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ABSTRACT

Monitoring the distribution and subsequent effexftaanoparticle (NP) contaminants in aquatic
ecosystems will be pivotal to developing reguladitimat minimize their environmental footprint.
Regulators are in a unique position to take a gingacole in shaping how we produce and consume
nanomaterials as opposed to the reactive rolehtheg had to adopt with other contaminants. Oweiakt
few decades, researchers have made great stridesdnbing the fate, behavior, and toxicity of NiPs
environmental systems. Recent initiatives have ntleéransition to scenarios with greater environtale
relevance, yet important aspects of fate and behagmain unexplored. The goal of this dissertation
research was to fill in several of those gaps, exsjzing relationships between gold NP charactesisti
water chemistry and biodynamic parameters thatasititribute to development of robust fate and bitav
models.Daphnia magnandPimephales promelasere used as model organisms to differentiate the
impact of characteristics and water chemistry om tmrelated species residing in a common aquatic
habitat.

Uptake and elimination rate constants were deraragirically forD. magnaexposed to anionic
spheres (4, 20 and 30 nm core diameter) anioni (b8 x 58 nm) and cationic rods (18 x 58 nm) in
moderately hard water (MHW). Size and surface ahgrgatly affected the uptake and elimination rate
constant while shape had a relatively minor infkeenon accumulation. Multiple linear regression nisde
revealed thab. magnafavor accumulation of larger cationic NPs at higimcentration exposures and
larger anionic NPs at low concentration exposuPesnagnaandP. promelasvere then challenged with
cationic and zwitterionic NPs in MHW and wastewdi&i\W) that represented a direct release scenado an
a WWTP release scenario, respectively. Surfacegehafluenced not only the biodynamics in MHW
exposures for botB. magnaandP. promelashut also dictated the interactions between theahdPthe
wastewater components. Cationic NPs transformdigeipresence of WW including an increase in size
and a slight decrease in surface charge while enigtiic NPs were unaffected. The influences ofgéhes
transformations were species specifibasnagnaexperienced a significant decrease in the uptatee r

constant while neither uptake nor elimination wiiscied inP. promelasFinally, we expose®. promelas



to a nano-pharmaceutical (doxorubicin-NP) and the pharmaceutical (doxorubicin) to determine éf th
NP altered the distribution and accumulation pag@f the pharmaceutical. The intestine was thaaoy
site of doxorubicin accumulation and the total awalated content was not significantly affected oy t
form of the pharmaceutical. Despite a lack of staial significance, several trends in my data ssgthat
nano-medicines do not behave like a standard plwautiaal and, therefore, warrant further investaat
to define its environmental impact.

Overall my data argue for prioritization of partic@haracteristics in risk assessment and inclusion
of transformative pre-release processes in fatebehdvior model development. At the moment releafes
NPs into the environment are well below toxic tiheds. Yet as the popularity of nanotechnologyHert
penetrates all aspects of society, engineered NIP®mn a larger presence in environmental systénas
could give rise to serious environmental consegeeneroactive regulation of NPs aided by
comprehensive modeling initiatives are of paramamportance to making sure we use this technology

responsibly or else we risk adding another nantbedalubious pantheon of legacy contaminants.
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CHAPTER ONE

LITERATURE REVIEW

The advent of nanotechnology was a significantugian in industrial design offering up a
sophisticated toolset with which to improve andoivaite on solutions to our most recalcitrant proldem
Conceptually nanotechnology has near limitlessmitk As a result, eager investors and government
institutions have provided substantial capital dbntions toward research and development. Thesfafi
these investments run the gamut from enhanceméntsre pedestrian consumer based products to
unprecedented control over pharmaceutical admatistr and drinking water purification. Despite thes
auspicious beginnings, many remain wary of the iptesaegative consequences that will materialize if
institutions are not in place to keep nanotechnplagheck. In the past, unbridled technologicalgress
has led to serious human and environmental hesdties with repercussions that have persisted fibeig a
its discovery. Fortunately, we can use the lestgasied from these past mistakes to inform reguiati
this burgeoning technology [1]. Addressing the iicgtions of human and environmental exposure before
nanotechnology reaches a critical mass is an aesofécessity so that our society can take advamiage

this novel material while minimizing the repercuss.
Origins and Economics of Nanotechnology

The Origin of Nanotechnology

Nanotechnology has a diverse, storied history sipgncenturies and numerous scientific
disciplines. The concept of nanotechnology asnbestrial powerhouse we know today originated from
the simple notion of thinking large on a small sc#lmazingly artisans exploited this technology for
centuries without this guiding principle. Betweée #" and 18' century, items such as the Lycurgus cup
[2], stained glass windows, and “Damascus” sabaalds [3] were produced using techniques relianhupo
nanotechnology. These craftsmen recognized thiingrocesses bestowed unique properties to their

works; processes that were years later revealedegrate aspects of nanotechnology.



The birth of nanotechnology cannot be attributed single investigator or experimental result.
Rather the arrival of nanotechnology is a prodticieveral seminal discoveries during thd' zad 26"
century that each contributed to the shifting tedbgical landscape. Accounts of synthesized ccdibid
materials and their unique properties [4,5], alahgslevelopment of methods for near atomic level
exploration [6,7] laid the technical groundwork fesearch in this field that had yet to attain ensal
acceptance. In 1960, a seminal presentation byaRidheyman elevated the concept of atomic scale
technology out of obscurity. He was the first tsminate on the implications of exploiting materiats
smaller scales in a manner that spoke toward nieanstapplication. In his speedtere’s Plenty of
Room at the Bottonhe envisioned manipulation and control occurdnga small scale, at the level of
individual atoms, in a bottom up approach at sysittieg unique structures [8]. His speech was imbued
with the essence of nanotechnology despite nevatioméng the term. It was not until several decades
later that the actual term nanotechnology was chitced into the collective consciousness.

Over several decades nanotechnology flourishedantindustry standard as scientists and
researchers realized the potential of a diminuditede. The years succeeding Feyman’s speech were
incredibly fruitful resulting in the discovery ofimerous novel nanomaterials [9,10] and methods to
control the physicochemical characteristics offthal product [11-16]. The commercial applicatiafs
nanotechnology broadened as design methods becareesophisticated. In the 1990s and early 2000s
nanomaterials started to appear in consumer predincsubsequent years nanotechnology expanded its
reach into other disciplines including environménganediation and biotechnology. As of 2013, 1,628
consumer products containing nanomaterials werentncially available according to a voluntary
registration initiative [17]. This value likely ontepresents a small fraction of the current market
penetration as nanotechnology carries significhmitén many industrialized countries. In the cogin
years the implementation of nanotechnology is etgqueto expand significantly, limited only by the
imagination of its creators.

The Economics of Nanotechnology
The popularity of the nanotechnology industry imeseased substantially over the last decade

with an average annual growth of 25-30% [18]. Tunprecedented pace is sustained by a strong flow of



capital from public, private and government investé-ederal investments through the National
Nanotechnology Initiative (NNI) in the United Statepproach USD 1.8 billion annually, up from US[346
million in 2001 at the inception of the initiatiy&9]. These investments consist of eight categories
including basic research, nanomaufacturing, anit@mmental health and safety (EHS). Historicallg th
gulf between EHS and nano-production allocatiorssbeen enormous. In 2006, only 2.8% of NNI
designated funding was identified specifically ES research. However, growing concerns for human
and environmental well-being have translated toeiased EHS allocations upwards of 7% [20]. Noteo b
outdone, corporate investments in research, deseaop and commercialization were estimated at
approximately USD 9 billion in 2010. Currently feamurces of public funding exist due to the peraepti

of risk associated with public nanotechnology [T8jis appears to be but a small setback that ikély

be overcome in the near future further extendirgréach of nanotechnology.
Synthesis of Metallic and Metal Oxide Nanomaterials

Nanotechnology owes much of its popularity tothejue properties that bequeath abilities and
promote behavior not observed in its bulk countérpdnique synthetic nanomaterials are produced in
laboratories through meticulous manipulations efsinthesis procedure in an engineering top-down,
chemical bottom-up or hybrid approach [21]. Eaclthoé has its own idiosyncrasies that grant the
manufacturer precise control over the charactesigif the nanomaterial. The following discussiomeftal
and metal oxide nanomaterials is not exhaustitber® are numerous subtypes of nanomaterials im eac
group. Instead the focus is held squarely on nateniaés synthesized for commercial purposes. Mogeov
the near infinite number of different techniquesdifor particle synthesis speaks to the diverdity o
particles in production and on the market. Accogtlinonly the most important/common synthesis
procedures will be discussed in this review

Metallic nanomaterials are constructed with eithenetallic core or in the oxide form. These
types of nanomaterials are found in a wide rangapgfications from transparent sunscreen to
antimicrobials to drug delivery as discussed inrtbgt section. Silver is the most popular metallic

nanomaterial, at least for consumer applicatianigywed by titanium, zinc and gold [17]. Other nista



including nickel, copper, cobalt, platinum, cadmijdead, bismuth and tin have also been synthesized
the nanoscale though functionality is limited bg gtability of the core metal [22-25]. The bottom u
approach incorporates solvents, heat, surfactadi®raa strong reducing agent to convert a metairga

a nanomaterial [14,16, 23, 26-29]. Metal ions @cuced to a zero valent state creating metal chitiat
act as nucleation sites for additional metal att@ett. The concentration and ratio of reagentsgmee of
certain reagents (such as Aghi@® gold rod synthesis), speed of reagent additod/or the temperature of
the solution will determine the size and shapéeffinal product [12,13,30-33]. The top down apgtoa
involves reducing the bulk metal to a desired sizé shape using lithography, laser ablation, emnlsr
other processes [24,34].

Further control over the final configuration oéthanomaterial is accomplished through addition
of a ligand molecule to the particle surface. Reégthat act as surface stabilizing ligands arenoft
included to avoid immediate aggregation of the wanes. In certain procedures a ligand has a digl ro
acting as the reducing agent and as a facilitdteize and shape [16,29]. The type of interactietwieen
the ligand and nanomaterial core (i.e. electrastaticovalent bond) is predetermined by the symghes
procedure. The identity of the surface ligand, heaveis not restricted by the initial synthesis ditions
and can be replaced through ligand exchange [26&].a0vent of click chemistry in the material scenc
community has further permitted greater controlrdig@and attachment. Material scientists selecaseb
ligand that is covalently attached to the partstieface with an exterior moiety that allows foremdion of
the ligand with any number of compounds that chathyidond to the moiety [35]. Through click
chemistry the surface ligand can be shaped, modifiel extended infinitely so long as an exterioratyo
is available. Regardless of how it is attachedpiesence of a ligand confers greater aqueousistabil
either sterically or electrostatically, ensuringdeterm viability in stock solutions. Surface ligincan
likewise be added to nanomaterials made with topndmethods if deemed necessary for stability [24].

Metal oxide nanomaterials are another subset ¢dltitenanomaterials that incorporate an oxygen
moiety to improve stability of the metallic nanoma@dl. The most common types of metal oxide parsicl
are titanium dioxide (Tig), zinc oxide (ZnO), cerium oxide (CeO), magnetie;O,), and copper oxide

(CuO). Much like the metallic nanomaterials, topmdcand bottom up approaches are used in synthesis.



Synthesis methods include combining chemical psasr chemical and physical deposition, and thermal
decomposition [36-39]. Modifications can likewise introduced during the synthesis based on reagent
selection or as a step in post-production.

A few metal-based nanomaterials exist beyondrdwditional metallic and metal oxide forms.
Quantum dots are constructed from a core and gfalhre made of metal complexes, i.e. CdSe cdte wi
a ZnS shell. Bimetallic nanomaterials, as the nanmdies, consist of two metals layered togethel].[40
Lastly, metallic nanomaterials have been experiggit combination with other nano-constructionsfsu

as dendrimers) to form hybrid nanostructures vdtbsyncratic properties [41].

Applications of Metallic and M etal Oxide Nanomaterials

Consumer Based and Remediation Applications

Publically available data on nanomaterial marketgbeation indicate a strong presence of metal
and metal oxide nanomaterials in consumer-baseatlpts [17]. Silver nanomaterials imbue textiles,
washing machines, medical supplies, toothpasts, ghampoos and detergents with stronger antirmarob
defenses [42]. Nano-silver is also an excellenttatdty conductor, which is exploited in electrosi[43].
Titanium dioxide and zinc oxide nanomaterials anfl in sunscreens [44], personal care producis [45
and paints [46]. Titanium is also prevalent inthed production industry where it is used in butidanano
form as a food pigment. Gold is primarily a biormeaditool but is also used liberally in cosmeticd &n
the construction of nano-electronics [47]. The heatmetal and metal oxide nanomaterial impleméanat
extends beyond the improvement of conventional wawes products to more innovative and revolutionary
applications. For example, nanomaterials have pravarumental in developing unique solutions for
environmental remediation. lron-based particlggdrticular have shown great promise in removing
arsenic from groundwater [48] and degrading orgah&micals such as carbon tetrachloride [49] and
trichloroethylene [50].
Biomedical Applications

The biomedical field is perhaps the greatest katef of the nanotechnology movement.

Significant resources have been devoted to devedamiore effective drug delivery systems, improving



resolution for imaging and revolutionizing canaeatment procedures. The precision of nanoparticle
manipulation supports the creation of drug and gkatigery systems that target specific tissuesq3]L-
cell types [54,55], and even cellular organelled] [ the design of the drug, consideration i® @wen to
the method of drug attachment. Timed release ofithg can be tuned to physiological conditions $34,
or external stimuli [58,59], and can be designerkist metabolic pathways that often discouraopér
pharmaceutical distribution [60,61]. Tissue- anli-specific release of pharmaceuticals reduces the
percentage of the dose that is metabolized be&aehing the active site or activated at non-tesies.
This allows for lower dosage requirements, fewet lass extreme side effects and minimizes drug
excretion.

The optical properties of certain metallic nanagnats make them suitable candidates for whole
body imaging. Much like in the drug delivery scénathe nanomaterials can be affixed with ligarics t
increase residence time and direct the nanomatedaapecific parts of the body. Gold and magnetite
nanomaterials and quantum dots present a significggrovement over current imaging techniques ag th
unique optical properties contribute to enhancedltgion of tissues and cells [62-64]. Nanomateréak
also the building blocks of novel weaponry in tleggetual battle with cancer. Not only can nanoniater
carry chemotherapeutic drugs preferentially to tte1j65] and improve characterization and imagir],[6
but the nanomaterial can also act as a tumor-sagipggagent itself. The absorbance properties lof go
nanomaterials, for example, are being exploitetthéncreation of novel photo thermal cancer treatmen
[67].

Of the metallic nanomaterials, gold has garnelnediost interest for biomedical applications
because of its low toxicity, high biocompatibilignd optical properties [52]. Gold is not suitatoleall
applications and thus a number of other nanométsalations exist for biomedical applications [6R].
remains to be seen which techniques rise aboveeth@nd are adopted and standardized in the bioaled

community.



Impact of Nano-Devices on Release and Toxicity of Anthracyclines

The specificity of nanomaterial drug delivery €yas make them a great candidate for treating
cancer [65]. Chemotherapy treatment using anthta&/compounds can benefit immensely from the
nano-delivery system because these compounds ieeeffective at suppressing tumor malignancies but
are equally damaging to healthy tissues [69]. fifimary mechanism of action for anthracyclines is
intercalation into DNA strands causing deformatima strand breaks disrupting DNA synthesis. The les
desirable mode of action is the production of fizgicals that causes various forms of oxidativesstiand
leads to myelosuppression after acute exposuresraveérsible cardiomyopathy from chronic exposures
[69]. The nano-delivery systems are also desigaeoid early metabolism and excretion; a probleat t
reduces the effectiveness of anthracycline treatsr|&0].

Beyond the clear human health benefits, using mwices for drug delivery will also be a boon
for the environment. Lower dose requirements ancerefficient delivery to the active site will reduthe
amount of pharmaceutical excreted into waste stsesamd minimize its environmental impact.
Anthracyclines have a low environmental footpriranfi the conventional treatment thus the environalent
benefits of attaching this compound to nano-dewedsot be as obvious as with other over the deun
and commonly prescribed pharmaceuticals. Wastewatgiment facilities range from highly efficient
(>90%) to wholly inadequate (~0%) in their abilityremove anthracyclines from the influent [70,;71]
however, concentrations in the environment areeRpéected to exceed the ng/L range. For some
perspective the EC50 for doxorubicin is 1.14 mgylexposed fish cell lines [72], 2 mg/L fDaphnia
magna 13 mg/L forPseudokirchneriella subcapitgtand >1000 mg/L foPseudomonas putid&3].

Using these exposure and effects data, risk gustfendoxorubicin were calculated to be well ldsan

one for all organisms suggesting that doxorubigindt a threat to the aquatic environment [71]aBy

accounts the environmental impact of these compoimdxpected to be minimal yet there are some
residual concerns relating to the genotoxic podéiati doxorubicin, which was demonstrated at

concentrations as low as 0.074 mg/L [73].



A transition to nano-based delivery systems witheowith its own set of issues that need to be
addressed before commercial adoption. If tradilitcretment of cancer transition to using nanoveey
systems the WWTP removal efficiency will then bieiaction of the nanomaterial, which could have
ramifications for accumulation and toxicity of teesompounds in aquatic organisms. As drug delivery
systems become more reliant upon nano-based swditie nanomaterials will need to be integratea int
the pharmaceutical exposure paradigm as the cohisima&taminant could lead to higher than expected

environmental concentrations and unanticipatectityxi
Release of Metal and Metal Oxide Nanomaterialsin the Aqueous Environment

The release of nanomaterial into aqueous andsteakenvironments is unavoidable considering
the mass appeal and widespread use of nanoteclyri@d 8]. Environmentally relevant simulations of
weathered consumer products demonstrate the paltéartisubstantial releases of nanomaterials or
contaminants originating from nanomaterials (i@ggregated nanomaterials) into aqueous ecosystems
[42,46,79-81]. Discovery and identification of engéred nanomaterials in the environment will only
become more frequent as production increases anéariag techniques achieve greater sensitivity].[82

The identity and associated behavior of the nanenadin the environment will be closely linked
to the route or routes through which it travels doavits inevitable environmental destination. Actingly,
Nowack et al. [83] categorized engineered nanonaédnto four subgroups that describe the
modifications on the material occurring during protion and after release. Pristine nanomateriasha
original stand-alone synthesized nanomaterialdr@abften a precursor to the final product. Préduc
modified nanomaterials are those that have be&rditio a specific product, often embedded in tloelpet
matrix. As the environment takes its toll on th@m&nhanced product it transforms into a product-
weathered nanomaterial. Finally, nanomaterialsuhdergo additional environmental transformatiaeraf
dissociation from the product are categorized ag@mmentally-transformed nanomaterials [83].

The probability of pristine nanomaterials enterihg environment intact is quite low [83]. A
major reason is that the pristine nanomateriabtsoften used in products without further manipolat

Designers select modifications that improve the gatibility of the nanomaterial with the intendedtma



[83,84], change the functionality of the partick2[85] or reduce potential toxicity [44], amongeth
reasons. The embedding process can even vary fraeugt to product. Certain nanomaterials are lgosel
bound while others are locked into the product§8187]. The degree of embedding is not necesdtuely
same for all products with a similar applicatiory.esilver nanoparticles added in during textiledarction,
further complicating attempts at developing compredive release models [81,87,88]. These design
decisions can have a profound impact on the typ@pbmaterial that enters the environment andabeer
of entry.
Scenarios for Direct Release

Nanomaterials destined to reach ecosystems haeeas@athways for environmental entry that
are closely tied to the application of the proditect releases, while not common, do occur during
production, manufacturing and use of products ¢oimtg nanomaterials [89]. Certain applications riegu
direct input of nanomaterials into the environmiactuding remediation with zero valent iron and evat
purification. Nano-enhanced cosmetics or sunscreanenter the environment directly if worn while
swimming [90]. Likewise direct release could onigtie from using other nano-enhanced products esare
with proximity to the environment and no barrieretatry, i.e. no waste or storm treatment system.
Overflow of sewage and storm water systems is amatbntributor of engineered nanomaterials in aquat
systems [89].
Transformation and Release During Waste Incineratio

By far the more common release scenarios arenthieect pathways fundamentally tied to our
waste disposal system. Wastewater treatment pfdftéTP), waste incineration and landfills are thesth
important waste disposal pathways that stand bet@ewnomaterial and the environment [83]. Each
pathway is capable of transforming the materiaifieo known quantity into a foreign entity.

The release of nanomaterials from landfill andte/éiscineration has not received as much
attention as those originating from WWTPs. For wastineration, this is likely because processifg o
nanomaterials in this manner is expected to cangibittle to the overall nanomaterial burden ia th

environment [75,91]. Fully combusted nanomateriscifically carbon-based materials, are generally



reduced to their chemical components nullifyingrtiereat to the environment [92]. Filter systems
installed at waste incinerations sites retain filteaparticles with 99.6 to 99.9%, efficiency, whiprevents
nanomaterials with a proclivity for volatilizatidrom entering the atmosphere [75]. However, metalli
nanomaterials are more stable and resistant to estinb; therefore, waste incineration is not an ehiife
process. One of the few published studies invetitigéhe entire waste incineration process dematesdr
that CeQ nanomaterials readily bind to solid residues aswlimulate in the slag and fly ash rather than
exit via flue gas [91]. The small fraction of Cafat did escape into the flue gas was filteredvatht
99.6-99.9% efficiency confirming the assumptiont thigdborne nanomaterials present a minor threat.
Mueller et al. published similar findings for titam, zinc and silver nanomaterials based on a model
constructed from available data [92]. Interestin@eG nanomaterials retained their original
physicochemical properties despite fluctuationsentox conditions that are known to alter propetities
other scenarios [91]. This is likely a unique olation (possibly for Cegexclusively) and it is expected
that most nanomaterials will not be able to aveash$formation during the incineration process [92].
their conclusions Walser et al. lamented that naxterials capable of withstanding combustion reraain
environmental threat [91]. These materials may@s@ato the environment during handling, processing
and storage of contaminated slag and ash. In masssahis nanomaterial burden is transferred tifilen
where it joins a substantial nanomaterial conglateeoriginating from biosolids, consumer productd a
other forms of solid waste [91,92].
Transformation and Release After Disposal in Lalsdfi

Landfills will be a major sink for solid waste daiming nanomaterials. In the landfill, these
materials along with other forms of solid waste @réhe mercy of extreme weather conditions. Ldindfi
leachates originate from a combination of heavgfedlis events, biochemical processes and wateedtor
the solid waste [93]. These leachates are knowmfdsilizing pollutants from their associated solidste.
If this occurs in a landfill without a system fealchate collection or if the leachate is treateataperly
contaminants may leak into nearby surface wat@eacolate through soil into groundwater reservoirs.

Several studies have demonstrated that nanonmateriaontaminants with nanomaterial origin

will partition into the leachate creating anotheute of environmental exposure. Benn et al. [4Zevbed
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silver concentrations between 7 and 2900 ug/L énl¢lachate from textiles exposed to landfill-like
conditions. The form of the silver was not chardaztsl so this leachate may have contained both
nanomaterials and ions. Regardless, these conquroducts with nanomaterials present a contaminant
risk. Bolyard et al. observed partitioning of silytanium and zinc nanomaterials into the leaghiatoth
ion and colloidal form [94]. The authors noted ttie extent of partitioning varied between partigiges,
which was attributed to the affinity of each cogtfor the leachate. The age, concentration of dcgan
matter and chemical composition of the landfiliso known to affect the transport of nanomaterials
[94,95]. Moreover, nanomaterials and ions thatrethte leachate may not remain pure due to a nuwter
elements that complex ions and high ionic strettggih favors nanomaterial agglomeration. These
transformations are more likely for certain elersgitg) than others (Ti, Zn) [94]. Interestingly,eon
method of treatment involves reintroducing the hede to wastewater treatment creating an enclasgd |
between landfills and WWTP [93]. Though studiessparse, the available evidence builds a case for
landfill leachate as a viable transport mechanisusher nanomaterials into the environment.
Transformation and Release During Wastewater Treatm

Many nanomaterial applications involve directmdirect contact with a controlled urban water
supply. Therefore, a significant effort has beenfprth to characterize nanomaterials that undéingo
treatment protocols for waste and storm water gaanvironmental release. Consumer based
nanomaterials are most likely to follow this routgaether it comes from washing nanomaterial laden
textiles, liberation from painted facades during\herainfall or excretion of nano-medicines. Ptior
arrival, nanomaterials can undergo several transitions in route to the treatment plant [96]. Wastd
storm water contain a variety of chemical and ptaissubstituents that can easily alter the appearand
behavior of the nanomaterial. Organic componentduding macromolecules and organic pollutants, can
attach to the surface of the nanomaterial if tharid characteristics are compatible [37,97]. Tleganic
coatings can limit the extent of nanoparticle aggtion and sedimentation in higher ionic strength
conditions [37,98,99]. Alternatively, material pesies and/or wastewater conditions may favor fdiona
of complexes or sorption to larger suspended s@@6@s.00]. These pre-treatment interactions widagty

affect the reactivity of nanomaterials and the reahefficiency.
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Each stage of treatment in a WWTP is capablerobvéng nanomaterials from wastewater with
means that vary from settling to microbial inteiaes [100,101]. Taken together primary, secondad a
tertiary treatment of wastewater is expected tooneam >90% of the nanomaterial input into a wastewa
treatment system though this amount can vary basede design of the plant [101-104]. Primary
treatment will remove nanomaterials associated laitipe debris and those that are highly susceptible
aggregation [100,103,105]. Moreover, treatmentglesthat utilize coagulants during this stage foster
greater particle removal [100,106]. Secondary tneait acts to breakdown pollutants that were not
removed during primary treatment through combinetiof aeration, microbial activity and activated
sludge. In this stage, nanomaterials will be rerddvem the wastewater either through attraction to
suspended biomass [37,96,105], entrapment in estluar polymeric substances [99], and/or formatidn
complexes with inorganic elements such as sulfidsigling in the sludge [96,102,107]. Further renha¥a
nanomaterials can be achieved through micro aafilttation of the suspended solids though few WWWTP
incorporate utilize this additional filtration stg04].

