for act compared with the
PAH-AuUNP treatment that elicited a 0.98 fold increase in relative expression for act
(F=9.68, df=42, p<0.05) (Figure 5). There were no significant differences between
MPA ligand and MPA-AuNP treatments on Daphnia relative expression for all genes

tested.

Discussion

The ligand-NP combinations used in this study determined the extent of
organismal apical endpoint impacts. Both model organisms were impacted to a greater
extent by positively charged ligand-NP  combinations with  differential
sensitivities. PAH-AuNPs were determined to be 2-3 orders of magnitude more toxic
than the MPA-AuNPs for both S. oneidensis and D. magna. MPA-AuNPs caused no
acute mortality in D. magna or inhibition on S. oneidensis oxygen uptake at the highest
concentration tested (25 mg/L for daphnids and 5 mg/L for bacteria (Figure S2))™.
PAH-AuNPs elicited mortality in D. magna at concentrations as low as 10 ug/L and

13 while S. oneidensis started to

decreases in reproduction at 5 pg/L (Figure 1(a))
show respiratory inhibition at 100 pg/L (Figure 1(c)). Electrostatic interactions could
largely drive the differences in sensitivity to the differently charged particles, as both
eukaryotes and prokaryotes have cell surfaces that are negatively charged® *°. It is

thought that, due to electrostatic interactions, positively charged NPs are more likely to

interact with cell surfaces than negatively charged NPs. Goodman et al. (2004)%°
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observed similar differences in the toxicity of AuNPs functionalized with cationic and
anionic side chains when exposed to mammalian cell lines and bacterial cells, and
Feng et al.®® demonstrated a similar correlation between toxicity and NP-cell
association where increased NP-cell association was found for positively charged NPs
compared to negatively charged NPs in bacteria. In addition to electrostatic
interactions, the low toxicity of MPA-AuNPs may be potentially explained by the high
degree of aggregation of MPA-AuNPs experienced in both organisms’ exposure
media, thus reducing bioavailability (Table 2). Overall, similar differential toxicity of the
two functionalized NPs were observed in our study in both model organisms, indicating
these organisms may follow the same electrostatic mechanism for interacting with NPs
despite having distinct membrane surface chemistry, and that the general response of
whole organism may be extrapolated from the response of cell lines, although they
differ in sensitivity.

The toxicity of select NPs may not be determined by their respective ligand
control, which demonstrates NP-specific organismal impacts. The two model
organisms showed differential sensitivities to positively-charged PAH-AuNPs; a NP-
specific effect, that was unable to be replicated by the free ligand control, was
observed in the impact of PAH-AuNPs to D. magna, but not to S. oneidensis. Based
on bacterial oxygen uptake and Daphnia acute mortality results, the sublethal doses of
PAH-AuNPs on Daphnia and S. oneidensis were chosen to be 5 pg/L and 30 ug/L,
respectively. The differences in sensitivity observed for these two model organisms
exposed to PAH-AuNPs could be attributed to the distinct differences in the cell

surface chemistry of gram-negative bacteria and the aquatic eukaryotes. Besides the
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cytoplasmic membrane, which are found in both bacterial and Daphnia cells, the gram-
negative S. oneidensis bacterial cell also has an envelope that consists of a
peptidoglycan-lipoprotein complex, periplasmic zone, and an outer membrane Iayer58.
The outer membrane layer is the first barrier that NPs would encounter, and this lipid
bilayer retains various amounts of embedded lipopolysaccharides (LPS)*®. LPS are
high molecular weight molecules with a basal lipid anchored in the lipid bilayer and a
long negatively charged chain of polysaccharide. Recent work using S. oneidensis
demonstrated that LPS is an important binding site for AuNPs (Jacobson and
Gunsolus, et al. submitted®?). Compared to the animal cell membrane, the complex
structure of the cell envelope in S. oneidensis may provide extra protection when NPs
are in proximity to the cells, thus desensitizing bacterial cells to NP exposures. In
addition, studies demonstrate that eukaryote cells have many more mechanisms for
supramolecular and colloidal particle internalization (e.g. receptor mediated
endocytosis, pinocytosis and phagocytosis) for both nano- and macro-sized particles,
while very few studies show plausible evidence of internalization of nanomaterials into

bacterial cells®%°.

Furthermore, the manner by which multi and single-cellular
organisms interact with NPs may also contribute to the difference in sensitivity.
Daphnia actively filter their growth medium that leads to the accumulation of NPs both
on and within their bodies while bacteria only passively interact with NPs through
random encounters. The difference in how NP interact and accumulate in two
organisms may also result in the NP-specific effect observed in D. magna but not in S.

oneidensis. PAH-AuNPs resulted in a decrease in Daphnia survival (10 pg/L) while the

respective PAH free ligand control (100 pg/L) did not show any mortality (Figure 1(a)).
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However, when PAH-AuNPs elicited inhibition to bacterial oxygen uptake at 100 pg/L,
the respective ligand control (1 mg/L) displayed a similar inhibition (Figure 1(c)). As
Daphnia actively accumulate NPs in their bodies and may internalize NPs in cells, the
body burden of AuNPs to Daphnia is expected to differ greatly with S. oneidensis, thus
leading to the higher sensitivity and NP-specific effect in Daphnia. These biological
differences and impacts of NP surface functionalization and free ligand type are further
addressed by the presented gene expression study.

For Daphnia, gene expression revealed insight into potentially unique molecular
pathways that may be impacted upon exposure to NPs and may explain the
differences in toxicity across different ligand-NP combinations. In the responses
induced by NPs on Daphnia gene expression, ligand-NP combination proved to be
pivotal. In both acute and chronic assays, Daphnia exposed to PAH-AuNPs elicited a
significantly different gene expression pattern compared with Daphnia exposed to
MPA-AuNPs, despite the two NPs having the same gold core. These differences were
notable in the 24 hr acute exposure for hsp70, gst, vig and nadh and in the 21 day
chronic assay for hsp70, vtg, nadh, cat and act. Amongst the genes that responded, a
positive relative fold change for act was unique to the PAH-AuNP treatment and were
expressed only after Daphnia were exposed for 21 days to this treatment. Actin (act)
encodes for a protein important to cytoskeleton and muscle fibril production as well as
other cell functions. Studies have linked an increase in protein concentration of actin
as a compensatory mechanism to maintain muscular and cellular performance in times
of environmental stress®®. In addition, studies have indicated a high binding affinity of

microparticles for actin® and have shown that multiple NP types damage actin
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filaments in vitro®® . PAH-AuNPs could be potentially damaging muscle fibrils and
cellular structure over long-term exposures in Daphnia and may be used as an
indicator for stress to positively charged NPs, however, the relationship of this gene
with apical endpoints impacted in Daphnia within this study remains unclear. Daphnia
exposed to MPA-AuNPs only uniquely responded to the treatment with an increase in
the relative fold change of gst at 24 hrs. This gene encodes for an enzyme glutathione
S-transferase and is an important enzyme in xenobiotic detoxification as it conjugates
compounds with glutathione and may be elevated in times of oxidative stress. Our
previous studies observed gst induction in Daphnia dependent upon NP
functionalization for fullerenes but only at concentrations that elicited significant
mortality (> 5 mg/L)°’. Like MPA-AuNPs, these NPs exhibited a high degree of
aggregation and exhibited low toxicity in Daphnia. This may demonstrate an acute
whole organismal response to a high amount of negatively charged NPs. Our more
recent previous study examined adult daphnid guts exposed to 4 nm PAH and MPA-
AuNPs and their ligands at low concentrations (< 0.05 mg/L)'®. Here, we showed that
significant amounts of ROS were produced for both MPA and PAH AuNPs and their
respective ligands at the same concentrations. This leads us to believe that ROS
production does not fully explain the adverse outcomes observed in our acute and
chronic studies. Therefore, other mechanisms may be responsible for the observed
impacts as Daphnia responded differently to MPA and PAH AuNPs but had similar
amounts of ROS detected upon exposure to these treatments at the same

concentrations. However, in our current study and the previous, gene expression
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patterns were different for the two ligand-NP combinations. These results suggest that
pathways affected by NPs are strongly dependent upon NP surface properties.

For S. oneidensis and the pathways investigated, gene expression assays were
not as sensitive to the ligand-NP combination as Daphnia but were indicative of the
observed apical endpoint impacts. Most of the gene expression responses for S.
oneidensis were provoked by the free ligand exposure instead of the ligand-NP
combination at both time points, as was observed in the apical endpoint study. While
MPA-AuNPs did not show any impact that was specific to NPs, the decrease in
expression of 16S at 6-hour exposure and sodB gene at 1-hour exposure were unique
to the PAH-AuUNP but not to PAH free ligand. The sodB gene encodes for one of the
superoxide dismutase (SODs) that protect cells from deleterious reactions of reactive
oxygen species’’; it has been previously reported that the sodB gene was up-
regulated upon S. oneidensis exposure to chromium (V1)’%. More related, a previous
study using 60-nm amino-functionalized polystyrene nanomaterial (PS-NH2-NPs) on E.
coli single-gene deletion mutants showed that the AsodB mutant was more sensitive to
the exposure of PS-NH>-NPs compared to the parent strain”®. As PAH-AuNPs has a
similar surface-functionalization of amine groups with PS-NH2-NPs, these results
suggests that the sodB gene plays an essential role in bacterial cell response to
amine-functionalized nanomaterials, making it possible to use sodB as a biomarker for
this specific NP surface functionalization. 16S ribosomal RNA (rRNA) is one of the
three rRNAs, which are components of prokaryotic ribosomes. The rRNA transcription
is the rate-limiting step in ribosome synthesis, and thus, directly correlates to protein

synthesis and cell growth”. Previous research has reported that rRNA degradation
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occurs during environmental stress, including oxidative stress and starvation’>"".

