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ABSTRACT
THOMAS C. LONG: Mammalian and Bacterial Toxicity Nanoparticles Used In
Hazardous Waste Treatment and Environmental Retnadia
(Under the direction of Michael D. Aitken)

The increased use of engineered nanomaterialsamyaceuticals, materials
science, and consumer products has raised questigasling the potential risks of these
nanoproducts to human and ecological health. Bnmental applications for in situ site
remediation and water treatment can provide a Houteuman exposure and are
especially appropriate for toxicity evaluation. i hesearch investigated the response of
bacteria and mammalian nerve cells to commercaadbilable zero-valent iron (ZVI) and
TiO, nanopatrticles. In the first part of the reseantimortalized mouse microglia (BV2)
responded to non-cytotoxic concentrations of ;lwith a rapid and sustained release of
reactive oxygen species (ROS) consistent with batloxidative burst and interference
with electron transport. Transmission electronrogcopy documented engulfment of
aggregates of nanosized particles. A second d$auhd that extended exposure of
microglia to TiQ produced loss of nuclear staining consistent BINA degradation.
Gene expression analysis in microglia indicatedaguation of inflammatory,
apoptotic, and cell cycling pathways and down-raggoh of energy metabolism
following TiO, exposure. Ti@did not produce cytotoxicity in immortalized

dopaminergic neurons (N27), but primary culturethwiixed neuronal and glial



populations showed neuronal loss and microscopdeace of neuronal apoptosis,
indicating potential involvement of glia in neurdegtotoxicity.

Experiments withEscherichia coli K-12 indicated that ZVI, but not T¥)caused
significant viability loss in the absence of phatipeation. Gene expression analysis
found that ZVI induced genes in the oxidative plsplyation pathway, primarily those
associated with electron transport. This result a@roborated by increased respiration
following ZVI exposure, consistent with increasetiaty of the electron transport chain.
Neither effect was observed after Fi€posure. Electron microscopy documented
localization of ZVI nanoparticles on the cell sedapotentially interfering with
maintenance of the proton-motive force necessarp1d generation. Consistent with
its lack of toxicity, TiQ induced cell maintenance functions and down-regdlatress
response pathways, and did not associate withraathbranes. Considering the results
from all studies, it appears that ZVI and Fi@ovoke different responses in bacterial and

mammalian cells and may act via separate modedtioha
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1. INTRODUCTION

1.1 Background

Engineered nanomaterials have generated a largerdrobinterest recently due to
their enhanced physicochemical properties comp@aréte corresponding bulk phase
materials. Nanomaterials are defined as havingopomeore characteristic dimensions in the
1-100 nm range. Particles of this size have gyeatireased surface area and much higher
density of surface features (e.g., charge, funatigroups) than larger particles, increasing
their reactivity and catalytic activity. This makhem particularly suitable for use in
pollutant transformation processes in air purifmat water treatment, and site remediation.
The same properties also create the potentialiddodical effects in humans and other
organisms exposed to nanopatrticles.

Two widely used nanomaterials for treatment amdediation are zero-valent iron
(2VI) and TiG,. Micron-sized particles of these materials anadpeeplaced with nanosize
versions to improve treatment efficiency becaustheif increased surface area and catalytic
activity. More than 20 pilot- and field-scale siteave applied nanoscale ZVI for treatment
of chlorinated solventdl]. It is also being tested for use in reductieatment of arsenic
and other metal( 3), polychlorinated biphenylsl], and nitrate-containing compounds
such as munitionj. As a reductant, ZVI itself is oxidized to fommagnetite (F£0,4) and
other iron oxides, which have lower reducing povieert, can still support heterogeneous

catalysis on their surfaces. ZVI is typically icied into the subsurface as a slurry and has



limited mobility, adsorbing to mineral surfacessg#do the injection site at length scales of
centimeters to meter§)( Rapid agglomeration is observed for ZVI, as vather
nanoparticles, but the rate is enhanced due to etiageffects 7). Efforts are underway to
increase mobility and targeting of non-aqueous-pltasitaminants by surface modification
of ZVI with polymers and surfactant8, ).

TiO; has been used for photocatalytic application®mhnation with UV light to
oxidize contaminants in air, drinking water, and §t0-13). TiO, acts as a semiconductor
when irradiated with UV light of sufficient ener@yavelength <380 nm) to dislodge
electrons from the crystal structure. These elestroay recombine or form reactive oxygen
species (ROS), which participate in redox reactisitls inorganic and organic pollutants
(14, 15). Of the two primary crystalline forms of Ts@h commercial use (anatase and rutile),
anatase is the more photoactive. Doping of,M@h other elements such as nitrogen is
being pursued to expand the photocatalytic activity the visible rangelg). Catalysis in
the absence of light activation is greatly redusedegligible.

Toxicity testing has been identified as a critjgatt of the development of new
nanotechnologiedly). A relatively small portion of the overall USsearch budget for
nanotechnology is allocated to health effects mesedut initial studies have been conducted
in this area to investigate the in vitro and inovaffects of nanoparticles. Several researchers
have examined the toxicity of ZVI or its oxidatiproduct magnetite in mammalian cells,
including liver cells and human dermal fibroblagit8-20). Surface coatings such as
polyethylene glycol, polysaccharides, and chelatiggnts have been tested for use with
magnetic nanoparticles in drug delivery and imaging tend to decrease toxic effed8, (

20-22). Other studies have found that magnetic nanmestcoated with dimercapto



succinic acid (DMSA) diminish viability and capacaf PC12 neurons to extend neurites
(23) and exhibited weak toxicity in human dermal fiblasts 22). TiO, has been one of the
most studied metal oxide nanoparticles in pulmomesgarch and has been considered a
negative control in some studies due to its lowatreé toxicity compared to particles such as
coal dust, silica and urban particulat24-26). More recent studies have found mammalian
toxicity in lung cells and human dermal fibroblagg-29) and in animals30-32).
Inflammatory responses and stimulation of macrophdg produce ROS have been
suggested as potential modes of action for toxmhtyiO, and other nanoparticle33).

Researchers have found evidence that nanopartiatesross biological barriers and
translocate to other organ syster®4-87), including regions in the brai3§). Nanoparticles
have also been shown to cross the tight blood-lyainier 39), of possible benefit for
pharmaceutical applications, but creating concabmit the potential neurotoxicity of
environmental nanoparticles. Another reason fehsoncern is the tendency of
nanoparticles to stimulate inflammatory and oxmastress response®), which are of
particular relevance to the brain due to the ingolent of these processes in
neurodegenerative diseases such as AlzheimerkinBan’s, and amyotrophic lateral
sclerosis41-44). The brain’s high consumption of energy makespgecially vulnerable to
oxidative stress resulting from the leakage of @xygadicals during electron transport in
actively respiring mitochondria®).

The response of the brain to foreign substance®diated by microglia, phagocytic
cells related to macrophages found in other orgatems 46). Microglia are activated at a
very early stage in the brain’s injury response actdo engulf and phagocytize invading

microorganisms as well as debris from lysed cdll3. ( Activated microglia also rapidly



release ROS in a process known as the oxidativa.b@verproduction of ROS through
prolonged activation is damaging to surroundingués@8). The occurrence of such
activation in association with nanoparticle expessra potential mode of action for
nanoparticle toxicity in the brain. Another potiahsource of damaging ROS is escape of
superoxide (@) from the electron transport chain in mitochongwaich at low levels is
neutralized by intracellular antioxidant mechanisrimgerference with electron transport and
oxidative phosphorylation can result in high leveisuperoxide, which converts to other
damaging species such as hydrogen peroxide, hyldradigal, and reactive nitrogen species
(45).

Toxic effects of metal and metal oxide nanoparé@dech as MgO, ZnO, Ce(and
Ag have been observed in bacteB3, @9-59), with most research to date conducted on
silver nanoparticles. Most effects appear to bateel to membrane disruptioB3( 49-54).
For example, silver nanoparticles associate wighctll membrane and cause membrane
damage leading to leakage of cellular contentsiatedference with the proton-motive force
necessary for ATP generatidsd]. Other types of nanoparticles, such as fullesdbis 56),
have been observed to be toxic to bacteria, asddkicity is mitigated by surface
derivatization. Although photoactivated T3 used in antimicrobial applications, in the
absence of light it is less toxic to bacteria tbérer oxide nanoparticles ). No published
reports are available on nanoscale ZVI toxicityp&ateria or other organisms in the
environment. The limited evidence available tedaticates that particle composition, as

well as charge and other surface properties, affiecbiological response to nanoparticles.



1.2 Objectives

The objectives of this research were to investigfaeoxicity and gene expression
profiles of commercially available ZV1 and Ti@anoparticles in bacteria and neural cells
involved in oxidative stress. In the first parttbé research, the response of immortalized
mouse microglia to non-cytotoxic concentration®efjussa P25 TiEP25) was evaluated
by measuring ROS release and examining the engutfaid?25 by the cells.
Physicochemical properties of P25 suspensionsollodiical buffers were measured at time
points and concentrations relevant to the bioldgesponse.

The second objective was to examine the possikleity of P25 to immortalized
microglia and neurons as well as primary cultufesiaed glial and neuronal populations.
Microglia were examined for DNA degradation aftetemded exposure to P25, and gene
expression analysis was performed on microglia sggdo sub-lethal concentrations of P25
to identify pathways associated with induced amiagsed genes. The effect of P25 on
viability of immortalized neurons was measured, prichary cultures were examined for
neuronal loss and evidence of apoptosis using inemstochemical staining.

The third and final objective was to investigate gotential effects of commercially
available ZVI and Ti@ nanoparticles on bacteria. The viabilityistherichia coli was
determined following ZVI and Ti@exposure, and gene expression analysis was pe&diorm
onE. coli cultures using whole-genome microarrays follonsng-lethal exposures to these
particles. An OS-sensitive mutant strain was usegl/aluate the possible role of oxidative
stress in toxicity. The effect of these nanopbletion oxygen uptake and energy metabolism
was determined with respirometry, and the associaif the particles with the cells was

examined using both scanning and transmissionrefeaticroscopy.



1.3 Organization of the Dissertation

The dissertation is organized into three main atraptach devoted to one of the
primary research objectives, followed by a chafitat summarizes the conclusions of the
research. Each of the three main chapters is lssheld paper or a draft manuscript intended
for submission to a peer-reviewed journal. The samyrand conclusions chapter discusses
the relationships among the findings, reviews pgaesnechanisms for the observed effects,
suggests future research, and describes the irtiphsaof the research for human health,
environmental effects, and treatment and remediaiategies.