The fate of nanomaterials in the WWTP can be ptedibased on physicochemical properties of
the material, residence time, and the chemistth@fvastewater [99]. Nanomaterials with propertied
confer greater stability intrinsically will resiaggregation and sedimentation and remain in therwat
column while those with weaker stability attactbtological surfaces or complex with inorganic malles
and are relegated to the sludge. Nanomaterialg#rétion to the sludge often bear little resembkato
the original nanomaterial, having experienced almemof the aforementioned transformation processes.
Materials that take the aggregation and sedimemtatiute to the sludge will likely have increasedize
beyond the nano-scale. On the other hand, nanoaiattirat take other routes to sludge are ablettir
their size [37], even in scenarios where they cemplith inorganic molecules [107]. The nanomatdrial
the sludge may also have a different chemical stracKim et al. and Ma et al. [102,107] observed
negligible concentrations of the original silvedazinc oxide nanomaterial in the biosolids. Instdabe
nanomaterials formed complexes with iron, phosphatesulfide moieties. Furthermore, the processfng
sludge for biosolid application can disrupt thecsatgon. Ma et al. noted that the Zn species diation

varied based on the redox conditions and moistomgeait in the production of sludge into Class A
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biosolids while Ag sulfide complexes were unaffeicte02]. Sludge that is appropriated for biosolid
application is a direct source of nanomaterial¢dorestrial environments and can contribute tcatiqu
exposures as runoff during heavy rainfall events.

Surface coating [37,99,105,108], size [99] ancadremistry [105] are particularly important to
fate in a WWTP. Nanomaterials with a zeta potenéialharacteristic tied to the surface chemishat is
significantly greater or less than zero are mdeelyi to appear in the effluent ([37,99,105]. Moregv
macromolecules and organic matter in the wasteveatecapable of providing additional stability by
coating receptive nanomaterials [3anomaterials that lack stability may still escagte the effluent
partnered with suspended solids. In this scentdr@size, shape and surface coating of the nandalase
not a factor, instead the release is based ondteeptage of contaminated sludge floc suspendedgdur
treatment [96].

Though only a small fraction of the nanoparticipiit is expected to appear in the effluent, the
relative loading of NPs may be such that 10% canss a significant environmental burden. This
consideration is best illustrated with the two maspular nanomaterials, titanium and silver. Evétinan
expected removal efficiency of 90-99.5% of nanomalkténput, models predicted silver and titanium
concentrations in wastewater effluent between 2IL AdL.75 ug/L in the U.S [75]. These models
recommended further risk evaluation of nanomateriakewage effluent for silver, titanium and zamal
surface water for silver because they calculatgdquotients to be greater than one [75]. Field
measurements of WWTP effluent have validated theseerns. Kiser et al. recorded titanium particles
(<0.7 um) at concentrations ranging from 5-15 ug/MVWTP effluents [109]. Another study on titanium
oxide nanomaterials in effluents determined thavben <2 and 20 ug Ti/L was released from WWTP. In
the second study, the released titanium was coefirto retain their nano status with electron micopy
[104]. Furthermore the authors of the second stlisigovered the presence of silica nanoparticles in
effluents at concentrations significantly higheartttitanium oxide though lacked the proper anadytic
equipment to make more accurate estimates. Silvéheother hand was found at concentrations (<12
ng/L) lower than the model predictions in wastewaf@iuent from WWTP in Germany [110]. The authors

stated that the input of Ag nanomaterials from WWeFRuents is of minimal concern; however, their
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study is a snapshot of current use paradigms aesl ot take into account the possibility of incezhs
usage as nanotechnology strengthens its foothaldnsumer markets. Evidence of nanomaterial re(ease
into the environment is significant and unequivoget they only reveal part of the story. The tfarmsed
nanomaterials that were able to escape into thiecemaent will face new challenges and conditiore th

will be the ultimate determinant of behavior, tnamg and fate.
Nanomaterial Behavior, Transport and Fatein the Environment

Nanomaterials from anthropogenic sources are inettcanalogues of their naturally produced
counterparts; therefore, releases of these nandalatimto the environment cannot be dismissed aein
adding to the natural stock of colloidal materi&agineered nanomaterials are constructed withlizialy
agents and, in some cases, from toxic materialshadrganisms adapted to natural colloids may eot b
equipped to handle [111]. Engineered nanomatdtialsenter the environment are at the mercy ohtst
system and its capricious nature. Behavior, trarispmavailability, fate and ultimately toxicityf the
nanomaterial are steered by the intrinsic and adbptoperties of the nanomaterial, the biotic dridtic
factors inherent in the system and the physioldgh® exposed organisms. These controlling forceskw
individually and in concert to guide the nanomatetfirough to its environmental destination.

The Influence of Particle Characteristics

The properties of nanomaterials are a focal gbirtughout the published literature where they
are often cited as an essential asset in the rabtla$ign toolset but become more unpredictable onc
removed from the industrial setting. In consumepligptions size, shape, surface chemistry/charde an
core chemistry of a nanomaterial are manipulatetltés optical properties [112,113], reactivity #],land
cellular interaction and compatibility [113,115,1 Hnongst many other desired behaviors. Until rdgen
the environmental behavior of the nanomaterial ma@sconsidered during the design process [117hén
environment these properties are known to dictgtgegation, sedimentation and mobility behavior,
bioavailability and accumulation, dissolution antfimately, toxicity to exposed organisms.

As mentioned in the previous section, a majoritthe nanomaterials that enter the environment

will not resemble the nanomaterial produced inl#s®ratory. The properties adopted by the nanoiiahter
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from interactions either in route or upon entryittie environment are expected to exercise sulistant
control over the behavior and fate of the nanoneteNanomaterials in aquatic environments witturel
organic matter (NOM), for example, are expectelawe greater stability and thus a lower properisity
aggregate. However, these added components afsddran the characteristics of the nanomaterialngysi
the NOM example again, nanomaterials associatddamtorganic carbon source will remain at the
nanoscale; however, sorption of organic carbohecstirface will increase the size slightly, chatige
shape of the nanomaterial and fundamentally aitestrface chemistry and associated charge
[98,118,119). For practical reasons a majorityhef hanomaterial research to date has utilizedmeist
nanomaterials for behavior, fate and toxicity sésdiThough not environmentally relevant, conclusion
derived from observations on the influence of gtatproperties can be extrapolated to predict gteabior
of transformed nanomaterials. This dissertatiohfadus on the four most studied properties: sthape,
surface charge/chemistry and core chemistry.

The size is the defining property of nanomaten@isonly because it physically differentiates it
from other colloidal materials but it also confgreater reactivity to the material. In the envir@minthe
greater surface area to volume ratio contributésdeeased dissolution [120] and increased suduiéyti
to charge titration and thus aggregation [121]. Garisons between nano and bulk materials demoedtrat
that the small size of the nanomaterial influerinésrnal distribution [122,123], elimination effagicy
[123], and toxicity to aquatic organisms [124]. fparticles that remain in the nanoscale, the aiatiip
between size and accumulation/toxicity is not asictut. Size has a clear influence on accumulation
though the patterns vary depending on the modelnisg [116,122,125-127]. Likewise, the mechanism of
toxicity is size dependent creating a similar gitrawhere certain organisms are more susceptiblarger
nanomaterials [128] while others experience greatéc responses when exposed to smaller
nanomaterials [120,129].

Nanomaterials that have a proclivity for aggregatire likely to grow to sizes much larger than
the nanoscale. For pelagic organisms this may deerkioavailability and thus toxicity, yet may iease
exposure for benthic organisms, biofilms and graaéter sedimentation [130]. Additionally, the lawe

surface area to volume ratio disrupts oxidatiorcpsses decreasing toxic ion release associated with
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nanomaterials that dissolve [120]. However, if iggregation is not succeeded by sedimentation, the
larger sized particles can cause increased toxitpelagic organisms due to gut impaction as se€h
dubia[131] andD. magng132].

Shape by itself has not received the same atteaidhe other particle properties. However,
according to the few available studies it is ckat this characteristic governs aggregation amobsigon
behavior [133] and accumulation in cells. Uptakaanorods in cells is much slower compared to
spherical particles with rates decreasing as asp#atincreased [116]. Toxicity can also be shape-
dependent as demonstrated in microbes [134] anohendiatoms [135].

The charge maintains particle stability througdctiostatic repulsion thus the relative charge in
the environment will control aggregation, sediméataand interactions with surfaces and resideoitabi
The surface charge will determine the partitiondigpanomaterials into environmental compartments
[136]. Much like size and shape, surface chargkdigtate the mechanism and rate of endocytosik488
the mechanism of toxicity [137]. In general, makriwith a cationic charge demonstrate greater
accumulation in cells due to the attraction todah@nic cell surface [113,115]. In an estuarinesoasm
Burns et al. noted that a significant portion af tfationic nanorods remained in the water colursnltieg
in higher cationic NP burdens for biofilms, claraad snails [136]. Cationic NPs were also accuredléd
a greater extent in fish due to an attraction ¢ortbgatively charged mucus lining the gills and[88]. In
the estuarine mesocasm anionic nanomaterials ¢stligreater partitioning into the sediment which
fostered higher accumulation in rooted plants, @dettitovores [136]. Cationic nanomaterials are eisged
with higher toxicity in cells [139], microbes [12210], and daphnids [129]. One exception is a study
Lee et al. [141] that demonstrated enhanced zabrafinbryo biocompatibility for silver nanomaterials
coated with a cationic peptide.

The charge on the material surface is clearly mad to behavior, fate and toxicity. So, too, is
the chemistry of the ligand that produces this gbal he chemistry of the ligand and the strengttnef
bond with the core of the nanomaterials can affeezichemical stability of the nanomaterial whichum
will control dissolution and phase partitioning. Mover, accumulation [141-143] and internal disttidn

[138] are linked to specific surface moieties. Hindoxicity of a nanomaterial can also be linkedhe

16



surface chemistry, which can have intrinsic toxatgmtial [113], confer greater toxic action based o
distribution [138], or change the stability andghaxic impact of the nanomaterial [114,120,144].

Investigating the core chemistry alone is an irgrdrendeavor because core elements vary in
reactivity and toxicity. Organisms on the receivergl of these nanomaterials tend to elicit unique
responses for nanomaterials with different coraniby [124,145]. Silver nanomaterials, for exampglee
used in medical settings and on textiles becauseniell characterized as a bactericide. Gold, i®o,
utilized for its bactericidal properties; howewitiis clearly less toxic than silver when exposedion-
target organisms [40]. The core chemistry of theomaaterial is the determinant of the inherent
nanomaterial reactivity and subsequent suscepyilbdichemical destabilization. Bioavailability and
toxicity of the nanomaterial is linked to chemidaistabilization which can manifest as ion releases,
catalytic activity or evolution of redox conditions the particle surface [114].

The release of ions from nanomaterials is of grgatest because the source of toxicity is
important to evaluating risk and developing remidiastrategies. Silver, zinc, and copper nanonsdser
are readily dissolved in agueous environments vegegeld and titanium are more stable. A number of
studies have attempted to differentiate betweendgicity and nano-specific toxicity for these nradés
though the picture remains muddled. Some studige found the toxicity is solely a function of tioa
concentration [146,147] while others have obsemathsic nano-specific toxicity that is independeh
the ion release [148-153].

The chemical stability of the core material isodisked to reactive oxygen species (ROS)
production. Similar to dissolution, certain coretenels (gold and titanium, for example) have aatge
proclivity for ROS production compared to otherS41 Reactive oxygen species produced during
nanoparticle exposure have been linked to toxipaeses in microorganisms [154], filter feeding
invertebrates [155,156] and fish [157,158]. Modifions are made to the material itself or the coresu
product [44] to prevent chemical destabilizatioet in the environment these protective measuresheay

degraded, endangering exposed organisms [90].
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The Influence of Water Chemistry

Nanomaterials and products containing nanomasandl experience a number of physical and
chemical processes in the environment that wildmentally alter the appearance of the nanomatésal
subsequent behavior and ultimately its fate. Ine@gs environments ionic strength, pH and dissolved
organic carbon are the three most important paemmgl59]. Increased ionic strength can facilitate
aggregation and sedimentation of the nanomatesialk that the bioavailability decreases for certain
species that can no longer feed upon them but nagase for other species that were previouslyiolis
to their presence. Divalent cations are expectémt@ the greatest impact on particle stability,
compressing the electronic double layer on thegearsurface and on surrounding substrates [160].
Likewise, changes in pH that result in neutralizatdf the surface ligand lead to similar aggregatind
sedimentation activity [160]. For metallic and nieteide nanomaterials, the pH further governs the
dissolution rate [159].

As mentioned previously, natural organic matteD{) and other carbon sources are known to
increase stability of nanomaterials that have apant for aggregation and sedimentation. The niatura
organic matter can either replace or coat theiegisigand [98,119] depending on the strength efthond
between the ligand and particle surface. This ptmte can act as a buffer at extreme pH conditams
against increasing concentrations of monovalerd.itnterestingly, the NOM coating fosters greater
aggregation as more divalent ions are introducedtdweation bridging between NOM molecules [98,119]
Bioavailability and toxicity are also affected hetpresence and concentration of dissolved orgamtmon
(DOC) [161]. A consequence of increased stabititpriolonged transport, greater bioavailability to
organisms that reside in the water column, andcharease in the magnitude of the toxic response-[161
163]. Dissolved organic carbon does not, howewergase nanomaterial bioavailability for all speas
Glenn et al. [118] demonstrated with aquatic malkytgs. Moreover, the presence of dissolved organic
carbon can mitigate dissolution of nanomateriadgicing the toxicity from harmful ions [144,164].dh
properties of NOM are determined by the age andcgowhich can further impact the sorption actify

a given NOM molecule [159,165].
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The state of the redox environment in an aquaBtesn exercises further control over metallic and
metal oxide nanomaterial behavidhe redox conditions are tied to the rate of digsoh [114] and the
probability of a nanomaterial forming complexeshnélements (such as sulfur) residing in the sedisnen
[102,166]. The presence of more complexing agentlke sediments will favorably remove metallic and
metal oxide nanomaterials from the water columm@exation was demonstrated to reduce oxidation
rate and the resulting toxicity [166] of silver manaterials at the cost of persistence in the enwient
[102]. Temperature, season and the state of elt@aipdn can indirectly affect the metallic nanonmete
behavior by altering the redox conditions [166]alidition to controlling the redox conditions, teargture
is known to affect the release of toxic ions as iated through seasonal mixing and altered reactites
[166]

The Influence of Organism Physiology and Behavior

An exhaustive review of the available literaturermnomaterial accumulation, behavior, and
toxicity studies revealed a number of discrepanttiasmay be explained by the selection of differen
model organism. The unique physiology and behasi@ach organism will be influential in the
interactions with nanomaterials and integral tauazglation mechanisms and any toxic response. 1@ da
several studies have demonstrated species depamitaké and accumulation of nanomaterials. Onbef t
first mesocosm nanomaterial studies linked difféegmccumulation to the ecological niches of b8,
plants, mollusks, grass shrimp, and fish [167keliise, Glenn et al. attributed variable accumarati
success among three species of aquatic macropbyeeslution of unique salt tolerance mechanisms
[125].

The route of exposure, as controlled by physiolagg behavior, is fundamental to nanomaterial
accumulation, distribution and toxicity. Nanomadervaterborne exposures generally exhibit fastésikep
and can introduce the nanomaterial to organs tiedbypassed in dietborne exposures. [143]. However,
dietborne exposures facilitate higher overall bbdydens compared to waterborne exposures suggesting
greater importance governing the accumulation[ds48,168,169]. Trophic transfer of nanomaterials wa
demonstrated in several small food chains [168-1y&#]few examples exist for biomagnification [1.71]

More efficient elimination mechanisms adopted tnhleir trophic level organisms is one of the
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hypothesized reasons behind the limited observeahdognification [170,172]. Considering the obvious a
discrete differences among organisms, creatingcbagsaumulation and toxicity models will be a ditfic
endeavor. A study by Gaiser et al. [173] demonstratmilarities in toxicity for silver and ceriunodide
nanoparticles exposed to cells, daphnids and fidicéting that cross-species extrapolation is fHesi
However, large discrepancies between studies stifgese types of cross-species extrapolations roay n

be appropriate for all types of nanomaterials.
Dissertation Goals and Objectives

Nanotechnology has progressed by leaps and baimoks Feyman’s seminal speech in 1960. The
specificity by which these particles can be mardpad gives designers a near infinite number obogti
and possibilities. This facet, amongst others, pa@speculiar problem for assessing human and
environmental health risks from nanomaterial exp@sund has impeded meaningful progress on reguylator
action. Environmental and human health researstaiganced well beyond its fledgling stages busgap
persist and a comprehensive modeling strategy renaiisive [174]. The aim of this dissertation was
demystify several of the many remaining unknownfustating the relationship between particle
characteristics, water chemistry and biota accutimmaThis dissertation was intentionally constadtt
with a bottom up design. Each successive chagteatéd on the previous with additional considerstiof
particle sophistication, biological complexity agmavironmental relevancy. My goals for this disstota
were three fold. First, identify the specific chamaistics of nanomaterials that most influenced
accumulation in aquatic invertebrates. Second, e@the transformative effects of wastewater intioloa
on nanomaterials and how these changes impactedatation in a simple aquatic food chain. Finally,
examine if attachment of pharmaceuticals to nanerizds$ reshaped the prescribed risk to aquatic
organisms for isolated pharmaceutical releasesicEomplish these goals | set out the following
objectives:

1) Develop simple models that identify the impact ofcgNP properties oBaphnia magna
biodynamics and determine which characteristicsrast influential in the accumulation

processes
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2) Simulate the particle-macromolecule interactiora ticcur in wastewater to identify the
transformations that occur in route to environmergkease and the consequences on
accumulation irD. magnaandPimephales promelas

3) Compare the accumulation and distribution pattefmsano-pharmaceuticals, lone
pharmaceuticals and lone nanomaterials to evatbatperceived risk tB. promelas

The conclusions borne from this dissertation mgkene of many necessary pillars that collectivelly w

be integral in the development of a comprehensgelatory strategy for engineered nanomaterials.
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CHAPTER TWO
MODELING THE INFLUENCE OF PHYSICOCHEMICAL PROPERTEON

PARTICLE UPTAKE AND ELIMINATION IN DAPHNIA MAGNA

Introduction

Over the last two decades capital investments moteehnology have surged in parallel with its
growing popularity. The uses of nanotechnologyrammerous and range from reinvention of consumer
products such as sunscreens, makeup, and spogigneent to development of more novel biomedical
and remediation applications. Metals and metal®xi@noparticles (NPs), in particular, have been
exploited for their anti-bacterial, cellular recdtipm, and optical properties to develop innovative
approaches to sanitation, drug delivery, and bidocadimaging, respectively. The potential of
nanotechnology to revolutionize how we approackassh and development is immense, but in order to
maximize its usefulness we are compelled to doctiauesh minimize unintended consequences. We cannot
dismiss the obvious potential for negative impacthuman and environmental health.

The swift rise of nanotechnology to this canonigetus in industry has allowed product
development to outpace research conducted on fadtenvironmental and human impacts. Given the
ubiquity of nanoparticle implementation it is ineble that anthropogenic particles will be releaséal
the environment [1]. Aquatic systems will act as phimary sink for many of these nanoparticle redsa
and, appropriately, the literature has devotedifogmt time to describing fate and effects of th@sirticles
in this environment.

The extent to which these particles are accumulated both dietborne and waterborne
exposures has received attention supported by oohdeat NPs will mimic behavior of legacy persidte
contaminants. Metal-based NPs have been obsentezhifer from the water column into the resident
biota [2-6], from producer to consumer [7], fromcdeposer to consumer [8], and from consumer to

secondary consumer [9]. These patterns, howevendaruniversal for all particle types or organisms
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Holbrook et al. provided evidence against troptansfer of metal nanomaterials from bacteria tateis,
attributing the lack of accumulation to low sorptio the food [9]. Though nanomaterials are known t
transfer across trophic levels, biomagnificationas often observed [7-9]. In many cases the ldck o
biomagnification was attributed to more proficiefimination mechanisms in the predator compared to
their prey [7-9]. In contrast, Judy et al. [10] demstrated biomagnification in a terrestrial foochich
exposed to gold NPs. An additional and equally irtgot consideration is the water chemistry to which
nanomaterial fate and behavior is intrinsicallkéd [11,12]. Ultimately, the accumulation of
nanomaterials in an organism will be a functionha&f environmental conditions, organism physiologgt a
the intrinsic particle properties.

The effects of particle characteristics on behavideractions with the surrounding media and
functionality have received considerable attentiorvitro studies have observed variable uptake rates and
internal distribution patterns aligning to alteoais in the size [13], shape [13,14] and surfacent$tey
[15]. Likewise whole organism studies concludedaldptto be dependent on particle size [10, 16-18] an
surface chemistry [6,19-21]. These studies laygtieeindwork for further investigation of property
dependent uptake and elimination based on the gd&umihat organisms will reach an equilibrium stat
Several studies have instead taken a kinetic apprimamonitor uptake and elimination rates for g
overall accumulation [4,5,9,22]. However, few saglhave sought to describe the effect of particle
characteristics on kinetic parameters [23]. To begiswering that question, my study investigated tte
of particle size, shape and surface charge onpteke and elimination of gold NPs by the cladocgran
Daphnia magna

Materials and Methods

Nanomaterial Synthesis and Characterization
Chloroauric acid (HAuGI3H,0, 99.9%), sodium citrate tribasic dihydrate {850,.2H,0,
99%), sodium borohydride (NaBt9%), silver nitrate (AgN¢) 99%), ascorbic acid (99%), poly

(allylamine hydrochloride) (PAAH, MW~15000g/molepapoly(acrylic acid, sodium salt) (PAA, MW
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~15000 g/mole), cetyltrimethylammonium bromide ((&,29%) were purchased from Sigma- Aldrich.
All solutions were prepared in 18Multrapure water.

Gold NPs were selected for our uptake and elimonagtudies due to the relative ease of
production, lack of dissolution in typical enviroental conditions, and negligible toxicity [3]. Silap
spherical NPs used in this project were synthedizedr lab according to protocols modified from
established methods [24,25]. Spheres with the apede size of 6 nm were synthesized by combining
0.5 mL of 0.01 M HAuCJ with 0.5 mL of sodium citrate in 19 mL of purifiddilli-Q water, followed by
0.6 mL of sodium borohydride and allowed to spintfeo hours. Spheres with the approximate sizeOof 2
nm were synthesized by adding 2.5 mL of 0.01 M HRU€ 97.5 mL of purified Milli-Q water, heating
the solution to a boil, adding 3 mL of 1% sodiurmate and allowing the solution to boil for ten mi@s.
Spheres with approximate size of 30 nm were syigdddy adding 2.5 mL of 0.01 M HAuHo 97.5 mL
of purified Milli-Q water, bringing to a boil, adag 10 mL of 1% sodium citrate and allowing the solu
to boil for ten minutes.

Particles with aspect ratio greater than 1 weréhggized according to the procedure outlined in
Alkilany et al. [15]. Briefly, nano-seeds were puogd by combining 0.25 mL of 0.01M HAuQb 9.75
mL of 0.1M CTAB in a 50 mL falcon tube. To this rhixe, 0.6 mL of 0.01M NaBJHwas added and then
the solution was allowed to spin for 30 minutesa 250 mL flask the following reagents were added i
order: 95 mL 0.1M CTAB, 5 mL of 0.01 M HAu&;10.8 mL of 0.01M AgN@, 0.55 mL of 0.1 M ascorbic
acid and 0.12 mL of the nano-seed solution prepiaréte previous step. The solution was mixed gentl
for 30 seconds and allowed to sit undisturbed fbodr until complete color change. Following théoco
change, the particles were centrifuged and semhfisim the supernatant to remove excess CTAB. The
particles were then separated and coated with @atylic acid), centrifuged again to remove excess
polymer then coated again either with poly(allylaehydrochloride) to confer a positive charge tritd
or a second coating of poly(acrylic acid) for aaidge charge. The end product was purified of exces
polymer via centrifugation and re-suspended iniNQliwater.