Notably, it was also reported that rRNA is degraded due to a change in cell membrane
permeability, potentially leading to the entry of RNase |, an endoribonuclease, from the
periplasmic space into the cytoplasm78' " Extensive cell membrane damage can also
result in the efflux of RNA due to the loss of plasma membrane integrity®®. Previous
research has shown the disruption of membrane integrity in S. oneidensis cells upon
PAH-AuNP exposure‘“, correlating with the decrease in the expression of 16S. It
should be noted that at 1-hour exposure, the respective PAH ligand control also
elicited decrease in 16S expression, while at 6-hour exposure only PAH-AuNPs
showed the effect; thus, the potential of 16S to be used as a biomarker that is specific
for PAH-AuNPs is limited to long-term exposures. In effort to link 16S and sodB gene
response to the apical biological endpoints, the gene expression level of these two
genes was examined at a higher dosage (100 ug/L) that also caused inhibition in
bacterial oxygen uptake (Figure 1(c)). While the sodB gene at 1-hour exposure did not
elicit change in gene expression, 16S at 6-hour exposure showed a similar decrease
upon 100 pg/L PAH-AuNP exposure (Figure 4), proving that 16S can be potentially
used as a biomarker for the impact of PAH-AuNPs on bacterial oxygen uptake; future
work will explore the adverse outcome pathway from the decrease in 16S rRNA
expression to the inhibition of bacterial oxygen uptake, and we postulated the inhibition
is mediated via reduced activity in protein synthesis. MPA-AuNPs did not induce a
similar response of 16S rRNA expression, or any other NP-specific response,
indicating a distinction between the same AuNP cores functionalized with different

surface ligands.
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Short-term exposures for both D. magna and S. oneidensis revealed that
functionalized NP impacts on certain molecular pathways might be predicted by their
respective ligand alone. Out of all S. oneidensis regulated genes, three genes stand
out as potential predictors of NP impacts based on the ligand alone. These genes
are pspB and rpoA for PAH-AuNP/ligand and ibpA for MPA-AuNP/ligand at 1-hour
exposure, as they were influenced similarly upon exposure to both the ligand-bound
AuNPs and the respective free ligand. For D. magna, three genes were most notable;
these genes were hsp70 and vtg for PAH-AuNP/ligand and hsp70, vtg and nadh for
MPA-AuNP/ligand. These results suggest that NP impacts on specific molecular
pathways may be predicted based on response to the ligand alone. This finding is
especially important for ligands or functional groups that are commonly used to
achieve desired physiochemical properties for NPs. However, as demonstrated with
our study, ligand-NP combinations did alter several genes that the ligand alone did
not, and the concentrations of NPs that impacted apical endpoints, in particular PAH-
AuNPs, differed from that of the ligand. This diminishes the potential ability to use
ligand information alone as a predictor for NP toxicity; rather, the overall NP

characteristics, including charge or size, may be more informative.

Our study revealed that, overall, long-term exposure to NPs resulted in gene
expression patterns that could not be predicted based on gene expression patterns
from short-term exposures. Upon exposure to MPA-AuNP/ligand, both S. oneidensis
and D. magna showed decreases in gene expression during short-term exposure and
that this response flipped to mostly an increase in gene expression upon long-term

exposure. Exceptions to this finding are observed in the decrease of 16S and sodB
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expression upon PAH-AuUNP exposure in S. oneidensis and the increase of vtg gene
expression upon MPA-AUNP exposure in D. magna, which show similar response in
gene expression levels at both time points. Our results indicate that, although it is
possible to predict long-term gene expression impacts based on short-term impacts, it
is limited to select genes, which may downplay the significance of this finding.

Gene expression responses across organisms provide an indication of how
organisms are similar or different in their response to NP exposures. A notable
signature shared across two organisms was the up-regulation of ibpA/hsp70 induced
by MPA-AuNP and ligand for short-term exposures. Both ibpA and hsp70 encode for
heat shock protein in S. oneidensis and D. magna, respectively. Heat shock proteins
(Hsp) are a large family of proteins that help unfolded or misfolded proteins to fold
correctly in vivo and are widely considered to be good indicators of proteotoxic
stress®"" 8. The up-regulation of heat shock protein induced by MPA-AuNPs and
ligands potentially indicate the disruption of membrane proteins, provoking pathways
that help adapt to change in chemical environment caused by introduction of NPs or
ligands. This feature, shared by both organisms, potentially indicates a universal
stress-response to negatively charged NPs, making the genes encoding for heat
shock protein a good candidate for predicting the effect of NPs based on the response
to their respective ligands. However, MPA-AuNPs did not lead to any adverse
outcomes at the concentrations we tested, which makes understanding the importance

of this pathway within the context of our study difficult.
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Conclusion

Molecular studies have the ability to tease out distinct modes of action for NP
toxicity and help to develop biomarkers for assessing NP impacts on environmentally
relevant endpoints. Using standard toxicological and gene expression assays, we
revealed that: 1) the ligand-NP combinations determine the extent of impacts on
organismal endpoints and the toxicity of select NPs may not be determined by their
respective ligand alone; 2) depending on the organism considered, exposure to ligand-
NP combinations® may impact unique molecular pathways that differ from the ligand
alone; 3) short-term exposures reveal that ligand-NP impacts on certain molecular
pathways might be predicted by their respective ligand alone but the ability to predict
long-term impacts may be minimal; and 4) examining gene expression responses
across organisms may provide an indication of how organisms are similar or different
in their response to NP exposures. Lastly, this study reveals that there are
mechanisms other than oxidative stress for NP toxicity and that these may be
elucidated using molecular level experiments and exposures that consider sublethal

concentrations.
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Supporting Information
Ligand control estimation: PAH-AuNPs

PAH-AuNPs were purified by centrifugation, making it possible for PAH free
ligand to be left over in the PAH-AuNP suspension. In order to estimate the present of
PAH ligand, a fluorescence quantification method to determine primary amine was
used, modified from previous work'. 0.01 g fluorescamine (Sigma-Aldrich) was
dissolved in 10 mL acetonitrile to reach a concentration of 0.1% (w/v). 0.05 M sodium
borate buffer was prepared by dissolving 5.03 g NazB4sO; in 500 mL MilliQ water
followed by the adjustment of pH to approximately 8 using 12 M HCI. PAH-AuNP
suspension was centrifuged at 66,000 g for 45 minutes under 4 °C to pellet all AuNPs,
and the clear supernatant was removed from the centrifugation tubes. 120 uL samples
were mixed with 20 uL of borate buffer on a 96-well plate, and 60 uL of fluorescamine
solution was lastly added to the mixture. The reaction was incubated at room
temperature for 5 minutes, and the fluorescence intensity was measured by plate
reader with EX/Em = 425 nm/480 nm. A calibration curve using a series of PAH
solutions of known concentrations was created every time before sample
measurement, and the concentration of PAH in samples were calculated based the
fitting results from linear regression.

The amount of PAH free ligand in 30 ug/L PAH-AuNP suspension was
determined to be 210 (192 to 228) ug/L. In addition, the amount of PAH ligand on NP
surface was estimated to be 2.7 ug/L (PAH charge density on AuNP surface: 12.8
charge/nm?), based on the same calculation as below for MPA-AuNPs. Thus, a 10-fold

PAH free ligand control (300 ug/L PAH free ligand in the case of 30 ug/L PAH-AuNPs)
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was chosen in this study to represent the effect of PAH free ligand in PAH-AuNP

suspension.

Ligand control estimation: MPA-AuNPs
Excessive MPA free ligand from synthesis were expected to be eliminated by
diafiltration, and the total MPA ligand present in MPA-AuNP suspension were
estimated to be the amount of MPA ligand attached to NP surface. The surface charge
density of MPA-AuNPs were determined to be 5.6 charge - nm~2 by XPS.
Calculating number of AUNPs per liter:
AuNP diameter ~ 4 nm

4 AuNP diameter
Volume per AuNP = §T[( 5

)3 = 33.5nm3 = 3.35x1072% ¢m3

Mass per AuNP = DensityxVolume perAuNP = 19.3 g - cm™3x3.35x1072% cm?3
= 6.47x1071 g

S5mg- L1t

— 15 7-1
GaTx10 g = 700 L

Nypa—aunps = Number of MPA — AuNPs per liter =

Calculating the mass of total amount of surface ligand:
Ligand amount per AuNP = Charge densityxXSurface area
Myigana = Total ligand mass on NPs

_ NjunpsXLigand amount per AuNP

Avogadro collstant Ligand Unit

) 4 nm\?
MPA ligand per AuNP = 5.6 charge - nm™2X4x <T> = 2.8x10?
2.8x102%(7.73%10%> L™1)

Mupatigand = ¢ 05° 7025 mol-1

x106.14 g-mol™* =0.38mg-L ' <5mg-L!

10A



Based on the calculation above, the equivalent mass concentration of MPA ligand was

an excessive estimation of the actual MPA ligand present in the suspension.

Bacterial doubling time estimation
A rough estimation of S. oneidensis doubling time in the growth medium used in

this study was calculated as below. Assuming that cell oxygen uptake (M) is
proportional to the cell number (N), at exponential growth phase:

M = Myx2*t (1)

N = Nyx2kt (2)
k: growth rate at exponential phase (hour‘1); t: time (hour); T=1/k: doubling time (hour);
N: cell number; No: original cell number; M: cell oxygen uptake; My: original cell oxygen
uptake. Take first derivative of equation (2):

N{ = NyX(kIn2)x2*t (3)

The first derivative was calculated in GraphPad, Prism. Two different time points from
exponential phase, t; and t;, and the first derivative at these two time points were

substituted into equation (3) to get the ratio:
_t 2k(t1—t2) (4)

The growth rate at exponential phase (k) was calculated from equation (4) followed by
the calculation of doubling time (T):

T_1
Tk

Plugging values from different traces in various experimental runs yielded bacterial

doubling times between 2-3 hours.
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CHAPTER 3 TABLES

Table 1 Target genes, corresponding functions, and their primers for gPCR.
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Table 2 Nanoparticle characterization based on TEM analysis.
PAH-AuNPs

MPA-AuNPs

S. oneidensis D. magna S. oneidensis D. magna
Media Media Media Media
PLSPRA__ (nm) (in H,0) 528 515
LSPRA__ (nm) (in medium) 530 530 555 575
d_ (nm)* 47+15 43 +1.3nm
core (N = 250) (N=501)
D, (nm) (in H,0)

a200.2 £ 3.5 126.4 + 3.7
D, (nm) (in medium)

a1595+0.6 279.43+19 339.6+219 364+34.2
(-Potential (mV) (in HZO) +68.5 + 1.6

-17.3£0.6
(-Potential (mV) (in medium)  +24.57 +5.6 +105+4.8 -2428+3.2 -298%13
See Figure S1 for TEM images. ? For polyelectrolyte wrapped particles, hydrodynamic
diameter (Dy) determined by dynamic light scattering is not accurate. ® Localized

surface plasmon resonance (LSPR) wavelength of maximum peak value (Amax)-

114



CHAPTER 3 FIGURES

Figure 1
(a)
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Nanoparticle toxicity to D. magna and S. oneidensis. Impact of PAH-AuNPs and
PAH ligand on (a) D. magna survival (%), (b) D. magna reproduction and (c) S.
oneidensis oxygen uptake. Error bars represent standard error of the mean. Stars
indicate significant difference compared to corresponding control
oneidensis, unpaired t-test, a=0.05, n=2; D. magna, unpaired t-test, a=0.05, n=3).