Chapter 2 has previously been published (Long,;S@leh, N.; Tilton, R.D.; Lowry,
G.V.; Veronesi, BEnviron. ci. Technol. 2006, 40, 4346-4352). Chapter 3 has been
published online (Long, T.C.; Tajuba, J.; SamaSaleh, N.; Swartz, C.; Parker, J.; Lowry,
G.V.; Veronesi, BEnviron. Health Perspect. 2007, doi:10.1289/ehp.10216). Chapter 4 is a
draft manuscript intended for submission to a peerewed journal. The co-authors for each

manuscript are listed in a footnote at the begigmhthe corresponding chapter.



2. TITANIUM DIOXIDE (P25) PRODUCES REACTIVE OXYGEN SPECIESIN
IMMORTALIZED BRAIN MICROGLIA (BV2): IMPLICATIONSFOR
NANOPARTICLE NEUROTOXICITY"
2.1 Introduction

The novel physical and chemical properties of eegyied nanoparticles make them
attractive for use in medical, agricultural, indigdt manufacturing and military sectors.
Although hundreds of tons of nanoparticles enterehvironment annually, little is known of
their interactions with biological systems, andergcstudies indicate that some are not
completely benign to biological and environmengagets §0). Such reports have the
potential to transform the focus of environmentaitgction. The federal government, aware
of this possibility, has not only articulated theed for research on the environmental and
health effects of nanotechnolodgii], but is actively supporting such researé®) ( Of the
many types of nano-products in current use, toxteisting should obviously begin with
those that pose the highest risk of environmengabsure {7). Nanosize titanium dioxide
(TiO,) isa reasonable candidate for study since it is wideBd in manufacturin@g, 64), in
the environment to decontaminate air, soil and Wd& 13, 65-67), and more recently in
consumer products (e.g. toothpastes, sunscreesragtios, food products, etcg3( 69).
Such widespread use and its potential entry thralggimal, ingestion and inhalation routes
suggests that nanosize Tigbses considerable exposure risk to humans, livlkestod eco-

relevant species (e.qg., fish, daphnia, nematoaeispkankton). Although exposure to

" Originally published as Long, T.C.; Saleh, N.dil, R.D.; Lowry, G.V.; Veronesi, BEEnviron. Sci. Technol.
2006, 40, 4346-4352.



different TiG, particle sizes and formulations (nanosize, pigngeatle, and surface coated)
has produced only marginal results in roded@s742), numerous in vitro studies report that
TiO, nanopatrticles cause oxidative stress (OS)-medtatedty in diverse cell types,
including human colon cell§8), osteoblasts7é), endothelia?5), epithelia 7), skin
fibroblast (76), liver (19), alveolar macrophage8]( 77, 78) andSalmonella bacteria 79).
The potential neurotoxicity of Ti&n culture has yet to be examined.

Several studies report that inhaled or injectedparticles enter systemic circulation
(36, 37, 80) and migrate to various organs and tissues, gasamcern that they may cause
damage to biological systems through OS pathw@d)s (The brain is especially vulnerable
to OS damage, and recent studies indicate thatsianparticles can cross the blood brain
barrier 82) and enter the central nervous system (CNS) ohalsi 35, 37, 38). In the CNS,
OS is largely mediated by the microglia, a macrgehigke, phagocytic cell that is normally
inactive unless confronted by potentially damagex@genous stimuli (e.g., xenobiotics,
chemicals, particles). Their immediate responsaitd stimuli is known as the “oxidative
burst” 83, 84) and involves a rapid sequence of events thatided an increase in metabolic
activity, a change in cell shape and size, andptgtmic engulfment (i.e., phagocytosis) of
the offending stimuli. During phagocytosis, thegpea membrane of the phagocyte
surrounds the foreign substance, invaginates, raedhializes the membrane bound material
(i.e., phagosome). The signaling mechanisms ®stlbsequent oxidative burst are not well
defined, but invagination of the plasma membrarpears prerequisite for the activation of
a multi-component enzyme system known as NADPHaktha initiation of the oxidative
burst. This activation results in the immediatedurction of superoxide anions {Qwhich

convert to multiple reactive oxygen species (R@8iding hydrogen peroxide (B,),



hydroxyl radicals (OH and peroxynitrites that can destroy the offenditagiuli through OS
pathways. The excessTand its dismutatioproduct HO, are either retained within
cytoplasmic granules, providing a immediate sumblyntracellular oxidants or allowed to
diffuse from the microglial plasma membrane whéeytcan potentially damage the
proteins, lipids, and DNA of neighboring cells, esially neuronsgb, 86). Microglia-
mediated neuronal damage through OS pathways leasgoeposed to underlie
neurodegenerative diseases such as Amyotrophical&elerosis, Parkinson’s and
Alzheimer’s @1-43).

Although the oxidative burst is the major sourc&k@IS in the activated microglia,
O, is also generated as a byproduct of normal mitodhal energy production (i.e.,
bioenergetics) in the quiescent cell. Mitochongraduce cellular energy (ATP) by
transferring electrormlong a series of enzymatic complexes (Complex) khown as the
electron transport chain (ETCG)H). During this transfer, single electrons escaptraduce
molecular oxygen to §. This is the fate of approximately I8foall oxygen consumed and
defines the ETC as the major producer of ROS inplaagocytic cells and tissues. Although
the levels of @ generated from ETC are relatively low and effithgneutralized by matrix-
located antioxidant enzyme systems (i.e., endogescavengers), the rate of Qeneration
can be significantly increased if one or more @f HT C enzyme complexes is inhibited.

The Q" formed by the oxidative burst or from ETC leak&gquickly reduced to the
more stable KD, by superoxide dismutase, an enzyme located iadaliular microsomes,
peroxisomes and within the mitochondria matithough Q" radicals can be directly
toxic, they have limited reactivity to lipids. Hewer, in the presencoé transition metals,

most notably ferrous iron, superoxides can coneettie highly reactivlydroxyl radical



(OH) via the Fenton reaction. The hydroxyl radicatasisidered the primary agent of lipid
peroxidation.

Several recent articles have prescribed a fornmbpol for nanotoxicity testindl{,
87) which suggests that physicochemically descritmatbparticles should first be tested in
cultures of relevant target cells for the produtidd ROS. This is followed by toxicity
testing in more complex cultures, in eco-relevgetcges and ultimately in animals. The
present study follows this format by first measgrine ROS response of microglia (BV2)
exposed to physicochemically characterized nang-{D@gussa P25). Microglia were
chosen in view of their responsiveness to xenatsand their pivotal role in OS-mediated
neurodegeneration. The BV2 is an immortalized logdl that responds to pharmaceutical
agents, particulates, and environmental chemicalsalaracteristic signs of O88-90). In
the present study, BV2 were exposed to non-cytotdases of P25, and the immediate and
prolonged release of ROS was measured over a I2@xpbsure period using various
fluoroprobes. Transmission electron microscopyMl) as used to document the
phagocytic response of the microglia to P25 expmas@&hysicochemical properties of P25
(e.q., particle size distribution, zeta potentad dispersion stability) were measured in

culture media and physiological buffer at time poirelevant to the biological response.

2.2 Methods

2.2.1 Physicochemical Characterization. Commercial grade, nano-size hi(lDegussa
Aeroxide P25) was a gift from Degussa Corp. (Paesiy, NJ) and used without further
purification or treatment. Although the physicocheal properties (e.g., particle size

distribution, zeta potential, and dispersion stghibf P25 have been previously reported

10



(64, 91, 92), they were re-measured in the present studyevéhicles used to maintain and
expose the cell cultures. These included Hank’sdBaalt Solution (HBSS) and Dulbecco’s
Modified Eagle’s Medium (DMEM). Both HBSS and DME&e high ionic strength
solutions with high concentrations of divalent oas that cause P25 to aggregate. DMEM
also contains low amounts of glucose and amincsacidhe physicochemical properties of
P25 were measured in a slurry prepared from a Bggbension of P25 in HBSS or DMEM.
Slurry concentrations (5-120 ppm) similar to thased to expose cells were used
immediately after 1 min sonication. The particleesdistribution was measured by dynamic
light scattering (Malvern Zeta Sizer Nano ZS, Sbotlough, MA) over a 3 hr period to
monitor the growth of the aggregates and to detezraistable aggregate size. For
calculating particle size (volume average), theaaive index of the anatase form of }iO
(np=2.49) O3) was assumed. The zeta potential was determinedtmHBSS and DMEM
from electrophoretic mobility (EM) measurementsad0 ppm slurry (Malvern Zeta Sizer
Nano ZS). The Helmholtz-Smoluchowski equation wseduto correlate electrophoretic
mobility to zeta potential. The NBET specific surface area was measured using @ Nov
2200e BET surface area analyzer (Quantachrome,tBoeach, FL). Samples were
degassed in helium for 1 hr at 150°C prior to asial$4). The dispersion stability,
operationally defined as the resistance to sediatient was determined by measuring the
sedimentation rate of P25 suspensions in HBSS odEMMThe optical densityse508 nm

or 450 nm) of the suspension was monitored forrlié b UV-visible spectrophotometer
(Varian, Palo Alto, CA). There was a linear relaship between Ti@concentration and UV

response for all Ti@concentrations evaluated.
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2.2.2 Cell Culture Maintenance and Exposure. BV2 microglia were grown in 225-ctuell
culture flasks in DMEM supplemented with 10% F&alf Serum (FCS) and 1% penicillin-
streptomycin (ATCC, Manassas, VA). After reachf§o confluency, cells were
transferred to Corning 96-well plates. To minimiigt scatter during the
spectrophotometric readings, cells were plateddardottom, black (fluorescence) or white
(chemiluminescence) 96-well culture plates (Cordmg, Corning, NY) and examined with
a Molecular Devices (Sunnyvale, CA) Spectramax GefM (fluorescence) or Lmax Il
384 plate reader (chemiluminescence). Non-cytotexposure concentrations were
determined from measures of intracellular ATP takier 1, 6, and 18 hr exposure to P25
(2.5-120 ppm) using the CellTiter-Glassay. For all ROS measurements, P25 was
ultrasonicated (~1 min) in 10X stock concentrationsiBSS and exposed to the cells

immediately before spectrophotometric readings egten.

2.2.3 Probes. Fluorescent and chemiluminescent probes were chtosaeasure the
immediate generation of &, resulting from the oxidative burst and that raaglfrom
interference with mitochondrial ET®%). All probes were purchased from Molecular
Probes (Eugene, OR) except for the chemiluminestssay CellTiter-Gf® (Promega,
Madison, WI). The concentrations and incubatiomes for each assay were empirically
derived and are described in the figure legendsekoh fluorescent assay, cells, exposed to
the fluorescent probe (i.e., “loaded”), were wastvgti HBSS to remove any extracellular
probe from the cell’'s external environment. In Wiy, only intracellular levels of ROS were

measured. Because it has been reported that B2%egahoto-activated by visible lighaq),
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all cell culture procedures (probe “loading”, wasls, P25 exposures, etc.) were done under
darkroom "safe-lights”.