All stock solutions were characterized for sizegpsh monodispersity and stability prior to

exposures. Core diameter and shape were confirmbdransmission electron microscopy (Hitachi 7600
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TEM). Monodispersity and stability of particles wadetermined initially based on absorbance speapigr
obtained from a Shimadzu UV-2501PC spectrophotanaete then confirmed from zeta potential
measurements (Malvern Zetasizer). Hydrodynamic diammeasurements were taken at time 0 and 24
hours for citrate coated particles to assess ttenerf aggregation in the presence of 1 mM citoater the
duration of the exposure.
Biodynamic Model

The biodynamic model described by Luoma and Rainfa@)predicts the change in contaminant
concentration in an organism over time (EquatiariThe model is used to describe the ability of an
organism to sequester contaminants based on kpetaaneters attributed exclusively to that organism
Classically this model has been used for monitonegal [34] and metalloid uptake and distributiarn b
can be expanded to predict other suspended cordatrif¥,22,23]. The model incorporates the competin
influences of influx from waterborne,fl and dietborne (J exposure and efflux of contaminant along with
dilution from body growth.

d[M]orgdt = by + I - (ke + kg)[M] org D
Influx of contaminants from the water column (Eqoat2) is controlled by the unidirectional uptaker
constant (k,, L g*d™?) from water-only and the concentration of contaaminin the water column (G
nM).

lw = kX Cu )
Influx of contaminant from the diet (Equation 3)csntrolled by the unidirectional uptake rate cansfor
foodborne exposures fkg g'd™) and the concentration of the contaminant in iiee @, nmols Au ).

It = ket X G ©)
Efflux is a function of the elimination rate constdk., d%), the growth of the organismg(ldl) when
necessary, and the contaminant concentration inrgnism [26].
Cultured Organisms

Daphnia magnaultures were housed at the Clemson University @XTacility and maintained

according to standard protocdRseudokirchneriella subcapitatzlls were grown in a nutrient solution for
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one week under constant agitation, aeration atd figan approximate concentration of 5 k&6lls/mL.
D. magnawas cultured in synthetic moderately hard wateH{M hardness ~108 mg Cag0, alkalinity
~ 60 mg CaCgL, pH 7.2 — 7.8). Cultures were kept in incubaibl4 to 26 °C and under a 16:8 light/dark
cycle. Organisms were fed daily and water was rexdeon alternating days. All. magnaorganisms used
in uptake and elimination studies were 6-7 days old
Daphnia magna Uptake

Daphnids from the culture were collected and allbweedepurate for two hours prior to exposure.
Twenty daphnids were selected from our cultureebsed to each particle configuration at
concentrations ranging from 29 - 2244 nM. Exposaletions were created in MHW at a volume of 100
mL per replicate. After 24 hours of exposure, oigians were removed, washed twice in MHW for one
minute and collected on mesh filters. Exposureswerformed twice with three replications per
concentration then combined to calculate the uptateeconstant (k). The 20 nm exposures were
performed a third and fourth time to acquire dat@waer concentrations and then combined with the
previous results.
Daphnia magna Elimination

Twenty daphnids were selected from our cultureembsed to 100 mL of each particle
configuration at a concentration between 178 —rd@&or the PAAH and PAA coated rods and between
2362 — 3102 nM for the citrate coated spheres.r@fehours of exposure, organisms were removed,
washed twice in MHW for one minute, transferred¢lsan MHW and fed uncontaminated algae at a
concentration of 1.5 x £@ells/mL. Organisms were removed at 0, 1, 3, 624236 and 48 hours post
exposure, washed and collected as previously stAtezhch time point the remaining organisms were
transferred to fresh MHW inoculated with 1.5 ¥ tells/mL of fresh algae. Exposures were run in two
trials with three replicates and then averaged.
Gold Analysis

After collection biological samples were dried 24 hours at 60 °C, weighed, transferred to 15

mL centrifuge tubes and combined with 1.1 mL of #0Aqua Regia (3 HCI: 1 HN42 % acid).
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Samples were digested for 90 minutes at 100 °Glaamd adjusted to 5% acid with Milli-Q water for
analysis. Water samples of the exposure solutiars wollected in 15 mL centrifuge tubes during each
experiment, pre- and post-exposure. Each waterlsangs combined with 1.1 mL of 100% Agua Regia
for a final acid concentration of 5%, mixed welhdathen analyzed. Gold analysis of all samples was
performed on a Thermo Scientific XSeries2 Indudjiv@oupled Plasma Mass Spectrometer.
Imaging the Daphnia magna Gut Tract

Individual daphnids were removed from the highestcentration exposure and fixed in 2%
gluteraldehyde. Samples were then dehydrated \dhal, incubated for 40 minutes in a 50/50 mixtafe
propylene oxide:LR White for greater infiltraticaipd embedded in 100% LR White. Samples were cait int
ultra-thin (90~110 nm) sections using an ultra-wicme and imaged on the Hitachi 7600 Transmission
Electron or in the TEM setting on the Hitachi S480i@roscope. All identified nanostructures were
separately confirmed to have gold signatures usireggy dispersive X-ray analysis.
Data Analysis

All rate constants including standard error wengvael using linear regression analysis with SAS
9.2 from the slope of the data displayed in nativgransformed plots. The significance of threagiple
particle properties (size, shape and surface charge determined by combining data for all particle
configurations in a multiple regression analysifw8AS 9.2. A comprehensive model was built from th
guantitative (concentration) and qualitative (seteape, surface charge) data to predict uptake and
elimination rate constants based on initial paetdharacteristics. Analytical replicates that na¢war values
below the detection limit of the ICP-MS (0.250 ug/B) were replaced with imputed values estimated
from a linear regression analysis of the data aéieroving the data points that were below the dietec
limit. The imputed data points thus represent kie@tetical values if they were consistent withabger
data points. There is, of course, inherent bigkisimethod because | am assuming that the paitern
either elimination or uptake does not change draléyi at concentrations below the detection lirhit.
selected this type of imputation because replattingzalues with zero was not an option for the log

transformed elimination plots and the use of siagullues such as half the detection limit woulelady
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skew the data toward that value, depreciatingdkeaf the data set. For all data analysis, a peval0.05

was considered statistically significant.

Results

Particle Characterization

Citrate capped gold nanospheres synthesis produoaddisperse stock solutions with core
diameter of 5.67 4.28 nm, 21.25 2.5 nm, and 30.64 6.00 nm (Figure 2.1a-c), hereafter referred t6,as
20 and 30 nm, respectively. All citrate-capped saheres were stable in stock solutions and prodaced
negative zeta potential of -39.8%94, -35.7 +19.5 and -38.9 4#6.4 mV for 6, 20 and 30 nm stocks,
respectively (Figure 2.2). All synthesized nanorbdd dimensions of 17.822:03 x 58.08 +.31 nm with
an average aspect ratio of 3.3 (Figure 2.1d-e)olats coated with poly (acrylic acid) (PAA) held a
negative zeta potential of -20.7%433 mV while poly(allylamine hydrochloride) (PAAHeld a positive
zeta potential of +38.8 £7.5 mV (Figure 2.2). Stability of the citrate pap particles decreased upon
dilution in MHW causing noticeable aggregation othex duration of the exposure period. To minimize t
effect of particle aggregation due to high cationaentration [27] exposure solutions and controls
containing citrated-coated nanoparticles were smpphted with citrate at a final concentration ofil¥l
without noticeable impact to organism health. Dyiwlight scattering (DLS) was used to determine if
particle size (measured as hydrodynamic diametemged significantly over the 24-hour exposurequkri
(Figure 2.3). After 24 hours the 6, 20 and 30 nimesps experienced marginal increases in size and a
majority (over 99%) did not fall victim to aggregat. The 6 nm spheres changed the most, enduring an
increase of 6.2 nm (from ~ 6.5 nm to ~ 13 nm). Z8end 30 nm patrticles, on the other hand, remained
fairly close to their original size or even seen@decrease in size. The 20 nm particles increagginm
over 24 hours (from ~ 20.5 nm to ~ 22.5 nm) while 80 nm particles either increased slightly (frodl
nm to ~ 42 nm after 24 hours) or seemed to decteassize comparable to the first replicate (froB3 to
~ 42 nm). Though we did observe changes in partizke during the 24 hours, the shifts were not ghou

to cause overlap between particle configuratiorsblng us to treat them separately in our models.
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Exposure solutions of PAA and PAAH coated rodsritiexhibit noticeable aggregation and were,
therefore, prepared without additional reagents.
Derivation of Uptake Rate Constants

Influx of NPs byD. magnawas plotted along a concentration gradient to eingly derive
uptake rate constants for each particle configomatiFigure 2.4). Influx for all the negatively cyad
particles (6, 20 and 30 nm citrate capped gold siineres and PAA coated nanorods) was linear with
respect to concentration. Daphnids exposed to Bitmate coated particles exhibited the largest kgtate
constant of the citrate-coated spheres. Uptakecratstants for the 20 and 30 nm citrate coatedcpest
were both statistically different from the 4 nm egpre but not from each other. Daphnids exposéueto
PAA coated nanorods exhibited the slowest ratetaohsf all the configurations tested. In conttasthe
other particles examined, daphnids exposed to A#f&Pcoated rods exhibited a biphasic uptake pattern
along the concentration gradient. The PAAH expoglwmewas separated into low and high concentration
data sets to linearize the slope and simplify asialyl he low concentration rate constant mirrohed bf
the 4 nm citrate coated spheres. However the lighentration uptake rate constant was significantly
greater than the rate constants derived for adirgplarticle configurations. All uptake rate conssaare
presented in Table 1 including standard error.
Derivation of Elimination Rate Constants

Upon transfer into clean medium the eliminatiompaifticles from the daphnids was quantified.
Particle body burden remainingih magnawas plotted against depuration time to assigragipopriate
elimination model and empirically derive eliminaticate constants for each particle configuratiagufe
2.5). Elimination of NPs in the presence of food adhecetthe two-compartment model: a significant
portion of the body burden (70- 90%, Figure 2.5eimoved within the first 3-6 hours (fast compantihe
followed by a steady removal of the remaining NRarahe next 42 - 45 hours (slow compartment). PAAH
coated rods and 6 nm spheres exhibited statistisatiilar elimination rate constants that were tgethan
the other particle configurations. These eliminatiate constants indicate that daphnids exposBé\fH

coated rods and 6 nm citrate coated spheres whrdéaabliminate 50% of the body burden every 6 bour
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PAA coated rods had the next largest eliminatide canstant followed by 20 nm spheres and 30 nm
spheres. These elimination rate constants tradsiate half-life of 8 hours, 9 hours and 14 hoorsHAA
coated rods, 20 nm citrate coated spheres and 3fitrate coated spheres, respectively. All elimomat
rate constants are provided in Table 1 includiagdard error.
Modeling the Influence of Particle Properties om&ynamic Parameters

The influence of core diameter, shape and surfaaege on uptake and elimination rates was
determined using multiple linear regression analysth data collected for each particle configurati
Similarities in size (diameter 6, 20 or 30 nm),hé&od or sphere), and surface charge (cationic or
anionic) enabled fundamental comparisons of eadicfgaproperty with respect to uptake and elimioat
patterns. While there is no consensus on a defindoncentration metric in the literature, our cledio use
gold mass concentration rather than gold NP conao was a practical consideration. The concéntra
range for our data converted to NP concentrati@msed several orders of magnitude and returneddsbi
statistical results. Accurate statistical comparssoould, therefore, only be conducted using mass d

Due to the biphasic response elicited by PAAH abatels the PAAH uptake data were divided
into separate high (solid line, Figure 2.4e) andd (dashed line, Figure 2.4e) concentration datateet
linearize the plots. The data for the other part@dnfigurations were not separated because they we
linear across the entire concentration range. WoeRAAH datasets were incorporated into separate
models to determine slope differences for highlamdPAAH concentration exposures with respect ® th
other particle configurations. Overlapping concatidn ranges were chosen so as to include three
concentrations for both data sets. The low PAAHa skt was combined with the full dataset for theioth
particle configurations to create the low concdiiramodel (Equation 4). Likewise, the high PAAH
dataset was combined with the full dataset foroter particle configurations to create the high

concentration model (Equation 5).

Influx = 0.88 + 2.80 (concentration) - 238.07 (#ina 2.33 (small*concentration) 4
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Influx = -2.48 + 2.81 (concentration) -234.70 (4na3247.31 (surface charge) + 2.33

(small*concentration) + 89.69 (surface charge*cotieion) (5)

Both uptake models were created using multipledirregression analysis with the appropriate
datasets described above. Concentration was theitptize variable and size, shape and surfacegehar
were the qualitative variables. The qualitativeiatales were converted to fabricated numerical \vathat
allowed the model to group the data according ¢gpidurticle characteristics. Size had to be sephrate
two sub-variables "small" and "large" because thegee three possible diameters (i.e. either 6,r2800
nm). The “small” variable was coded as 6 nm = 1n&0= 0, and 30 nm = 0 and this variable identified
differences between NPs with a 6 nm diameter ansl|hiiger than 4 nm. The “large” variable was coded
as 6 nm=0, 20 nm =0, and 30 nm = 1 and thidifilesh differences between NPs with a diameter®f 3
nm and NPs smaller than 30 nm. Using these twovaunlables the model could signify if there was a
significant influence from very small particlesr{f), large particles (30 nm) and if both were digant,
then it can be assumed the medium particle (20isdifferent from the others as well. The shape and
surface charge variables were not broken into sulables because there were only two possible
designations for each. The “shape” variable wagdas sphere = 0 and rod =1. The “surface charge”
variable was coded as anionic = 0 and cationic = 1.

When | used the low concentration PAAH data (Eiquad), particle size was the only
characteristic influential to uptake (Table 2).f8ne charge did not appear to exercise influeneg ov
uptake at low concentrations, as the cationic evdgaken up at a rate identical to the anionitigdas of
similar size. Shape was likewise ruled out as gyomant characteristic with the low concentratighAP
data. An important distinction to make is that $ie effect is only statistically significant famall
particles (4-6 nm) in relation to particles of largize (20-30 nm) as represented by the “smakilitptive
variable. The impact of particle size is not asrsrwhen comparing uptake of particles with diamae
nm to the smaller particles as represented byltrge” qualitative variable. Inclusion of the high

concentration PAAH data into my model (EquationrByealed that surface charge exercised consigerabl
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influence over uptake after a certain threshol@&rafonally defined in my study as 148 nM (Table 2)
Once again changes in shape and a shift in padiahkeeter from 6 nm to 20 or 30 nm had minimal iotpa
Analysis of the elimination data mirrored the prdare employed on uptake data except in this
time is the quantitative variable rather than com@gion. The combined elimination model (Equat)n
compared the natural log transformed slow exchaoggpartment (hours 3-48) for all configurations, as
that will dictate the rate of depuration. The mo@e&lble 2) indicated that all sizes (both “smaliita
“large”) and surface charge were influential to tlepuration process. Shape again appeared to have a

negligible impact.

Ln (% remaining) = 2.94 — 1.93 (time) + 0.90 (snal0.11 (large) + 0.01 (surface charge)

—0.99 (small*time) + 0.81 (large*time) — 0.8Li(fce charge*time) (6)

Using these three equations and the numerical salssigned to each variable, theoretical rate
constants were derived for all iterations of siad aurface charge (Table 3) for a hypothetical g¢id
construction. These rate constants were then osegldulate the steady state bioconcentration facto
(Table 3). According to the model predictioBs,magnaexposed to larger cationic particles at
concentrations exceeding 148 nM are expected tewelthe highest body burden of NPs at steady state
while D. magnaexposed to smaller anionic particles and smalltéogia particles at concentrations below
148 nM will accumulate the lowest concentrational{[€ 3). The fact that cationic particles are hibth
most accumulated and least accumulated seems ciotuiteze. However, at low concentrations the
influence of charge on uptake is negligible comgdoethe influence of charge on elimination. Theref
the faster elimination rate for cationic partictéstates the overall accumulation. At high concatidins,
the contribution from the large uptake rate cortst&ershadowed the faster elimination rate constant
accounting for the higher predicted accumulation.

A cationic nanosphere is noticeably absent froenpirticle catalogue. Regretfully, |1 did not have
the means required to synthesize cationic spheitbstve PAAH surface chemistry at a size similaafyy

of our citrate coated spheres. Therefore, my maatelsised to extrapolate the data for this partygie. In
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a subsequent experiment for Chapter 3 | exp@sadagnato 2 nm (core size) cationic particles
(quaternary amine surface coating) for 24 hoursdard/ed uptake and elimination rate constants. ddta
for these particles confirmed the biphasic uptakitepn for daphnids exposed to cationic partictes a
further indicated a saturation point for particitake. Interestingly, uptake (k= 110.31 +10.77 L g d™)
and elimination (k= 2.93_+0.13 d") rate constants did not directly align with thgsedicted for small
cationic spheres from my model though this mayttrébated to the lack of similarity in particle
characteristics and ligand chemistry. The discrejganwith my model predictions and this unrelated
particle illustrate the difficulties in developirgrobust model that is inclusive to all particlefigurations
Particle Internalization

Transmission electron microscopy was used to @isigly assess the localization of each gold
nanoparticle configuration in the gut tract andeunding tissues of an exposedmagna(Figure 2.6a-e).
Identifiable gold NPs were found in the lumen o thut tract in various states of aggregation fahea
treatment. The presence of gold in the gut tranfiooed ingestion as a viable route of uptake f@Idg\NPs
in D. magna After a thorough examination of the gut sectibd&l not find evidence to indicate
translocation across epithelial membranes ints dell any of the treatments. | did witness several
treatments (7a-d) where gold NPs were in assoaiatith or in proximity to the microvilli suggestirthat
these particles may be in route to internalizatfeurthermore, the NPs that did cross membranedvarri
were likely individual particles and at extremebyv concentrations as evident from our elimination
experiments. It is entirely possible that the narszope of my TEM examination overlooked areas wher
these NPs were stored internally. With these camnatibns in mind | cannot completely rule out the
possibility of NP accumulation for the particle fignrations selected for my study.

Elemental analysis was conducted on eachagnagut tract micrograph to confirm the presence
of gold (Figure 2.7). Elemental analysis utilizeéé Energy Dispersive X-ray (EDX) technique, prodgci
spectra that identified the elemental array preaeatselected site on the micrograph. Gold peakes w
present in each spectra along with other elemeaikimcluding carbon and copper. The carbon angarop
peaks were part of an expected array associatbdhetgrid itself. For each micrograph, severatipiar

groupings were analyzed to confirm the presenagoluf NPs.
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Discussion

The models derived from my data indicated thatas@fcharge and core diameter were the
dominating properties controlling accumulatiorDnmagna.The underlying influence of these two
particle properties is best explained through spagxamination of uptake and elimination pathvaays
the mechanistic role of charge and size in thesegsses.

Influx of NPs byD. magnais a measure of the ingested nanomaterial, namoialhbsorbed
across the gut tract and nanomaterial adsorbedgped by the carapace. The pattern of influx with
respect to concentration will reflect the mechaif®rof uptake over a given concentration range [4].
Uptake of negatively charged NPs (citrate coatdérbigs and PAA coated rods) followed first ordeakpt
kinetics indicating a single dominant uptake med$rarn(Figure 2.2). Evidence from microscopy analysis
pointed to ingestion as the dominant mechanismararnic NPs (Figure 2.6a-d). Furthermore, adsonptio
of anionic gold NPs is expected to contributeditth the overall body burden [27,28]. In contrast,
observed a biphasic uptake pattern for cationic. MRsphasic influx pattern often indicates thegmece
of binding sites with different characteristicsfifaity and capacity). However, this explanatiomat a
perfect fit for the PAAH data because | did notifevidence of PAAH rods adsorbing to cell surfaces
(Figure 2.6e). The biphasic pattern may insteadessmt a shift in the dominant influx mechanism [4]
Qualitative observations and microscopy analysigcated significant particle content in the guttraf
daphnids exposed to elevated concentrations suggéiat ingestion is the dominant mechanism fghhi
concentration exposures. Though it was not quantifadsorption of PAAH coated rods to the carapace
trapping of rods under the carapace likely contatduo overall accumulation at both high and low
concentrations, possibly representing the domimdhix mechanism for low concentration exposurds [4

Even though overall accumulation was greatestdiagydr cationic particles, the smaller cationic
particles exhibited the highest uptake rate constdns preferential uptake gives insight into fittering
and ingestion mechanismsBf magnaand other cladocerns. The NPs used in our expeswgee natively
smaller than the average mesh filter siz®aphniaspecies; therefore, capture and ingestion of these

particles must occur incidentally via a pressuaagmt produced by the filtration process, incidéntvia
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physicochemical interactions with the mesh filterassociation with other suspended debris, ovelgtin
an aggregated form [29-31]. Aggregation did notrsé play a role in uptake as particle size didheote
significant fluctuations in the exposure media a¥er 24-hour exposure period. Furthermore the axgos
solutions were prepared with 18 MOhm water and auittfood, keeping miscellaneous debris to a
minimum. Therefore, particle uptake must have h@émarily through incidental ingestion. Particles
smaller than the mesh filter can still be captutedugh gravitational deposition, inertial impactjo
motile-particle deposition and electrostatic intdian [32]. Uptake of smaller sized particles ipeated to
be greater for uptake mechanisms involving eitfidnglon particle deposition or electrostatic irgetion
implying that one or both may be the dominant matdma of uptake in my study [32].

The acknowledgement of surface charge as influetotiaptake of NPs lends further credence to
the presence of an electrostatic component ibthmagnauptake mechanism for gold NPs. For particles
smaller than the filter mesh size, Gerritsen anddP@damantly argued that the electrostatic ictea
between the particle and the filter surface dictangestion rates [31]. They observed that a rédudh
negative charge through addition of amine groupghecsurface of the particle resulted in higheakpt
efficiency byD. magna The ingestion of more PAAH coated particles ghkr concentrations could thus
be explained by a stronger attraction to the fiienface enhancing uptake rate. Hammer et al. reoted
similar trend for dinoflaggelates concluding thatticles with a charge opposite of the organismldiou
have a higher probability of being ingested [33¢ghcting uptake of negatively coated particledatou
also be an evolutionary advantage for obligaterfilteders such &aphnia Most particles in the aqueous
environments carry a negative charge [34]; havimgxra layer of defense against particles smdiken
their filter mesh would ensure ingestion of fewanecessary particles. While statistically significahe
particle size contribution to the model may notlsémportant as the connection between initialeef
charge and particle uptake. Due to the large uptaieeconstant for cationic particles, the impdauwface
charge may have greater biological significancenwtansidering the enormous energetic requirements
and associated toxicity of clearing a gut filledhwnanomaterials [5,11].

Uptake rate constants do not distinguish betweesn &tBorbed, adsorbed, or those unassociated in

the gut tract. The elimination rate constants wirerefore, derived to intuit the behavior of tteetjcle
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after ingestion and relate it to the daphnids gbib eliminate the NPs. Furthermore the link betwe
elimination rates, surface charge and size carsbd to describe the interaction between NPs and
defensive mechanisms in the gut of cladocerns.

Similar to uptake, elimination rate constants wgneatest for smaller cationic particles. The fact
that larger sized particles produced higher predi@CFs implied that, with respect to size, elirtiorais
a more important mechanism than uptake. In lieemidence to suggest internal accumulation, we
attributed differences in efflux rates to interaghregation and interactions with debris and imtlern
structures in the gut. Based on the microscopy @ésagpeculated that the fast and slow exchanging
compartment were related to the location of théiglas in the gut tract. The fast exchanging corpant
was the middle of the gut tract where algae coakilyg and quickly push the particles along. Thevslo
exchanging compartment was the surface of debigpnilli and peritrophic membrane where particles
were more difficult to remove. The size of the et for example, will determine if a particle or
aggregate can penetrate barriers [13,35]. Largedgparticles have a greater probability for demsion
gut surfaces that would retard the daphnids ahiitgush these particles through the gut [32]. This
reasoning aligns well with my observations. Howeweost particle configurations aggregated to some
degree after ingestion (Figure 2.6b-e). Widespegmgtegation was not observed, which may have esbult
from sample preparation. While most particles werad in proximity to the microvilli, the 4 nm sptes
were the only particle type that was clearly asseci. Despite this association, daphnids weretable
eliminate 4 nm particles quickly implying the asstion was tenuous or the fraction adsorbed to the
microvilli was negligible.

Surface charge, on the other hand, controls pastiatticle and particle-surface interactions two
processes that influence eliminationymagna12,36]. All anionic particle configurations were
observed in proximity to or associated with thenmvili (Figure 2.6a-c) or associated with the pephic
membrane (Figure 2.6d) inhibiting elimination. Tdeionic NPs, however, exclusively formed aggregate
around cellular debris as opposed to contact wighperitrophic membrane, microvilli or other cedlul
structures (Figure 2.6e). The lack of interactiagthwthe peritrophic membrane or microvilli would

intuitively favor quicker peristaltic removal ingtpresence of food. The interaction of anioniciplag
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with negatively charged microvilli and peritropliembrane surfaces implies a change in NP surface
charge upon ingestion or depression of the eleictidouble layer around the particle surface [3TisT
assumption is further supported by a proclivitaggregate noted to varying degree for all particle
configurations. However, smaller particle sizeswaedl documented to be more susceptible to aggi@yat
disagreeing with my visual results [12]. At thisijdt is unclear why the 6 nm particle configuoats did
not demonstrate an aggregated state in the daghhidact (Figure 2.6a-c). One possible explanason
that our TEM images were not of an entire daphnidi, ¢herefore, it would have been easy to miss
aggregates in other sections of the daphnid gcit. thdternatively it is possible that the sampleperation
process induced aggregation of some particles andthers. My observations indicate that in the gut
surface charge dictates where the NPs absorb,imildrgo size, the ability to traverse peritrophicd
epithelial membranes. Shape is known to have aadétmn aggregation behavior and particle-surface
interactions as well [13,38]. However, my resulbsvdplayed the significance of shape with respesize
and surface charge on interactions that would ocbattcumulation.