Different letter designations in (b) indicate significant difference between groups
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(Tukey’s test, a=0.05).
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Figure 2

(a) Shewanella oneidensis MR-1
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(b) Daphnia magna
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Gene expression heat map. Heat map of (a) S. oneidensis and (b) D. magna gene
expression response. Sublethal dosages of AUNPs and their respective ligand control
were used in the gene expression study, as shown in the figure. Genes encoding for

similar cellular functions in two model organisms were underlined.
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Figure 3

(a) Short-term (1-hour)
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(b) Long-term (6-hour)
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Selected gene responses in S. oneidensis upon AuNP/ligand exposure. Error
bars showed standard error of the mean (PAH-AuNP, n=5; PAH ligand, n=4; MPA-
AuNP/ligand, n=3). All figures follow the same legend, and the first bar in every figure
indicates control group. Different letter designations between different groups indicate

significant difference (Tukey’s test, a=0.05).
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Figure 4
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S. Oneidensis 16s and sodB gene expression. In S. oneidensis, 16S gene
expression decreased upon 100 pg/L PAH-AuNP exposure at long-term exposure (6-
hour), while sodB gene expression did not show significant difference compared to
control group. Error bars showed standard error of the mean (n=4). Both figures follow
the same legend. Different letter designations indicate significant difference between

groups (unpaired t-test, a=0.05).
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Figure 5
(a) Acute (24-hour)
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Selected gene responses in D. magna upon AuNP/ligand exposure. Error bars
showed standard error of the mean (n=6 for all exposure). All figures follow the same

legend. Different letter designations between different groups indicate significant

difference (Tukey’s test, a=0.05).
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Figure $1

TEM image of (a) PAH-AuNPs and (b) MPA-AuNPs before exposure to either

organism.
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Figure S2
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Inhibition on oxygen uptake of S. oneidensis upon MPA-AuNP and the respective
ligand exposure. Error bars showed standard error of the mean (n=2). Stars indicate

significant difference between treated and control groups (p < 0.05).

122



CHAPTER 4
Core chemistry influences the toxicity of multi-component metal oxide nanomaterials,
lithium nickel manganese cobalt oxide and lithium cobalt oxide to Daphnia magna

Jared Bozich?, Mimi Hang®, Robert Hamers®, and Rebecca Klaper®

@ School of Freshwater Sciences, University of Wisconsin Milwaukee, 600 E.
Greenfield Ave, Milwaukee, WI 53204

® Department of Chemistry, University of Wisconsin-Madison, 1101 University Ave,
Madison, WI 53706

*Corresponding Author

rklaper@uwm.edu, Phone: 414-382-1713, Fax: 414-382-1705

12



Abstract

Lithium intercalation compounds such as lithium nickel manganese cobalt oxide
(NMC) and lithium cobalt oxide (LCO) are used extensively in lithium-battery based
devices. Nanoscale forms of cathode materials are increasingly explored to enhance
battery performance. However, there is currently little economic incentive for recycling
so chances are greater that batteries will end up in landfills or waste in the
environment. In addition, the toxicity of these battery materials has not been
traditionally part of the design process. Therefore, to determine the environmental
impact and the possibility of alternative battery matierals, representative complex
battery nanomaterials LCO and NMC were synthesized and toxicity was assessed in
Daphnia magna. Acute studies showed no effect to daphnid survival at 25 mg/L
whereas chronic studies show significant impacts to daphnid reproduction and survival
at concentrations of 0.25 mg/L for LCO and 1.0 mg/L for NMC. Dissolved metal
exposures showed no effect at the amounts measured in suspension and supernatant
controls could not reproduce the effects of the particles, indicating a nanomaterial-
specific impact. Down regulation of genes important in metal detoxification,
metabolism and cell maintenance was observed in a dose dependent manner. This
study demonstrated that the chemical composition of battery materials could be

altered to minimize environmental impacts.
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Introduction

Batteries provide consumers with a portable and convenient form of stored
chemical energy to fuel many everyday technologies. With increasing usage and
expansion of technologies such as portable electronics and electric vehicles, complex
metal oxides such as lithium intercalation materials are increasingly used as battery
cathodes. Lithium intercalation materials based on layered transition metal oxides are
desirable cathode materials because they have qualities such as the ability to perform
high-speed reversible reactions with lithium and high voltage and energy densities’.
Lithium cobalt oxide or “LCO” (LixCoO-) has been around since the 1990’s and is an
example of a first generation cathode material that is in the process of being replaced
by more complex materials such as lithium nickel manganese cobalt oxide or “NMC”
(LixNiyMn.Co1.,,05, 0 < x,y,z <1) for higher performance, lower cost, and increased
stability.?® Lithium nickel manganese cobalt oxide reduces the amount of cobalt in its
layered structure by substituting cobalt with nickel and manganese.

The energy storage industry as a whole is expected to shift from bulk materials
to nanomaterials (NMs) to obtain higher performing batteries*. Primary reasons for a
switch from bulk materials to nanoscale materials are due to: 1.) Faster charge and
discharge rates; 2.) Enhanced conductivity attributed to increased surface area to
volume ratio®; and 3.) Less material fracturing from expansion and contraction during
cycling®. Nanoscale NMC for instance, is considered to be a next generation cathode
material for large-scale usage in batteries of electric vehicles. While the nanoscale
form of NMC is not yet commercially available, bulk NMC has been shown to fracture

into nanoscale particulates upon cycling’.
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One of the most important aspects to consider in battery material design is its potential
environmental impact, yet cost reduction is often considered over environmental
compatibility. Recycling infrastructures are therefore limited due to little economic
incentive "8, This leads to greater potential for batteries to end up in landfills or waste
in the environment. However, it may be possible that alternative battery forms could be
chosen to minimize impact but retain function. Nanoscale cathode materials should be
designed to be environmentally benign to have the greatest impact as a sustainable
form of energy storage1. Few studies have determined the potential for environmental
impact of next general multicomponent metal oxides; therefore it is critical that we
determine the environmental impacts now, ahead of the production cycle. Two
important considerations are the impacts of using nanoscale versions of these
materials as well as the consequences of replacing nickel and manganese for cobalt
as we shift from LCO to NMC.

Only a few studies have highlighted the implications and mechanisms for
toxicity of these nanoscale complex metal oxides. A preceding study of LCO
nanosheets and supported lipid bilayers showed that this material had the ability to
alter synthetic bilayer compositional symmetry® and in bacteria toxicity was due to
dissolution of nickel and cobalt ions'®. The impact of nanoscale LCO and NMC on
multicellular organisms is largely unknown. There have, however, been many studies
that report the toxic effects of more simple metal oxide NMs. These studies show that,
similar to the bacteria, effects are primarily due to metal dissolution or direct particle

adherence''®. Therefore designing battery NMs where the ions released are not toxic
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may reduce toxicity. In the past, the toxicity of these materials has not been part of the
design process.

This study investigated the impact of NMC and LCO on survival and
reproduction in the model multicellular aquatic organism, Daphnia magna. These
materials have similar sheet-like morphology and size and only differ in chemical
composition enabling us to evaluate how the metal composition of these materials
impacts toxicity. Daphnia magna are critical components of freshwater food webs, are
sensitive to a wide range of environmental contaminants and are designated
environmental model organisms by the EPA and OECD.

In this study, acute and chronic assays were conducted to determine both short
and long term impacts of these materials to D. magna. Additionally, gene expression
assays were performed to determine organism molecular response upon exposure
and determine whether the observed effects were from the NM exposure or the
solubilized metals in solution. Metal ion control experiments accounted for metals
leached from NMC and LCO particles and body burden assays were conducted to
differentiate metals adsorbed to the daphnid carapace versus metals ingested and/or
incorporated into tissues. This study seeks to assess the potential environmental
hazard associated with these materials, provide molecular level information for
mechanisms for toxicity and determine if materials could be redesigned to mitigate

biological impacts.

Methods

Synthesis of NMC and LCO Nanosheets
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Nanosheets of NMC and LCO were synthesized by adapting a previously
reported method® '* ’. Briefly, to make NMC, a LiNis;3sMn+,3Co1,3(OH)2 precursor was
synthesized by adding an aqueous transition salt mixture containing 0.2 M cobalt(Il)
acetate, 0.2 M nickel(ll) acetate, and 0.2 M manganese(ll) acetate dropwise into 0.1 M
aqueous LiOH under magnetic stirring. The resulting dark brown precursor was
isolated by repeated cycles of centrifugation and resuspension in water (1X) and
methanol (4X) followed by drying in a desiccator. The dried mixed metal hydroxide
(0.250 g) was then added to a 10 g molten salt flux (6:4 molar ratio of LiNO3:LiOH) at
205 °C with magnetic stirring. After 30 min, the reaction was quenched with water and
the NMC was isolated via repeated cycles of centrifugation and resuspension in water
(1X) and methanol (4X) followed by drying in a desiccator. To make LCO, the same
method for making NMC was used, with the exception that the precursor was made
using only 0.5 M cobalt(ll) nitrate for the aqueous transition salt mixture. All
centrifugation was completed using the Thermo Scientific Sorvall legend X1R
Centrifuge with a Thermo TX-400 rotor at 4686 g. All reagents were purchased from
Sigma-Aldrich and ultrapure water (18 MQ cm resistivity; Barnstead Nanopure) was

used.

Characterization of NMC and LCO stoichiometry

A PerkinElmer Optima 2000 ICP-OES was used to determine the stoichiometry
of samples. NMC and LCO were separately digested in freshly prepared aqua regia
(3:1 v/v mixture of 37% v/v HCl and 70% v/v HNO3) for 4 h and subsequently diluted in

ultrapure water. Three replicate measurements were made of the ion concentrations.
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ICP-OES measurements for digested NMC yielded metal ratios of Li/Ni = (0.812
0.015), Mn/Ni = (1.033 £ 0.011), and Co/Ni = (1.017 + 0.006). These ratios indicate
that the NMC material contains 1:1:1 of Ni:Mn:Co and lithiated to roughly 27% to give
Lio.27Niop.33Mnp 33C00.3302. ICP-OES measurements for digested LCO vyielded Li/Co =

(1.002 £ 0.355), indicating that the material was lithiated to 100% to give LiCoO..

Characterization of NMC and LCO crystal phase

A Bruker D8 Advance powder X-ray diffractometer (PXRD) was used to obtain
diffraction patterns for synthesized NMC and LCO. The dry powder samples were
deposited onto a zero-diffraction plate (SiO, from MTI corp) for analysis using a Cu Ka
radiation source. The samples can be indexed to a R-3m space group previously

reported for NMC and LCO.

Characterization of nanomaterial morphology
Scanning electron microscopy (SEM)

To determine average nanomaterial shape and size a Leo Supra55 VP
scanning electron microscope with a 1kV incident electron energy with a standard in-
lens detector was used to obtain images of NMC and LCO. Samples for SEM images
were prepared by spin-coating (1000 rpm) a dilute methanolic solution of either NMC

or LiCoO; onto a pristine boron-doped SiO, wafer.

Characterization of NMC and LCO sedimentation behavior in culture media
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To characterize how quickly NMC and LCO nanosheets sedimented out of the
aqueous phase, a Shimadzu UV-2401PC Research-Grade UV-vis spectrophotometer
was used to analyze change in relative particle concentration the aqueous phase.
NMC or LCO were suspended into medium at 10 mg/L and UV-vis measurements
were made periodically over 24 h. UV-vis measurements of NMC or LCO in medium

were referenced to a sample of medium to subtract out UV-vis signals from medium.