The production of intracellular @, generated from the oxidative burst was
measured at 3, 5 min intervals with Image-iT™ an8-45 min intervals with OxyBURS™T
H,HFF Green BSA. For Image-iT, cells were incubd&@min, 37°C) with 25 uM probe in
HBSS, washed and exposed to P25. Fluorescenceea@sled at 495/529 nm
(excitation/emission). For OxyBURST, cells wereuhated with 10 pg/mL (30 min, 37°C)
probe in reduced-serum media, washed and expogeebto Fluorescence was recorded at
508/528 nm. The production ok Oresulting from interference with the mitochondsi&TC
was measured using the mitochondrial specific #aoent probe MitoSOX™ at 20 min
intervals over a 0-120 min exposure. Cells wecallbated with 2 uM probe (10 min, 37°C),
washed, and exposed to P25. MitoSOX fluoresceraserecorded at 510/580 nm. Changes
in the mitochondrial membrane potential, an indicaff the membrane’s net charge, were
monitored with MitoTrackét Red over 20 min intervals. Cells were incubatétth @ nM
probe (10 min, 37°C), washed, and exposed to FRorescence was recorded at 579/612
nm. Intracellular levels of ATP, an index of cakbility, were measured at 1, 6, and 18 hr

post-exposure with a lucerifase-based chemilumerese assay, CellTiter-Glo

2.2.4 Satistics. All data were collected using SoftMax Pro 4.8 saitev(Molecular Devices,
Sunnvale, CA). Graphing and statistics were peréarmith either Excel 2003 (Microsoft,
Redmond, WA) or GraphPad Prism 4.02 (GraphPad aof{wSan Diego, CA). The mean
value (n=6) at each concentration was grapheddw shtime-course response. At least five

time points are depicted for each assay. Data mmab/zed using an unpaired two-tailed
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Student’s T-test to determine the lowest statiyicagnificant concentration relative to its
unexposed baseline control. The exposure conc¢emtftame point at which a statistically
significant difference was observed is indicatedrangraphs (*, p ©.05) and described in

the figure legends.

2.2.5 Transmission Electron Microscopy (TEM). BV2 cells, grown to 85% confluency in 6-
well Costar plates (Corning), were exposed to R#figles (2.5 ppm) in 1% reduced serum
DMEM for 6 and 18 hr. After exposure, cells werashed in warm HBSS to remove all
non-internalized particles and fixed overnight aidc4% cacodylate-buffered glutaraldehyde
(Poly Scientific, Bayside NY). Cells were centgid (1100 rpm, 5 min) and processed as a
pellet for TEM using standard procedur@g)( Polymerized blocks were sectioned at 500-

700 nm thickness and examined with a Philips CM#&2teon microscope.

2.3 Results and Discussion

2.3.1 Physicochemistry. The toxicity of nanosize particles has been astedtiaith several
physicochemical characteristics, such as thET specific surface area, the zeta potential,
and particle aggregate size. These properties megasured in cell culture media (DMEM)
and the physiological buffer (HBSS) used to exgbsecells. The MBET specific surface
area of P25 was measured at 52.7 + 3 @nd is consistent with the manufacturer’s data
and with previous report91, 92, 94, 98). The zeta potentials of P25, measured in DMEM
(pH=7.5) and HBSS (pH=7.6) were -11.6 + 1.2 mV &n@5 = 0.73 mV, respectively. The
negative surface charge at physiological pH (pH=76) was consistent with the commonly

reported isoelectric point of pi=6.4 for Degussa P29%, 94, 98). Degussa P25 is a
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mixture of the rutile and anatase forms of 7{@0% anatase / 30% rutile) with a reported
primary crystallite size of ~30 nmY). P25 rapidly aggregates in both HBSS and DMEM.
Both HBSS and DMEM are high osmolarity fluids wapproximate ionic strengths of 155
mM and 166 mM, respectively, and both contain laghcentrations of the monovalent

cations Naand K (160 mM) and the divalent cationsand Md* (2 mM). Aggregation
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Figure 2.1. Particle aggregation over time atougiconcentrations
of Degussa P25 Tidn HBSS (open symbols) and in reduced
serum DMEM (closed symbols). The steady stateeagie sizes
are reported in Table 2.1.

continued for 20-45 min after sonication (1 mimtila steady-state stable aggregate size
formed (Figure 2.1). The steady state aggregaeeiscreased from 800 nm to 2400 nm as
the concentration increased from 5 ppm to 120 ppablé 2.1). The size of P25 aggregates

was the same in both HBSS and DMEM as these fhadisnearly identical ionic strength
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and composition. The amino acids and serum praseatuced-serum DMEM (but not in

HBSS) did not significantly affect the rate of aggation or the size of the aggregates.

Table 2.1. Initial and steady state particle geoimetean hydrodynamic
diameter for Degussa P25 Tith HBSS or DMEM.

TiO, Dose Hydrodynamic Diameter (nm)
Concentration Initial Steady-state

5 ppm 500 + 3 826+ 69

10 ppm 590 + 3 1164+ 85

20 ppm 865 + 32 1284+ 57

30 ppm 992 +19 1316+ 68
80 ppm 1570 £ 20 2090+ 180
120 ppm 1350 + 30 2368+ 163

& Errors represent one standard deviation basedrepli8ate
measurements.

b Average particle size measured after reachinglgts@te (~30 min).
Error bars represent 1 standard deviation of thakees.

¢ Measured in DMEM.

During the 6, 18 hr exposure times described inrBk! studies, BV2 cells (which
adhere to the bottom of the cell culture plate/yv@lere exposed by particle diffusion or
sedimentation of aggregates. Such conditions aeacteristic of cell culture studies and
could produce higher particle exposures than taatribed by the concentratid®®]. The
sedimentation of P25 aggregates was measured isdoym media at 6, 18 hr exposure to
estimate the fraction of particles that settlecbdhe cells during the TEM exposure (Figure
2.2). By the end of the 18 hr exposure ~20% of tréigles remained suspended in reduced

serum DMEM. The higher sedimentation rate sedmgder concentrations is consistent

with larger sized aggregates formed at the higb&irdoncentrations of P25 (see Table 2.1).
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A correlation of P25 aggregate size (measured i8&)Band the concentrations/times needed

for significant ROS production is described in Bielogical Effects section below.

c/C,

0.0 . [ , — . .
0 200 400 600 800 1000 1200

Time (min)

Figure 2.2. Degussa P25 sedimentation over 18 hott8SS or
reduced serum DMEM at various concentrations. &uspns
were sonicated for 1 minute prior to introductiatoia cuvette.
Absorbance was linear over the range of conceatraiat the
wavelengths used£508 nm or 450 nm).

2.3.2 Biological Effects. O,” is an unstable molecule which is quickly redutethe more
stable and measurable®. Kinetic analysis of kD, production measured both an
immediate production of ROS as generated by theéatixie burst (Figure 2.3-A, 2.3-B) and
by later release caused by disruption of mitochi@h&TC (Figure 2.4-A). Microglia
responded to P25 (10 ppm) with rapid (< 3-5 min) concentration-degent formation of

H,0, as measured with Image-iT™ and OxyBURSFigure 2.3-A, 2.3-B). In contrast to
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Figure 2.3. The extracellular release o0 following P25
exposure was measured using Image-iT™ (A) and OBBU
(B). An asterisk marks the lowest concentrationiestrtimepoint
with a significant (p < 0.05) increase in fluoresce relative to
baseline, occurring at 3 min for Image-iT and 5 ffoin
OxyBURST.
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Figure 2.4. (A) Increases in,Owere measured by the fluorescent
probe MitoSOX™ Red. (B) Mitochondrial membranequial

was monitored with MitoTrack&Red. An asterisk marks the
lowest concentration/earliest timepoint with a gigant (p < 0.05)
increase in fluorescence relative to baseline, wrguat 60 min for
MitoSOX™ and 20 min for MitoTracker® Red.
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the rapid increases in,B, generated by the oxidative burst, significantaséeof ROS did
not occur until 60 min post-exposureZ0 ppm) as measured by MitoSOX™ (Figure 2.4-A).
MitoTrackef® Red is a potential-dependent dye. Increases ioTvickef Red staining
intensity indicate increases in the mitochondriambrane potential (i.e.,hyper-
polarization). The fluorescent MitoTracker molexgjlwhich are initially distributed
throughout the cytoplasm, accumulate on negatiglearged (anionic) membranes. The
increased fluorescence suggests a steady expaswentration-dependent accumulation of
net negatively charged,Owithin the mitochondrial membrane (Figure 2.4-B)is
plausibly resulted from P25'’s inhibition of onerore of the ETC enzymatic complexes
(Complex I, Ill). Depolarization of the mitochomalrmembrane is normally associated with
a reduction of membrane permeability, an openinp@imitochondrial transition pore, and
the initiation of necrotic or apoptotic pathways,(85). MitoTrackef’ Red did not indicate
membrane depolarization in response to P25. Tassupported by measures of
intracellular ATP (Figure 2.5) which were maintadreg all P25 concentrations throughout
the 120 min exposure period, confirming that allutar expressions of ROS release were
measured in actively respiring and viable micraglia

A correlation between the size of P25 aggreg#&iggi(e 2.2) and the “effective”
exposures (i.e., earliest time point and lowesteatration resulting in significant ROS
production) was examined. ROS generated from tieatxe burst (Image-iT™,
OxyBURST®) indicated that significant increases occurre8-8tmin in response 10
ppm P25. At this time and concentration, P25 aggeegize was ~750-800 nm. Significant
increases in ROS generated from the mitochondii&l Bccurred >60 min exposure, in

response tg¢20 ppm P25 as measured with MitoSOX™ probes. tttme and

20



400 - —a—18hr

—A—6 hr
S 300
°8 |
Q8
3 £ 200 -
=
cu'é
O
2 100 -
(&)
0 L} L} L} L} L} L} L} L} L} 1
S H 9 QO QN © O N O L
\)@o)q,. »'Lv@%@QQQ
v
o
v

Figure 2.5. ATP levels in BV2 cells measured bylGedr-Glo®
chemiluminescence. ATP levels remained stabld atedsured
time points, indicating that all ROS and TEM measuwvere
collected on viable microglia.

concentration, P25 aggregate size was ~1300 nm.reld@nship between “effective”
exposures and aggregate size should be routinedgumed in nanoparticle toxicity studies
since aggregate size can have a profound impattteocell’s uptake of particles and their
response to that uptake.