The NP body burden predicted by my model repregmanticles that are associated to external
structures (carapace, gut tract) rather than afignt internalized fraction as is often the cagen
modeling metal exposures. The lack of gold NP idézation in my experiments is not unprecedented
[28,39]. Yet,D. magnahave been previously reported to translocate NRsd¢ondary storage depots and
internal tissues indicating the presence of a n@shafor absorption [18,19]. The visual and empairic
evidence produced in this study suggested thapaiicle types and those in the other studies wete
suited for absorption, however other configuratiohgold NPs may possess the ability to translotete
epithelial cells and other internal tissues [28,39]

The BCFs calculated (Table 3) from my empirica¢rednstants and lack of evidence to indicate
internal translocation downplay the threat of digant accumulation for all particles configuratioexcept
the PAAH rods. However, even elimination of the RA£ds approached the detection limit of the ICP-
MS ([Au] ~ 0.25 ppb) after 48 hours in presencea édod source suggesting limited assimilation. €hes
results are in stark contrast to several otherissuthat observed long- term particle retentioaraft

transferring to fresh moderately hard water [4,5,981]. Variation in particle retention acrosssine
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studies could be suggestive of a separate consimtefar particle accumulation: gut tract interacts that
are distinctive to the core composition of a p&tié study on gold nanoparticle depuratiobinmagna
without food by Lovern et al. revealed a tempotemge in gut particle content that is consisteiti wiy
experimental results [28]. At 24 hours the bulkief nanoparticle body burden was present in the tai
region indicating rapid removal irrespective of doavailability. A similar study by Khan et al. ologed a
similar trend to the Lovern et al. study and my dhvough elimination from the slow compartment
proceeded an order of magnitude slower than | @bgd28,39]. The relative ease of removing gold NPs
could explain why | observed much quicker elimiaatrates for gold NPs and minimal long-term
accumulation.

The visual and empirical evidence produced inghisly argued against but did not rule out the
possibility of gold NP translocation into epithélizlls and other internal tissu€xaphnia magnaave
been previously reported to translocate NPs torstany storage depots and internal tissues suggesign
presence of a mechanism for absorption in thergat [18,19]. Furthermore, several other specieg ha
been reported to accumulate gold NPs in tissuessdmubf the gut tract. Particles ranging from 50-n%n in
diameter were detected throughout internal tissfiésbacco worms from dietborne exposure and
endobenthic bivalves from waterborne exposuredl[1,80]. In a study investigating the role of suefac
chemistry on uptake in Japanese medaka, Zhuwitakssed systemic distribution of gold NPs with a
hydrophobic surface coating [6]. In support of nydy they did note that, of the hydrophilic surface
ligands, the cationic particles were ingested athighest frequency establishing the highest partic
accumulation in the intestinal tract and gills. Maatian species have likewise demonstrated thetyalili
absorb gold NPs, a fact oft exploited in biomedagaplications [16]. Based on my experiments andeho
in the literature it is unclear if absorption istricted to a particle type with a specific seatifibutes and
if these attributes fall outside of the configuoat chosen in my experiment. It is conceivable Ehat
magnapossess mechanisms to translocate gold NPs bag Linable to detect the low levels that constitute
the accumulated fraction.

Despite the species and particle specific naturaypmodels, the broader trends are consistent

with several studies on different organisms andigartypes. My model predicted that larger (30 nm)
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cationic NPs would achieve greater accumulatiosteddy state compared to smaller (<30 nm) anionic
NPs. In the literature larger particles have bemorted to have greater accumulation in clams, and
hornworms [10,17,40]. Likewise cationic NPs havhibited greater accumulation in mammalian cells,
biofilms, clams, snails, fish, and hydroponic plesdts [2,6,15,20]. This information could be usddu
predictive modeling, risk assessment, NP regulafiand in particle fabrication aimed at minimizing
environmental impact. Yet the complexity of nandigter exposures and organism physiology precludes
indiscriminate use of my models for predicting ancilation. For example, results from daphnids exgose
to quantum dots, cells exposed to gold NPs, esteadoted plants and detritovores exposed to géls, N
and the internalized concentration of gold NPsyidrbponic plants defy the trends postulated by my
models [2,13,14,20,21].

My models were not intended to be comprehensitkerahey were designed to illustrate which,
of three, properties was the most important to aedation. The particles selected for this experitid
not cover the entire defined range for nanoma(100 nm), yet it did cover the size rang8(Q(«im)
where metallic nanomaterials exhibit unique prdpsrthat can increase their toxicity [41]. My mcel
could be strengthened by the inclusion of moressigbapes and surface charges to see if the mattern
persist beyond the particle configurations chosenHis experiment. Evaluating other charactesstizich
as core chemistry, surface chemistry, and surfeea avith a similar approach may also resolve the
discrepancies noted from other experiments [19133Hnally, the concentration metric selecteddar
models was done out of necessity but it may ndhbéest option for assessing risk of nanomaterials
[10,41]. Ultimately it may be inappropriate, evempiossible to produce a single model for all nantigar
types and species of concern. Smaller more focosetels for each model organism, such as the one

produced from my data, will then find a place amtmglarger framework of modeling initiatives.
Conclusions

This study examined the influence of three prilcjparticle characteristics on accumulatiomin
magna Models of the data suggest that surface chardgarticle size are the dominant properties

controlling accumulation iD. magnaWhen challenged in environmental conditions sintilethose in my
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experimentspD. mangawill accumulate a higher particle body burden frexposure to larger positively
coated NPs compared to smaller negatively coateties. No evidence was found to indicate that the
NPs were absorbed across epithelial membraneseRadhticle accumulation was observed primarily in
the gut tract and was likely controlled by interacs with permanent (gut wall including microviland
transient (peritrophic membrane and debris) stresturhe models derived from my data set were dedig
as initial indicators of the influential natureprticle properties on uptake and elimination medras

and are by no means exhaustive. Future work witferparticle configurations will be required to dieye

more robust and defendable models.
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Figure2.1: TEM images of gold nanoparticle configurationswith distribution histograms

TEM imaging of 6 nm (A), 20 nm (B), and 30 nm (@yate coated spheres, PAA coated rods (D), andHPAdated rods (E)
with the chemical structure of the surface coaingert). Histograms present the distribution afcdiameter for each
particle configuration based on Image J analysis 8 particles. The PAAH and PAA rods were produitem the same

stock of nanorods, therefore, the particle lengith\&idth are combined in a single histogram.
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Figure 2.2: Zeta potential of the stock solution for each particle configuration
Zeta potential measurements of each particle cordtgpn in Milli-Q water. Error bars
represent one standard deviation.
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Figure 2.3: Hydrodynamic diameter of citrate coated particles at the beginning and

end of theexposure

Aggregation experiment with citrate coated nanonetein MHW supplemented with 1
mM citrate. Dynamic light scattering (DLS) measuesits were taken immediately after
adding NPs to moderately hard water (solid-0 hg ainthe end of the uptake experiment
(striped- 24 hr). Error bars represent one standavehtion. PAA and PAAH nanorods
did not exhibit visible aggregation in MHW and, t&#®@re, are not included in this DLS
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Figure 2.4: Uptake of five different gold nanoparticle configurations by Daphnia
magna

Uptake plots for each gold nanoparticle configuratiA) 6 nm citrate coated
nanospheres, (B) 20 nm citrate coated nanospH&r30 nm citrate coated
nanospheres, (D) PAA coated nanorods, and (E) PAddted nanorods with’Ralues
for the regression line used to derive the uptake constants. All data points are
averages of six replicatesl+standard deviation. Dashed line in the PAAH grép)
represents the low concentration uptake rate con@) and the solid line represents
the high concentration uptake rate constaf®)(R
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Figure 2.5: Elimination of five different gold nanoparticle configurations by

Daphnia magna

Full elimination plots for each gold nanopartictniguration: (A) 6 nm citrate coated
spheres, (B) 20 nm citrate coated spheres, (Ch80itnate coated spheres, (D) PAA
coated rods and (E) PAAH coated rods withvRlues for the regression line used to
derive the elimination rate constant. All plots brg transformed in accordance with the
two-compartment elimination model. Each value repngs the average of six replicates
+ 1 standard deviation. All values below the linfidetection (0.250 ug/L Au) were
replaced using regression imputation. Data pointisout a lower bound indicate a range
that encloses zero.
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Figure 2.6: TEM images of Daphnia magna gut tract

Gut tract ofDaphnia magnaxposed to 6 nm (A), 20 nm (B), and 30 nm (Caobdr
coated spheres, PAA coated gold nanorods (D) atHR#oated gold nanorods (E). All
identified nanostructures were separately confirtedtave gold signatures with EDX
analysis. G = gut lumen, E = epithelial cellspars = gold nanopatrticles.
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Figure 2.7: Representative elemental analysis of Daphnia magna gut tract exposed

to PAAH rods

Representative micrograph Bf magnagut tract exposed to PAAH gold nanorods (A)
and the resulting EDX spectra (B) for the selearexh on the image. The spectra
indicated the presence of gold signatures in thextal area confirming that the rod
shaped objects contained gold. The carbon and cqeeds were expected background
signatures. Several particles were analyzed frazth @atment to rule out the possibility
that these nanostructures were artifacts of TEN).pre
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Size (nm) Shape Surface Ligand uwkL Qorg ™ d) 2 ke (@)
6 Sphere Citrate 5.139 +0.388 2.929 +0.140
20 Sphere Citrate 2.772 +0.247 1.840 +0.190
30 Sphere Citrate 2.679 +0.120 1.119 +0.213
18 x 58 Rod Poly(acrylic acid) 1.548 +0.038 2.025 +0.287
Poly(allylamine L: 4.632 +0.830
18x58 Rod hydrochloride) H: 92.494 +6.504 274640303

Table 2.1: Uptake and elimination rate constants for Daphnia magna exposed to each nanoparticle configuration
Size, shape, surface ligand, uptake and eliminatitnconstants (standard error) for each nanoparticle configuratio
4D. magnaexposed to PAH coated rods demonstrated a unighagic uptake pattern therefore a high and lomiektion
rate constant was derived exclusively for that expe.
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Low Concentration Uptake High Concentration Uptake
Model Model Elimination Model
R=0.84 R’= 0.94 R*=0.70
Par ameter Full Reduced® Full Reduced® Full Reduced®
intercept 0.9922 0.9723 0.9961 0.9647 <0.000 €100
conc/tim& 0.1721 <0.0001 0.4955 <0.0001 <0.0001 <0.0001
small 0.0032 0.0014 0.1379 0.1164 0.1718 0.0401
large 0.3211 - 0.6208 - 0.5713 0.8809
shape 0.9745 - 0.9873 - 0.3844 -
sC 0.9187 - <0.0001 <0.0001 0.2083 0.3455
small*conc/time <0.0001 <0.0001 0.0004 <0.000L 000 0.0006
large*conc/time 0.7769 - 0.8878 - 0.0128 0.0016
shape*conc/time 0.2875 - 0.5958 - 0.5538 -
sc*conc/time 0.6169 - <0.0001 <0.0001 0.0036 0.0003

Table2.2: P valuesfor thelow and high concentration uptake models and the elimination model

P values for each parameter of multiple linearesgion models of the low concentration uptake sketahigh concentration
uptake data set and the elimination data set. Glweebncentration model was developed using the PAAtd for exposures <
148 nM and the entire data set for the other fautigdes while the high concentration model wasaligyed using the PAAH

data for exposures 248 nM and the entire data set for the other pauticles. The elimination model used the compiigtiz
set for each patrticle.

°R? values were calculated from the reduced model.
Pconcentration is the quantitative parameter forupake model, time is the quantitative parametette elimination model.
“parameters that had a p value >0.05 in the fullehagre removed to optimize the reduced modehdfinteractive

parameter was significant the individual qualitatparameter was kept in the model even if it wasgrtificant. The reduced
version of each model was used to predict uptaklesimination rate constants.
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Diameter (nm) | SurfaceCharge | Kuw (L Qorg™ d™) ke (d™) BCF
6 Anionic 5.14 2.93 1750
20 Anionic 2.81 1.93 1460
30 Anionic 2.81 1.12 2510
o e | 3 em | SER
S
o | e | g2 e | Sl

Table 2.3: Predicted rate constants and bioconcentration factorsfor different nanoparticle configurations

Rate constants were predicted using the reducetiphedinear regression models for uptake at lowl48 nM) and high_(>
148 nM) concentrations and elimination. Bioconcatidn factors were calculated using these predi@tzconstants.
®Based on our models the high and low concentraiqosures produce near identical rate constantsRsrwith a anionic
surface charge therefore it was unnecessary taleséd separate BCFs.
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CHAPTER THREE
TRANSFORMATION OF NANOPARTICLES IN THE PRESENCE OF
WASTEWATER AND ITS IMPACT ON ACCUMULATION IN

DAPHNIA MAGNAAND PIMEPHALES PROMELAS

Introduction

For millions of years an untapped technology hastea beyond the boundaries of human
perception. Physical and chemical processes otiggnérom natural mechanisms and, more recently,
anthropogenic intervention gave rise to nano-schbids equipped with unique properties that
distinguished them from their macro-sized countaspdVithin the last century the perceived beneffts
operating at smaller scales spurred developmemetfiods for engineering nanomaterials. This new
technology brought forth a surge of innovation anention from private corporations, academic
institutions, and government organizations. Thasevations have led to cosmetic and structural géan
in everyday consumer products as well as technodbtgaps in imaging and drug delivery fidelity.ivite
changes in synthesis procedure can produce disliffietences in the resulting properties, whichum
could change the behavior of the particle anchifslémentation into a product. The sheer number of
possibilities for implementation seems limitlesgayi the aforementioned malleability of the nanomalte
construction. However, engineered nanomaterialg wadjuely resemble their natural counterparts and i
many cases lack a naturally produced analogue.lN¥ilthat is unfortunate enough to be on the rdogiv
end of nanomaterial release may, therefore, lagkldiensive mechanisms to withstand the toxic insul
From an environmental and human health standpoéngétolution of nanomaterial construction may be as
much a burden as a boon.

The ubiquitous presence of nanotechnology in thiséb of industrial innovators will lead to
inevitable environmental release. The release wématerials from consumer-based products in
environmentally relevant conditions is already vegltumented [1-5]. Moreover, life cycle analysis of

several popular nanomaterials predicted conceatratf nanomaterials in surface waters and sewage
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treated effluent that approached or exceeded aqusly defined toxic threshold [6]. The threat of
nanomaterial release to aquatic organisms is cdvardetail in the literature [7-12]. These studies
examined the impact of pristine nanomaterials wHateand behavior is solely dependent on the igbiot
conditions of the exposure media and interactioitis biota in the system of interest. Utilizing pine
nanomaterials as a model is useful in establishifaundation for nanomaterial regulation; howetieese
exposure scenarios neglect possible transformataps in route to environmental release. Nanonadseri
are clearly susceptible to their surroundings [0B&hd pre-release processes may introduce the
nanomaterial to conditions that are not typicamaqueous environment. The nanomaterial thatstiter
environment via an indirect pathway is, therefdikely to have an appearance and behavior that are
distinct from the original pristine nanomaterial.

Most commercially available nanomaterials will takeindirect pathway to the environment that
is tied to waste disposal and treatment proce€s2%][ Nanomaterials that are collected by wastemate
thrust into an environment with substantial iortiesgth, inorganic substituents and high conceotatof
dissolved organic carbon [22]. These initial coladis are likely to alter the appearance of the naaterial
either inducing aggregation and sedimentation baeaing water column stability [23]. Though not
designed specifically for nanomaterial purificatiomdern WWTPs are capable of removing > 90% of
nanomaterials from the influent [24]. The remoefiiciency can vary based on the design of thetd@&
27] and the type of nanomaterial [28-29]. Generddyremoval of nanomaterials is carried out thioug
particle aggregation, adsorption to biomass thitlesento the sludge, and complexation with inariga
molecules in the sludge [23,25,26,29]. Though myéy a threat for release in the effluent, the eosion
of the sludge to bio solids and subsequent apicad agricultural land presents a viable route fo
nanomaterial transfer into the terrestrial envirenitrand possible conduit for exposure to nearbyags!
environments.

Not all nanomaterials are relegated to the sludgegthem a chance to escape in the effluent
[20,27]. The ability of nanomaterials to avoid iiad] out of the water column is related to the gt
nanomaterial properties [28-30] and the presenaeg#nic macromolecules in the system [20,23].

Nanomaterials that make their way into the effluemet able to do so because they are intrinsictdlyle,
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are receptive to organic matter coating limiting@gation or pass through sorbed to suspendedsolid
[20,22,31]. Transformation of these nanomaterialsb@&come even more important to monitor upon
release into the receiving stream because nandaiatkaracteristics are a key component in how the
material behaves and its interactions with aguatianisms. For example accumulation and toxicity of
nanomaterials is dependent on size [10, 32-38hesf29-40], surface charge [11, 41-42], and surface
chemistry [8,11,41,43-44].

A survey of WWTPs in the United States revealedrtganium and silica in wastewater effluent
demonstrating that this is a viable route for naatamals to enter the environment [27]. Despitelence
demonstrating environmental release, there is aifyaof information on how wastewater transforms th
particle and the subsequent effects on biota imabeiving streams. The following study investigaiew
incubation in wastewater affects the charactessticspherical gold nanoparticles with differentface
charges and how these transformations change adatimnupatterns in a simple aquatic food chain
consisting of a pelagic filter feeddaphnia magnaand pelagic secondary consunitimephales
promelas Gold nanoparticles (NPs) were chosen based anldetoxicity, low dissolution rate in typical
freshwater systems and optical properties, whickenthem ideal for modeling accumulation in the test

organisms.
Materialsand Methods

Synthetic Wastewater

Synthetic wastewater (WW) was formulated followangecipe outlined in the EPA guidelines for
simulating aerobic treatment in wastewater treatratries [45]. The contents were as follows: pe@to
casein pancreatic digest (Sigma), 144 mg; meaaex{Bigma), 99 mg; urea (Sigma), 27 mg; dipotassiu
hydrogen phosphate (Fisher), 25 mg; sodium chldi#@gher), 7 mg; calcium chloride (Fisher), 4 mg;
magnesium sulfate (Sigma), 2 mg; brought to a fiadlime of 900 mL with Milli-Q water. The stock WW
(~100 mg/L DOC) was then diluted to ~6.5 mg DOC/ithwnoderately hard water (MHW) and filter

sterilized through a 0.22 um Supra® membrane befireducing NPs.
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Cultured Organisms

Daphnia magnavere cultured at Clemson University ENTOX facilipllowing standard
protocols [46]D. magnawas cultured in synthetic moderately hard wateH{W Hardness ~108 mg
CaCOa3/L, Alkalinity ~ 60 mg CaCO3/L, pH 7.5 — 8.Bultures were kept in incubator with temperature o
25 +1 °C and under a 16:8 light/dark cydRseudokirchneriella subcapitatzlls were grown in a nutrient
solution for one week under constant agitationat@n and light to an approximate concentratio afil(?
cells/mL. Organisms were fé®l subcapitateand YCTdaily and renewed on alternating days. [l
magnaorganisms used in uptake and elimination studie®\8 — 7 days old.

Pimephales promelasere cultured in accordance with an animal useogmtapproved by the
Clemson University Animal Use Committee that folknvestablished protocols [46]. promelasvere
grown and bred in a spacious flow through systeahitiaintained temperature at 22 +C, pH between
7.5 — 8, and minimized nitrate and ammonia lev@tganisms were fed daily and kept under a 16:8
light/dark cycle. All fish were allowed to acclitesto the exposure containers and moderately haterw
for 24 - 48 hours prior to exposure in order tewilite any stress induced by the change in watdnkas
and alkalinity, and the additional stress causethbytransfer process. All adult fish used in uptak
elimination and organ accumulation experiments v@erel0 months old.

Gold Nanoparticle Synthesis and Characterization

The Rotello lab at the University of Massachusgttsherst prepared all nanomaterials used in
this study. Particle synthesis followed methoddied in published literature [11]. The particlesre
coated with either a cationic or zwitterionic ligaand were spherical with a 2 nm core diameter. The
ligand was composed of three regions: an alkylrcfai stability, a polyethylene glycol molecule for
biocompatibility, and an interchangeable molecuidle surface that conferred charge to the parfidie
cationic charge was produced by a quaternary amuiecule and the zwitterionic charge was produged b
the combination of sulfite and quaternary amineenoles. Size and surface charge of stock NPs, NPs
diluted in MHW and NPs diluted in WW were charaizted prior to exposure. Hydrodynamic diameter

and zeta potential were calculated with a Malvegtagizer in triplicate. Core diameter was confirméith
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transmission electron microscopy (Hitachi 7600 TEMydrodynamic diameter and zeta potential was
measured at time zero and after the first hourdaitar the nanomaterial-wastewater equilibrium.azet
potential was also measured for cationic partiafésr 24 hours and five days to assess temporadgrin
WW transformation. Sedimentation was measured bgraéning the percentage of the initial nanomateria
concentration that was no longer suspended attth@fthe exposure. Exposure media was placed into
separate exposure containers without organismeaatify the loss of nanomaterials from the water
column that was associated with sedimentation amdirig to the exposure container. These data were
plotted as a function of exposure concentrationfand the Michaelis-Menten model. The model
calculated the maximum percent of particles lostrfisolution, which was used to assess the relative
stability of the different treatments.
Daphnia magna Uptake

Daphnids collected for experimentation from theuna were allowed to depurate in clean MHW
for two hours prior to exposure. Daphnids were tthierded into replicates of 10-20 individuals arldqed
into either polypropylene or glass acid washed syp®containers containing 100 mL of gold NPs in
MHW or WW, respectively. Nanoparticle concentraia@overed several orders of magnitude, from 9.72—
4369 nmoles Au/L. Exposures were conducted for4Bdurs to minimize particle elimination and ensure
sufficient accumulation for instrument detectiorite lower concentration exposures. At the endhef t
exposure period organisms were removed, washee fwiMHW for 30 seconds and collected on mesh
filters. Each concentration contained three repdisdrom which | derived uptake rate constant(s). A
second set of experiments increased the exposnegtdi 24 hours and was processed in the same manner
Daphnia magna Elimination

Daphnids were selected from the mass culture grarated into the appropriate acid washed
container for the initial 14-hour uptake periodl édntainers within an experiment received the same
nominal NP concentration (634 nmoles Au/L). The suead concentration across all exposures was 550 +
143 nmoles Au/L. After 14 hours of exposure, orgars were removed, washed twice in MHW for 1

minute, transferred to clean MHW and fed uncontaeid algae at a concentration of 1.5 X dells/mL.
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Three replicates consisting of twenty organismsawemoved at 0, 1, 3, 6, 12, 24, 36 and 48 houst po
exposure, washed and collected as previously stAtezhch time point the remaining organisms were
transferred to fresh MHW inoculated with 1.5 ¥ t@lls/mL of fresh algae. Depuration experimentsewe
run in duplicate and data were averaged to determisingle elimination rate constant for each neai.
A second set of experiments increased the inikpbsure time to 24 hours followed by a 48 hour
depuration period and were processed in the samaena
Daphnia magna Distribution

Individual daphnids were removed from the highestcentration exposure and fixed in 2%
gluteraldehyde. Samples were then dehydrated \Wathal, incubated for 40 minutes in a 50/50 mixtafe
propylene oxide:LR White for greater infiltraticaipd embedded in 100% LR White. Samples were cait int
ultra-thin (90~110 nm) sections using an ultra-wiecme and imaged on the Hitachi 7600 Transmission
Electron or in the TEM setting on the Hitachi S480i@roscope. All identified nanostructures were
separately confirmed to have gold signatures usireggy dispersive X-ray analysis. The scope ofthe
magnadistribution experiment focused exclusively on ¢ju tract and epithelial membrane interface to
determine if gold nanomaterials could cross fromdht tract into epithelial cells. Each treatmeasw
identified as either providing evidence that thesNPossed the gut tract or not providing any vésibl
indication that particle translocation had takescpl | did not track post uptake localization ttedmine
the terminal distribution of the nanomaterial atteversing epithelial membranes.
Pimephales promelas Uptake

Individual P. promelaswere transferred into either polypropylene (MHWesure) or glass (WW
exposure) acid washed exposure containers aftenitie acclimation period. Each container held38L
of gold NPs in MHW or WW with concentrations rangiftom 98 - 2580 nmoles Au/L. Exposure water
was aerated for the duration of the exposure tarerdissolved oxygen did not drop below acceptable
levels. After 14 hours, fish were removed, euthediwith 4 % Tricane MS-222. Each concentration was

run in triplicate with one fish per replicate. Exqpoes were run twice and the data were combined.