Characterization of metal release into culture media

To characterize metal release into the daphnid media, NMC or LiCoO, were
suspended into the medium at concentrations of 0.5, 1, 5, and 25 mg/L for 72 h. The
samples were then centrifuged at 4696 g for 10 min to remove the majority of particles
in solution. The supernatant was subsequently ultracentrifuged for 2 h at 288,000g
using a Beckman Coulter Optima Ultracentrifuge with a SW-41 Ti Rotor to ensure
removal of remaining particles. The supernatant was analyzed for free Li, Ni, Mn, and
Co content using a Thermo Scientific XSERIES 2 ICP-MS instrument with 3 sample
replicates and 5 analytical replicates. Dynamic light scattering (Malvern Zetasizer
Nano ZS) was used to evaluate effective removal of particles under the specified

centrifugation conditions.

D. magna culture and exposures
Daphnids used in this study were harvested from cultures maintained at the
UW-Milwaukee School of Freshwater Sciences in the R. Klaper laboratory. Daphnid

populations were maintained in moderately hard reconstituted water (MHRW: 60 mg/L
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CaS04 and MgSOy4, 96 mg/L NaHCOs3, 4 mg/L KCl and .02 mL/L of a 330 mg/L
Na»Se03*5H,0 solution)'® incubated at 20 °C on a 16 : 8 light/dark cycle as described
by EPA recommendations. Media was oxygenated for 48 hours with an oxygen stone
prior to use. Daphnids were fed a combination of 20 mL freshwater algae
(Pseudokirchneriella subcapitata) at an algal density of ~400,000 algal cells per mL
and 10 mL of dissolved alfalfa (Medicago sativa) three times a week. Alfalfa stock was
prepared by suspending 405 mg of alfalfa in 50 mL Milli-Q water after 20 minutes of
agitation and 5 minutes of centrifugation at 5,000 RPM. Breeding populations were
held at a concentration no greater than 1 adult daphnid per 50 mL of media in 1-liter
glass beakers at a population density of 20 adult daphnids per liter. Neonates were

only harvested from adults 14 - 28 days old, ensuring healthy daphnid neonates.

Acute exposures. Acute exposures adhered to OECD 202 guidelines for D. magna
acute immobilization test. Briefly, five daphnid neonates < 24 hours old were placed in
100 mL moderately hard reconstituted water (MHRW, control)'®, NMC or LCO NMs,
supernatants or metal ions. For each treatment, a minimum of three replicates was
performed and the percent of animals alive at the end of 48 hours was determined.
Lithium nickel manganese cobalt oxide and LCO NMs were tested in acute exposures

at nominal concentrations of 1.0,10 and 25 mg/L.
Chronic exposures. Chronic experiments were performed using five daphnid neonates

< 24 hours old exposed to control water, NMs or metal ion controls for 21 days in a

static renewal exposure. Media was renewed three times a week and treatments were
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performed in quadruplicates. A total of five neonates were placed in 94 mL of MHRW,
NMs, supernatants or metal ions. Daphnids were supplemented with 4 mL of algae
(Selenastrum capricornitum) and 2 mL of alfalfa (Medicago sativa) at each media
exchange to bring the total volume to 100 mL. Lithium nickel manganese cobalt oxide,
LCO NMs and their respective supernatants were tested in chronic exposures at
nominal concentrations of 0.25, 0.5,1.0, 5.0 and 25 mg/L and 0.05, 0.1, 0.25, 0.5, 1, 5,
and 25 mg/L, respectively. Samples from chronic exposures were then flash frozen in
liquid nitrogen at day 21 to determine daphnid gene expression. Samples were
selected by determining treatments that caused equal impacts to daphnid survival and
reproduction (one sub lethal concentration and one concentration that caused equal
impacts to daphnid survival and reproduction). These concentrations were determined

to be 0.10 and 0.25 mg/L for LCO and 0.25 and 1.0 mg/L for NMC.

Solution and suspension preparation. The highest concentration of NMC and LCO
NMs and their respective supernatants tested was 25 mg/L. Five metal ion
concentrations were tested for each metal. These concentrations overlapped with the
concentrations of metals determined to leach from the NMs in daphnid media. The
highest concentrations tested were 10, 0.4, and 0.2 mg/L for lithium, nickel and cobalt,
respectively, in both acute and chronic exposures. Manganese was not assessed

because it was not found in solution at a relevant concentration.

NMC and LCO stock suspensions were prepared by measuring out and mixing
100 mg of material with one-liter of ultra pure water in a one-liter vessel. Stocks were

then sonicated for 20 minutes followed by an additional sonication time of 10 minutes
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prior to use. Suspensions were used for the entire 21-day exposure. NMC and LCO
supernatants were prepared by sampling from the stocks on the day of the exposure
media exchange after sonication. Samples were then placed into 50 ml conical tubes
and centrifuged for 10 minutes at 10,000 rpm. Care was taken to not disturb the pellet
and minimize contamination of supernatant by particulate metals.

Metal salts were weighed and similarly placed in one-liter vessels and sonicated
for 10 minutes to properly dissolve salt. The salts used in this study to test free ion
toxicity were cobalt chloride hexahydrate, lithium hydroxide and nickel (II) chloride.

Molecular weight was accounted for to reach desired concentration of metal ion.

Body burden assay. The body burden assay was performed to determine the total
amount of material adhered vs. ingested/adhered/internalized. Adult daphnids, 26 < 27
days old, were exposed to either control water or NMC particles at 1 mg/L for 24
hours. Specifically, the exposure consisted of a total of five adult daphnids that were
placed in 94 mL of MHRW or NMs and daphnids were supplemented with 4 mL of
algae (Selenastrum capricornitum) and 2 mL of alfalfa (Medicago sativa) bringing the
total volume to 100 mL. At the end of 24 hours the daphnids in the treated groups
were pooled into six samples of 35 daphnids each, control groups were pooled into
three samples of 15 daphnids each. For the treated samples, three of the six samples
were treated with 4 mL of aqua regia for two minutes to dissolve adhered NMC
particles. All six treated samples were rinsed with 30 mL of ultra pure water three

times before ICP-OES analysis.

RNA extraction, reverse transcription and gene expression
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RNA extraction. To determine the level of expression of genes involved with various
cellular functions daphnids were harvested from chronic exposures at the end of the

21-day exposure period. At the end of 21 days, daphnids were immediately frozen with

liquid nitrogen and stored at =80 °C until extraction. The surviving daphnids harvested
from each replicate were pooled together to have a final total of 4 replicates per
treatment (n < 5 daphnids per sample) for gene expression analysis. The RNA from
these samples was isolated using A Direct-zol™ RNA MiniPrep kit (Zymo Research).
The isolation and purification of total RNA followed the manufacturers recommended
protocol. A Thermo Scientific NanoDrop 8000 characterized total RNA immediately
after elution using 1.5 L total RNA to ensure quality and determine concentration.

During this time the samples were stored on ice. The remaining sample was stored at

-80 °C to wait further processing.

Reverse transcription. The manufacturers protocol was followed in order to reverse
transcribe the total RNA into cDNA. 250 pg of total RNA was incubated in the
presence of oligo(dT)s primer (Promega) and dNTPs at 65°C for 5 minutes. After a 4
minute cooling period at 4°C, the samples were combined with a 5x buffer solution,
SuperScript lll reverse transcriptase, DTT, and RNaseOUT™ recombinant
ribonuclease inhibitor (Life Technologies), mixed and incubated at 50 °C for 60
minutes. Lastly, the mixture was incubated at 70 °C for 15 minutes for primer
extension and the final product was permanently stored at —20 °C immediately

following synthesis.
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Gene expression. Several genes were chosen to investigate the molecular impacts of
NMC and LCO NMs. These genes included actin (act), which encodes for a protein
important in cytoskeleton production and cell motility, glutathione s transferase (gst)
and catalase (cat), important to xenobiotic detoxification and oxidative stress
attenuation, metallothionein (mt/1a) and heat shock protein 70 kDa (hsp70), which
respond to metal stressors, vitellogenin (vtg7) a gene that encodes for an egg yolk
precursor protein and 78s ribosomal RNA (78s), a gene important to cell function.
Additional information on these genes may be found in Table 1. Primers for
determining changes in gene expression were created using real-time Primer Quest
Tool (Integrated DNA Technologies). Table 1 depicts the list of primers and their
sequences tailored for this study.

Real-time quantitative PCR (QPCR) was performed on a StepOnePlus™ Real-
Time PCR System (Life Technologies) using SYBR Green as the fluorescent
intercalating dye (iTag™ Universal SYBR® Green Supermix, Bio-Rad). Per reaction,
cDNA and primers were mixed with SYBR Green following the recommended protocol.
Starting with an initial 10 min denaturation at 95 °C, real-time PCR repeated 40 cycles
of amplification, each cycle consisting of a 15 s at 95 °C period followed by 30 s at 62
°C period. Fluorescence of SYBR Green was detected at the end of each cycle. All
gPCR experiments were done in two technical replicates. Miner and NORMA-Gene
algorithm were used to analyze real-time quantitative PCR data, as previously
reported.’®2" All final relative fold change gene expression values obtained were logs

transformed before reporting.
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Statistics
To determine the significance of the impacts of treatments compared to the controls,
two statistical analyses (Mann Whitney U-test or One-Way ANOVA) were chosen
depending on the distribution of the data and homogeneity of variances. The statistical
analyses were performed using SPSS (IBM 2015). Impacts to daphnid survival were
assessed using the nonparametric Mann Whitney U-test for two independent samples
after the data failed normality and homogeneity of variances were determined. No
outliers were found, and treatments were deemed significantly different than controls
at probability value < 0.05. Impacts to daphnid reproduction were determined using
One-Way ANOVA with Tukey HSD Post Hoc Test after the data was found to be
normal and variances considered homogenous. No outliers were found, and
treatments were deemed significantly different than controls at probability value < 0.05.
The relative gene expression data from Daphnia chronic exposures were
normalized to controls and log, transformed to fit a normal distribution. Outliers were
removed prior to statistical analysis. Significant differences in relative expression were
determined using either One-Way ANOVA with Tukey HSD Post Hoc Test or One-
Way ANOVA with Dunnett’s T3 Post Hoc Test after normality and homogeneity of

variances were determined (p < 0.05) (N > 3).

Results
Characterization of Nanoscale NMC and LCO
Upon exposure to daphnid media, the electrophoretic mobilities of the NMC and

LCO nanosheets were (0.19 £ 0.03) and (0.21 £ 0.06) umcm/(Vs), respectively (Table
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2). The colloidal stability of 10 mg/L NMC and LCO in daphnid medium was also
assessed using UV-vis to analyze how the relative concentrations of NMC and LCO
changed in the water column over time. Figure S1at shows that for NMC, an initial
measurement at O h yielded a broad peak centering around 263 nm. At 3h, a sharper
peak centered at 253 nm appeared with an absorbance reading of 0.127. Over 22.5 h,
this peak at 253 nm decreased to an absorbance reading of 0.085, indicating an
absorbance loss of 33%. Figure S1bt shows that for LCO, an initial measurement at 0
h yielded a peak at 278 nm with an absorbance reading of 0.228. Over 22.5 h, this
peak shifted toward 269 nm with a final absorbance reading of 0.078; indicating a
relative absorbance loss of 66%. These UV-vis measurements show that LCO
nanosheets sediment out of the water column much faster than NMC over the course
of 22.5 h.