TEM indicated that after 6 hr exposure, P25 aggesgaere phagocytized in small
clusters and internalized within the microglia’saglasm where they aggregated into
electron-dense ~0.5-2 micron clumps (Figure 2.6 A, Bhe appearance of small (100-300
nm) and large (800-2000 nm) particle aggregatesoaasistent with the recorded particle
size distribution data (Figure 2.2). Phagocyteg.{(@nacrophages, microglia) preferentially
engulf particles in the 1-3 um rand@). In contrast, nanosize particles (<100 nm) aite n

phagocytized in the strict sense, rather, theyeagrilfed through other, non-specified
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mechanisms which involve electrostatic, van der /aad steric interactiond@1).
Ultrastructural evidence of swollen and disruptatbahondria lying in close proximity to
the aggregates of P25 was recorded after 18 hrsexpg@Figure 2.6 C, D). The appearance

of swollen mitochondria suggests that the mitochiahdhembrane permeability transition

Figure 2.6. Electron micrographs of BV2 microglipesed to P25. (A)
Quiescent microglia are large, 8-10 micron phago®glls with many oval-
shaped mitochondria visible in their cytoplasm) A& early (6 hr exposure)
response of microglia to 2.5 ppm P25 was the e&dlmor of numerous
pseudopodia which engulfed small groups of eleettemse particles (*). (C)
Within 18 hr post exposure, multiple vacuoles comitg P25 aggregates were
seen in proximity to pale-staining, swollen mitondda. (D) Higher
magnification showed swelling and disruption ofeohiondria lying in close
proximity to the aggregates.
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pore has begun to open and apoptotic or necrgimats initiated 85, 86). Still, the
microglia remained viable in response to P25 exfsince ATP intracellular levels
showed no measurable reductions even after 18dusexes (Figure 2.5).

In summary, these data demonstrate that nanos@#&ficles stimulate microglia to
produce ROS through the oxidative burst and thrantgrference with mitochondrial ETC.
Nevertheless, the microglia remained viable at@ticentrations of P25, in keeping with
their known resistance to ROS damagfe 102). Whether the microglia’s release of ROS
translates into neuronal damagesitu is not addressed in this study, but pilot datacimte
that P25 stimulates apoptotic pathways in culturegrons at concentrations >20 ppm after
24 hr exposurel(Q3). In contrast to earlier report¥0d, 105), but in agreement with others
(27), photo-activation of P25 does not appear necgssatimulate ROS in microglia.

Certain physical characteristics (e.g., surfacegeasize, and surface area) of
“incidental” nanosize particles such as airborngipaate matter (PM) are known to
influence their toxicity. It is plausible that siar physical properties of engineered
nanoparticles could affect biological targets tigio®S or more novel toxicity pathwayis/(
106, 107). Defining the causal mechanism(s) linking thplgsical properties with their
biological effects should be a primary focus of siamicity studies. Studies on the
inflammatory toxicity associated with nanosize jgathte matter offer some insights into
possible mechanisms. Nanosize PM particles agpeaediate toxicity through OS
pathways. The pulmonary inflammation associatdd their inhalation has been related to
the large surface area of the ultrafine particlegctvexposes a high number of reactive
groups on the particle’s surfad®¥( 108). PM inflammation has also been correlated with

the negative surface charge carried by the PMgbarti09). Polymodal, sensory receptors
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embedded in the membrane of microglia and macragshare possible target sites that could
react to negatively charged nanoparticles. Fomge, the activation of TRPV1 vanilloid
sensory receptors by the negative surface charged¢an PM patrticles stimulates OS
inflammatory pathways and the subsequent releasglaimatory cytokines from both
respiratory epithelial cellsl{0) and BV2 microglial11l). Scavenger receptors, found on
microglia and macrophageklQ), are also sensitive to repeating patterns ofgentirat may

be found on ordered crystalline metal oxide nantgas. Such receptors have been
implicated in mediating cytotoxicity in alveolar oraphages exposed to Ti(113). In the
present study, the negative zeta potential of R26gtes and the ordered arrangement of
charged Osites on their surface could be activating eitiipe of receptor and subsequent
OS pathways in the microglia. Future studies wfiraine the causal relationship between
the surface charge of nanoparticles and OS medeateats in neurons and other cell types to
better understand how the physical properties digbes interact and activate biological

systems.
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3. NANOSIZE TITANIUM DIOXIDE STIMULATESREACTIVE OXYGEN
SPECIESIN BRAIN MICROGLIA AND DAMAGES NEURONS, IN VITRO"
3.1 Introduction

The increased use of engineered nanoparticles adicaleagricultural, industrial,
manufacturing, and military sectors raises legitem@ncerns as to their adverse effects on
environmental and biological targel$éanosize titanium dioxide (TiK)isused in a variety of
consumer products (e.g. toothpastes, sunscreesragtios, food productsp9),
manufacturing, paints and surface coatirgf§ é&nd in the environmental decontamination of
air, soil, and waterl@). Such widespread use and its potential entryghaermal,
ingestion, and inhalation routes suggest that naed$0, could pose an exposure risk to
humans, livestock, and eco-relevant species. Aihaarlier studies have reported equivocal
toxicity in experimental animals exposed to diffgrparticle sizes and formulations
(nanosize, pigment grade, and surface coai)) ihore recent studies clearly indicate TiO
toxicity in eco-relevant species (i.&.,coli, daphnia) $0) and mammals3Q, 32). Numerous
in vitro studies have reported OS-mediated toxiicityarious cell types2{/-29, 73, 78, 114).
However, the response of nerve cells to nanosi@e fas not been investigated in vitro or in
vivo, outside of a companion studilp).

Because of their size and unusual properties, ratioles can enter the body and
cross biological barriers relatively unimpeded. &aVstudies have reported that inhaled or

injected particles enter systemic circulation GwInumbers) and migrate to various organs

“Long, T.C.; Tajuba, J.; Sama, P.; Saleh, N.; Swat; Parker, J.; Lowry, G.V.; Veronesi, EEnviron.
Health Perspect. 2007, do0i:10.1289/ehp.10216.



and tissues36-37) where they could accumulate and damage orgaaragdhat are
especially sensitive to oxidative stress (OS). Bitan is one such organ, being highly
vulnerable to OS because of its high energy demdoddevels of endogenous scavengers
(e.g., vitamin C, catalase, superoxide dismutase, @ad high cellular concentration of OS
targets (i.e. lipids, nucleic acids, and proteiR®gcent experimental studies indicate that
nanoparticles can cross the blood-brain bar88) &nd enter (in low numbers) the central
nervous system (CNS) of exposed animaks 88).

In the brain, OS damage is mediated by the miapglimacrophage-like, phagocytic
cell that is normally inactive unless confronteddmyentially damaging xenobiotics. Their
immediate and characteristic response (i.e., “dkiddurst”) to foreign stimuli involves
cytoplasmic engulfment (i.e., phagocytosis), amaase in metabolic activity, and a change
in cell shape, size and proliferatiof8]. The NADPH-oxidase driven “oxidative burst” can
be monitored by the immediate production and rel@dsuperoxide anions £Q that
convert to multiple ROS such as hydrogen peroxiti©§), hydroxyl radicals, and
peroxynitrites. The excess,Carising from the oxidative burst can diffuse frtime
microglial plasma membrane and damage the protigiids, and DNA of neighboring cells,
especially neurons. Current thinking indicates thatroglial-generated ROS underlies
neurodegeneratiod®). Although the oxidative burst is the major sount&OS in the
activated microglia, @ is also generated as a by-product of normal maondhal energy
production. This results from the inefficient tréer®f electrons along the electron transport
chain (ETC) 45). The levels of @ generated from the ETC are relatively low and

efficiently neutralized by matrix-located antioxidanzyme systems (i.e., endogenous
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scavengers). However, the levels of ETC-generateddd increase significantly if one or
more of the enzymatic complexes in the ETC is iédd

To examine the possible neurotoxicity of j@erve cells critical to the
pathophysiology of neurodegeneration (i.e., mideggleurons) were exposed to a
commercially available nanomaterial, Degussa P25.BVi2 microglia is an immortalized
mouse cell line that responds to pharmaceuticaitagparticulates, and environmental
chemicals with characteristic signs of G8B,(89). Its biochemical, morphological and
genomic response to P25 exposure was examined présent study. Since certain neuronal
populations (such as dopaminergic (DA) neuronsdaarthe brain striatum) are especially
vulnerable to OS1(16), the neurotoxicity of P25 was studied in the N&7 jmmortalized rat
DA neuronal cell lineX17) and complex CNS cultures of embryonic rat stnatwhich
contains high numbers of DA neurorid ). Throughout the study, the physicochemical
properties of P25 were described under exposureittoms that paralleled the biological

response of these cells.

3.2 Materialsand Methods

3.2.1 Physicochemical Characterization. Commercial grade, nanosize Degussa P25 is a
mixture of the anatase and rutile forms of 7{@0% anatase/30% rutile). Anatase is the
preferred form for use in catalysis due to its erdea redox activityl19). Several
physicochemical properties of nanosize particleh ss zeta potential (i.e., surface charge)
and particle aggregate siZE(, 121) have been associated with toxicity. A companioial\s
measured the effect of P25 concentration on agtgeige in physiological buffer and

culture mediall5). In the current study, the aggregate size aral petential of P25 at a
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median concentration (20 ppm) was studied undeditons (vehicle, time point,
temperature) that paralleled the biological respoRfiysicochemical properties of P25 (20
ppm) were measured in Hank’s Basic Salt SolutioB8) at 25°C over a 120-min period to
parallel the exposure parameters of ROS releasrciroglia. Measures were also taken in
low serum (1%) culture media (RPMI 1640) at 37°@ro48 h to parallel the neurotoxic
response of N27 neurons. A Zeta Sizer Nano ZS (dMalMnc., Southborough, MA) was
used to measure the hydrodynamic diameter (sizépb6fusing the intensity-averaged
distribution and the electrophoretic mobility of3?&as used to calculate its zeta potential

using the Helmholtz-Smoluchowski equation.