70



Pimephales promelas Elimination

Individual P. promelasvere acclimated to exposure jars using the afonéioreed method. Fish
were exposed in triplicate to gold nanomaterials.L of exposure solution at nominal concentratid
634 nmols Au/L with measured concentrations of 83 nmoles Au/L for 24 hours. Organisms were
then transferred to individual glass jars contarB®0 mL of clean MHW and fed flake food at 0, 22,
and 36 hours after the transfer. At 0, 1, 3, 12,224l 48 hours after transfer three fish were resdand
euthanized with buffered 4 % Tricane MS-222. Wateanges were conducted at hours 3, 12, and 24 to
minimize the amount of gold re-ingested after etiore Water samples and feces were collected at the
time of exposure and at each time point duringdgyguration period.

Pimephales promelas Tissue Distribution

Six fish were exposed to each gold NP treatmeatratminal concentration of 1269 nmoles Au/L
(measured concentration: 98641 nmoles Au/L) along with six control fish fo8 4ours. After exposure
fish were euthanized with buffered 4 % Tricane M&2-2nd dissected to remove the brain, heart, gills,
liver/gallbladder and intestines. Brain, heart &wel/gall bladder were pooled in sets of two toxinaize
possibility of obtaining a signal on the ICP-MStdstine and gills were analyzed separately. The wet
weight of each organ was recorded and then thenergare digested for gold analysis.

All fish uptake, elimination and distribution expeents were performed with constant aeration to
prevent maintain high dissolved oxygen concentnatiduring the exposure. Clemson Animal Use
Committee (IACUC) approved the experimental desigd euthanasia procedure used in all vertebrate
testing for this study.

Digestion and Gold Analysis

Whole organisms were dried to constant weight & hours at 60 °C, weighed and then prepped
for gold analysisD. magnasamples were transferred to 15 mL centrifuge tameiscombined with 100%
Aqua Regia (3 HCI: 1 HN¢) 46 % acid). Samples were digested for 30 minatd®0 °C and then
adjusted to 5% acid with Milli-Q water for analys@omplete digestion of whole. promelasamples

required a more complicated method. Several metiveds used to digest fish tissues each with apparen
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returns of 70-90% from percent recovery experiménédble A.1). Fish from pristine MHW uptake
exposures were homogenized and placed in 50 mistiiigechambers with 6 mL of 35% Aqua Regia and
1 mL hydrogen peroxide (TraceGrade 30% v/v). Samplere microwave digested at 170 °C for 25
minutes then diluted to 30 mL with Milli Qnitial percent recovery experiments returned 8%486.17%
for this digestion method. All MHW waterborne uptadxperiments were digested in this manner.
However, despite high recovery it was obvious that method did not completely digest the tissues,
which is most likely, the cause of the high variigpi The inability of this method to completelygdist the
tissues was not ideal as it could potentially m@asomaterials associated with lipids in the uptake,
elimination and distribution experiments.

A second digestion method was employed for fismfrgastewater uptake exposures and all
elimination exposures to ensure complete digestfdahe fish tissue. Fish from these experimentsevadzy
ashed in the muffle furnace at 450 °C for 26 ho#ish of the fish was dissolved into 5 mL concemtdat
nitric acid (TraceGrade 70% v/v) then diluted wWillilli-Q water to 35% acid. Digestions were then
performed with the aid of a microwave digester gghre following procedure: 30 minute ramp to 175 °C
at 300 W, then hold at 175 °C and 300 W for 20 t@suDigested samples were transferred to PFA
digestion chambers. Five mL of 100% Aqua Regia aded to each digestion chamber and allowed to
evaporate to near dryness. Residue was then takiricu0.710 or 1.1 mL of 100% Aqua Regia and then
diluted with Milli-Q water to 6 or 10 mL, respectly. Fish tissue injected with known concentratién
gold NPs was included in each digestion to ensigestion method was reproducible. Method two
provided a 73.03 8.58% recovery of gold from sample fish injecteéthv85 ppm gold NPs. Pristine
uptake experiments were performed again with feeplicates and digested using the second method to
validate the efficacy of the first digestion method

Organs dissected from. promelasvere digested using two methods based on theosihe
organ. Intestines and gills were immersed in 5 mhcentrated nitric acid and allowed to sit overhigh
(TraceGrade 70% v/v). Two (2) mL hydrogen peroxaded 3 mL Milli-Q water were added the next day to
achieve a final acid concentration of 35%. Thegmos were digested in a microwave digester usiag th

previously described procedure. Digested samples then transferred to 30 mL PFA digestion chambers
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combined with 5 mL of 100% Aqua Regia and evapar#tenear dryness (<1 mL). Intestine and gill
residue was dissolved in 0.710 mL or 1.1 mL of 108§6a Regia and diluted with Milli-Q water to 6 mL
and 10 mL, respectively. Brain, heart and livellgatider tissues were pooled in sets of two and
transferred to sealed 7 mL acid washed PFA digestimtainers with 2 mL nitric acid and allowed to s
overnight. The following day 1 mL of hydrogen peidexwas added and organs were further digested at
100 °C for 30 minutes on a hot plate. Samples wee evaporated to less than 1 mL. Residue was
dissolved in 0.710 mL of 100% Aqua Regia then diuto 6 mL with Milli-Q water.

Water samples of all exposure solutions were ctbin 15 mL centrifuge tubes prior to and after
each experiment. Water samples were acidified #0026 Aqua Regia for a final acid concentration of
5%, mixed well, and then analyzed. Gold analysiallofamples was performed on a Thermo Scientific
XSeries2 Inductively Coupled Plasma Mass Spectremet
Model Selection

The biodynamic model and its parameters were destiin detail in the previous chapter. Uptake
and elimination rate constants were derived udiegsame methods as in that chapter and are decribe
briefly in the data analysis section below. Unlike previous chapter, most of our uptake plotseacd
saturation in the concentration window, thus | whke to calculate equilibrium binding constantsigsi
non-linear regression analysis. | selected eitheMichaelis-Menten model (Equation 1) or sigmoidal

model (Equation 2) for each uptake plot based emtbdel fit that produced the lowest RSME.

Influx = (Bmax X [Cu])/(Kq + [Cul]) )

Influx = (Brnax X [Cul Y(Kd" + [Cu]") )

Both models use binding site capacity,(B, binding affinity (Ky), and the waterborne NP concentration

(Cy) to predict the influx rate. The sigmoidal mod®tarporates a fourth variable, hill slope (h) that

accounts for the change in slope between low agia édncentration exposures.
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Data Analysis

All data were fit to linear and the most approgiabn-linear regression model when appropriate.
All rate constants (Jg, ko) with standard error were derived from the linpartion of each data set in
native or transformed plots using JMP 10.0. Anabjtreplicates that returned values below the detec
limit of the ICP-MS (0.250 ug Au/L) were replacediwimputed values estimated from a linear regoassi
analysis of the data after removing the data pdiveswere below the detection limit. The imputedad
points thus represent the theoretical values ¥ there consistent with the other data points. écteld this
type of imputation because replacing the valuek aéro was not an option for the log transformed
elimination plots and the use of singular valuezhsas half the detection limit would greatly skéw tata
toward that value, depreciating the rest of thadat. The two fish zwitterionic elimination datsswere
exceptions that encountered considerable bias wtilezing the imputation method above due to a bigh
number of non-detects. Instead the values belowditection limit were replaced with one-half the
detection limit (0.125 ug/L). Binding site capac{B.y, and binding affinity (I§) with standard error was
derived for each treatment when appropriate usorgimear regression analysis in JMP 10.0. Slope
comparison to identify statistical differences ater constants between treatments was performedIiviEh
10.0. Organ data below the detection limit weredusithout imputation correction or data replacement
Unequal variance test was performed on the orgetéor to mean comparisons to choose the best
statistical method. If variances were equal a oag-MNOVA test was conducted on the data followed by
a Tukey HSD post-hoc test if necessary. If theararés were unequal Welch'’s test was performed
followed by the Dunnetts method post-hoc test dassary. All mean comparisons were performed in IMP

10.0. For all data analysis, a p valu8.85 was considered statistically significant.
Results
Particle Characterization in the Exposure Media
Both nanomaterials of interest in this study weqreesical with a reported core diameter of 2 nm

(Figure 3.1a - d) in the stock solution. The hydmeaimic radius and zeta potential data for eachigbart

configurations in both treatment scenarios alortf tie intrinsic stock values are visualized inuf@3.2.
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The cationic nanomaterials had an intrinsic hydraahgic diameter of 18.3 4.09 nm and maintained a
zeta potential of +40.3 23 mV. The zwitterionic nanomaterials had an ingi¢ hydrodynamic diameter of
5.48 +0.844 nm and a surface zeta potential of -4.380% mV. Incubation of these nanomaterials in the
two exposure medias (MHW and WW) had a signifiégangact on the characteristics of the cationic
particles but did not drastically affect the zwiib@ic NPs. The size of the cationic NPs increasightly

to 23.66 +7.3 nm in MHW and significantly to 75.8216.23 nm when incubated with wastewater. On the
other hand, the zwitterionic NPs diameter remaitmtstant across treatments. Zeta potential was not
altered enough to indicate statistically significahanges across the two exposure medias yet tfesh N
trended toward more negative zeta potential il exposure media compared to the MHW treatment
and the stock solution. Zeta potential for theardt NPs was +14.3 #.78 mV and +8.84 2.68 mV for
MHW and WW treatments, respectively. Zeta poteritiathe zwitterionic NPs was -6.356t61 mV and -
12.9 +7.14 mV for MHW and WW treatments, respectively.

Electron microscopy images of the particles in MKWigure 3.1b and e) and WW (Figure 3.1c
and f) corroborate my DLS and zeta potential datae diameter was unaffected in the MHW treatment
for both particle types and in the WW treatmenttfar zwitterionic NPs. The micrographs of the aatio
NPs in WW demonstrate both an increase in coreetianand a strong association between the NPs and
organic matter present in the WW media. Both o$¢hieansformations are likely the cause of the vieske
size increase in the DLS data. Stability, as messhy the amount of gold remaining in the wateuooi
in the absence of organisms, was similarly inflgzhby the presence WW (Figure 3.3). Aqueous stgbili
of cationic NPs increased significantly in the rese of WW, most notably at higher concentrations.
Sedimentation, quantified as the percent of padico longer in suspension, reached a plateau &t69
15.7% in MHW exposures compared to 13.4 + 1.1%eénWW exposure. Zwitterionic NPs experienced a
minor yet statistically significant decrease inbitty in the presence of WW. Sedimentation in MEW
and WW exposures reached a plateau at approxinvéieby+4.4% and 60.9 2.3% of the initial exposure
concentration, respectively. Stability did seenmtryease at higher concentrations in the zwittécion
MHW exposure; however, | cannot make any directgansons due to a lack of WW data above 1500

nM. Notable also is the difference between the MEeXgosures of the cationic and zwitterionic
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nanomaterials. At low concentrations (<500 nM)¢h&onic nanomaterials appear more stable. However,
as concentration increased the percentage of @atith falling out of suspension was more similattte
zwitterionic treatments.
Daphnia magna Uptake

Uptake of gold NPs blp. magnawas affected by both the charge of the ligancch#d to the
particle and the presence of wastewater in thesxpomedia. All uptake rate constants and equiiibri
binding constants detailed below are presentedibielr2 with standard error.

Cationic gold NPs exhibited different patternsrdfuix based on the treatment (Figure 3.4a-b).
The MHW exposure fit well to the Michaelis-Menteatigration model while the sigmoidal model was
deemed more appropriate for data collected fronViké treatment. The MHW uptake rate constant was
218 +16 L g* d*. The uptake rate constant for the WW treatmer@, 411 L g* d”, was significantly
different from the MHW exposure suggesting a difugpinfluence from the WW on uptake. Furthermore,
daphnids exposed to the WW treatment demonstralbgohasic influx pattern prior to saturation simite
the PAAH rods from the previous chapter. Therefarsecond uptake rate constant, 2.9526 L g d*,
was derived for low concentration exposures ofoceéti gold NPs in WW. The membrane binding
characteristics for both treatments were derivédguson-linear regression modeling. The bindirig si
capacity (B.a0 and binding affinity () were calculated for each treatment based onmacsital model.
Daphnids exposed in the WW treatment had a greafeacity for gold NPs with aB, of 12200_+5450
nmol g* compared to 43400 5400 nmol ¢. However, cationic NPs incubated in WW had a lake
729 +46 nmol L'}, compared to the NPs in the MHW exposure, 13®-amol L*. A higher K; translates
to a weaker binding affinity; therefore, the catoNPs in MHW had a greater affinity for bindinges on
D. magna

Similar to the cationic MHW exposure, the datandll to the Michaelis-Menten saturation model
(Figure 3.5a). Likewise rate constants for the t@asibnic particles were derived from the lineartsecof
the saturation curve. Daphnids exposed to zwittézidlPs in MHW exhibited an uptake rate constant of
1.32 +0.14L g* d*. Binding site capacity, 1520287 nmol ¢, was much lower compared to both

cationic treatments. Likewise, binding affinity,®8 407 nmol !, was weaker for the zwitterionic MHW
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exposures compared to the MHW cationic exposum@sgth it was not significantly different from the
cationic WW exposure. The presence of wastewageaetd the uptake rate constant to 2.6826L g™ d

! (Figure 3.5b). However, this change was not sietilly significant compared to the MHW exposure.
Uptake of zwitterionic particles in the presencevaStewater did not reach saturation in the sedecte
concentration range prohibiting calculation of bimgdsite capacity and binding affinity constants.
Nevertheless the patterns exhibited by the wastveadposed daphnids suggested a lower bindingitgffin
and higher binding site capacity consistent with¢htionic exposure.

Twenty-four hour exposures were also conducte@#éeh treatment to investigate the temporal
nature of the uptake and elimination rate constantsshed light on the role of bacteria growthia WwW
treatments. The dichotomy between the uptake patfer each treatment remained after the longer
exposure period (Figure 3.4c and d). Uptake ratstemts for MHW and WW cationic treatments
decreased significantly from the 14-hour exposargltl +13 L g* d*and 26.5 2.3 L g* d*?,
respectively. Furthermore, the WW uptake rate @onisvas significantly lower than the MHW treatment
mirroring the trends observed in the 14-hour expasBoth binding site capacity, 3770B%10 nmol d,
and binding affinity, 241 ©3nmol L™, decreased for the MHW exposure though neithengéavas
statistically significant. Saturation was not reattin the 24 hour WW treatment; therefore, equiilitor
binding constants were not calculated.

In contrast to the cationic exposures, and quitxpeactedly, the uptake rate constants for the 24-
hour zwitterionic exposure did not change signiittafrom the 14-hour exposure (Figure 3.5¢c andrtie
uptake rate constant for zwitterionic MHW and WWpesures was 1.466:24 L g* d*and 3.28 40.12 L
g’ d*, respectively. Moreover the 24-hour MHW and WWerebnstants were significantly different
reversing the trend observed in the 14-hour exgosAnother difference present in the 24-hour eypos
is a Michaelis-Menten saturation fit to both thetmvionic WW and MHW whereas saturation kinetics
was observed only in the MHW treatment from thehbdir exposure. Compared to the 14-hour exposure
binding site capacity in the MHW exposures incréase4190 +717 nmol ¢ while binding affinity
decreased to 34001020 nmol [*. The binding characteristics of 24-hour zwittemoMWW treatment lack

an analogous measure in the 14-hour exposure tiegdeimpossible to determine if values increased
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decreased with an extended exposure period. Nelesththe binding site capacity of the 24-hour
zwitterionic WW exposure was 3240653 nmol ¢ and the binding affinity was 704426 nmol L.
Daphnia magna Elimination

Unlike uptake, elimination of cationic (Figure 3:6pand zwitterionic nanomaterials (Figure 3.7a-
d) was unaffected by the presence of wastewateotin 14 and 24 hour exposures (Table 2). Elimimatio
of cationic NPs followed a biphasic pattern domécy the fast exchange compartment from hour 0 to
hour 3 with control over efflux rate transitionitgthe slow exchanging compartment from hour 3 adwa
Elimination rate constants from the slow exchangiompartment were 2.640:08 d" and 2.73 40.14 d*
for 14 hour MHW and WW treatments, respectivehhe3e rate constants indicated thatmagna
eliminated 50% of the cationic NP body burden ev&f6.5 hours. Slow exchange compartment
elimination rate constants increased for the 24-lkaposure to 2.93 8.13 d" and 2.90 40.21 d" for
MHW and WW treatments, respectively. These ratestzons translate to a shorter half-life, ~5.7 hpurs
compared to the 14-hour exposure. InterestinglyMR&V elimination rate constant changed significantl
based on the initial exposure duration while the \fiid/not. At the start of depuration the daphnids
exposed to MHW cationic NPs for 14 hours partitsd% of the NP body burden to the fast exchanging
compartment and 45% to the slow exchanging commantrmifter a 24-hour exposure the initial
distribution of MHW cationic NPs shifted in favof the slow exchange compartment (61%) decreasiag th
fast exchanging compartment to 39%. Daphnids exptzs8/W cationic NPs exhibited the opposite trend.
The accumulated fraction in the slow exchange cotmpnt, 53%, was greater than the fast exchange
compartment, 47%, after 14 hour. During the loreggrosure the majority of the NPs resided in tis¢ fa
exchange compartment, 75%, leaving only 25% ofNRebody burden in the slow exchange compartment.

Elimination of zwitterionic NPs accumulated from MHwas significantly slower compared to
the cationic particles and demonstrated a morequioeced biphasic elimination pattern with a similar
delineation between the fast and slow compartmieimbar 3 (Figure 3.7a and c). The rate constamtthio
14 hour MHW exposure was 1.960407 d" which decreased significantly to 1.1840 d" following a
24-hour exposure. The distribution of the NP bodsden remained consistent between the 14 and 24-hou

MHW exposures with approximately 56% residing ia fast exchanging compartment and 44% in the
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slow exchanging compartment. The WW eliminatioe ianstant was nearly identical to the MHW
exposure in the 14-hour and 24-hour exposure (Eigufb and d) with reported values of 1.98.89d™
and 1.08 40.13 d", respectively. Similar to the MHW exposures, tlisvscompartment elimination rate
constant decreased significantly with increasedsupe duration. Despite these similarities, howeter
slow exchanging compartment clearly held a largepeprtion of NPs at the onset of the depuratioroger
The slow exchanging compartment for the 14-hounsupe accounted for 68% of the total body burden,
which increased, to 97% in the 24-hour exposure. Aigh percentage of NPs in the slow exchange
compartment in the 24-hour exposure indicatedttiexe might only be one compartment involved in the
elimination. Based on these rate constants thelifalff zwitterionic NPs irD. magnawas ~8.5 hours and
~15 hours for 14 and 24-hour exposures, respegtivel

Steady-state bioconcentration factors were caledlédr each exposure using the derived values
for the uptake and elimination rate constants.tdeth the 14 and 24 hour exposure the order of BGISs
identical (Table 2). Cationic MHW exposures prodiitiee highest BCF, followed by the cationic WW,
zwitterionic WW and finally the zwitterionic MHW. &pite maintaining the same order, the temporal BCF
trends were diametrically opposed between the @vtighe configurations. Cationic BCF values deceehs
substantially with longer exposure time while théterionic BCFs increased. Elimination rate consta
fast and slow compartment partitioning percentaged,BCFs foD. magnaare presented in Table 2.
Distribution in Daphnia magna

Microscopic analysis of gut sections from expoBeanagnademonstrated a clear translocation of
gold nanomaterials from the lumen into epithel@lfor both cationic treatments (Figure 3.8aldje
size of the identified gold NPs both in the guttrand in epithelial cells was perceptibly large2@ nm)
than the average core diameter in the stock salsitib is worth noting that the larger particleswebbe
easier to identify and it is possible that | oveled smaller particles that crossed as well. Tladive
concentration of internalized nanomaterials wasadilt to assess with this technique but the typpre-
treatment and the ligand chemistry did not appeaigcourage or prevent translocation. Regretthilgs
unable to find gold nanomaterials in the sectidnd.anagnaexposed to zwitterionic nanomaterials. The

lack of discernable NPs may have been due to therlaccumulation of particles in the gut tract canaual
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to the cationic exposures or that most of the glagiretained their small size and could not beatetl in
the biological matrix (Figure 3.9). Elemental arsadyof several spherical objects in the microgragfhs.
magnaexposed to cationic NPs confirmed that the pasiclontained gold (Figure 3.10 and 3.11).
Pimephales promelas Uptake

The waterborne uptake rate constantdionephales promelasere several orders of magnitude
smaller than the rate constants derivedfomagna Uptake rate constants presented below are cedpil
in Table 3 with standard error. The cationic uptekte constants were 0.219025 L ¢ d* and 0.228 +
0.059 L g' d* for MHW and WW treatments, respectively (Figur&2a and b). The zwitterionic uptake
rate constants were 0.0030:001 L ¢ d* and 0.0023 ©.0006 L ¢ d* for MHW and WW treatments,
respectively (Figure 3.12c¢ and d). The influenc®W on particle uptake was not a universal trend as
noted there were no statistically differences betweeatments for either particle configurationeOn
common theme betwedh magnaandP. promelasvas the stark difference in uptake between the two
particle configurations. In both treatments, thiorac uptake rate constant was significantly laridpan
that for the zwitterionic. Additionally, the biptiasiptake model observed for the cationic ViDMmagna
exposure persisted in tiRe promelascationic WW exposure. The second uptake rate aohs0.017 +
0.004 L g" d*, was also significantly smaller than themagnaconstant. None of our treatments reached
influx saturation in the chosen concentration ramgeluding estimation of membrane binding constant
High variability, especially in the zwitterionic pasures, may have concealed important differences
between the two types of exposures. Both digestiethods utilized were shown to be reasonably
consistent (as highlighted in the methods) indigathat the source of variability is likely thelfis
themselves.
Pimephales promelas Elimination

Elimination of cationic NPs bf. promelasmimicked the lack of treatment disparity obserired
the uptake experiments. Elimination rate constdatt,and slow compartment partitioning percentayes
BCFs presented below f&. promelasare compiled in Table 3. In both exposures thmiaktion followed

the common biphasic pattern noted also inRhenagnaexperiments with a fast compartment that
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dominated for 3 hours and the slow compartment datirig for hours 3-48 (Figure 3.13a and b). Theybod
burden of NPs in the fish was either below or ieardetection limit for both treatments by hourcti8he
depuration. The slow exchanging compartment ratstemt was 1.11 6.44 d" and 1.00 .22 d" for
MHW and WW cationic treatments, respectively. Sigipgly, the elimination of cationic NPs was slower
in theP. promelacompared t®. magnaacross both treatments. The half-life for catidxfes
accumulated if?. promelasvas approximately 15 - 15.5 hours for both treattsieln both treatments the
percent of NPs in the slow compartment was lowen ihD. magnaaccumulating 12.5 and 21% in the
MHW and WW treatments, respectively. Each time poomtained significant variability in the depucati
efficiency especially in the MHW exposure. Likewiséimination of zwitterionic NPs was rife with
variability (Figure 3.13c and d). Unfortunatelyisticonfounded the ability to accurately derive an
elimination rate constant. Over 30% of the dateefch treatment was below the detection limit faydhe
use of the data replacement method outlined i#te analysis section. Using this method the zxiGiéc
elimination rate constants were 1.98.52 and 2.05 6.57 for MHW and WW exposures, respectively.
Due to the inherent bias that accompanies datagepient of this magnitude these elimination rate
constants should be considered vague approximagiothsnay underestimate the true elimination
efficiency. Despite these considerations therestiteseveral noteworthy trends in the data. The
elimination rate constant was not affected by thattment; however, the demarcation between the two
compartments was not as obvious after introduciagt@water. Elimination of zwitterionic NPs by
magnaexhibited a similar trend after a 24-hour exposktethermore, the elimination rate constants were
similar to the 14-houD. magnavalues. Regardless of the high variability, itlsar that zwitterionic NPs
were eliminated much faster than cationic NPs eoptto ourD. magnaresults. The half-life for
accumulated zwitterionic NPs u promelasvas 8 - 8.5 hours in both treatments. Bioconcéntrdactors
were two orders of magnitude greater for the catidliPs with values of 194 and 228 compared to the
zwitterionic treatments with values of 1.92 and2ifdr the MHW and WW exposures, respectively.
Distribution in Pimephales promelas

Waterborne gold NPs taken up Bypromelaswvere distributed almost exclusively to the intesti

and gills for all treatments (Table 4). Accumwatin these organs was affected by the chargeeon th
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nanomaterial and was consistent with the trendw fiteeP. promelasuptake data. The accumulation of
gold was significantly higher in the gills and isti@es for the cationic MHW exposures comparedhéo t
zwitterionic MHW exposures. Likewise, accumulatisas greater in the intestine of fish exposed to
cationic NPs in WW compared to fish exposed to teniinic NPs in the same media; however,
accumulation on the gills was not significantlyfeient. The exposure media did have an impact on
accumulation of cationic NPs in the gills thougbrthwas no difference between cationic treatmenttse
intestine. Fish exposed to zwitterionic NPs accatad measureable amounts of gold in their gills and
intestine but were not statistically different frahe controls nor did the exposure media affect the
concentration of gold found in these organs. Ndneuo replicates produced a measurable signaldn th
brain or heart indicating that these two organsevi&ely spared from the gold NPs used in our
experiments. Several liver/gallbladder replicatethe cationic MHW, one replicate in the cationi®\W
and one replicate in the zwitterionic MHW exposcoaitained concentrations of gold above the detectio
limit. Despite measureable gold in this organ,atierage accumulation in liver/gallbladder was not
significantly different from the controls due tayhivariability between replicates.
Discussion

Previous research has implicated water qualityinsit particle properties, adopted particle
properties and organism physiology as importattiérfces on the rate and extent of nanomaterial
accumulation in aquatic organisms [7-11,32-34,34B83,44]. Many of these previous studies examined
the nanomaterials at the point of entry into theiremment with minimal consideration for the
transformative possibilities that preceded releliEst consumer-based nanomaterials will follow the
traditional waste treatment regime prior to envinemtal release and in most cases this includeparso
in a wastewater treatment plant. A considerableuarnof time has been devoted to evaluating thétgabil
of conventional wastewater treatment designs tmwenNPs from effluents and how the NPs themselves
influence removal efficiency. The goals of thiscstwvere designed to bridge the gap between the well
characterized influence of pre-exposure processgmdicle characteristics and the downstream

consequences of these changes upon environmele@éee
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Nanomaterials that are subjected to wastewatetntes® processes are highly susceptible to
transformation initiated by organic components athebr waste products that are found in waste sseam
and wastewater treatment systems. Even in medianitw DOC concentration (~6.5 mg DOC/L), the
cationic NPs from my experiment experienced a sutigtl increase in particle size with minimal charg
particle charge within an hour. Based on microsdamges (Figure 3.1c) the change is size appedrs &
consequence of the interaction between the orgamgponents and the cationic NPs. A study by Limbach
et al. using a similar synthetic wastewater recipserved a decrease in the zeta potential of ceviide
particles [20]. The authors combined the ceriuntiglas with each component separately and found tha
the peptone was the principle cause of the redeetdpotential [20]. | did not examine the WW
components individually but it is likely that pepscontributed to the slight decrease in zeta pialen
observed for the cationic NPs. Furthermore, prataie known to rapidly coat nanomaterials when in
proximity to one another [18,47]. This knowledgeraj with the observed NP-organic agglomerates
(Figure 3.1b) in our WW treatment suggested thatptitoteins from the meat extract play a role in the
cationic transformations as well. Despite a minigteinge in zeta potential in the WW treatment and a
measured zeta potential well below the stabilitgshold of +30 mV, the cationic NPs demonstrated
greater stability in suspension compared to theertransient NPs of the MHW exposure. Rather than
strictly an electrostatic stabilization the sorptmf organic components likely conferred stabilizat
through steric interactions similar to the stalilgeffect of bovine serum albumin and NOM coatings
[19,48].