Figure S21 show SEM images of synthesized nanoscale NMC and LCO, both
of which show sheet-like morphology. While the SEM resolution is limited by charging
effects, the edge-on features can be approximated to be <5 nm in thickness can be
seen in figures S2a and bt. The nanosheets of NMC and LCO have a range of sizes
in terms of their basal diameter because the sheet-like character of nanoscale NMC
renders them fragile. Both synthesized NMC and LCO nanosheets were indexed to an

R3m space group via powder X-ray diffraction measurements (Fig. S3a and bt).

Dissolution study

Lithium cobalt oxide and NMC leached measurable amounts of metal ions into

solution when measured at 72 hours in daphnid media (Fig. 1a and 1b). Most notably,
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for both materials, large quantities of lithium were released into solution in a dose
dependent manner. For LCO, at 0.5, 1.0, 5.0 and 25 mg/L, lithium was found at
concentrations of 0.03, 0.06, 0.28, and 1.32 mg/L in solution, respectively. For NMC,
at 0.5, 1.0, 5.0 and 25 mg/L, lithium was found at concentrations of 0.04, 0.09, 0.41,
and 2.04 mg/L in solution, respectively. Cobalt was found at lower concentrations, a
maximum of 0.02 for LCO and 0.003 for NMC per 5 mg/L of material. Nickel was
measured in solution at a maximum concentration of 0.08 mg/L for NMC at 5 mg/L.

Manganese was found to be in solution below detection limits for NMC (< 0.001).

Daphnia body burden study

Daphnids exposed to 1 mg/L NMC for 24 hours exhibited greater accumulation
of NMC particles and or dissolved metals than daphnids with the same treatment plus
an acid wash (Supporting information, Fig. S4t). Daphnids exposed to NMC particles
accumulated 0.001, 0.092, 0.098 and 0.110 mg/daphnid for lithium, nickel, manganese
and cobalt, respectively. Smaller amounts of particle and metal accumulation were
measured for daphnids exposed to 1 mg/L NMC for 24 hours and treated with an acid
wash. Daphnids with the acid wash contained amounts of lithium, nickel, manganese
and cobalt equal to 0.001, 0.054, 0.062 and 0.078 mg/daphnid, respectively. Controls
showed very little amounts of metal contamination. Nickel was found below the
detection limit in control daphnids. The remaining three metals were measured at

0.003, 0.003, and 0.029 mg/daphnid for lithium, manganese and cobalt, respectively.

Daphnia magna acute and chronic toxicity
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Lithium nickel manganese cobalt oxide and LCO NMs had no impact on
daphnid mortality at any of the tested concentrations (p > 0.05, 1-25 mg/L). However
these materials were visible in the digestive tract and adhered to carapace of D.

magna.

LCO nanoparticles and supernatant. Chronic exposures of LCO demonstrated
significant negative impacts to daphnid survival, reproduction at concentrations greater
than 0.25 mg/L (Fig. 2a and 3a, respectively). The lowest concentration tested, 0.05
mg/L caused no impacts to measured endpoints. A concentration of 0.1 mg/L caused
a 23.2% increased in daphnid reproduction compared to control. A concentration of
0.25 mg/L, decreased daphnid reproduction by 79.8% (F = 32.942, df = 15, p < 0.05)
and daphnid survival by 40% at day 21 compared to control (U = 0.0, p > 0.05).
Concentrations of LCO at 0.5, 1 and 5 mg/L caused 100% mortality by day 21 (U =
0.0, p < 0.05) and no reproduction was observed compared to control. No impacts to
daphnid body size at any concentration were observed. Exposure to the LCO
supernatant caused no impacts at similar concentrations where impacts were

observed from LCO NMs.

NMC nanoparticles and supernatant. Chronic exposures caused significant impacts to
daphnid survival, reproduction and body size at concentrations greater than 0.25 mg/L,
in a dose-dependent manor (Fig. 2b, 3b and supporting information, S57,
respectively). The lowest concentration tested, 0.25 mg/L caused a 21% increase in

reproduction, though not significant, and no impacts to daphnid survival or. However,

129



0.5 mg/L caused a significant 44% reduction in daphnid reproduction (F = 28.740, df =
19, p < 0.05) compared to control. No significant differences in body size or survival
were found at this concentration. Daphnids exposed to 1.0 mg/L NMC particles
exhibited significant impacts to body size, mortality and reproduction compared to
control. This concentration caused an 87% decrease in daphnid reproduction (F =
28.740, df =19, p < 0.05), a reduced body size by 15.5% (p < 0.05)(Fig. S5t), and a
60% reduced survival rate at day 21 (U = 0.0, p < 0.05) when compared to control.
The two highest concentrations, 5.0 and 25 mg/L, elicited significant impacts to
daphnid survival with 100% reduction in survival by day 21 (U = 0, p < 0.05).
Exposure to the NMC supernatant caused no impacts at similar concentrations where

impacts were observed from NMC NMs.

Nickel. Measured concentrations of nickel leached in the dissolution study did not
cause impacts to daphnia survival or reproduction. However, chronic exposures to
nickel caused significant impacts to daphnid survival and reproduction at 0.4 mg/L
(Fig. 4a and 5a, respectively). At this concentration, 100% daphnid mortality occurred
at day 21 (U= 0.0, p <0.05) and an 80.3 % reduction in daphnid reproduction was
recorded (F = 35.651, df =18, p < 0.05). At 0.1 and 0.2 mg/L nickel there was a 17.7
and 25.4% increase in daphnid reproduction. No impacts to daphnid body size were

observed.

Cobalt. Concentrations of leached cobalt from the dissolution study did not cause

significant impacts to daphnid survival or reproduction. Instead, exposure to cobalt
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caused a significant reduction to daphnid survival at 0.2 and 0.1 mg/L and significant
impacts to reproduction at 0.1 mg/L (Fig. 4b and 5b, respectively). At 0.1 mg/L cobalt,
daphnids experienced an 89.6% reduction in reproduction (F = 42.276, df = 15, p <
0.05) and a 20% reduction in daphnid survival (U = 0.0, p < 0.05) when compared to
controls. At 0.2 mg/L 100% reduction in daphnid survival was observed at day 21 (U =

0.0, p < 0.05). No impacts to daphnid body size were observed.

Lithium. Only the highest measured concentration of lithium leached from 25 mg/L of
NMC caused significant impairments to daphnid survival and to reproduction (Fig. 4c
and 5c, respectively), no other concentration of NMC or LCO measured lithium
leachate caused significant impacts. At 2.5 mg/L lithium, daphnids exhibited a 97.8%
reduction in reproduction (F = 85.223, df = 12, p < 0.05). At 2.5, 5.0 and 10 mg/L 100%
reduction in daphnid survival was observed at day 21 (U = 0.0, p < 0.05). No impacts

to daphnid body size were observed.

Gene expression
Daphnids exposed to LCO and NMC for 21 days exhibited dose dependent down
regulation of a number of genes explored in this study (Fig. 6a and 6b, respectively
and Supporting information, Table. S11). Of the NMs we tested, NMC appeared to
down regulate genes to a greater extent than LCO.

Daphnids exposed to NMC and LCO supernatant controls exhibited a different
response compared to the NMs themselves. LCO supernatant caused no significant

changes in gene expression but increased in the expression of 18s, vig1 and Mtla (p >
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0.05). However, LCO at 0.25 mg/L significantly decreased Daphnid relative expression
of 18s, cat, vtg1, gst, act, and hsp70 (p < 0.05, Table S171). LCO at 0.1 mg/L only
significantly down regulated vig? (p < 0.05, Table S17). Gene expression for NMC
supernatant showed no significant changes (p < 0.05). Daphnids exposed to
concentrations of NMC at 1.0 mg/L showed genes 18s, cat, gst, act, Mtla and hsp70
significantly down regulated (p < 0.05, Table S11). Daphnids exposed to a lower
concentration of NMC, 0.25 mg/L, showed significant decreases in the relative
expression of cat, vig1, gst and hsp70 (p < 0.05, Table S11). For specific gene
expression values and statistical information see table 1 in the supporting information

(Table S17).

Discussion

The results suggest that the effects elicited from both NMC and LCO particles
were not due to the free ions alone rather a specific effect caused by the ingestion of
the NMs themselves (Fig. 2 and 3). Lithium nickel manganese cobalt oxide and LCO
NMs impacted Daphnia magna survival, reproduction and body size in a dose
dependent manor independent of the free ions present in suspension. In our study, the
NMC and LCO particles visibly adhered to the daphnid carapace and accumulated
inside the digestive tract of the organism. This was further supported by the body
burden assay with NMC that demonstrated a significant amount of NMs both adhered
and ingested/internalized in D. magna. Other studies report similar effects with metallic
NMs. For instance, it was found that metallic nanoparticles adhere to bacteria and
algae. These studies concluded that it was nanoparticle adherence that caused toxicity

due to localized delivery of toxic ionic metals'® '®. While free ions in suspension do not
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explain the observed effects, NMC and LCO particulates could potentially be delivering
a localized high concentration of free ions on or inside daphnid cells that were not
accounted for by the free ion and supernatant control treatments. Toxic metals have
been shown to damage gut epithelial cells involved in nutrient uptake and sensitive
organs such as the gills.

In addition, these sites in particular have been shown to be the main sites of
accumulation for water borne metals such as silver®? and nickel.>® One study found
that, upon exposure to sub-lethal concentrations of nickel and cobalt, degeneration of
the hepatic caeca located in the digestive tract of Daphnia magna occurred.?* In
daphnids, the hepatic caeca (diverticula) are important to acid production®, food
digestion26 and nutrient uptake.?’ In the presence of nickel, D. magna suffer from
drastically reduced whole body glycogen content.?® LCO and NMC nanomaterials may
undergo chemical transformations such as redox-enabled dissolution of the material
upon accumulation inside the digestive tract. Therefore, upon exposure to LCO and
NMC materials, potential localized high concentrations of these metals in their bodies
may cause daphnids to experience an impact to their energy budgets due to impaired
nutrient assimilation. This might explain the decrease in reproduction, body size and
increased mortality rate at low concentrations.