3.2.2 Céll Culture. Immortalized mouse BV2 microglia and rat N27 megghalic neurons
were grown, respectively, in Dulbecco’s Modifiedgiess Medium (DMEM) or RPMI 1640
medium that was supplemented with 10% Fetal Calir8gFCS) and 1% Penicillin
Streptomycin (ATCC, Manassas, VA). Neurotoxicitydies, with exposure times ranging
from 3-72 h, used low (1%) serum RPMI 1640 exposoeeia. Tissue plugs of embryonic
rat (Sprague-Dawley) brain striatum were purchdBedinBits™, Springfield, IL,

http://www.brainbitsllc.cohand upon receipt were triturated and plated dy-pelysine-

coated 96-well plates (Nalge Nunc Internationalch&ster, NY) in Neurobasal/B27 media

(InVitrogen, Carlsbad, CA).

3.2.3 Assays. Fluorescent and chemiluminescent probes were chiosaeeasure thehanges

resulting from the oxidative burst and interferemgth mitochondrial ETC (Invitrogen Corp.

2005).The immediate production of intracellulag® generated from the oxidative burst
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was measured in BV2 microglia with Image-iT™ LIVEe8n, a dichlorodihydrofluorescein
diacetate-based compound that reacts with intideelésterases and fluoresces in the
presence of ROS. BV2 cells were incubated (3Q B84AC) in 25 uM Image-iT™ LIVE
Green, washed, and exposed to P25. The produdtiOg @esulting from interference with
the mitochondria’s ETC was measured by incubateily in 2 pM MitoSOX™ Red (10
min, 37°C), washing, and exposing to P25. The litgland cytotoxicity of neuronal (N27)
cultures were monitored using a lucerifase-badeeinduminescence assay that measures
intracellular levels of ATP (CellTiter-GR). Increases of caspase activity, an index of
apoptotic entry, was measured in both BV2 microglid N27 neurons with Caspase-&lo
3/7. Loss of nuclear material (i.e., cytotoxicityas measured with Hoechst 33342
(InVitrogen), a fluorescent probe that binds torade-thymine-rich regions of double-
stranded nuclear DNA and indicates apoptotic Iésaiolear material (Oancea et al. 2006).
All fluorescent probes were purchased from MolecBl@bes (Eugene, OR) except for the
chemiluminescent assays, CellTiter-&&nd Caspase-Gld&3/7 (Promega, Inc., Madison,
WI).

For exposures, P25 (2.5-120 ppm) was ultrasoniqateanin) in 10X stock
concentrations in either HBSS or low serum exposugdia. For ROS measuremernmtsi|s
were exposed to the fluorescent probe (i.e., “ld8dend washed with HBSS to remove any

extracellular probe from the cell’s external enmimeent.

3.2.4 Genomics and Bioinformatics. BV2 microglia were exposed (n = 3 wells/treatmeamt)

6-well plates to P25 (20 ppm) for 3 h. Total RNAsatracted using TRIzol reagent

(InVitrogen), purified, and its concentration detémed using a NanoDrop ND-1000
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Spectrophotometer (Wilmington, DE). Large-scalegganalysis was performed by
Expression Analysis (Durham, NC) using the AffymeMouse Genome 430 2.0 GeneChip
oligonucleotide array (Affymetrix, Santa Clara, OAfich measures approximately 39,000
transcripts. Target was prepared and hybridizedrdang to theAffymetrix Technical

Manual (www.expressionanalysis.com

Affymetrix CEL files were analyzed using GC-RMA (Ve al. 2004) for array
normalization and estimation of probe set inteasitSignificance analysis of microarrays
(SAM) (122) was used to identify genes differentially expeesbetween P25-treated
samples and the media control. Significantly défegrup- and down-regulated genes were
analyzed by Ingenuity Pathway Analysis (IPA) sofevéingenuity Systems, Redwood City,

CA, http://ingenuity.com/index.hthto determine p-values associated with Core caabni

(metabolic and signaling) pathways and Tox Solytenich identifies relevant toxicity
phenotypes and clinical pathology endpoints. Prefsethat related to OS genes were
analyzed separately using an IPA master list. @he of list genes to pathway genes is
presented along with the Fisher exact test p-v&tathways above a p-value threshold of 0.1

were discarded.

3.2.5 Immunohistochemistry (IHC) and Morphometry. Cultures were fixed for 30 min in
3.7% paraformaldehyde, blocked with a mixture of RSA, 0.4% Triton X-100, and 4%
normal horse serum (20 min, room temperature, B1d,incubated in a 1:200 dilution of
monoclonal mouse anti-human, neuron-specific eedldSE) for 30 min at RT (Dako Inc.,
Ft. Collins, CO). Visualizaton with streptavidinlifawed protocol of the LSAB 2 System-HP

kit from Dako. IHC stained striatal cultures weraklyzed morphometrically for neuronal
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loss. Six (10X) photographs of each well (n = 2ftneent) were taken using a Nikon TE300
inverted microscope and a cooled-frame CCD cantrea(l, Hamamatsu, Inc.). Each
digitized image was analyzed using MetaMorph 7fasoe (Molecular Devices).
Populations of control, NSE-stained neurons weneritd” according to size and shape
parameters using the Integrated Morphometric Amaly®de. The total area of NSE-stained
figures (cell bodies with attached axons) thatuethin these parameters was calculated and
compared to cultures treated with P25 (5 ppm; 64 ®ata were collected in Excel 2003
(Microsoft, Redmond, WA) and transferred to GraghPasm 5 (Graphpad Software, Inc.,

www.graphpad.com, San Diego, CA) for graphing ef tirstogram.

3.2.6 Light (LM) and Transmission Electron Microscopy (TEM). For TEM examination, cells
were exposed in 6-well plates to P25 particlespf@®) for 3 h. After exposure, cells were
washed in warm HBSS to remove all non-internalizadicles and fixed overnight in cold
2.5% cacodylate-buffered glutaraldehyde (Poly SdienBayside NY). Cells were
processed for TEM using standard procedu®@sgnd examined with a Zeiss LEO electron
microscopelLM preparations were examined as toluidine blaenstd 1pm epoxy sections

or in unstained glutaraldehyde-fixed samples. Bgpes of LM samples were photographed

with a Nikon TE300 inverted microscope.

3.2.7 Satistics. Spectrophotometric data were collected using SoftMi@ 4.8 software
(Molecular Devices). Graphing and statistics weyeedusing Excel or GraphPad Prism 5.
The mean response value (n = 6) of each concemtra@atment was calculated. Data from

several time intervals were normalized to showreetcourse response. Data were analyzed
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using a one-way ANOVA with Dunnett’s Test to deterensignificanceg < 0.05) relative to
its unexposed control. Error bars representingthedard error of the mean are presented
for data that are significantly different from tbentrol. The earliest time point and lowest

concentration at which a significant difference waserved is indicated by an asterisk.

3.3 Results

3.3.1 Viability of BV2 Microglia. Measures of kD, released from both the oxidative burst
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Figure 3.1. Response of BV2 cells to P25 expogdet,O, released by the
oxidative burst as measured by Image-iT™ LIVE Gre&dandard error bars
indicate significance, and the asterisk indicabesldéwest concentration and
earliest significant response. (B) Mitochondrigbstoxide generation measured
by MitoSOX™ Red. (C) Caspase 3/7 activity, an iatlic of apoptosis. (D)
Apoptotic loss of nuclear material measured witleétst stain.
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and inhibition of the ETC were collected. BV2 naiglia responded to P253a60 ppm with

a rapid (1-5 min) release ot8, as measured with Image-iT™ LIVE Green (Figure 8)1-
Significant release of © as measured by MitoSOX™ Red first occurred at 80im

response te 100 ppm P25 and only responded to concentrattd@@®ppm after 70 min
exposure (Figure 3.1-B). Significant increase€aspase 3/7 activity, which signal the cell’s
entry into apoptosisib), were first measured at 6 hr in response 40 ppm P25 and
remained at this level by 24 hr (Figure 3.1-C). B3élls showed reduced nuclear staining in

response tg 100 ppm P25 after 24 h ard2.5 ppm P25 after 48 h exposure as measured by

b

g.

Figure 3.2. Light (A, B) and transmission elect(@y D) micrographs of BV2 microglia
exposed to 20 ppm P25. (A) Toluidine blue stain®@ Bicroglia, 3 h exposure. (B)
Unstained, fixed cells exposed to P25 for 48 h.ICBV2 exposed to P25 for 3 h.
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Hoechst dye (Figure 3.1-D). LM examination of BVZmglia exposed to P25 (20 ppm)
indicated that they internalized aggregates of iRZsnall clusters by 3 h exposure (Figure
3.2-A) and by 48 h responded with fragmented catlolembranes and numerous condensed
nuclear figures, suggestive of apoptosis (Figu2eBj. Ultrastructural examination of the

BV2 microglia indicated phagocytic internalizatiohthe P25 (20 ppm, 3 h) (Figure 3.2-C)

and swollen, disrupted microglia in the vicinitytbkese aggregates (Figure 3.2-D).

3.3.2 BV2 Genomics and Bioinformatics. SAM identified 1755 probesets that were
differentially expressed (1195 up-regulated, 56@mtoegulated) in P25-treated cultures
relative to medium controls. Core analysis with liRdicated that the up-regulated genes
were clustered around signaling pathways involvet ®&-cell receptor (gene transcription
in the immune response), the death receptor (TK&pter family; apoptotic initiating
pathways; caspase activation), apoptosis, calcnomrdlammation (NF<B). Up-regulated
cell cycling and maintenance pathways included BRKPK signaling (growth factors for
cell proliferation, differentiation, migration, suval, and fate) (Figure 3.3-A). Analysis of
the up-regulated genes using the toxicity pathveayure of IPA indicated major pathways
associated with inflammation (N€B), cell cycling, oxidative stress (peroxisomes) @no-
apoptotic activities (Figure 3.3-B). The down-reggall pathways associated with P25
exposure included several that were associatedaddiptive change (e.g., B Cell receptor,
ERK/MAPK) and energy production (glycolysis, gluemgenesis, oxidative
phosphorylation) (Figure 3.4-A). Toxicity analysanslicated that pathways triggered by

response to low oxygen availability (i.e., hypoxiducible factor), peroxisomes, and NRF-2
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mediated oxidative stress were also downreguld&ignife 3.4-B). IPA core analysis of OS

genes affected by P25 indicated that key enerdyyaats involving oxidative
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Figure 3.3. Pathways significantly associated wighregulated genes following
exposure of microglia to P25 (20 ppm, 3 h). Ratjoresents the fraction of total
pathway genes that were identified as up-reguld@f&dPA core metabolic and
signaling pathways. (B) IPA toxicity pathways.

phosphorylation, biosynthesis of ubiquinone (inealvin shuttling electrons in the ETC) and

the citric acid cycle were primarily down-regulatgdigure 3.5-A). Toxicity pathway
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analysis indicated that P25 OS related genes wetasevely clustered around pathways

associated with mitochondrial dysfunction (Figurg-B).
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Figure 3.5. Pathways significantly associated wiltative stress genes following
exposure of microglia to P25 (20 ppm, 3 h). Ragjoresents the fraction of total
pathway genes that were differentially expressadioroglia. (A) IPA core
metabolic and signaling pathways. (B) IPA toxigigthways.