Cationic NPs were combined with high DOC WW to tést limits of stabilizing effect. Stability
disappeared when the concentration of DOC wasasegkto ~80 mg DOC/L. The cationic NPs
aggregated rapidly to sizes that were easily \@sitithout the aid of a microscope. The loss opsuasion
stability is likely due to an abundance of orgamitter that cross-linked nanomaterials into NPtehss
Gold NPs demonstrated a similar clustering mechaimisthe presence of blood proteins [47] and NOM
[9]. Microscopy images of NP-organic agglomeratel®a DOC concentrations demonstrated similar
particle gathering behavior though the reducedrogaatter and NP concentration precluded formasibon

larger agglomerates (Figure 3.1c).
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The influence of WW on particle transformations vaéso shown to be a function of the original
particle characteristics, specifically particle i@ Except for a minimal decrease in surface ahalg
zwitterionic NPs were unaffected by the organic ponents in the WW treatment. Microscopy images of
the zwitterionic WW treatment provided visual confation that zwitterionic NPs did not change frdra t
MHW treatment (Figure 3.1e-f). The lack of orgamiatter interaction with zwitterionic NPs was expelt
The zwitterionic ligand is well known for its ahilito resist protein attachment and is often wiliby
particle manufacturers to improve success rateug delivery applications [49]. Despite no visible
interaction between the WW components and the esiottic particles, sedimentation increased
significantly in the WW exposure. Zwitterionic pahes have demonstrated strong resilience to aggjicey
pressures in high ionic strength solutions [50]mgtobservations suggested that their mechanism for
resistance was rendered ineffective after intrattpei DOC source. My data indicated that the cabtifeeo
increased sedimentation is not a loss of electiiosttability nor is it related to particle aggréiga (Figure
3.2). The interactions between the zwitterionidipkes and the exposure container provided onsibles
explanation for the increased sedimentation. | ysastic beakers for the MHW exposures and glass
beakers for the WW exposures to minimize the Idssoomaterials as a result of surface adsorption.
Metals have a greater affinity for glass surface=r @lastic surfaces; yet when coated by an ordagir
the affinity for the glass surface is reduced thim WW exposure, the zwitterionic NPs did not shsigns
of being coated by an organic layer. In the absefies organic coating the zwitterionic NPs would b
free to interact with the glass walls of the expestontainer. This additional sorption mechanisny ma
account for the increased sedimentation in theteridnic WW exposure compared to the zwitterionic
MHW exposure.

Daphnia magnaxposed to cationic NPs exhibited two differertgras of uptake depending on
the treatment. The Michaelis-Menten saturation rhpdeved a better fit for the MHW exposure data
deviating from the biphasic uptake model obsergedtationic PAAH-coated nanorods in the previous
chapter. There does appear to be a small condentrgindow in which influx does not increase rapidl
with concentration; however, that window was coeséd too small to be a significant contributioritia

shape of the model. Alternatively, the WW exposiata aligned well with the previously described
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biphasic uptake pattern. In the 14-hour exposweeéiphasic uptake took a sigmoidal shape reaching a
saturation point whereas the 24-hour exposure neidrthe PAAH data from the previous chapter. This
biphasic pattern is largely unique to cationic MBswitterionic NPs in this study, anionic NPs fram
previous study and other biodynamic investigatiohsilver NPs with anionic charge [44,51] remained
consistent with the more common monophasic uptas@em A study by Zhao and Wang is the lone
exception, demonstrating biphasic uptake of anisitier NPs byD. magng52].

Few other examples of biphasic uptake as a functi@oncentration are available in the literature
and often these are associated with ionic metalscatiular uptake [53-54]. Uptake of PAAH coatedso
in my previous work adhered to the biphasic modgiaut any evidence of internalization ruling out
absorption as the foremost instigator. This patteay instead reflect adsorption to multiple bindsitgs
in the gut tract or on external surfaces of thehitaghthat vary in affinity for cationic NPs. Thewo
concentration uptake rate could represent bindirlgw capacity high affinity sites up to a threshtiat
indicates saturation of these sites. After thisshold cationic NPs switch to low affinity high eajty
sites until reaching complete saturation [54]. Altdively, the biphasic uptake pattern observetthéenWww
exposures may reflect changes that occur durin§ltegng process. Zhao and Wang [52] and my
previous work posited that the dramatic changafinx after a threshold concentration marked aditaon
in the dominant uptake mechanisms from carapacaargiiten to ingestion.

The uptake rate constant for cationic NPs was lgléawpacted by the presence of wastewater. The
decrease in uptake rate constant was likely atdiepercussion of the wastewater induced NP
transformation. The models derived in the previchepter as well as numerous other studies [7,33-
34,38,44,55-56] demonstrate a clear link betweeakgpand the size and surface charge of the NP. The
uptake model fob. magnapredicted that increasing particle size and deingssurface charge would
reduce the uptake rate constant aligning well withobservations. Furthermore, the zwitterionic Rk
not experience any characteristic transformatioW/\W and subsequently the uptake rate constantatid n
change significantly from the MHW treatment.

For the cationic NPs, the change in equilibriundbig characteristics can also be attributed to the

transformative properties of WW. The increase mdbig site capacity could be a consequence of
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increased particle stability promoting an environimgith a higher concentration of NPs in suspen$ion
theD. magnato ingest. The decrease in binding affinity i€lika result of the loss of surface area and
decreasing surface charge, both related to padadéing by wastewater components. Lee et al. fadetl
that NOM mediated interference of the particledeglial cell surface reduced the toxicity of quantdots
[57]. Likewise NPs with a humic acid ligand mimiokia NOM coating elicited an increase in bindirtg si
capacity and decrease in binding affinity [44]. &h®n the changes to binding affinity the proteating
likely played a similar role in the cationic exposudisrupting the interactions between the paieled the
gut surfaces at least initially. TEM imageshfmagnagut exposed to cationic NPs in WW revealed NPs
trapped in an organic matrix in proximity to miciliFigure 3.8c and d) though not directly intetimg
with the microvilli surface. A similar organic mat¢iwas not observed in the cationic MHW exposure
(Figure 3.8a and b) suggesting that it was notrafaet of the TEM preparation. While there was no
significant change in uptake rate constant or atarsstic transformations from the WW, the zwitteric
equilibrium binding constants followed the samed®as the cationic NPs. The higher binding site
capacity of the WW treatment in this case was rfanation of the available NP concentration in
suspension as a higher percentage of the zwitieridias fell out of suspension in the WW treatmdite
zwitterionic results may instead indicate an inclireffect of WW on binding interactions that is
independent of the particle surface charge.

The WW media contained components that are foulidateria growth media and the exposures
were conducted in non-sterile environments sortecas no surprise that bacteria colonized the WW
treatments. Twenty-four hour exposures were comdiitt investigate the changes in accumulation and
retention patterns over a longer exposure periodewtify possible biodynamic aberrations that doatise
from increased bacteria growth. It is recommenthed! iptake rate constants be derived from the asiort
possible exposure period thus eliminating any avilce from depuration, which can artificially decea
the rate constant. The uptake rate constants dsatesignificantly in both treatments with a longer
exposure period as expected. The binding affinétyrdased in the MHW exposure as elimination exerted
more influence over influx; yet, the binding sitgpacity of the MHW exposure did not change

significantly based on exposure duration suggedtiapD. magnahas a finite number of sites for cationic
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NPs. In addition, this constant saturation poiny imaicate that the percent of cationic NPs no tmg
suspension does not change dramatically from tHeold exposure. The WW treatment did not achieve
saturation in the concentration window; therefdtres difficult to predict with accuracy the truéning

site capacity and binding affinity of this treatrhelBven though it cannot be calculated directlg, plattern
of the 24-hour WW uptake data implied that the bigdaffinity decreased from the 14-hour exposure.
Moreover, the influx rate did not exceed that obsdrat saturation in the 14-hour exposure suggeatin
possible finite number of sites for cationic NPsubated with WW as well. The similarities in patter
between the two suggested that bacteria had a miminpact on the influx of cationic NPs. Furthermor
microscopy images db. magnafrom the cationic WW treatment (Figure 3.8c anchaficeably lack
bacteria ruling oubacteria assisted NPs ingestion.

The patterns exhibited by the 24-hour zwittericaposures did not conform to our expectations
as neatly as the cationic exposures. The uptakecaatstants for both treatments did not change
significantly during the extended exposure pertomyever, the gulf between the WW and MHW rate
constant widened such that the WW exposure wasmget statistically similar to the MHW exposure. No
evidence was found to indicate that the zwitteddwiPs were transforming over the 24-hour periodtaed
zwitterionic ligand is expected to repel bactetifaces [58] thus the increased separation is elyli&
result of bacterial contaminatioD. magnaare known to filter and ingest DOC [59]; therefdie increase
in uptake may be related to an increase in fitbratiate in the presence of DOC and other organteniah
in the water. Because they did not have a stroectreistatic attraction for the filter comb ingestioould
be largely passive as with the anionic particleseobed in the previous chapter. If the daphnid is
increasing its filter rate it would thus increake aamount of water passing over its filter comblitating
greater incidental ingestion of the zwitterionicNP

The biphasic uptake pattern for cationic NPs ptadgis theP. promelasexperiments though the
uptake rate constants were several orders of matggmaller than tHe. magnaconstants. This species
discrepancy was attributed to differences in orgiantehaviorD. magnaperpetually filter the water
column, pushing food and other particulates in&rtfood groove which is then directed toward thé g

tract.P. promelason the other hand, draw water across their gtlis rate that is necessary for proper
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ventilation and rarely swallow water diminishing @¢hances of accumulating NPs. The transformation i
particle characteristics did not impact the ratestant though | did notice a shift in the threshadtle that
separated the two phases of the uptake model. Aiftiéssanalogous to our observations Barmagnaand
though they did not achieve saturation it is likelgt the binding affinity decreased in thepromelas
cationic WW treatment. DOC can inhibit binding oétals to gill surfaces [60] and my results suggkste
that it may play a similar role for NP binding. &ck of significant difference between the two caitto
treatments suggested tiatpromelasvere not as sensitive Bs magnato the particle transformations
induced by WW incubation. The change in surfacegiavas slight and likely did not impact the
attraction of the particle for mucus surfaces. $ize transformation, however, was significant bsib &nad
no apparent impact on the uptake rate constantvisebal. [38] and Gaiser et al. [55] both demaatsil
size related differences in accumulation for silM&s. The particles in the Scown et al. study virggaly
polydispersed with a near 4-fold difference in lpdimamic diameter [38]. Likewise, the average size
the two particles in the Gaiser et al. study wegasated by >200 nm [55]. The difference in
hydrodynamic diameter in the MHW and WW treatmeritsy study was negligible compared to these
studies and may not have been enough to elicindagisize-dependent effect.

The strength of the wastewater influence on upégipeared to be species specific; however,
discrepancies between uptake and intrinsic particégacteristics remained consistent across spédies
cationic NPs were taken up at a rate significanifjner than the zwitterionic NPs identical to thentd
observed foD. magna Furthermore the 48-hour distribution study fowghificantly greater
accumulation of cationic NPs in the intestine coragao the zwitterionic exposures. In a separateyst
using NPs with similar ligand chemistry, Japaneseahka was shown to accumulate cationic NPs more
than anionic or neutral NPs with the majority of tiPs localized to the gills and intestine [11]eTills
and intestine both secrete protective mucus maads npgatively charged components, which favors
attraction of cationic NPs [61]. | suspect that ldrger uptake rate is primarily due to higher sorpof
cationic NPs to the mucus and that internalizatibthe NPs is minimal due to the intentionally ghor
exposure period. It is likely that with longer espoe duration the mucus reserves may run out [61]

allowing for greater internal accumulation as ndtedeveral of the liver/gallbladder samples andtudies
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that extended the exposure period past 14 hours332-63]. Despite a lack of attraction or compgti
electrostatic forces, anionic and neutral NPs teapeoclivity for accumulating in these organs [ag]well
as the liver [38,55,62]. My zwitterionic distribati study agreed with these findings indicating that
zwitterionic NPs were indeed accumulated in this gihtestine, and, for one replicate, in the
liver/gallbladder.

Unlike uptake, elimination of cationic and zwittemic NPs byD. magnawas unaffected by WW
incubation, a trend that persisted under a longgosure period. Similarities in the slow eliminati@ate
constant for both NPs suggested that WW did ndtemice absorption or that the absorbed fracti@miall
compared to the NP burden in the gut tract. Zwdtec elimination was similar between treatments
because the intrinsic particle characteristics werafected by the presence of wastewater. CatigRis
are clearly affected by the WW coating after inggastis evident by the equilibrium binding constaarig
TEM images (Figure 3.8c and d). magnaefficiently eliminate DOC after ingestion with nmimal
internalization; thereford). magnawould be expected to depurate NPs associatedd@@ more quickly
than in an exposure without DOC [59]. The discregydretween this assumption and our data could be
explained by the propensity for gold NPs to sordebris in the gut tract [64]. Gold NPs associatét
debris and DOC remaining in the gut tract wouldelminated uniformly in the presence of a food seur

Once again | found evidence to conclude that sartharge played an important role in NP
elimination byD. magna There was a significant disparity between thmiglation of cationic NPs and
zwitterionic NPs after 14 hours that became mopaegnt after the 24-hour exposure. Daphnids exposed
to zwitterionic NPs retained a significant concatiom of NPs (~10% of original body burden) complare
to the cationic NPs (~0.01%) after 48 hours inrlsBtHW with a bountiful food supply. In the previous
chapter | observed a similar trend and attributedfast elimination of the cationic NPs to its geea
propensity for attaching to debris in the middletaf gut tract. The slow elimination of zwitteriomIPs,
on the other hand, is not as easily explained.percles have a slight anionic charge; therefthreir
behavior after ingestion may be similar to the aiti@harged spheres and rod in the previous chdpdat
not produce images to indicate if the particleseasdvsorbed but it is unlikely given that the zwitinic

surface ligand also improves evasion of cellulaake mechanisms [49]. As this would likely incredtzse
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elimination rate, zwitterionic NPs must be initragianother unidentified mechanism for retarding
movement through the gut tract.

Accumulation of NPs bip. magnais often restricted to external compartments ssthe gut
tract and carapace. Several studies have dematbsiiit translocation across cell membranes in thefgu
a daphnid for quantum dots [8] and polystyrene bg&f] but to date no studies have identified alaim
mechanism for gold [64,66]. The previous chaptghhghted work orD. magnauptake of gold NPs
coated with anionic and cationic ligands and dityield evidence to indicate internal accumulatidn
these particles. However, cationic NPs used inghidy were found in epithelial cells regardless of
treatment (Figure 3.6a-b). Though all NPs usedHese exposures were natively 2 nm in diameter,
particles observed crossing the gut tract wereastlan order of magnitude larger. Human cell lines
preferentially take up larger gold NPs [49,67] #@rid plausible thaD. magnaepithelial cells harbor the
same proclivities. On the other hand, identifyifigrn NP is much simpler than finding 2 nm NPs drnsl i
possible that smaller NPs were also trans-locab¢ddwuld not be separately identified. Regardlbss t
efficiency of elimination suggests that the intdisnaccumulated NPs are a small fraction of thaltbiPs
taken up in the exposure period.

The ability of these NPs to cross when others coatdnay have to do with the ligand
construction in addition to the surface chemistitye NPs used in this study are specifically designe
cellular uptake and drug delivery applications [@8lereas the particles used in the previous chaes
more rudimentary. The spherical and rod shapedcfestrom the previous chapter had the attributes
necessary for cellular uptake [67] yet it | did fiotl evidence of internalization. The additional
modifications on the ligand of the particles usethis study likely increased the probability ofeimal
absorption. These possible stipulations argue fopee holistic approach when separating particiées i
distinct subgroups. Reducing a NP to a small sehafacteristics (size, shape, surface charge)omkex
other important characteristic influences that willlectively provide a more concrete predictiorfaié
and behavior [8,69].

Deriving elimination rate constants fBr promelagproved difficult due to the variability in the

data especially in the zwitterionic exposures. Athwptake, elimination was affected by particleige
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but not by treatment. The similarity between treatte and disparity between particle configurations
suggested that, as with uptake, eliminatiolPbpromelass not sensitive to minute changes in particle siz
but is greatly affected by the charge on the parti€limination of NPs is dependent on both theesgipaf
mucus sloughing and food availability [61]. In engar study, cationic particles were eliminatednfrthe
intestine of Japanese medaka at an analogous hate feod was not provided [11] successfully clegrin
their gut content by the end of the 120-hour degiamaexperiment. The similarities to my study susjgd
that sloughing of the mucus is the main motivedarcelimination. The zwitterionic NPs are not egfed
to have a strong attraction to the negatively cbdngucus, which may be the reason for quicker
elimination. Without a strong attachment to sur&icethe gut tract the zwitterionic NPs may haverbe
more easily removed by passing food. Likewise amtsivater flowing across the gills would more aasil
disrupt the weaker electrostatic attraction betwtberzwitterionic NPs and the gill mucus. Theseiltss
are consistent with observations from the Zhu .ettady for negative and neutrally charged NPs.[Ihg
speed at which NPs were eliminated in our expoandethe Zhu et al. [11] study suggested that fish a
adept at depurating gold NPs even in situationgefeod is scarce.

To my knowledge this is the first attempt at appdythe biodynamic model to nanomaterials
targeting a vertebrate species. Digestion methmdsrbanisms with higher lipid content added comipye
to the analysis of the fish data compared to thghda analysis. We attempted several digestion odsth
to identify a single method that would provide cdete digestion of with the least amount of varigpil
between samples. Digestions using only Aqua Reg@amicrowave digester were seemingly effective in
the percent recovery experiments. However, a sggmif portion of the lipid content went undigested;
therefore, this method might under predict the isbumulation in the actual experiments. A second
method where fish were dry ashed first in a mufilmace then digested with nitric acid and hydrogen
peroxide was employed. This second method waslglsaperior to the first with regards to lipid
digestion. However, the percent recovery, whilesistent, was lower than the first method. The sécon
method involved many sample transfers increasiagtbbability of losing gold between steps.

Additionally, though most lipids were digested somealcitrant lipids precipitated during the diartistep,
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which may have lowered the percent recovery. Naedgss the second method was preferred because it
was consistent and provided a more complete dagesfithe sample.

Consistency between our percent recovery expersrfenboth methods suggested that the high
variability between individual replicates was rethto the fish and not the digestion method. The dded
in these experiments were more complex and thusreztja longer production period and yielded smalle
volumes. Small exposure volumes were used to magimitput of experiments from the obtained NPs.
The high variability between individual fish expdse the same aquaria was likely a result of stress
induced by crowding in the small volumes. Fish t® up waterborne NPs either in the process of
pushing water across their gills or through swalf@water [38,61]. Fish that are stressed will éase
their ventilation rate and are more likely to swallgreater amounts of water accelerating the rialPo
accumulation. Stress induced drinking was assedtiaith increased intestinal concentrations of ;INP's
[70] and carbon nanotubes [71]. The stress oniffishy study did not seem to be universal and thus
created significant variability between our repléa The zwitterionic exposures added additional
analytical problems because uptake was quite laly @specially at lower concentrations and afteessv
hours of depuration, replicates were often nedretow the detection limit of the ICP-MS (0.250 ug/B).
As a result the derived biodynamic constants maeupredict the actual values and conceal possible
differences between treatments. Based on my woskdmmend that future studies utilize smaller &isd
larger exposure volume. Smaller fish (< 0.2 g) wlominimize stress induced from crowding, ensure a
more complete digestion, and diminish any matrfea$ caused by residual lipids during analysis.

Bioconcentration factors calculated for each orgimniind each treatment revealed distinct
accumulation patterns that align with the previdisgsussion on uptake and elimination. Given a @onist
exposure of NPs both organisms are expected taradate a higher concentration of cationic NPshin t
case oD. magra uptake is the dominant force behind the high B@HRe in P. promelasoth higher
uptake and slower elimination combine to increasestccumulation of NPs from the water column. These
trends hold true regardless of the exposure mestid in this experiment but may not translate tevatier
quality scenarios. Changes in pH, ionic strengthdifferent sources of organic matter [15,72] could

change the bioavailability of the NPs subverting pinedicted biodynamics. Knowledge of both the

92



characteristic transformations of NPs that passutliin wastewater treatment and the aquatic ecosystem
the receiving end of the effluent will be crucialaccurately assessing the deleterious effectdsf N
released from WWTPs.