Chemical composition appeared to be important for determining toxicity ((LCO
(100% Co) vs. NMC (33% Ni, 33% Mn, and 33% Co)) indicating that choice of material
may mitigate toxicity for these next-generation materials. Other studies have made
similar conclusions but with different materials. For example, CdSe/ZnS and InP/ZnS

core/shell NMs were exposed to two cell lines, SH SYSY and A549 cells. CdSe/ZnS
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and InP/ZnS were well characterized with comparable physical and chemical
properties only differing in chemical composition®. This study concluded that,
substituting Cd and Se with In and P as the core material components in the core/shell
NM mitigated all impacts to cellular viability at the tested concentrations®. LCO was
more toxic than NMC causing similar impacts to long term survival and reproduction at
concentrations four times lower indicating chemical specific impacts. Of the three
individual metals assessed in this study, cobalt was the most toxic to D. magna (Fig.
4b and 5b), impacting reproduction and survival at concentrations as low as 0.1 mg/L.
Dissolution studies revealed higher amounts of cobalt leached from LCO NMs
potentially explaining why this material was more toxic to daphnids (Fig. 1). These
results indicate that replacing toxic metals with less toxic metals may reduce the
potential for impacts to environmental health.

Nanospecific impact may also be related to physical impact as they were found
to adhere to daphnids, however, the physical adherence may have caused a localized
high concentration of toxic metal ions. Previous studies have shown that metal and
clay particulates may cause physical insults to invertebrates at high concentrations
due to constipation and feeding inhibition (e.g. disruption of collection and ingestion of
algae) and that there may be unique impacts due to the particulate chemical
composition.*® Because LCO and NMC have the same morphology, similar density
and aggregation but differ greatly in their impacts may indicate that physical effects
were not an important factor at low concentrations. Our previous studies showed that
citrate coated gold nanoparticles adhered to daphnids and physically impairmed

daphnid reproduction and body size®'. These effects were only observed at high
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concentrations (25 mg/L) and were thought to be due to the extended fused networks
the aggregated gold nanoparticles formed. Similar sized gold nanoparticles that did not
form extended fused networks of particles; rather aggregated groups of individual
nanoparticles and did not cause any effects at high concentrations (25 mg/L)*'. This
further supports our hypothesis that effects are chemical related rather than physical,
as LCO and NMC particles caused apical endpoint impacts at low concentrations (0.25
and 1 mg/L, respectively)(Fig. 2 and 3).

Gene expression results further demonstrated that the NMs themselves caused
unique impacts that could not be explained by the supernatant controls that accounted
for background dissolved metals in suspension (Fig. 6). Another study exploring
different metal oxides found that the metal oxide and their respective soluble metal
had a distinct molecular fingerprint'?. These results are in agreement with ours, in that
the solubilized metals could not replicate the molecular level response upon exposure
to their respective NM. Lithium nickel manganese cobalt oxide and LCO caused a
significant down regulation of genes involved in oxidative stress, heavy metal toxicity,
reproduction and cell maintenance related pathways. Other studies report that upon
exposure to metal oxide NMs have trigger the down regulation of a wide range of
genes, more so than up regulation'®. Although we only were able to examine two
concentrations (one sub lethal and one lethal concentration), the impacts to gene
expression appeared to be dose dependent with the high concentrations of NMC and
LCO NMs down-regulating gene expression to a greater extent than low
concentrations. This was potentially because the organism was dying. Overall NMC

NMs altered gene expression to a greater extent than LCO NMs, however daphnids
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were exposed to NMC at higher concentrations and exhibited greater impacts to

survival and reproduction.

Conclusion

With the growth in lithium ion based energy storage technologies industry seeks
to develop new materials with enhanced qualities, such as increased intercalation
rates, energy storage capacity and resistance to degradation. First generation
materials such as LCO are being replaced by NMC and there is a switch from bulk
materials to NMs as they enable industry to achieve their performance standards. NMs
such as NMC will increase in production, as they will be primary components of these
technologies. However, current recycling infrastructure is in its infancy, which leads to
the disposal of batteries containing NMC in landfills and potential for these materials to
enter aquatic environments. The most important quality of battery material design
should be its environmental biocompatibility, however, the toxicity of these materials
has not been part of the design process. In order to develop sustainable cathode NMs
we must get ahead of the production cycle. Two important considerations are the
impacts of using NM versions of these materials as well as the consequences of
replacing nickel and manganese for cobalt as we shift from LCO to NMC.

In this study, we found that NMC and LCO NMs leached measurable amounts
of lithium, nickel and cobalt into solution; however, controls that accounted for free ion
and supernatant toxicity could not explain the observed effects when NMC and LCO
NMs were present in suspension. Furthermore, particles were ingested by daphnids

and found to adhere to their carapace leading us to believe that the effects we
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observed are NM specific. While we cannot rule out a metal ion-induced mechanism
for toxicity, we hypothesize that the observed impacts are caused by the physical
adherence of the NM to biological membranes and a localized delivery of a high
concentration of toxic metals. In addition, our study demonstrated that the toxicity of
the materials in question is dependent upon chemical composition with the
replacement of cobalt by nickel and manganese leading to increased daphnid survival
and reproduction. Therefore, replacing toxic metals with more benign metals may
increase the environmental compatibility and sustainability of next generation battery
materials. To our knowledge this is the first study assessing the toxicity of a

multicomponent complex metal oxide to Daphnia magna.
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CHAPTER 4 TABLES

Table 1 Genes explored, primer sequence information, gene description and

accession number.

Target Gene ::593,'? e [l ?5?‘;?; Se primer Function Accession #
Glutathione S- | CAA CGC GTA CTA GAC CGA Xenobiotic
transferase TGG CAA AGA AAC GGT GGT detoxification AF448500.1
(gst) TG AAA

CAG GAT CAT CTG AAG GCA Oxidative
Catalase (cat) | CGG CAG TTA AAC CTG TCT stress GQ389639.1

GTT ACT attenuation
Metallothionein | TTG CCA AAA CAC CTC CAG Metal KE561474.1
(mtla) CAATTG CTC AT | TGG CAC AAA detoxification ;
Vitellogenin | CTGTTCCTC | CCAGAG AAG | Reproduction,

tefogen GCTCTG TCT GAA GCG TTG xual AB252737.1

(vtg1) maturation and

TG TAG

general stress
CGC TCT GAA .
TGT CCG ACC Protein

18s (18s) %C_)A AGG GTG GTG AAG AGA synthesis AM490278.1
Heat shock CCT TAG TCA TCA AGC GGA Response to
protein 70 TGG CTC GTT ACA CCACTA heat; protein EU514494 .1
(hsp70) CTC TC folding

CCACACTGT Cytoskeleton
B-Actin (act) CCC CATTTA CGC GAC CAG production, cell | AJ292554 .1

CCA AAT CC )
TGAA maintenance

Table 2 Nanomaterial characterization

Mobility
Milli-Q water {-Potential (mV) (umcm/Vs)
LCO -6.25 + 0.45 -0.49 + 0.03
NMC -7.08 £1.75 -0.55 + 0.33
Daphnia media
LCO 2.73+0.70 0.21 £ 0.05
NMC 2.50 + 0.40 0.20 + 0.02

Lithium cobalt oxide (LCO) and lithium nickel manganese cobalt oxide (NMC)
nanoparticle zeta potential and electrophoretic mobility in ultra pure water (milli-Q) and

Daphnia medium.
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CHAPTER 4 FIGURES

Figure 1
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ICPMS results for metal dissolution in daphnid media at 72 hours. Particle
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dissolution for (a) lithium cobalt oxide (LCO) nanoparticles and supernatant and (b)
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lithium nickel manganese cobalt oxide (NMC) nanoparticles and supernatant. Error
bars represent standard deviation, n = 3.
Figure 2
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Average chronic daphnid survival rate over 21 days compared to controls.
Survival rate for (a) lithium cobalt oxide (LCO) nanoparticles and supernatant and (b)

lithium nickel manganese cobalt oxide (NMC) nanoparticles and supernatant. Error
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bars represent standard error of the mean, n = 4. Asterisks indicate significance

compared to control (p < 0.05).

Figure 3
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Average chronic daphnid reproduction over 21 days compared to controls.
Percent control reproduction per individual (a) for lithium cobalt oxide (LCO)

nanoparticles and (b) for lithium nickel manganese cobalt oxide (NMC) nanoparticles.
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Error bars represent standard error of the mean, n = 4. Asterisks indicate significance

compared to control (p < 0.05).

Figure 4
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Average chronic daphnid survival rate over 21 days compared to controls.
Average survival rate for (a) nickel, (b) cobalt and (c) lithium. Error bars represent
standard error of the mean, n = 3. Asterisks indicate significance compared to control

(p < 0.05).
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Figure 5

4. 140 | OControl

120  ™Nickel

0.00 0.03 0.05 0.10 0.20 0.40
Concentration (mg/L)

-
N 0 O
o O o

reproduction (%)

£
o

Average individual

N
o

o

b. 120 O Control

100 {. | I ® Cobalt
| I |

0.00 0.005 0.01 0.02 0.10
Concentration (mg/L)

(o]
o

£
o

Average individual
reproduction (%)
(=2
o

N
o

o

157



C. 120 O Control
B jthium

100 I

(o
o

E-N
o

Average individual
reproduction (%)
(=]

o

N
o

*

——

0 0.50 1.00 250
Concentration (mg/L)

o

Average chronic daphnid reproduction over 21 days compared to controls.
Percent control reproduction per individual for (a) nickel, (b) for cobalt and (c) lithium.
Error bars represent standard error of the mean, n = 3. Asterisks indicate significance

compared to control (p < 0.05).
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Figure 6
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Fold change gene expression. Average daphnid relative fold change gene
expression (Logy) at day 21 compared to controls. Average Gene expression for (a)
lithium cobalt oxide (LCO) nanoparticles and supernatant and (b) lithium nickel
manganese cobalt oxide (NMC) nanoparticles and supernatant. Error bars represent
standard error of the mean, n = 4. Asterisks indicate significance compared to control

(p < 0.05).
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CHAPTER 4 SUPPORTING INFORMATION
Core chemistry influences the toxicity of multi-component metal oxide nanomaterials,

lithium nickel manganese cobalt oxide and lithium cobalt oxide to Daphnia magna

Number of supporting information pages: 6

Number of Figures: 5

Number of Tables: 1
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Table S1