3.3.3 Neurotoxicity. The direct (in the absence of microglia) neuratiyiof P25 and that
mediated by microglia-generated ROS was addresssgkctively, in isolated rat DA
neurons (N27) and in primary cultures of rat stmiat P25 increased intracellular levels of
ATP in N27 beginning at 1 (80 ppm) and continued over 4840 ppm) (Figure 3.6-A).
Caspase 3/7 activity, an indicator of apoptosgnificantly increased at both 24 h and 48 h

exposureX 40 ppm) (Figure 3.6-B). Apoptotic damage to isetalN27 neurons, using
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Figure 3.6. Response of N27 neurons to P25 expogA)eATP levels in N27
neurons following exposure to P25. (B) Caspaseiacin N27 neurons in response
to P25 exposure. (C) Hoechst nuclear staining af hN&urons after P25 exposure.
(D) Transmission electron micrographs of N27 nesrexposed to P25 (20 ppm, 3
h). An amorphous substance was seen within theoleg(inset).

Hoechst 33342 nuclear stain, was not seen evenaait2 h exposure to P25 (2.5-120 ppm)

(Figure 3.6-C).

Ultrastructurally, both nanosized and large aggegaf P25 were seen in the N27

cytoplasm after 3 h exposure to P25 (20 ppm). B@begates were randomly located
thoughout the neuronal cytoplasm (Figure 3.6-D) appkeared to be encased in membrane-

bound vacuoles (Figure 3.6-D, inset). No eviderfgghagocytosis or pinocytosis (i.e.,
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elaboration of pseudopodia) was observed, suggestat the particles impacted the cell
body by sedimentation. In contrast to the disruterhnelles noted above in BV2 microglia,
mitochondria appeared ultrastructurally normahi@ N27 neurons, in spite of their close
proximity to P25 aggregates.

IHC stained cultures of rat brain striatum, exposeB25 (5 ppm) were photographed

(Figure 3.7-A-D) and analyzed morphometrically. R&ssindicated that the total area of

Vil g )ﬁ‘ :

pm 48 hr

A =

Figure 3.7. Light micrographs of immunohistochertjcstained primary cultures of
embryonic rat striatum. (A) Untreated confluentterds containing neurons and glia. (B)
Axonal beading and cellular granularity were seeparly as 6 h post-exposure. (C) Evidence
of apoptosis (circles) was documented by 24 h.Gbnplete disruption and loss of cellular
integrity was noted by 48 h post-exposure to 5 p2%.
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NSE stained neurons was reduced by 14% after bgxpbsure and by 19% after 24 h

exposure (data not shown).
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Figure 3.8. Size and zeta potential measuremer® ppm P25
in HBSS (A) and RPMI media (B) at times that paiak the
exposure times for the biological responses. Opeargs,
aggregate size; open triangles, zeta potential.
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3.3.4 Physicochemistry. The aggregate size and zeta potential of P25 (80 pere

measured in relevant exposure vehicles (HBSS, RRMijne points that paralleled the
biological response (Figures 3.8-A, 3.8-B). In HB8t& hydrodynamic diameter of P25
aggregates ranged from 800 to 1900 nm (30 mindawedeased to 770 nm (2 h) as the larger
aggregates settled from solution. The zeta poteritia25 (20 ppm) in HBSS (pH = 7.6)
ranged from -9.78 to -13.8 mV after 2 h (25°C) (F&3.8-A). In low-serum RPMI exposure
medium, P25 quickly aggregated but remained redbtistable in suspension (300-350 nm)
over the 48 h exposure period. The zeta poterarajed from -8.54 to -10.1 mV over 0-48 h

(37°C) in low-serum RPMI media (Figure 3.8-B).

3.4 Discussion

The present data indicate that Degussa P25 stiesuBY2 microglia to release ROS
and affects genomic pathways associated with gellng, inflammation, apoptosis and
mitochondrial bioenergetics. Adaptive pathways saElERK/MAP kinase signalind Z3)
were differentially affected, indicative of atterapib adjust to the exposure conditions. The
significant association of differentially expresggghes with the biosynthetic pathway for
ubiquinone, which functions as an electron cainghe mitochondrial ETC and also acts as
an antioxidant124), and with nitochondrial bioenergetic pathways involving oxigat
phosphorylation and glycolysis may reflect highdisvof ROS and ultimately OS in the cell
(45). P25 appeared to be non-toxic to isolated DA neu(bi27) even after 72 h. However,
when examined in primary cultures of brain striatwmch contain microglia, neuronal loss
occurred by 6 h in response to only 5 ppm. Thit ghdose-response, coupled with cellular

and genomic evidence of P25'’s effect on inflammatord apoptotic pathways and
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disruption of energy pathways in BV2 microglia, gagt that the potent neurotoxicity of P25
seen in complex cultures was mediated though mlierggnerated ROS. Apoptosis is a type
of OS-mediated cell deathd5). The microglia’s release of.B, from the oxidative burst

and ETC, if excessive, can activate caspase 8tauldwnstream effectors caspase 3/7,
inducing apoptosis though “extrinsic” cell degththways 85). Stimulation of

mitochondrial apoptotic pathways (e.g. caspase8és) noted biochemically and by gene-
expression analysis in BV2 microglia, and apoptotarphology was shown in both isolated
BV2 microglia and in cultures of striatum. Thes¢adadicate that OS-mediated apoptosis
played a signature role in P25 neurotoxicity.

Ultrastructurally, the phagocytosis of P25 aggregdity BV2 microglia and the
strong association of mitochondrial disruption vitlllese aggregates have been previously
reported {15). Fractal aggregates can maintain their largeasarérea, sharp crystallite
edges, and other characteristics of individual panicles 7). Membrane-bound P25
aggregates were also seen within the N27 cytopleswever, no morphological evidence
of phagocytosis, pinocytotosis or endocytosis wasdah Because of this, the possibility that
P25 aggregates sedimented from the exposure mextitorthe cells and became
incorporated into cytoplasmic lysosomes cannotdoctuded. Nanosize particles were also
documented lying free in the neuronal cytoplasne iifanner by which such nanoparticles
enter the cell cytoplasm is still a matter of dssion and is thought to involve mechanisms
distinct from phagocytosis and endocyto8){ also, no effect of surface charge or particle
composition was seen in entry of nanoparticles ratl blood cellsi26). However, particle

agglomeration may reduce translocati©g7).
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The biological interactions of nanoparticles argoagated with physical properties
such as surface area, particle shape, zeta potemthaggregate siz&20). For valid
interpretation of nanopatrticle toxicity data, theseperties must be determined under
conditions that parallel the biological exposuidsese data indicated that the exposure
conditions (i.e., vehicle, temperature) signifiédgmbodified P25’s particle size and zeta
potential which could affect its interaction witlological systems and its ultimate toxicity.
Particle (or aggregate) size determines if a daréaoters the cellular environment though
ROS-producing phagocytosis, through endocytosispore undefined mechanisni2§,

129). The surface charge or zeta potential of a daréffects its aggregation in solution and
its behavior in an electric or ionic field. The e charge of a particle also determines its
interactions with specific biological receptorslyPaodal receptors located in the cellular
membrane of microglia and macrophages (e.g., TRRME;1 etc.) are sensitive to protons
(i.e., charge) or repeating patterns of chad@e 112, 130) like those found on crystalline
metal oxide nanoparticled he activation of these receptors triggers varsigsal
transduction pathways that determine the cellisnalte fate Scavenger receptors have been
implicated in mediating the cytotoxicity of alveol@aacrophages exposed to FiQ13).
Studies have also shown that TRPV1 receptors Idaateat primary microglia stimulate
OS-mediated apoptotic cell deaflBl). The role of these receptors in mediating P25
apoptosis in BV2 microglia is currently being exaed using pharmacological and
electrophysiological endpoints.

In summary, this study describes the in vitro neaxicity of a widely used nanomaterial,
P25. This material appears to be non-toxic to tedl&N27 neurons but stimulates BV2

microglia to produce ROS and damages OS-sensiéueons in cultures of brain striatum.
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4. TOXICITY TO ESCHERICHIA COLI AND CORRESPONDING GENE
EXPRESSION PROFILESFOLLOWING EXPOSURE TO ZERO-VALENT IRON
AND T10, NANOPARTICLES"

4.1 Introduction

The enhanced properties of manufactured nanomigtegiative to those of their bulk
counterparts has driven much research into th@iusanotechnology in pharmaceuticals,
materials science, consumer products, and envirntahapplications. As of July 2007, more
than 500 consumer products claiming to incorponatetechnology were on the market
(132). Environmental uses are another growth areadoptechnology, with development of
applications in sensing, drinking water treatmaitdecontamination, and remediation of
contaminated soil and groundwatéy 133-137). As research and development on
nanotechnology continues, accompanying risk rebeaiit be critical for environmental
protection and for public acceptance of these teldgies (20, 138).

Two of the most widely used nanomaterials at prefegrreatment and remediation
are zero-valent iron (ZVI) and TgOMicron-sized particles of both of these materiase
been widely used, and nanosize versions are beuwsgtigated as improvements due to
increased surface area and catalytic abiliB9). Nanoscale ZVI has been applied at more
than 20 pilot- and field-scale sites since 200lifeatment of chlorinated solventy,(and is
being evaluated for treatment of arsenic and atiedals g, 3), polychlorinated biphenylgi(
134), and nitrate-containing compounds such as murstf). ZVI acts as a reductant in the

environment, and correspondingly oxidizes to foragmetite (FgD,) and other iron oxides.

“coauthored with Ambrose, W.: Swartz, C.; and Aitki!.D.



These oxides have less reducing power, althougthytiatactivity can occur on their surfaces
(140). ZV1 is typically injected into the subsurfaceaslurry and has limited mobility,
adsorbing to mineral surfaces close to the injecsite at length scales of centimeters to
meters §). Rapid agglomeration is observed for ZVI, as waither nanoparticles, but the rate
is enhanced due to magnetic effeds Efforts are underway to increase mobility and
targeting of non-aqueous-phase contaminants bgsarhodification of ZVI§, 9). Despite
agglomeration of unmodified ZVI, nano-scale feasuséthe aggregates are still observable
(7.