The NP wastewater dynamic appeared to be largelgflogal to the model organisms or, at worst,
inconsequential. Accumulation of NPs from WW effitidecreased by approximately a thirdinmagna
compared to an exposure consisting of pristineghastfrom a direct release. Furthermore, the rédén
BCF for theD. magnaWW treatment suggested that WW incubation mayaedhe toxicity of cationic
NPs toD. magnaThe protective effect is not as apparent in thiegatl minnow experiments.
Nevertheless, WW incubation did not increase tleaiaulation of NPs ifP. promelasrather they
experienced the same accumulation regardless otleywere expose@®ne caveat of the study is that |
designed the experiments around a scenario whendRis were combined with WW at the point of entry
into an aquatic ecosystem excluding processesnigitt occur during transit to and through a WWTP.
Muth-Kohne et al. observed decreased silver NRctiyxio zebrafish embryos when they mixed the
particles with effluent that was released frommaudated WWTP [73]. However, when they subjected the
silver NPs to the entire WWTP process, the toxioityhe silver NPs increased which they attributedn
increase in silver ion potency. While these resdidtsiot translate directly to particle that is Ipssne to
dissolution such as gold they do demonstrate a figezkamining the contributions of NPs to the wffht
whether it is an increase in ion release or thesftamed particle itself. Effluents are one of ghimcipal
sources of NPs into the aquatic and terrestrialrenment [6]. My study emphasizes the need toagtili
knowledge of pre-exposure processes to better staahef the subsequent downstream consequences in
exposed organisms rather than basing decisionaw@nfreom pristine NPs. Regulators would be renass t
exclude these data from risk analysis as they pagtide a more realistic release scenario andlglear
impact the extent of accumulation in aquatic organs. Several studies have already demonstrated
nanosized particles in wastewater effluent samgidéiected in the field [27,74]; therefore, it iggent that

we turn our attention toward bridging these gadereeNPs join the ranks of other legacy pollutants.
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Conclusions

The concentration of NPs entering wastewater treatmplants will intensify as nanotechnology
becomes more pervasive in consumer products. WVETdsfficient at removing NPs from the influent;
however, a small percentage are still capable adpgng in the effluent and posing a risk to aquatic
organisms in receiving bodies of water. The condgifound in a WWTP induce changes in the particle
characteristics that can have downstream consegs@mchehavior, bioavailability and toxicity upon
release into the environment. My study demondirtiiat the intrinsic NPs characteristics affectaktent
of transformation in the presence of wastewatertheumore, the downstream consequences of these
transformations on particle accumulation were sgespecificD. magnawas more sensitive to the WW
induced change in particle characteristics as evidg a reduction in the bioconcentration potenta the
other handP. promelasvere unaffected by changes in particle charatiesiand overall were more
effective at depurating NPs. The particle and sgmespecific nature of the WW effects highlightsuagent
need for more research on NPs released in WWTeetfflthat inspect other organisms and particle
configurations. These datasets are essential tdethelopment of robust and defendable fate andviemha
models as they relay a more accurate depictiohneoNtP’s actions leading up to its release into the

environment.
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Figure3.1: TEM images of cationic and zwitterionic gold NPsin stock solution,
moder ately hard water and wastewater

TEM micrographs of (A) stock cationic gold nanojEes (NPs), (B) cationic NPs in
moderately hard water (MHW), (C) cationic NPs insteavater (WW), (D) stock
zwitterionic NPs, (E) zwitterionic NPs in MHW (Fvitterionic NPs in WW.
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Figure 3.2: Characterization of cationic and zwitterionic gold NPsin each exposure

media

Hydrodynamic diameter (A) and zeta potential (B)bdoth nanoparticles in stor
solution, moderately hard water and wastewateer(afthour). Each bar represents
average of three runststandard deviatiol
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Figure 3.3: Stability of cationic and zwitterionic gold NPsin each exposure media
Estimation of percent sedimentation for each treatnafter 14 hours in expost
chambers lacking organisms. Data points represemages of 3 replicate+ 1 standard
deviation. Data were fit to the Michae-Menten model to determine the max percer
NPs leaving the water column for the cationic MHNdrt dashed line), cationic W
(solid line), zwitterionic MHW (dotted line), andvitterionic WW (long dashed line
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Figure 3.4. Uptake of cationic gold NPs by Daphnia magna from two different
exposure media

Uptake of cationic nanoparticles By magnaexposed for 14 hours in MHW (A) and
WW (B) and 24 hours in MHW (C) and WW (D). Soliddis represent the linear model
used to calculate the k. Dotted lines represent the linear model useditcutated k .

Dashed lines represent the non-linear regressiatehused to calculated equilibrium
constants. Rand RSME values describe the quality of fit fa timear and non-linear
models, respectively. Data points represent avesades replicates * standard
deviation.
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Figure 3.5: Uptake of zwitterionic gold NPs by Daphnia magna from two different
exposure media

Uptake of zwitterionic nanoparticles By magnaexposed for 14 hours in MHW (A) and
WW (B) and 24 hours in MHW (D) and WW (D). Solichdis represent the linear model
used to calculate the k. Dashed lines represent the non-linear regressmirel used to

calculated equilibrium constants? Bnd RSME values describe the quality of fit fa th
linear and non-linear models, respectively. Datafgaepresent average of 3-6 replicates
+1 standard deviation.
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Figure 3.6: Elimination of cationic gold NPs by Daphnia magna from two different

exposure media

Elimination of cationic nanoparticles I magnaafter exposure for 14 hours in MHW
(A) and WW (B) and 24 hours in MHW (C) and WW (BJI elimination experiments
took place in fresh MHW with ample food supply. ifdines represent the linear model
used to calculate thee.l‘R2 values describe the quality of fit for the lin@andel. Data

points represent average of 3-6 replicatestandard deviation.
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Figure 3.7: Elimination of zwitterionic gold NPs by Daphnia magna from two
different exposure media

Elimination of zwitterionic nanoparticles Y. magnaafter exposure for 14 hours in
moderately hard water (A) (MHW) and wastewater (BW) and 24 hours in MHW (C)
and WW (D). All elimination experiments took placefresh MHW with ample food
supply. Solid lines represent the linear model usezhlculate theekR2 values describe
the quality of fit for the linear model. Data panepresent average of 3-6 replicatés +
standard deviation.
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Figure 3.8: TEM images of gut tract from Daphnia magna exposed to cationic gold
NPs

TEM micrographs of the gut tract Bf magnaexposed to cationic NPs in moderately
hard water (A, B) and wastewater (C, D). All idéietd nanostructures were separately
confirmed to have gold signatures with EDX analy&isows = gold nanoparticles.

101



ZwitWww D.tif —
Print Mag: 6920x @ 51 mm 500 nm

17:16 06/26/14 HY=100kY
Direct Mag: 20000x

Figure 3.9: TEM image of gut tract from Daphnia magna exposed to zwitterionic

gold NPs
TEM micrograph of the gut tract &. magnaexposed to zwitterionic NPs in wastewater.

Black spheres are not gold NPs as confirmed witlX BDalysis.
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Figure 3.10: Representative elemental analysisof gut tract image from Daphnia

magna exposed to cationic gold NPs

Representative EDX analysisDf magnagut TEM micrographs. Gold is clearly present
in the selected nanoparticle along with other el@sthat are expected in the EDX
analysis. Example is from a daphnid exposed tomiatNPs in MHW.
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Figure 3.11: Representative elemental analysis of gut epithelial tissueimage from
Daphnia magna exposed to cationic gold NPs

EDX analysis of nanospheres located epitheliasa#lD. magnaexposed to cationic
NPs in MHW. Gold is clearly present in the seleatedoparticle along with other
elements that are expected in the EDX analysisw@nanal signals from Al, Sn and W.
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Figure 3.12: Uptake of gold NPswith two unique surface char ges by Pimephales
promelas from two different exposure media

Uptake of cationic nanoparticles Bypromelasexposed for 14 hours in moderately hard
water (A) (MHW) and wastewater (B) (WW) and zwitteric nanopatrticles after
exposure for 14 hours in MHW (C) and WW (D). Sdiites represent the linear model
used to calculate the k. Dotted lines represent the linear model usedtcutated k

uw2’
R? values describe the quality of fit for the lin@aodels. Data points reflect average of 3
replicates 1 standard deviation.
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Figure 3.13: Elimination of gold NPswith two unique surface charges by Pimephales
promelas from two different exposure media
Elimination of cationic nanoparticles By promelasafter exposure for 14 hours in
moderately hard water (A) (MHW) and wastewater (W) and zwitterionic NPs after
exposure for 14 hours in MHW (C) and WW (D). Alireination experiments took place
in fresh MHW with ample food supply. Solid linegresent the linear model used to
calculate the k R? values describe the quality of fit for the lin@aodel. Data points

represent average of 3 replicatdsstandard deviation.
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14 hours 24 hours
Cationic Cationic Zwitterion  Zwitterion Cationic Cationic Zwitterion Zwitterion
MHW WW MHW WW MHW WW MHW WW
it i e S ——§—§—§—§—§—€—§—§—§—§$—§—§—a—§—€—$——
. 218.1 + 110.3 + 1.46 + 110.6 + 26.5 + 3.28 +
kuwa (L g ) 16.7°°¢ 10gc  132+014 ok 13.3%¢ pgbe  146+0.24° oo
Kuwz (L gt d D) n/a 2.95 40.26 n/a n/a %7048; n/a n/a
By (N0l G 43350+ 121700 + 1524 + n/a 37730 + Va 4192 + 3239 +
max 9 5430° 545F 287.2 3710 717.6 652.8
Kq (nmol L) 1597 §C—+ 729.1 +46.3 92&2; n/a 2;12 ;—* n/a 313091875 704 +426.2
1 2.64 + 1.98 + 2.90 + ¢ .
ke (d) 0.08 2.73+0.14 1.96 +0.07 0.09 2.93 +0.1% Y 1.18 +0.10°° 1.08 +0.12
% Fast/% Slow 55/45 47/53 56/44 32/68 39/61 75/25 56/44 3/97
BCF (L kg™ 82610 40410 673 1328 37710 9132 1242 2962|

Table 3.1: Biodynamic parameters, equilibrium binding characteristicsand BCF for Daphnia magna exposed to gold
NPs

Uptake (kw + SE) and elimination rate constants tkSE), binding capacity (Bx+ SE), binding site affinity (K+ SE),
compartment distribution (%Fast / %Slow) and biamoriration factors (BCF) for gold nanoparticle @xyres in moderately
hard water (MHW) and wastewater (WW) lasting 14 aadours .

N/A not applicable for this treatment based on nhedgection.

@significantly different based on exposure media.

b significantly different based on exposure duration

“significantly different based on particle charge.

106



Cationic Cationic Zwitterionic Zwitterionic
MHW WW MHW WW
PEE— RN,
kuwz (L g d™) 0.215+0.02% 0.228 +0.059 0.0037_+0.00F 0.0023_+0.0008
Kuwz (L gt d™) n/a 0.017.40.004 n/a n/a
ke (d™) 1.11 +0.44 1.00+0.22 1.93 +0.52 2.05+0.57
% Fast/% Slow 87/13 79/21 76/25 0/127
BCF (L kg¥ 194 228 1.92 1.12

Table 3.2: Biodynamic parameters and BCF for Pimephales promelas exposed to gold NPs

Uptake (kw + SE) and elimination rate, compartment distributf@iast / %Slow) and bioconcentration factors (B{oF)
gold nanoparticle exposures in moderately hard m{deiW) and wastewater (WW).

N/A not applicable for this treatment based on nhedgection.

@significantly different based on exposure media.

bsignificantly different based on particle charger &ll rate constant comparisons a p value < 0.85 sonsidered significant
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Organ Control Cationic Cationic Zwitterionic Zwitterionic
MHW WW MHW WW
Brain® N.D. N.D. N.D. N.D. N.D.
Heart® N.D. N.D. N.D. N.D. N.D.
Liver/Gallbladder® N.D. 62.93 +44.23 2.40 4.70 0.68 40.48 N.D.
Intestine 0.380_+0.276 333.3489.40  380.39.+178.29 39.59 +9.17 31.3340.08
Gill 1.22.+1.22 13.92 3.80 2.08.+0.46 4.96 41.61 1.53 40.43

Table 3.3: Gold concentration (nmoles Au gorg'l) in select organs from Pimephales promelas exposed to two types of gold

NPs

Brain, heart, combined liver and gallbladder, iitesand gill tissue from fathead minnows exposedationic and
zwitterionic gold nanopatrticles in moderately hasater (MHW) and wastewater (WW).
N.D. — none of the replicates contained detectiaviels of gold for ICP-MS analysis.

*significantly different (p < 0.05) from control

Pnooled samples into three replicates instead of six
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CHAPTER FOUR
ACCUMULATION AND DISTRIBUTION OF DOXORUBICIN AND NANO-

DOXORUBICIN IN PIMEPHALES PROMELAS

Introduction

The inception of the pharmaceutical industry wasatershed movement for modern medicine
arming physicians with powerful tools to eradicdigeases, delay terminal illness and improve olveral
quality of life. It is difficult to argue that owgociety would have advanced to its current statlowi the
omniscient pharmaceutical business, yet the benafitraditional medicine have reached a plateagy#d
by several caveats that limit the effectivenesarobtherwise revolutionary tool. Specifically, titaahal
medicine is hampered by a lack of control overrimaédistribution. As a result introduced pharmazls
and invasive treatment procedures run afoul ofitfensive mechanisms in our bodies in route to the
desired site of action. Generally this requiresst benefit analysis where the efficacy of the
pharmaceutical is weighed against its toxicityital fthe highest effective dose that causes thé saasunt
of toxicity. The high dose requirements of mostrpieeceuticals are the root cause of myriad sidetsffe
that are, at best, uncomfortable and in extremescean be lethal. These high dose requirementg alon
with improper disposal and recycling of waste niateare the major contributors to the growing prese
of pharmaceuticals in the environment [1].

One major source of pharmaceuticals entering the@as environment is expected point source
discharges affiliated with waste treatment andalsh Ubiquitous availability and excessive use of
pharmaceuticals elevate concentrations in wastarsis to levels that place strain upon ill-equipped
WWTPs. The efficiency of pharmaceutical removahiravastewater influent is linked to the design & th
WWTP and the chemical structure of the pharmacalf. As a result, analysis of WWTP effluents has
registered pharmaceutical concentrations that rénoge ng/L to ug/L [3]. This is a cause for concern
because the measured exposure concentrationsmtlgknown sub lethal toxic responses in aquatic

organisms. Previous studies have observed disrgpteath and reproduction for crustaceans, growth in
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bacteria and algae [1] for various pharmaceutiaathe ppb exposure level and altered behavioymith
striped bass exposed to anti-depressants [4]. tMitlcurrent consumption rates concentrations of
pharmaceuticals in aguatic ecosystems will contiiouacrease in perpetuity until a suitable altéiu®ais
developed. Further, these same pharmaceutica¢éstien measured in drinking water systems
downstream from wastewater effluents [5].

Over the past decade scientists and engineerstiianes to nanotechnology to address the
problems inherent with traditional medicine. Namipges (NPs) provide long-term circulation, enhasic
stability and increased capability with respecthi® lone drug [6]. Manipulation of the intrinsicoperties
of NPs confers unprecedented control over distidlbubf the attached pharmaceutical. The fidelityhafse
nanomaterial drug delivery systems enables targetirspecific organs [7-9], cell types [10-11], and
cellular organelles [12]. Moreover, nanomateriahtments are purposefully engineered to avoidriater
defense mechanisms [13-14] and release the attacimaplound based on predetermined physiological
conditions or external stimuli [8,10,15-17] to ay@oxicity in non-target organs.

A myriad of nanomaterials are undergoing extenstuely to establish their biological
compatibility and viability as a biomedical toolold nanomaterials are considered an excellent dateli
for biomedical applications based on the easeadywtion, tissue and tumor specific targeting céjpieis
and the relatively low toxicity compared to otharticle types [8,15]. Gold nanomaterials have been
shown to successfully and accurately transport ciieenapy agents [10], antibiotics and biomolecules
[8,15]. Furthermore, the unique properties of gutiomaterials allow for improved resolution in tiss
imaging and have spurred development of unconwvealticancer therapies [18-19]. Improving the
absorption of the compound by adding NP shellsaoriers will make a notable difference to qualifyife
because they will foster lower dose requiremenitewise, environmental concentrations of the
pharmaceutical should decrease because thesedoserequirements will reduce the magnitude of
incidental release via excretion. However, a pasgof this initial nanomedicine dose will be ested
into waste streams despite the improved fidelitgrofy delivery. The fate and behavior of this mixed

contaminant in waste streams and the aquatic emmieat remain unexplored. Once nanomedicines are
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approved for mass distribution the pharmaceutisalparadigm will likely shift toward these new
treatment options potentially introducing a uniguel unpredictable contaminant into aquatic ecosyste
We currently lack definitive evidence for how NPhamates compare to traditional
pharmaceuticals both in behavior and effects tetaoget species and environmental systems.
Nanomaterial drug delivery design is based on huceasumption thus non-target organisms may respond
differently to a nanomaterial-drug conjugate thapexted based on mammalian research. Removing the
uncertainty surrounding routes of entry into theimmment and subsequent effects will be necedsary
proper regulation of this indispensable biomedical. This study was designed to address the
environmental implications of embracing nanomedisias a suitable replacement for traditional
pharmaceutical treatments. The methods and rdsuoiitsthis study built upon previous research that
examined nanomaterial accumulation and distributiofilter feeding invertebrates and fish. Sphatic
gold nanomaterials conjugated with the chemotheeay@nt doxorubicin were utilized as a model
pharmaceutical-nanomaterial to examine accumulatahdistribution of these intertwined contaminants
in Pimephales promelafkesults were compared to exposures of the loammceutical to explore how
conjugation to a NP changes the internal distrdyutind if this new paradigm is protective or hadrdu

the organism.

Materials and M ethods

Doxorubicin NP Synthesis and Characterization

Gulen Yesilbag and Daniel Moyano, University of Mashusetts-Amherst, graciously provided
the nanomaterials used in this study. Particlel®gis followed methods outlined in Kim et al. [Hdld
Zhu et al. [20]. The doxorubicin nanoparticles (Di#s) used in this study were constructed from 2 nm
spherical gold cores. The cores were coated withaad (identical to the ligand construction foeth
cationic NPs used in Chapter 3) that containedadegnary amine conferring a cationic charge to the
particle. A doxorubicin molecule was attachedaieacid labile hydrazone bond to some but notfat®

ligands on each particle transforming the pariicte a drug delivery vehicle.
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Size, surface charge and number of doxorubicin cubés per NP were characterized for all
DoxNPs received from the University of Mass- Amhels/drodynamic diameter and zeta potential were
calculated with a Malvern Zetasizer in triplica@ore diameter was confirmed with transmission ebect
microscopy (Hitachi 7600 TEM). DOXNP solutions afdevn NP concentration were diluted in Milli-Q,
acidified with 0.1% HCI and analyzed on a Spectral@&MINI Fluorescence Microplate Reader with an
excitation wavelength of 470 nm and emission wavgtle of 590 nm. The concentration of doxorubicin
was then calculated from a standard curve and @ivild/ the number of NPs to quantify the average
number of doxorubicin molecules per NP. Hydrodyradiameter was measured at hour 0, 1 and 24 to
assess changes in size that may indicate aggregat@y the course of the exposure.

Culturing Pimephales promelas

Pimephales promelasere cultured in accordance with an animal useogmtapproved by the
Clemson University Animal Use Committee that folkxvestablished protocols [2H. promelasvere
grown and bred in a spacious flow through systeahitiaintained the temperature between 23 -27 °C, pH
between 7.5-8, and minimized nitrate and ammonial$e Organisms were fed daily and kept under &8 16:
light/dark cycle. All fish were allowed to accliteato the exposure containers and reconstituted
moderately hard water (MHW) for 48 hours prior ipesure to alleviate any stress induced by theghan
in water hardness and alkalinity, and the additistrass caused by the transfer process. All didhltused
in uptake and organ accumulation experiments wer@ gonths old.

Preparation of Exposure Media

Doxorubicin HCI (Dox) and internal standard dandmecin HCI (IS) stocks were prepared at
1mg/ml in methanol. Doxorubicin HCI and DanuorubitlCl were purchased from Sigma Aldrich.
Exposures were conducted in MHW and synthetic weestier (WW) to compare direct and indirect release
scenarios. Pristine MHW media was produced usiadethA standard method and then spiked with 25
ug/L doxorubicin (Dox) or the equivalent Dox contration for gold NPs carrying doxorubicin molecules
(DoxNP). Synthetic wastewater (WW) was formulateltbfving a recipe outlined in the EPA guidelines

for simulating aerobic treatment in wastewaterttresmt studies [22]. The contents were as follows:
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peptone casein pancreatic digest (Sigma), 144 regt Bxtract (Sigma), 99 mg; urea (Sigma), 27 mg;
dipotassium hydrogen phosphate (Fisher), 25 mgusodhloride (Fisher), 7 mg; calcium chloride
(Fisher), 4 mg; magnesium sulfate (Sigma), 2 ma 3diution was brought to a final volume of 900 mL
with Milli-Q water. The stock WW (~100 mg/L DOC) wahen diluted to 6.5 mg DOC/L with MHW and
filter sterilized through a 0.22 um Supra® membrafNastewater media was then spiked with the
appropriated volume of Dox and DoxNP and alloweddailibrate with gentle stirring for 1 hour pritr
exposure. All exposures including controls weretdidl so that the final methanol concentration vwedev
the ASTM recommendation of 1 mL/L. No lethalitywamusual behavior was observed in the controls at
this methanol concentration.

Exposure for Organ Distribution Study

Prior to exposure, aduit. promelag6-8 month old) from the main culture were coraditd to
the exposure chambers for 48 hours. After conditigithree organisms were transferred in 1.2 L ef th
appropriate spiked exposure media for 48 hoursh Eaposure was run in duplicate to give a totalgam
size of six. After 48 hours the adults were euthadiwith buffered 4 % Tricane MS-222 and dissetted
remove brain, liver/gallbladder, heart, gills antestine. Brain, liver/gallbladder and heart samplere
pooled in sets of two while the intestine and gilkre analyzed separately. Organs were weighed and
stored in -80 C until HPLC analysis.

Preliminary studies indicated that Dox degradeddigpn our exposure media with
approximately 80% reduction in concentration a@térours based on fluorescence measurements. All Dox
treatments were respiked every 8 hours to maita@latively constant concentration of 25ug/L ower
48-hour exposure. Due to a lack of supplies theNexposures were not respiked every 8 hours. Water
samples were collected every 8 hours for the D@egrents and every 24 hours for the DoxNP
experiments. Doxorubicin concentration in the Dod ®oxNP experiments was quantified with
SpectraMax GEMINI Fluorescence Microplate Readéhwah excitation wavelength of 470 nm and
emission wavelength of 590 nm. Dox samples weré/aed without further processing. DoxNP water

samples were amended with 0.1% HCI and alloweddohkate at 54 °C for 24 hours prior to analysis.

119



Separate Dox NP water samples were combined witberdrated Aqua Regia and analyzed for gold
content on a Thermo Scientific XSeries2 Inductivetyupled Plasma Mass Spectrometer.

TheP. promeladistribution experiments were performed with cansiaeration to maintain
acceptable dissolved oxygen concentrations duhagkposure. Clemson Animal Use Committee
(IACUC) approved the experimental design and ewthinprocedure used in all vertebrate testinghisr t
study.

Sample Preparation

Organs were removed from the -80 °C freezer andddaat room temperature. Organs were then
homogenized with a Tissue Tearor for 30 secondgidified methanol (0.1% HCI). Liver/gallbladderdan
heart samples were homogenized in 1 mL of acidifiedhanol while brain, intestine and gill samplesav
homogenized in 2 mL. After homogenization samplesanplaced in -20 °C for 24 hours. Each sample was
then spiked with 20 ug/L IS, vortexed for 30 sec®add incubated at 54 °C for 24 hours. After intialna
samples were centrifuged at 4500 rpm for 15 minates500 ulL aliquots of the supernatant stored in
sample vials for HPLC analysis.

HPLC Analysis

Working stock solutions of 1 mg/L were preparedheday of analysis from the doxorubicin and
danuorubicin stock solutions. Standards for HPL&lysis were prepared in acidified methanol (0.1%

HCI) from the working Dox stock solution at conaaions of 0, 2, 5, 10, 25, and 50, 100 and 500Q ug/
doxorubicin. All standards were spiked with 20 (ltlee 1 mg/L IS to give a final internal standard
concentration of 20 ug/L. HPLC analysis was conedietith a Waters 1525 Binary HPLC Pump, a Waters
717 Plus auto sampler and a Waters 2475 Multi veangth fluorescence detector. Separation was aahieve
with a Varian Polaris C-18A reverse phase analygolumn (250 mm x 4.6 mm) and guard column. The
mobile phase was a 35:65 mixture of HPLC gradeomiteile: Milli-Q water, pH 3.5 adjusted with glaadi
acetic acid and supplemented with 0.1% triethylamPrior to analysis, the mobile phase was filteved
0.45 micron nylon filter and degassed in a sormealtiath. Sample analysis ran for 12 minutes aiva fl

rate of 1 mL/min with a 40 uL sample injection vale. Fluorescence signals were collected at exmitati
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wavelength 470 nm and emission wavelength 590 reterRion time ranged from 4.96 — 5.1 minutes for
doxorubicin and from 7.45 - 7.86 for danuorubidtiglure A.2).
Statistical Analysis

All treatments were compared to the control valugag students-t test. Two-way ANOVA
analysis was conducted in JMP 10.0 to identify ificence influences from the main effects (exposure
media, form of contaminant) on accumulation of dokicin in each organ. For all data analysis alpe/a

of <0.05 was considered statistically significant.

Results

Particle Characterization in Exposure Media

Gold NPs with doxorubicin attached were 2 nm (Fégdirl) and held a cationic surface charge.
The hydrodynamic diameter, 18.48+% nm, and zeta potential, +13.52.562 mV of the Dox-NPs in
MHW were similar to the measurements of the catiddiPs in Chapter 3 (Figure 4.2). In WW the Dox-
NPs the surface charge remained at +13.224 mV despite a size increase to 263.362.96 nm
(Figure 4.2). The gold NPs in the DoxNP exposurgaioed on average 11k+doxorubicin
molecules/particle.