Average
Fold P
Treatment Gene Change SE F Score df value
LCO 0.1 mg/L
18s -0.13 0.34 19.77 23 p>0.05
cat 0.45 0.11 15.37 23 p>0.05
vig1 -1.41 0.19 4462 23 p<0.05
gst -0.02 0.34 19.05 23 p>0.05
act -0.92 0.18 19.64 23 p>0.05
mtla -1.89 2.38 0.81 23 p>0.05
hsp70 -0.44 0.46 12.32 23 p>0.05
LCO
Supernatant
0.1 mg/L
18s 0.88 0.22 19.77 23 p>0.05
cat 0.28 0.12 15.37 23 p>0.05
vig1 2.09 0.35 4462 23 p<0.05
gst 0.14 0.14 19.05 23 p>0.05
act 0.80 0.39 19.64 23 p>0.05
mtla 2.38 0.49 0.81 23 p>0.05
hsp70 -0.15 0.11 12.32 23 p>0.05
LCO 0.25
mg/L
18s -2.28 0.20 19.77 23 p<0.05
cat -2.18 0.20 15.37 23 p<0.05
vig1 -3.54 0.26 4462 23 p<0.05
gst -3.03 0.38 19.05 23 p<0.05
act -2.82 0.19 19.64 23 p<0.05
mtla -0.39 1.81 0.81 23 p>0.05
hsp70 -2.37 0.21 12.32 23 p<0.05
LCO
Supernatant
0.25 mg/L
18s 0.46 0.15 19.77 23 p>0.05
cat -0.09 0.14 15.37 23 p>0.05
vig1 0.94 0.33 4462 23 p>0.05
gst -0.54 0.14 19.05 23 p>0.05
act 0.40 0.27 19.64 23 p>0.05
mtla 1.31 1.28 0.81 23 p>0.05
hsp70 -0.70 0.07 12.32 23 p>0.05
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NMC 0.25

mg/L
18s
cat
vig1
gst
act
mtla
hsp70

NMC

Supernatant

0.25 mg/L
18s
cat
vig1
gst
act
mtla
hsp70

NMC 1.0 mg/L
18s
cat
vig1
gst
act
mtla
hsp70

NMC

Supernatant

1.0 mg/L
18s
cat
vig1
gst
act
mtla
hsp70

-1.14
-2.08
-7.78
-3.43
-2.26
-3.39
-2.92

-0.16
-0.05
-1.54
-0.95
0.21
1.90
0.31

-3.62
-4.81
-1.12
-5.77
-5.07
-9.00
-7.11

-0.06
-0.52
0.02
-0.65
0.36
1.67
-0.71

0.41
0.26
0.20
0.39
0.70
N/A
0.39

0.22
0.23
0.73
0.18
0.13
0.36
0.38

0.40
0.63
0.28
0.50
0.49
1.21
0.37

0.12
0.25
0.50
0.38
0.19
0.36
0.17

40.61
38.97
54.14
47.22
40.94
23.71
105.43

40.61
38.97
54.14
47.22
40.94
23.71
105.43

40.61
38.97
54.14
47.22
40.94
23.71
105.43

40.61
38.97
54.14
47.22
40.94
23.71
105.43

27
27
27
27
27
23
27

27
27
27
27
27
23
27

27
27
27
27
27
23
27

27
27
27
27
27
23
27

p <0.05
p <0.05
p <0.05
p <0.05
p > 0.05
p > 0.05
p <0.05

p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05

p <0.05
p <0.05
p > 0.05
p <0.05
p <0.05
p <0.05
p <0.05

p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05
p > 0.05

Table S11. Chronic daphnid body size over 21 days compared to controls. Percent

control body size per average individual exposed to lithium nickel manganese cobalt
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oxide (NMC) nanoparticles. Error bars represent standard error of the mean, n = 4.

Asterisks indicated significance (p < 0.05).

Figure S1
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Analysis of colloidal stability of 10 mg/L a.) LCO and b.) NMC nanomaterials in

daphnid growth medium over time using UV-vis spectroscopy of the water column.
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Figure S2

Scanning electron micrographs of a.) LCO and b.) NMC nanomaterials dropcasted

onto silicon wafers.
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Figure S3
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Powder X-ray diffraction patterns of a.) LCO and b.) NMC nanomaterials.

Figure S4
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Daphnid body burden assay. ICP results from daphnids exposed to lithium nickel

manganese cobalt oxide (NMC) nanomaterials or NMC and an acid wash.
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Figure S5
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Chronic daphnid body size over 21 days compared to controls. Percent control body
size per average individual exposed to lithium nickel manganese cobalt oxide (NMC)
nanoparticles. Error bars represent standard error of the mean, n = 4. Asterisks

indicated significance (p < 0.05).
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Chapter 5 DISCUSSION AND CONCLUSIONS

The goal of this work was to add to our baseline understanding for NM toxicity
by addressing the needs of key areas in nanotoxicology. In order to achieve this goal |
asked three main questions based on the knowledge gaps | identified in the literature:
1) How do variations in NM surface charge and ligand chemistry alter NM toxicity to
Daphnia? 2) How does the molecular response differ when an organism is exposed to
NMs with different surface properties? and 3) Can altering the core chemical
composition of a NM alleviate impacts to molecular and apical endpoints in Daphnia?
In addressing these three main questions | was able to provide data, which indicate
that not only the charge of the NM but the component that imparts the charge is
important for determining toxicity. My studies show that NMs can have nanospecific
impacts resulting in cellular changes and acute and chronic impacts. In addition, |
demonstrated that NMs could be altered to have reduced toxicity. This research also
highlighted the importance of controlling for experimental artifacts and confounding
factors in nanotoxicology assays that impede our ability to identify nanospecific

impacts.

How do variations in nanomaterial surface charge and ligand chemistry alter
nanomaterial toxicity?

The results from chapter two of this dissertation indicated that charge and the
ligand type used in NM functionalization both impact NM toxicity and should be taken
into consideration when developing predictive models. My study showed that positively

charged NMs are more toxic than negatively charged particles’. In my study,
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positively charged PAH-AuNPs were found to cause impacts to daphnid reproduction
and survival at low part per billion concentrations, compared to the negatively charged
particles which showed no impacts at concentrations orders of magnitude higher.

My results indicate that the ligand used in NM functionalization itself might be
toxic and that this may explain some of the observed effects in NM toxicity assays. For
CTAB-AuNPs, CTAB the ligand itself was shown to be just as detrimental to daphnid
survival as the ligand-NM combination. My study was contradictory to others in that |
was unable to observe greater NM ingestion/accumulation of positively charged NMs
than negatively charged NMs" ® 7. However, | did not specifically investigate cellular
uptake, which is what most studies report. Based on this finding | concluded that total
particle accumulation does not explain the greater toxicity of the positively charged
AuNPs. The differences in density of charge in the various NM-ligand combinations
may also play a role in toxicity. After measuring charge density it was determined not
to be a significant effect. This leads us to believe that the positively charged AuNPs
as a whole are inherently more toxic.

Historically, positively charged chemicals have shown greater potential for
biological impact as they have an increased affinity towards negatively charged
biological surfaces®. Others have shown specifically that positively charged particles to
be toxic to cells, invertebrates and fish" ® '°. Studies also have shown different
mechanisms for positively charged particles to induce toxicity than negatively charged
particles'’. For example, cellular exposure to positively charged particles indicated
membrane disruption while exposure to anionic charged particle induced intracellular

damage and apoptosis'’. The increased affinity of positively charged particles may
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lead to a greater interaction with the negatively charged membranes of cells and
therefore may explain the greater impact of positively charged AuNPs. However, these
studies did not incorporate the necessary controls making it difficult to understand if
the observed effects were nanospecific or just due to the ligand alone.

Aggregation may also have played a role in toxicity. When NMs aggregate their
size may dramatically increase therefore reducing the number of potential
mechanisms for cellular uptake and toxicity'2. Smaller sized NMs have greater surface
area and may also have a greater ability to pass through the peritrophic membrane of
Daphnia. The peritrophic membrane separates food particles from the gut mucosa and
acts as a kind of dialyzer'. This membrane has been shown to be impermeable to
latex beads with a diameter greater than 139 nm therefore preventing larger objects
from interacting with daphnid gut epithelial cells™. While positively charged AuNPs
were stable in daphnid media, negatively charged AuNPs, MPA and Cit-AuNPs, were
not and aggregated rapidly, potentially reducing their bioavailability to D. magna and
decreasing their toxicity.

My study demonstrated that the type of aggregation also might determine
whether negatively charged particles impact daphnids or not. For example, Cit-AuNPs
irreversibly formed extended fused networks of aggregates and shut down daphnid
reproduction at 25 mg/L whereas MPA-AuNPs reversibly aggregated and did not
impact daphnid reproduction at 25 mg/L. | also observed Cit-AuNPs forming
algal/nano agglomerates in chronic exposures, adhering to daphnid carapaces. |
hypothesize that this led to physical impairments of daphnids potentially increasing

energy expenditure and blocking nutrient absorption in their digestive tract. For certain
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NM types and NM-ligand combinations and depending on how they aggregate,
physical effects could therefore play a major role in the observed impacts to organism
apical endpoints.

Further validation of the trends | observed are required in order to make
definitive decisions as to which surface properties are most important for NM toxicity.
Understanding specific surface properties that dictate NM toxicity requires model NMs
that span many different core types and have subtle alterations in their properties that
enable the testing of specific hypotheses. While many in vitro studies show the effects
of charge and altered surface properties to NM toxicity, few in vivo studies have done
similar. In my study | showed the impacts of charge and ligand chemistry on toxicity to
an environmentally relevant whole organism. The next step would be to test the
impacts of altered charge density to toxicity by using ligands bound to chemically inert
cores, such as gold or diamond, with differing functional groups. This would increase
our ability to predict toxicity based on charge alone. Systematically testing how altered
charge density impacts toxicity has been used to develop models to predict the aquatic
toxicity of cationic polymers™. This has led to an increase in the efficiency of
assessing the toxicity of this technologically important class of chemicals.

This study demonstrates the difficulties of testing even model systems as
factors such as aggregation are dependent on the surface chemistry of the NM in
question and may lead to physical effects which are not considered to be part of the
intrinsic toxicity of a chemical. In addition, increased aggregation may reduce
organism exposure making it difficult to make direct comparisons. Taking these factors

into consideration as conclusions are drawn will increase our ability to predict NM
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toxicity solely on their physiochemical properties. This study and studies alike are
crucial for closing the knowledge gap that exists in nanotoxicology and informing the

NM design process for the development of sustainable nanotechnologies.

How do the molecular responses differ when an organism is exposed to NMs
with different surface properties?

Chapter three of this dissertation revealed the distinct gene expression
response when D. magna is exposed to different charged AuUNPs and their respective
free ligands over acute and chronic time points. Very little information exists in regards
to the short term and long term in vivo impacts of functionalized NMs and whole

organism response at the gene expression level'

. When | compared the organism
gene expression response when exposed to one MPA-AuNPs vs. PAH-AuNPs, the
gene expression response for the majority of the genes | investigated was opposite
(i.e. when one particle up regulated gene expression the other down regulated gene
expression and were found to be significantly different from one another). Gene
expression has been shown to reveal unique molecular fingerprints for NMs with
different surface properties but similar core materials'® '’. In my study, it took much
larger concentrations to get any result of negatively charged particles, which is
notable. In addition, as previously mentioned, MPA-AuNPs aggregated whereas PAH-
AuNPs did not. Therefore the different expression patterns may be due to the

difference in concentration, surface charge, their aggregation or the actual chemistry

of the ligand-NM combination. Studies such as the one presented in this dissertation
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are few and further information is needed to determine if the trends in the molecular
response NMs provoke can be validated across many different NM types.