TiO, has been used for photocatalytic application®mhination with UV light to
oxidize contaminants in air, drinking water, and §t0-13). TiO, acts as a semiconductor
when irradiated with UV light of sufficient ener@yavelength >380 nm) to dislodge
electrons from the crystal structure. These elestroay recombine or form reactive oxygen
species (ROS), which are available for redox reastwith inorganic and organic pollutants
(14, 15). Of the two primary crystalline forms of Ts@h commercial use (anatase and rutile),
anatase is the more photoactive. Doping of,M@h other elements such as nitrogen is
being pursued to expand the photocatalytic activity the visible rangelg). Catalysis in
the absence of light activation is greatly redusedegligible.

Several investigators have begun to explore thieitg>of nanoparticles, including
ZV1 and TiG,. The toxicity of ZVI or its oxidation product magfite has been examined in
mammalian cells1Q, 20, 141), but no published reports are available on naadestVi
toxicity to bacteria or other organisms in the emwment. TiQ, one of the most studied
nanoparticles, has been found to exhibit mammadiicity in vitro (27, 29, 115) and in

vivo (30, 32), possibly through inflammatory responses andwdtation of macrophages to
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produce ROS. In species that do not possess tegisense mechanisms, i3 less toxic in
the absence of light than other oxide nanopartslefh as MgO and ZnO, which can disrupt
microbial membranes38, 50, 58). Toxic effects on bacteria have also been obsime
other types of nanoparticles, such as fullereB®&s56), which can be mitigated by surface
derivatization §9). Of the limited evidence available, it appeai tharticle composition, as
well as charge and other surface properties, affiecbiological response to nanopatrticles.
The present study was designed to extend the rdsearpotential effects of
commercially available ZVI and Tihanoparticles to microorganisnis.coli was chosen as
the target species because its physiology is weletstood and because whole-genome
microarrays are commercially available Ercoli. The toxicity toE. coli was evaluated for
up to 500 parts per million (ppm) ZVI and up to AQfpm TiQ. Gene expression profiles of
E. coli were then obtained with whole-genome microarrdigs axposure to sublethal doses
of each type of nanopatrticle, and the results wermborated with other biological
endpoints (mutagenicity and respirometry). Electroaroscopy was used to examine the
localization of nanoparticles in exposed cells, phgsicochemical properties of the
nanoparticles were measured in the presence ard@bsf cells to characterize their
agglomeration state and charge in biological methamy knowledge, this is the most
comprehensive investigation of effects of environtally relevant nanopatrticles on bacteria

conducted to date.

4.2 Materialsand Methods

4.2.1 Physicochemical Characterization of Nanoparticles. Nanoscale ZVI was obtained from

Toda Kogyo (Hiroshima, Japan) in Februrary 2007 (lo. 061203) and stored in an
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anaerobic chamber (1%Hoalance BY). Single-use aliquots were prepared in the chanmber
1.8-mL crimp-cap vials to limit ZVI oxidation. Thegarticles have a core-shell structure,
with a core of Feand a magnetite shell (§). The physical and chemical properties of
nano-ZVI have been published (134, 142). The manufacturer reported a primary particle
size of 28 nm and a BET specific surface area ahZ. The iron content was measured to
be 38%. Just prior to use, the slurry was sonicatetdiluted 100-fold in phosphate-buffered
saline (PBS, Gibco) to yield a 3.3 g/L stock susp@m This stock was further diluted to
make 2X working suspensions, which were sonicatédfin) prior to bacterial exposure.

Nanoscale TiQ(Degussa P25) was obtained as a powder from Da@lmp.
(Frankfurt/Main, Germany). The manufacturer reptmescrystal composition of P25 to be
approximately 70% anatase and 30% rutile, withimgny crystallite size of 20-30 nm. The
BET specific surface area of P25 was previouslysuesl to be 53 fig (115). Working
suspensions (2X) were prepared in PBS and soni¢alechin) prior to bacterial exposure.

Particle size was measured by dynamic light scaffeising a Zetasizer Nano ZS
(Malvern, Southborough, MA). Both ZVI and Ti@rmed aggregates that settled to the
bottom of the culture tube during incubation/shgkiBamples of the suspension, which
included visible bacterial turbidity as well as@oindicating the presence of ZVI or TiO
were removed after 1 h exposure and analyzed fticlgesize. Size values are reported as
the intensity distribution. Particle size was ats@asured in the absence of bacteria at t=0
and after 1 h shaking to mimic exposure conditi&gtectrophoretic mobility measurements
by the ZetaSizer were used to calculate the zdtnpal of these suspensions with the

Helmholtz-Smoluchowski equation.
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4.2.2 Bacterial Cultures. Escherichia coli strain MG1655 (also referred to Bscoli K-12)

was obtained from the American Type Culture Coitec{Manassas, VA). Strain K-12 is a
laboratory strain that has been used as the referfenE. coli genome sequencin@43). E.

coli strains WP2ivrA/ pKM101 (designated strain IC188) and its derwatleficient in the
OxyR protein, WP2ivrA oxyR/ pKM101 (designated strain 1C203) were kindly pdad by
Dr. Manuel Blanco of the Prince Phillipe Researtstitute (Valencia, Spain). These
tryptophan auxotrophs are the basis of a reverdation assay similar to the Ames
Salmonella assay for detecting the effect of ROS on promodibmutagenesis. OXyR is a
transcription factor that enhances the expresdi@mtioxidant enzymes such as catalase,
alkyl hydroperoxidase, and glutathione reductddd)( and its deficiency in strain IC203 is
responsible for increased reversion rates relatistrain IC188 under conditions that lead to
oxidative stress. Strains were re-isolated prigete@rsion experiments according to standard
protocols 145) on Luria-Bertani (LB) agar plates containing aailpn; for strain 1C203,

plates were supplemented with 200 units of catalas@hance growth.

4.2.3 Viability Assays. E. coli K-12 was grown overnight (~16 h, 37 °C, 250 rpmi/i@
minimal salts supplemented with 2 g/L glucose txhean Olgyo of approximately 1
absorbance unit. Cultures were exposed to nanofegrthy mixing with an equal volume of
2X suspension (treated) or PBS (controls). Expasétires were shaken and incubated in
the dark for 1 h (37 °C, 250 rpm). After exposui@, dilutions of the cell suspensions were
plated on M9-glucose plates (15% agar), incubated8 h at 37 °C, and counted for
surviving colonies. Cultures were plated in dugkcand each experiment was repeated at

least three times. Statistical significance oflpdwalues from all experiments was
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determined by one-way ANOVA with Dunnett’'s multiglemparison test.

4.2.4 Reversion Assays. Overnight cultures (14-16 h) of strains 1IC203 #Ddi88 were
inoculated from frozen stocks and grown at 37 °“@€ghnaking) in Nutrient Broth No. 2
(Oxoid Ltd, Hampshire, UK) containing 25 pg/mL awifin. Pre-existing mutants were
counted by plating 0.1 mL of overnight culture ommal E4 plates (no tryptophan)
containing 15 g Bacto-agar and 4 g glucose peardit&/ogel-Bonner E mediunilgs).
Cultures were exposed to nanopatrticles by mixing an equal volume of 2X suspension
(treated) or PBS (controls). Exposed cultures warebated in the dark without shaking for
1 h at 37 °C. After exposure, 0.1 mL of culturesvmaixed with 2.5 mL of warm top agar (6
g/L agar, 5 g/L NaCl) and plated on ET4 plates $Egplemented with 0.5 mg/L tryptophan)
to count Trp+ revertants arising spontaneouslytfobnand following exposure (treated).
Menadione (2-methyl-1,4-naphthoquinone) and 4-giimooline-1-oxide (4-NQO) were used

as positive controls to induce reversion in sti&@R03 and strain IC188, respectively.

4.2.5 Respirometry. Oxygen uptake rate (OUR) measurements were matieawvater-
jacketed reaction vessel (Gilson Medical ElectrenMiddleton, WI) fitted with a Clark-type
oxygen electrode that was connected to a YSI,(Mellow Springs, OH) Model 5300
biological oxygen monitor. Data were collected vathVinDAQ (DATAQ Instruments, Inc.,
Akron, OH) data acquisition system and downloadeat Excel (Microsoft Corp.,
Redmond, WA) spreadsheet for processing. A singéeroght culture was used for all
exposures in each respirometry experiment. Cultexessed in the same manner as for the

viability assays (1 h) were added to the reactiessel and the OUR measured. To test the
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effect of additional substrate, a small volume @icentrated glucose solution was injected to
produce a concentration increase of 2 g/L, andritial rate of oxygen uptake was
measured. Net OUR was calculated by subtractingatieeprior to glucose injection from the
rate in the presence of glucose. The background GRVI and TiG in cell-free

suspensions was also measured.

4.2.6 RNA Extraction and Microarray Preparation. Overnight cultures dE. coli K-12 grown
in M9/glucose media (~16 h, 37°C) were exposed tmparticle suspensions (1 h) as for the
viability assays. Sub-lethal exposure concentnatior ZVI (50 ppm) and Tie(200 ppm)
were selected based on viability results. RNA essacted with the Qiagen RNeasy Protect
Bacteria Mini kit (Qiagen GmbH, Hilden, Germanyyading to the manufacturer’'s
protocols. Briefly, stabilization reagent was adtlegreserve the RNA expression profile,
cells were enzymatically lysed with lysozyme, anel tysate was passed through a silica
membrane to bind nucleic acids. DNase | was adoléaet membrane to digest DNA. After
an ethanol-water rinse, RNA was eluted with RNase-fvater. RNA quality (#sdA2s0
ratio) and quantity (Aso absorbance) were measured with a NanoDrop (WillomdJE)
ND-1000 spectrophotometer. RNA samples were alsckadd for degradation with an
Agilent (Santa Clara, CA) 2100 Bioanalyzer. To ab&ufficient RNA quantity and
concentration for microarray hybridization, RNA wadracted from duplicate samples and
pooled in a 1:1 ratio, then concentrated usingcuwa evaporator. One such pooled and
concentrated sample was used for each microarray.

Gene expression was measured using AffymetrixtéSalara, CAE. coli 2.0

GeneChip microarrays. These arrays include apprabely 5000 probesets from the
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MG1655 (K-12) strain. Four arrays were used for BBosed control cultures, and three
arrays each were used for ZVI- and FH€xposed cultures. Array hybridization, washing,
and scanning procedures followed the Affymetrix &&hip Expression Analysis Technical
Manual. Briefly, cDNA was synthesized from the RNging random primers, then cleaned
up by column purification following NaOH degradatiof RNA. The cDNA was fragmented
and end-labeled with a biotinylated reagent, tloaéd onto the microarray. Arrays were
incubated overnight at 45 °C to hybridize fragmdrdad labeled cDNA to the
oligonucleotides on the array. The arrays were thashed, stained with streptavidin, and
scanned to measure hybridization intensity.