As outlined in the methods, degradation of doxasimbivas rapid in the exposure chambers.
Replenishment of doxorubicin every 8 hours wasndégl to maintain a constant concentration of Dox
around 25 ug/L, which was analogous to the infliak concentration in the DoxNP exposures. The two
exposures are inherently different because | dichage the supplies to maintain a constant conatotr
of DoxNPs in the exposure solution. Over the coofde experiment the concentration of Dox in the
DoxNP solutions decreased by 85% in the MHW exposimd 70% in the WW exposure as gold NPs were
either taken up by the fish or fell out of solutiéurthermore the ratio of doxorubicin moleculegodd
dropped by ~50% over the 24 hour period in MHW tieumained stable for the last 24 hour period. In
contrast the shift in ratio of DoxNPs in the WW ezpre was more gradual dropping to 76% after 24shou

and 63% of the original ratio after 48 hours.
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Organ Accumulation

The intestine was the only organ to accumulated &mve the LOD (1.4 ug Dox/L) in at least
one replicate across all treatments (Table 1). Babioin accumulation from the MHW Dox exposure,
0.198 +0.046 ug/g, was the only organ from all the treatta that was significantly different from the
controls. Even though HPLC analysis identified nuealsle doxorubicin in the intestine of each repéca
fish exposed to Dox in WW, 0.1110t032 ug/g, the average value was not signifigadifferent from the
control. Along with higher variability average acculation of Dox in the intestines was greater fa t
DoxNP exposures with concentrations of 1.65.34 ug/g and 1.83 *.79 ug/g for DoxNP MHW and
DoxNP WW exposures, respectively. Due to the higiiability the two DoxNP exposures were not
significantly different from the controls. Nonetbi liver, gill, heart and brain samples for argatment
were significantly different from the controls. @Qrgaccumulation data for each treatment includieg t
controls are compiled in Table 1.

Accumulation was not determined to be differenieldlasn the form of the pharmaceutical or the
exposure media and no interaction between the afégots was found in any organ. It should be noted
many of the heart, liver and brain replicates ditigontain detectable doxorubicin; therefore, the
concentration in these organs was highly depenoiettte precision of the calibration curve and the
inherent variability in creating a new standardveuior each run. High variability in the DoxNP espioes
confounded my ability to differentiate based omidor each of the organs that were often not cansidl
statistically different from the controls. Neveres, several trends were apparent in the datgithext a
larger sample size may have provided evidencenfarences based on form and exposure media.
Accumulation of Dox in the intestines from the N#frii was highly variable in both exposure media; yet
the average accumulated Dox was an order of matmhigher from DoxNP compared to the Dox only
exposure (Figure 4.3). Moreover, the gills of fisbm the DoxNP MHW exposure tended to accumulated
more than the Dox MHW exposure. In general accutiuiaf Dox in the WW exposures was lower for
the intestines. Only two of the six replicate ititess in the DoxNP WW exposure produced a measlgeab

signal on the HPLC. In contrast, five of six inteet returned signals that were above the LODHer t
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DoxNP MHW exposure. Likewise intestines from fisithe Dox MHW on average accumulated more
Dox than fish from the Dox WW exposure though tiffeecences were not significant.

Several other interesting trends appeared in ther @rgans that were not significant but may be
suggestive for identifying distributional differesgbetween exposure scenarios. Doxorubicin content
found in either the brain, liver, or heart wouldlicate internalization of doxorubicin. Of the thiaer
replicates for each treatment, only one liver im BFoxNP MHW, 0.117 ug/g, returned a signal aboee th
LOD (Figure 4.4). Likewise only one of the Dox W\adrt replicates, 0.088 ug/g, produced a signal@bov
the LOD. Analysis of the brain samples from eaelatiment did not return values above the deteditioit |
implying that this organ is not important in doxbiein distribution inP. promelas

In the intestine and the liver several unique peskbserved in the control samples appeared
during analysis (Figure 4.5). The most common pestiention time between 4.6 and 4.8 minutes, was
found in eight of the 24 intestines and appearest#de with the concentration of doxorubicin in the
intestine. We observed a similar peak at 4.713 tamin one of the liver replicates for the Dox MHW
exposure. Other peaks were found that did not appehe control samples but did occasionally shupw
as unknown peaks in some of the higher concentratendards. Four of the 12 intestines in the DoxNP
exposures produced a signal that scaled with déskciruconcentration at retention time 5.9 to 6.2uahés.
These peaks were not observed in any of the Doasexps. Two of the liver samples in the DoxNP
exposure, one liver and one heart in the Dox WWbenpe produced signals with retention time between
7.1 and 7.3 minutes. A final unique peak, retentime between 9.2 and 9.7 minutes, was observéden
of the 24 intestines and in the only liver samligire 5) that registered a concentration abové @ie.
Further characterization of these peaks with thr@piate standards and more sensitive analytical
equipment is required before | can confidently tdfgrihem.

Discussion

Gold NPs with doxorubicin attached to their surfaegponded to WW incubation in a manner

similar to the cationic gold NPs without the phaceaatical. As both particles were cationic, thisgesjs

that the WW incubation is indeed a function of siigface charge. No stability studies were perforfoed
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the DoxNPs; however, previous work identified daizing effect at low concentration of WW over 4-1
hour period that likely maintained over the dunatad the experiment. Sample collection at 48 hours
confirmed that a higher number of DoxNPs were ewlater column; however, this may be indicative of
lower uptake in the fish rather than a more stgbld NP solution.

| observed an unexpected decrease in the ratioxafrdbicin molecules per NP in both DoxNP
exposures over the duration of the experiment.chamge in ratio could be indicative of either aaulag
of the doxorubicin-NP linkage, degradation of theleaule or both. Even with uptake from fish the Dox
NP exposures retained between 15 and 30% of ttial iDiox exposure after 48 hours whereas the Dox
only exposures lost approximately 80% after 8 hsuggesting that the Dox attached to the NP was
protected to some extent from known degradatiornhaigisms in aqueous media [23]. Gold NPs might
mitigate the photodegradation of doxorubicin thioumgnosurface energy transfer that quenches the
fluorescent signal associated with free doxorubfig#. As a result degradation of doxorubicin tettkto
the surface of the gold NPs likely contributedditio the change in doxorubicin ratio. However,
doxorubicin released from the particle would behhigsusceptible to photodegradation process as |
observed in the Dox exposures. Previous work catedlan increase in hydrolysis of the bond connecti
the doxorubicin to the NP with decreasing pH [2%-2@ss than 10% of the attached Dox was found to
release from copolymers and micelles at pH 7.488d25-26]. The pH of both exposure media in my
study remained between 7.9 and 8.1 over the 484xperiment; therefore, the pH likely did not faeile
substantial release of Dox from the NPs in the syp®media. The exact cause of the ratio chantiein
media is unknown but | speculate that the changelased to water quality. Dissolved oxygen is ilwveal
in the degradation and toxicity of doxorubicin [28]d may impact the doxorubicin linkage. Additidpal
the presence of organic matter reduced the ratbarfge in the ratio suggesting that in addition to
stabilizing the particle surface the organic cagtimy restrict release of attached molecules fimrNP
surface.

Accumulation of doxorubicin i. promelasvas almost entirely localized in the intestinedtr
treatments. Swallowing water is common for fiskaihigh stress environment and is a common route for

NPs and other contaminants to reach the intestk [t is likely that the fish in this study wes&essed
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given the low volume exposures required and thegmsity for accumulation in the intestine. Several
peaks were observed in the gills in the DoxNP MHWasure indicating this organ may be an important
accumulation site. However, the four signals retdrooncentration values below the LOD suggestiag th
could just as easily be false positives. Despitglar conditions for all treatments, only one of th2 fish
exposed to free doxorubicin produced a measuréphalsn the gills suggesting that this was not an
important site in the Dox only exposures. Signalthie heart and liver indicated that doxorubicirswa
absorbed across intestinal and/or gill epithel@lisc The heart is a known target for doxorubi@g][and |
did observe a single peak in the Dox WW exposusd.a¥dearth of peaks in our other treatments steges
that the heart is not a principal accumulation aitd low concentration exposures of Dox or DoxNiis w
likely incur few deleterious responses in the heggh liver and gallbladder samples from the DoxNP
MHW exposure were the only replicates to producasueable peaks for doxorubicin with no indicatidn o
doxorubicin in the livers of fish exposed to thedmpharmaceutical. The disparity in these resuljgested
either a unique accumulation pattern for doxorubattached to NPs or that the content in the kvas
scaled to the higher total doxorubicin contenthia intestine for the DoxNP exposures. In eithee ¢hs
form of the pharmaceutical was a contributing facto

There were no statistical differences in any ofdhgans across the four treatments indicating that
neither the primary source of doxorubicin in thexBl® exposures was free form and that the exposure
media did not affect accumulation. However, therevidence in the data to suggest that subtlerdiftes
between the forms may be important despite thedéckatistical significance. The high variabilitythe
DoxNP intestines compared to the Dox only exposimgdy that the content in the intestine of DoxN&hf
cannot be attributed to the free form alone. Mymes work identified the intestine as the primaitg of
cationic gold NP accumulation and encountered aiméplicate variability further supporting the
hypothesis that the NP is at least partially diotathe extent of doxorubicin accumulation in th&estine.
Interestingly, the high variability of the DoxNPpmosure also suggested that the NP can either emhanc
accumulation as in the case of the outliers oireatprotective manner as evident by the replicaéss or
below the LOD. A similar form-dependent effect veagdent in the gills. The gills are another sink fPs

[20,29-31] and based on the signals from the HRlappeared that the DoxNP were accumulating at this
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site more than the Dox only exposures. These trentl;ied above are nothing more than that at the
moment. More exposures at higher concentrations mire replicates are required to determine iféhes
observations belie more important relationshipsveen the form, exposure media, and accumulation.

The analytical methods were designed to give infdimm on total doxorubicin content in each
organ,; therefore, it is difficult to determine lifet doxorubicin in the liver for the DoxNP experirtgers an
example of the Trojan horse effect [32] or uptak®ox that was cleaved from the NP either in theliae
or after ingestion. Doxorubicin that was cleavedpto ingestion would be highly susceptible to
degradation; therefore, | suspect that the cortidhurom this form of doxorubicin was minimal. Wini
certain NPs are accumulated in the liver [30-31,83tudy on organ distribution with gold NP did find
significant concentrations of NPs in the liver apanese medaka [20]. Interestingly, | did find ruealsle
gold in several of the liver/gallbladder samplesiP. promelasxposed to cationic gold NPs in the last
chapter. However, high variability and the Zhule{20] study suggests that translocation of goflsNo
the liver is uncommon. As mentioned above the hgaina bond is a pH liable linkage that is suscegptibl
lower pH environments. The intestinal pH of relaspeciesC. pauciradiiandN. leptocephaludall
between 6.7 and 7.0 which is common for specig¢isdrCyprinidae family of whicP. promelass a
member [34]. Some degradation of the hydrazone lohd%) is likely to occur especially at the lower
end of this pH range [25]; therefore, we suspeetbx in the liver is the free form rather tharaakted to
the NP.

Extra peaks were observed in the liver and intestamples that were not associated with control
samples or other organs. The most common peak faommhg the intestine samples, retention time
between 4.6 and 4.8, eluted more quickly than dabioin, danuorubicin and the other peaks (Figure)Xsb
This peak likely represented doxorubicinol, a commmeetabolite of doxorubicin, based on its position
relative to doxorubicin on the chromatograph [33]e presence of this metabolite in the intestiisalies
could originate from direct metabolism in the inteal tract and/or release of the compound fromlitres
into the intestinal tract after metabolism. Thetfiscenario would suggest that the intestinal isacapable
of cleaving the hydrazone bond, as doxorubicin moll be metabolized if it remains attached to thiel g

NP. The second scenario could also indicate clgawithe gut but might also suggest that the NBs ar
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transporting doxorubicin to the liver. In humansxdrubicin is metabolized to doxorubicinol by
aldoketoreductases and carbonyl reductase enzyvhas) are found in the liver, kidney and
gastrointestinal tract [36-37]. Homologues of thenmmalian aldoketoreductase enzymes were identified
fish liver and intestines [38-39]. The relative centrations of metabolite scaled to the concewtnadf
doxorubicin in the intestine and support the argunfier metabolism in the intestinal tract. Furthers
liver samples did not always indicate the presafdhe parent compound or the metabolite in fish
replicates that demonstrated significant doxorubadcumulation in their intestines. This does g put
the possibility of doxorubicin cleaving from NPgeafcellular uptake; however, as mentioned preWjous
there is little evidence to support internal acclation of gold NPs in fish [20]. The other peaksyma
represent other known metabolites of doxorubicBl.[Blowever, it is equally possible that these peate
some other artifact in the doxorubicin or danuocimbstocks as several of the extra peaks overlapjitbd
peaks in the standards and one peak was difficulifferentiate from the IS peak.

The acidification of each organ prior to analysisgiuded distinctions between the amount of free
doxorubicin and the doxorubicin attached to the A¥a result the concentrations of doxorubicin
quantified in the DoxNP exposures represents atwase scenario where all of the doxorubicin was
released from the NP in each organ. As previouisigugsed this is an unlikely scenario Rorpromelas
because they lack a stomach and the pH of theistinie is close to neutral. The results are mdtectere
of a fish that has a stomach, such as salmon, wheneH drops to ~3 [40]. Even if absorption is exted
to be low, the accumulated fraction of DoxNAPinpromelaswill be a source of contamination for higher
trophic level fish that do have a stomach.

There is a paucity of data in the literature ongheironmental implications of nano-
pharmaceuticals despite its popularity in the bidice field. Release of nano-pharmaceuticals inaste
streams should not be as extensive as traditidrahpaceuticals based on the perceived efficaclyeof t
nano formulation and lower dose requirements. Rigss, a percentage of that dose will be excratdd a
transported to a WWTP on its way to environmergldase. Wastewater treatment of doxorubicin range
from highly effective (>90%) to woefully inept (~Q%yet effluent concentrations remain in the lowing

range [41-43]. Nanomaterials are more effectivedated by WWTP but the removal efficiency can vary
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based on the particle characteristics and the axtplof the plant design [44-46]. Current estinsabé
nanomaterials in the environment cover the low ug/the high ng/L range [47] thus attachment of
doxorubicin to NPs could increase the concentratfothe pharmaceutical as well as its persistendthéa

environment.
Conclusions

The biomedical industry has already benefited imsegnfrom the influence of nanotechnology
based on the unprecedented control over in vivinildigion. Many of the nano-pharmaceuticals ankisti
the research and development phase but withingkiedecade it is likely that there will be an inflaf
approved nano-medicines on the market. Researtheoenvironmental implications of nanomaterials has
evolved rapidly over the last few years and regemtined focus toward NPs released from consumer
products in more environmentally relevant scenaiitss study examined the differences in accumutati
and distribution irP. promelasexposed to doxorubicin in the free and NP formatiStical analysis of the
data indicated that neither the form nor the exposuwedia was influential to accumulation. Howevégh
variability especially in the DoxNP exposure, makkeveral trends in the data that, with an expanded
experimental design, may implicate form and expesnedia as important factors for Dox accumulation.
Extra peaks found in the liver and intestines iatid that doxorubicin was metabolized in fish exgo®
both free Dox and DoxNP. Release of doxorubicimfidoxNP was suspected to occur primarily in the
intestine; however, more studies are required tdiicn this hypothesis. The results from this study
demonstrate that NPs have the potential to affectiptake and distribution of pharmaceuticals e th
environment, which could elicit a toxic responspetaling on the construction of the nano-pharmacaluti
and the organism physiology. With the nano revohuin traditional medicine looming on the horizorsi
imperative that we conduct an exhaustive assessohéme environmental implications of this mixed

contaminant before it becomes commonplace in otieso
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Figure4.1: TEM micrograph of stock doxorubicin nanoparticles
Micrograph of DoxNP dried on a copper grid. Paetscare fairly monodispersed with a
nominal core diameter of 2 nm.
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Figure4.2: Characterization of doxorubicin nanoparticlesand cationic gold NPs
from Chapter 3
(A) Hydrodynamic diameter and (B) zeta potential foxatabicin nanoparticles
(DOX-NP) and cationic gold NPs (NP) from Chapten 8hoderately hard water
(MHW) and wastewater (WW). Each bar representatieeage of 2-4 runs
standard deviation.
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Figure 4.3: Doxorubicin accumulation in theintestine of fish from each treatment
Box plot displaying the distribution of analyzedxdoubicin concentration for intestin
from fish exposed to the fredoxorubicin (DOX) andaioxorubicin attached to catior
gold NPSDOXNP) in moderately hard water (MHW) and wastewg¥WW). Values not
connected to the box plot are considered out
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Figure 4.4: HPL C chromatograph of liver/gallbladder sample from fish exposed to
doxor ubicin nanoparticles

Chromatograph for a pooled liver/gallbladder saniygen fish exposed to Dox-NP in
MHW. 1: peak for doxorubicin, retention time 4.96 — Smihutes.2: peak for
danuorubicin, retention time 7.45 — 7.86 minutes.
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Figure4.5: HPL C chromatograph of fish intestines from control, Dox and DoxNP exposures

Sample chromatographs of intestines for fish fréghdontrol, (B) free doxorubicin (Dox), and (C) duxbicin attached to
gold nanoparticles (DoxNP) exposurgspeak for doxorubicin, retention time 4.96 — 5Smibiutes.2: peak for danuorubicin,
retention time 7.45 — 7.86 minut&s.unknown peak, possibly doxorubicinol, retentiondith6 — 4.8 minutes.
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Doxorubicin Concentration (ug Dox\y

Control Dox MHW Dox WW DoxNP MHW  DoxNP WW
Brain? 0.074 +0.074 N.D. 0.004 ©.004 N.D. N.D.
Heart? 0.033 +0.033 N.D. 0.036 0.027 N.D. N.D.
Liver/Gallblader®  0.008_+0.008 N.D. 0.009 ©.009 0.039 9.039 N.D.
I ntestine 0.004_+0.002 0.198 ©.046  0.111.+0.032 1.654.34 1.83 +1.79
Gill 0.013 +0.009 0.008 €©.008 N.D. 0.029 0.021 N.D.

Table 4.1: Doxorubicin concentration in select organs from five different treatments

Doxorubicin concentration in each organSE) ofPimephales promelasxposed to no contaminant (control) free doxoriabic
(Dox) and doxorubicin attached to cationic gold NPexNP) in moderately hard water (MHW) and wastewv@\VW) for 48
hours

N.D. non-detect

@pooled samples into three replicates instead of six

®organ concentration is significantly different frahe control

¢ organ concentration is significantly different edgorm of the pharmaceutical

4 organ concentration is significantly different edon the exposure media
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CHAPTER FIVE

CONCLUSIONS

Modeling the influence of physicochemical properties on particle uptake and

elimination in Daphnia magna

1.

Accumulation mechanisms ID. magnaare sensitive to changes in size and surface ehange
shape has relatively little influence over biodymasn

When challenged in environmental conditions simitathose in my experiments, mangawill
accumulate a higher NP body burden from exposular¢@r cationic NPs (20 nm) compared to
smaller anionic particles (< 20 nm).

Nanoparticles with the configurations used in #tigly were not internalized; therefore, the
calculated BCF represent the relative contributiofithe ingestion and adsorption rate and NP
interactions with permanent (gut epithelial memlesgrand transient (peritrophic membrane and

debris) structures in the gut tract.

Transformation of nanoparticlesin the presence of wastewater and itsimpact on

accumulation in Daphnia magna and Pimephales promelas

1.

Transformation of NPs during WW incubation varieséd on initial particle charge and DOC
concentration.

Incubation of NPs with a low concentration of WWdueed accumulation of cationic gold By
magnabut had little impact on zwitterionic accumulation.

The cationic NPs used in this study were constduati¢h properties that encouraged
internalization byD. magnaregardless of the exposure scenario.

P. promelashiodymnaics were affected by the intrinsic paeticharge on the gold NP but were

not sensitive to the transformative changes triggday incubation with WW.
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Accumulation and distribution of doxorubicin and nano-doxor ubicin in Pimephales
promelas

1. Doxorubicin attached to gold NPs was more resigtadegradation in both exposure solutions
compared to the free doxorubicin.

2. Uptake of doxorubicin was not statistically diffatdased on the form of the pharmaceutical or
the exposure conditions.

3. Doxorubicin was primarily distributed to the intiest of P. promelaswith some evidence of lesser

accumulation in the liver and gill.

The purpose of this dissertation was to call &tterto several areas of NP research that have yet
to be fully explored. Creating specific models éaich NP configuration is both time and cost intensi
task based on the sheer number of possible condmisatherefore reducing a NP to its primary
characteristics is an excellent strategy for dafinisk. | demonstrated that not all charactersstire
created equal in biodynamic processes. Furthermdriée | examined only the three most discussed
properties, comparisons to other studies in tleeditire stressed the importance of several other
characteristics such as core and surface chentigttyneed to be weighed in a similar manner torjpize
risk of NPs. Further refinement of risk prioritizat will need to take into account the water cheérpinot
only at the point of exposure but also during tiegs prior to release to more accurately predetaxic
potential of the NP. The journey of a NP from praiilon to environmental release is fraught with
influences that are capable of changing the idenfithe nanomaterial. | demonstrated that ceipairticle
configurations are more susceptible to these tomnsftions and that these transformations do netaff
accumulation in all species. The final chaptethid tissertation emphasized the subtle differebetseen
accumulation of the nano and molecular forms ofpia@euticals. A quick literature search for nano-
medicines reveals a technology that has rapidlygrim popularity over the last decade without
consideration for environmental consequences. e are preliminary but the results argue that this

mixed contaminant warrants further scrutiny.
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Appendix A

Extra Figures and Tables

Method 1 Method 2
1. Homogenize fish 1. Dry Ashin 450 °C for
26 hrs
2. 6 mL 35% Agqua Regia
(AR) + 1 mL H,O, 2. Dissolve ash in 5 mL
(TraceGrade 30% v/v concentrated HN©

(Tracegrade 70% v/v)

3. Microwave Digest -
170 °C for 25 minutes 3. Dilute to 35% acid

with Milli-Q

4. Dilute to 30 mL with
Milli Q 4. Microwave Digest -

170 °C for 25 minutes

Procedure 5. Combine with 5 mL
100% AR let sit for 1
hour

6. Evaporate to near
dryness in PFA
digestion chambers

7. Dissolve residue in
100% AR

8. Dilute to 6 or 10 mL
with Milli-Q

Per cent Recovery 89.44 + 36.17 % 73.03 + 3.58 %

Table A.1: Pimephales promelas digestion methods
Two methods used including the microwave digestecgrure and the percent recovery
with standard error. Percent recovery was calcdlatam 5-7 replicates.
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Method 1 Method 2 Method 3
1. Digest overnightin 3

1. Digest overnightin 3 1. Combine organ with 2.5 mL HNO;(Tracegrade

mL HNO;(Tracegrade mL HNO;(Tracegrade 70% v/v)
70% v/v) 35% v/v) and 0.5 mL
H,0, (TraceGrade 30% 2. Add 1 mL HO,

2. Add 1 mL HO, vIv) (TraceGrade 30% v/v)
(TraceGrade 30% v/v) and 2 mL Milli Q water
and 2 mL Milli Q water 2. Hot Plate Digest - ~100

°C for 35 minutes 3. Microwave Digest - 170
3. Microwave Digest - 170 °C for 25 minutes
°C for 25 minutes 3. Combine with 4 mL HCI
(Tracegrade 36% v/v),
4. Evaporate to near let sit for 1 hour 4. Add 2.5 mL 100% Aqua
Procedure drynpess in PFA Regia, let sit for 1 hour
digestion chambers 4. Evaporate to near
dryness in PFA 5. Evaporate to near

5. Dissolve residue in digestion chambers dryness in PFA
0.720 or 1.1 mL of digestion chambers
100% AR 5. Dissolve residue in

0.250 mL of 100% AR 6. Dissolve residue in
6. Dilute to 6 or 10 mL 0.720 or 1.1 mL of
with Milli-Q 6. Dilute to 10 mL with 100% AR
Milli-Q
7. Dilute to 6 or 10 mL
with Milli-Q
Per cent Recovery 90.79 + 3.0 % 78.63 + 8.66 % 95.68 + 3.93 %

Table A.2: Organ digestion methods with percent recovery
Percent recovery experiment used to identify tret beethod for analyzing the gold contenPinpromelasorgans. Each
method includes detailed steps and percent recoviéinystandard error. Percent recovery was caledl&bom 2-4 replicates.
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OP. promelas AuNP - This Study
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FigureA.l: Comparision of biodynamic constants from this dissteration and the
literature

Biodynamic parameters from various literature sesifgeferences on page 146) are
compared to the biodynamic parameters derivedisndigsertation. Uptake rate constant
(kuw) is ploted against elimination rate constanj {& demonstrate the significant
difference between the parameters | derived ansketiom other types of metallic
contaminants and other important model species.
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FigureA.2: HPL C chromatograph of doxorubicin standards

Sample chromatographs of 0 (A) and 100 (B) ppb dabicin standards spiked with 20
ppb danuorubicin internal standald peak for doxorubicin, retention time 4.96 — 5.10
minutes.2: peak for danuorubicin, retention time 7.45 — mdfutes.
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Method

1. Homogenize organs in acidified MeOH
(0.1% HCI) for 30 seconds

2. Sitovernightin -20 °C

3. Vortex 30 seconds

Procedure 4. Incubate in drying oven at 54 °C for 24 hours
5. Centrifuge at 4500 rpm for 15 minutes
6. Remove 500 uL aliquout of supernantant for
analysis
Per cent Recovery 90.50 + 5.45 %

Table A.3: Doxorubicin extraction method with percent recovery

Method used for extracting doxorubicin and doxocubNPs fromP. promelargans.
Method includes detailed steps and the percentveggavith standard error. Percent
recovery was calculated from 4 replicates.
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