Nanospecific impacts to Daphnia gene expression were observed in this study.
However, for the most part for the genes | studied, the ligand used in NM
functionalization and the ligand-NM combination had a similar pattern of gene
expression. The relative expression of actin, a gene encoding for protein filaments
important to cytoskeleton production and cellular organelle motility, was significantly
up regulated when daphnids were exposed to PAH-AuNPs but not the PAH ligand
alone. Others have described a high ability for microparticles to bind actin filaments
and demonstrate the damages NMs can elicit on actin filaments in vitro’®. Others have
reported NM induced damage to actin filaments'® ?°. This was the only treatment that
increased the expression of this gene. Further research is warranted to determine if
this cellular response is common across organisms exposed to AuNPs and to
determine if NM-actin protein binding is a mechanism for cellular toxicity. Many other
genes triggered by the ligand-NM combination were also triggered to a similar extent
by the ligand alone. This may indicate potential opportunities to describe organism
molecular response based on the ligand alone, however unique findings only triggered
by the ligand-NM combination may downplay our ability to do this.

This research demonstrated that sub-lethal concentrations of positively and
negatively charged AuNPs do not induce oxidative stress related pathways. The
primary proposed mechanism for NM toxicity is oxidative stress. A previous study
exploring the impact of positively and negatively charged AuNPs to the cells of the

digestive tract of D. magna showed induction of oxidative stress related pathways with
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exposure to positively charged particles?’. In this study the whole organism gene
expression response to functionalized AuNPs did not induce oxidative stress related
pathways. It may be that oxidative stress is localized at the primary site of NM
interaction within the organism and that harvesting the total RNA from the whole
organism decreases my ability to detect the changes in oxidative stress related
transcripts in the cells most likely to be exposed to NMs. In addition, it could be related
to time as my exposures lasted 48 hours or 21 days and the aforementioned study
assessed impacts after 24 hours.

In order to fully understand modes of action and mechanisms for NM toxicity,
molecular level studies need to be linked to impacts on environmentally relevant
endpoints. Studies thus far have primarily focused on oxidative stress related
pathways; pathways that may not always be indicative of organism fithess or of
potential for disruptions in organism populations. My study examined several other
pathways besides oxidative stress, such as reproductive, cell maintenance and
proteotoxic stress related pathways. My study demonstrated that it is possible to
identify nanospecific induced organism gene expression responses. In addition, | was
able to determine general trends in organism response to NM properties. While this
study was informative, future studies are needed that address issues such as NM
dose-response relationship with endpoints and molecular changes, issues of
comparing aggregated systems to unaggregated systems and studies are needed that
expand on the number of genes and pathways we investigate coupled with
environmentally relevant endpoint impacts. Expanding on this understanding,

exploring the molecular changes of organisms exposed to multiple well-tailored
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hypothesis driven NMs will enable us to develop a suite of biomarkers that are
important in predicting NM impacts based on their surface properties. Traditional
biomarkers and novel biomarkers of toxicity for NMs may then be used in the

development of high throughput screening assays and models that inform NM design.

Can altering the core chemical composition of multicomponent metal
nanomaterials reduce impacts to molecular and apical endpoints?

In chapter four of this dissertation | determined nanospecific impacts caused by
NMs and concluded that specific alterations in the chemical composition of
multicomponent metal oxide NMs alleviates toxic impacts to Daphnia apical endpoints.
In this study, | systematically identified the toxicity of two next generation battery
materials, LCO and NMC, by assessing the toxicity of the individual ionic metal
components and the dissolved metals in suspension. LCO and NMC are composed of
lithium and cobalt and lithium, nickel, manganese and cobalt, respectively. The
structure of NMC is 33% cobalt while the structure of LCO is 100% cobalt. Out of the
ionic metals | tested, | determined cobalt to be the most toxic, potentially explaining the
increase in toxicity observed for LCO NMs. After chronic exposure, LCO NMs
impacted daphnid reproduction and survival to an equal extent as NMC but at
concentrations four times lower. Dissolution studies revealed more cobalt dissolution
occurred from LCO than NMC. Based on the dissolution of these materials in my
media | determined that the metal levels in the background NM suspension could not
explain the observed effects. Similarly the supernatant controls from NM suspensions

that contained the mixture of dissolved metals could not account for the impacts to
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daphnid reproduction and survival. Therefore | conclude that the effects | observed
were specific to the NM. However, it is difficult to rule out whether NM dissolution at
the contact site is the cause for toxicity as the particles adhered to the daphnid
carapace and accumulated in the digestive tract, which potentially delivered a
localized high concentration of dissolved metals.

Gene expression response of daphnids exposed to LCO or NMC materials
showed significant down regulation of a suite of genes in a dose-dependent manner
and could not be explained by the dissolved metals in solution which further supported
my conclusion that LCO and NMC cause nanospecific effects. Daphnids exposed to
LCO or NMC supernatants showed no significant changes in the expression of the
genes | explored while LCO and NMC exposed daphnids showed significantly down
regulated genes involved in cell maintenance, metal toxicity attenuation, reproduction,
and oxidative stress. The impact to daphnid gene expression was reduced when
daphnids were exposed to concentrations of LCO and NMC that caused no impacts to
daphnid survival and reproduction. Interestingly, 18s rRNA was significantly down
regulated for both treatments in a dose-dependent manner which could lead to
impairment of protein production, as ribosomes are composed of complexes of RNAs.
Expression of actin was also down regulated at concentrations that caused impacts to
daphnid apical endpoints similar to my previous study with AuNPs. Overall the down
regulation associated with these transcripts may indicate cellular damage when
daphnids were exposed to these materials at high concentrations and might indicate

impairment of metabolic functions. | hypothesize that cellular degeneration is occurring
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in the gut epithelial cells of daphnids as has been observed with the hepatic caeca by
previous studies upon examining daphnids exposed to toxic metallic compounds™?.
This research demonstrates the ability to mitigate the toxicity of complex
technologically relevant NMs by altering the NM core chemical structure through
chemical substitution. Based on the literature, my hypothesis was proven correct in
that replacing toxic metals with more benign metals in the core structure could reduce
the toxicity of these materials. However, | was wrong when | assumed the up
regulation of genes involved in metal detoxification and oxidative stress attenuation.
More studies are needed in order to influence the design of technologically relevant
materials to enable these considerations ahead of the production cycle. Previous
studies have focused on simple metal oxides, which were justified by the use and
demand for these materials in commercial applications and the ease of studying the
simple nature of their chemical structures. As industry shifts from simple metal oxides
to complex multicomponent metal oxides for use in additional applications and
improved performance, we must shift our assessment of nanotoxicology to these more
complex materials. Previously it was thought that dissolution of metals into the
background solution dominated the toxicity of metallic NMs. My study demonstrates
that a greater understanding is needed, as | have defined effects that are specific to
the metallic NM itself and cannot be explained by the dissolved metals in solution.
While the gene expression pattern | observed does not identify a clear mechanism for
toxicity or mode of action, | believe it is possible to further elucidate the mechanism of

toxicity of these materials by coupling this study with investigations using histological
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approaches and better understanding the accumulation of these materials and their

free metals in daphnid cells.

Future directions

At the moment, each NM has to be tested individually, which emphasizes the
need to develop new and refine old approaches used to determine NM toxicity. It will
be a tremendous undertaking to assess each NM type and their modifications as new
NMs are incorporated into the market place; this would result in the testing of
potentially tens of thousands of unique NMs. However, an alternative to assessing
NMs individually would be through the use of a grouping approach. In this approach,
biological effects would be assigned to NM physiochemical properties and then
decisions based on those properties would be made. For example, decisions can be
made on whether or not to continue more detailed testing based on measured or
anticipated effects. While the nanotoxicology community has been working towards
this goal, not one specific property has been identified as the best predictor for NM
toxicity; rather several properties have been shown to be important and it may be that
a combination is used for predicting toxicity. Proposed properties to be used for
grouping include but are not limited to: surface chemistry, reactivity, size, shape,
crystalline phase, core material, and solubility. Therefore, continuing to link properties
to adverse outcomes would enhance our ability to group NMs and identify which NMs
need detailed toxicity testing.

In order to better enable grouping and validate properties considered to be

important, we need to begin testing more complex NMs that are representative of NMs
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from the future nanotechnology marketplace. Nanomaterials today are becoming more
diverse as we move from bare NMs and simple metal oxides to surface functionalized
NMs and complex multicomponent metal oxides. Nanotoxicology studies have largely
focused on testing commercially available and simple metal NMs, metal oxides and
carbon NMs. The knowledge we have been able to obtain from past studies has been
critical for enabling a better understanding of the impacts of NM size, core chemistry
and dissolution to toxicity. While the study of these materials have been justified by
their wide scale use and applications, these NMs do not reflect the complexity of
emerging materials used in nanotechnologies. As previously mentioned, it is
impossible to test all NM types and modifications. In order to develop a fundamental
understanding of the properties that govern the toxicity of next generation NMs there is
a need for studies that employ model NMs with fine scale alterations to their surface
and core properties to test scientific hypotheses regarding NM toxicity. Testing
hypothesis driven model NMs such as the materials presented in this dissertation and
NMs with subtle alterations to their core structures, surface charge density,
hydrophobicity or ligand composition will greatly improve our fundamental
understanding of baseline factors for toxicity and will inform NM grouping efforts.

In order to effectively determine the environmental impacts of nanotechnology
studies are needed that explore the impact of environmental factors on NM toxicity. It
has been shown that environmental variables such as natural organic matter and
water chemistry alter NM dispersion, deterioration and transformation. Information that
would describe these impacts on toxicity and their environmental fate and

transportation would be invaluable for better understanding realistic exposures of
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organisms to NMs in the environment. Characterizing the effects of NMs in
environmentally relevant media will enable the identification of worst-case scenarios
and mitigative factors for toxicity. This will better inform models that predict toxicity,
which would then be able to predict toxicity in various environmental scenarios. This
information would be combined with the hazard data and incorporated into the
grouping process to increase the accuracy and precision of our predictions based on
NM properties.

The majority of existing approaches to toxicity assessment have been largely
focused on in vitro studies, which do not represent the complexities associated with
whole organisms and often do not provide clear extrapolation of effects to whole
organisms. In order to use these assays to predict and screen for environmentally
relevant in vivo effects they need to be validated and refined to encompass the issues
associated with testing NMs. Pairing these studies with environmentally relevant whole
organism studies will greatly improve the applicability of these assays. In addition,
coupling apical endpoint effects to impacts at the molecular, cellular and tissue level
will enable us to link properties to mechanisms and modes of action for NM toxicity.
This information based on early biological effects will be important in developing
adverse outcome pathways, which may be used in part of the grouping process.

Lastly, taking into consideration lessons learned from previous nanotoxicology
investigations such as controlling for experimental artifacts, confounding factors and
the importance of NM characterization will increase our ability to make meaningful

conclusions regarding NM toxicity. Investigating NMs in this scope will enable us to
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employ reliable and robust data in high throughput assays, models and the NM design

process to assess current and develop new sustainable technologies.
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