Pixel intensity values from the scanned images (DEE) were converted to raw
probe intensity values (CEL files) by Affymetrix &S software. The CEL files were
imported into GeneSpring GX and GC-RMA (Robust Mattay Average modified to
consider probe GC content) was used for backgreongction and quantile normalization
(146). The GC-RMA technique enables comparison of esgpom values across all arrays in
the experiment by correcting for intensity diffeces arising during hybridization and
scanning. Based on this analysis and review oh#éa@ maps, one array (for T)Qvas
excluded from further analysis because of much tawerall intensity than the other nine
arrays. SAM (Statistical Analysis of MicroarraydP®) was used to identify genes that were
differentially expressed between treatments androlsn Results were restricted to genes
whose expression differed by a factor > 2.0 withlse discovery rate (FDR)47) less than
3%. Lists of up- and down-regulated genes were tated for pathway and keyword
associations using the Database for Annotatioryalization, and Integrated Discovery

(DAVID; National Institute of Allergy and InfectiaDiseases;
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http://david.abcc.ncifcrf.gov/home.spAdditional information was obtained from the

primary databases compiled in DAVID, such as UniPro

(http://www.pir.uniprot.org/index.shtnlFunctional cluster analysis was performed using

DAVID to identify common pathways and keywords asated with the entire lists of up-
and down-regulated genes for ZVI and Ti®his technique uses a statistical approach
(Fisher exact test) to determine whether more ginesthe list are represented in a certain
pathway than would be expected by random selecfigenes from the entire genome. In
this way, information from the entire list of gere be used to identify biological themes

rather than focusing on a few prominent genes.

4.2.7 Electron Microscopy. Overnight cultures dE. coli K-12 grown in M9/glucose media
(~16 h, 37°C) were exposed to nanopatrticle suspesgioh, shaking at 250 rpm) as for the
viability assays at the same sub-lethal conceptratused in gene expression analysis.
Suspended cells and particles were removed frorauhere tubes and gently centrifuged to
form a pellet. The pellet was resuspended initneaf2.5% glutaraldehyde, 2%
formaldehyde, 0.1 M cacodylate buffer) and fixed @@ for 1 h. For scanning electron
microscopy (SEM), a drop of the suspension waseplan a poly-L-lysine-coated glass
coverslip and allowed to attach for 30 min. Theerslip with attached cells was briefly
washed, taken through a dehydration series (50%, 86% ethanol for 5 minutes each, then
through two rinses of absolute ethanol for 10 neswdach) before critical-point drying
(Polaron 3100, Quorum Technologies, Newhaven, W)ailiquid CQ as transition fluid.
Coverslips were then mounted onto aluminum plarscivéh carbonized, double sided

adhesive tabs and sputter coated (Polaron E51@0)avgold/palladium alloy. Samples were
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imaged with a JEOL 6300 scanning electron microsdgOL America, Peabody, MA)
operating at 15 kV accelerating voltage. The nscope was equipped with an X-ray
microanalyzer (Kevex Sigma 3, Thermo Scientific,ltWam, MA) for spectroscopic
elemental analysis.

For transmission electron microscopy (TEM), thefi>suspension was pelleted. The
pellet was rinsed with 0.1 M cacodylate buffer odt-stained with 2% osmium tetroxide in
the same buffer for 1 hour. After thorough rinswigh deionized water, the pellet was
dehydrated with a series of ethanol solutions (500%p, 95% five minutes each and then
two changes of absolute ethanol for 10 minutes)eauth finally transferred to two changes
of propylene oxide for ten minutes each. Infiltoatwith epoxy resin (Eponate 12, Ted Pella,
Inc., Redding, CA) was carried with a 50:50 dilatwith propylene oxide for four hours
with rotation, and then embedding was carried ath vesin alone in vacuum overnight at
room temperature. The samples were then placedmbven to cure for two days.
Specimen blocks were sectioned at 90 nm and mowmieduncoated 200 mesh copper
grids. Grids were stained with uranyl acetate @adl Icitrate and imaged with a Philips
CM12 TEM (FEI Inc, Hillsboro, OR) at 100 kV accedéing voltage . All images were

collected digitally in .TIF format.

4.3 Results

4.3.1 Toxicity to E. coliK-12. ZVI significantly reduced viable plate counts tela to
unexposed cells after 1 h incubation at conceontatof 100-500 ppm (Figure 4.1-A). A
slight, though not statistically significant, losviability was observed at 20-50 ppm (Figure

4.1-A). TiO; did not reduce plate counts after 1 hr at any eotration tested (50-2000 ppm)
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Figure 4.1. Effects on viability d&. coli K-12 cultures after
exposure to ZVI (A) or TiQ(B) for 1 h at 37°C. Values and error
bars represent the mean and standard deviatianedst three
replicate experiments, each consisting of dupliptdees.
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(Figure 4.1-B). Longer incubations (up to 24 hg dot produce statistically significant
reductions relative to 1 h incubations (data notwah). Cultures used for gene expression
analysis did not show statistically significantdas viability relative to controls at a ZVI

concentration of 50 ppm or a Ti@oncentration of 200 ppm.

4.3.2 Mutagenicity Assays. The change in reversion rate for treated cultuzkdive to

control (unexposed) cultures is presented in Figu2eA two-fold increase or greater is
considered evidence of mutageniciiy®). ZVI exposure (Figure 4.2-A) did not
significantly increase the reversion rate for aitbteain 1C203 or strain IC188 at any
concentration tested (20-500 ppm). An apparentedser in reversion rate at high ZVI
concentrations, which was not statistically sigrafit, may have been due to toxicity;
however, inspection of the plates did not revediceable thinning of the background lawn
normally associated with acute toxicitydb). Positive controls during ZVI experiments
produced a 3- to 4-fold increase in revertantsfaain IC203 and a 7- to 8-fold increase for
strain 1IC188. Similar to the results for ZVI, n@irase in reversion was observed for li©
either strain at concentrations of 50-2000 ppmuyfegt.2-B), and no thinning of the
background lawn was observed. Positive controlsxduriO, experiments produced a 3- to

4-fold increase in revertants for strain 1IC203 and- to 9-fold increase for strain 1C188.

4.3.3 Gene Expression Profiles. A 1-h exposure to ZVI at a concentration (50 pjelpw
that observed to cause a significant loss of vitghitduced overexpression of 141 genes and
repression of 162 genes relative to unexposedresitThe 98 percentile genes with the

largest changes (up or down) are listed in Taldle WO, exposure (200 ppm, 1 h) stimulated
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Figure 4.2. Effects on reversionBfcoli WP2 strain IC188 (open
symbols, thin error bars) and its Oxydrerivative strain IC203 (closed
symbols, thick error bars) after exposure to ZV) (A TIO, (B) for 1

h at 37°C. After subtracting counts of pre-existingtants in the
overnight culture, fold change was calculated asiimber of
revertants in treated cultures vs. controls. Vaarmeb error bars
represent the mean and standard deviation of ciplexperiments,
each consisting of duplicate plates.

56



Table 4.1E. coli genes with the largest change{@rcentile) following 1-h exposure to 50
ppm ZVI relative to unexposed cells.

Gene
Symbol

Description

Up-regulated genes

yebN
yjdB
ais

ythG
yfbF
yfbE
yei T
metE
ftn

yelA
yfbH
recN
yohL
ykgE

Hypothetical protein yebN ; putative membrane gmpteerpenoid synthase-like
Putative transmembrane protein

Ais protein ; protein induced by aluminum

Putative formyltransferase

Putative glycosyl transferase yfbF ; putative sugarsferase

Hypothetical protein yfbE ; putative aminotranstera

bifunctional: putative glutamate synthase (N-temfjinputative oxidoreductase (C-
terminal)

5-methyltetrahydropteroyltriglutamate-homocysteainethyltransferase

Ferritin 1 ; cytoplasmic ferritin (an iron storageotein)

Hypothetical protein yeiA ; putative dihydropyrinm@ dehydrogenase, FMN-linked
Hypothetical protein yfbH ; hypothetical protein

DNA repair protein recN ; protein used in recomtim@aand DNA repair
Hypothetical protein yohL ; hypothetical protein

Hypothetical protein ykgE ; putative dehydrogensisieunit

Down-requlated genes

fhuF
ycdN
entC

nrdl
nrdH
bfd

exbB

fecl
feoA
fes
fhuA

sodA
fepB

entB
exbD

mntH

ferric hydroxamate transport protein

pseudo

Isochorismate synthase entC ; isochorismate hydnoxgse 2, enterochelin
biosynthesis

Nrdl protein ; stimulates ribonucleotide reductifiayoprotein

Glutaredoxin-like protein nrdH ; glutaredoxin-likeotein; hydrogen donor
Bacterioferritin-associated ferredoxin ; regulatoryredox component complexing
with Bfr, in iron storage and mobility

Biopolymer transport exbB protein ; uptake of eoberctin; tonB-dependent uptake
of B colicins

KpLE2 phage-like element; sigma 19 factor of RNAypwerase

Ferrous iron transport protein A

Enterochelin esterase

Outer membrane pore protein, receptor for ferriok@pcolicin M, and phages T1,
T5 and phi80

Superoxide dismutase [Mn] ; superoxide dismutasaganese
Ferrienterobactin-binding periplasmic protein prsou ; ferric enterobactin
(enterochelin) binding protein; periplasmic compaine

Isochorismatase ; 2,3-dihydro-2,3-dihydroxybenzegtghetase, isochroismatase
Biopolymer transport exbD protein ; uptake of eabectin; tonB-dependent uptake
of B colicins

Manganese transport protein mntH ; high-affinitynganese transporter

Fold

Change

62
26
23
20

16
16
14

13
12
11
8.0
7.9
7.2
6.6

-332
-270
-153

-118
-117
-112

up-regulation of 11 genes and down-regulation df @énes relative to controls. Table 4.2

lists the top 5 up-regulated genes and tHe@@centile down-regulated genes for TiBor
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ZV1, up-regulated genes include transmembrane m®{gebN, yjdB), iron sequestration
(ftn), oxidoreductases and dehydrogenaged (yelA, ykgE), transferases involved in
evading cationic antimicrobial peptidedhG, yfbF) (149), and a DNA repair protein
inducible by the SOS responsedN) (150). Most of the highly repressed genes listed in
Table 4.1 are involved in iron uptake and transpoduding several genes related to the

Table 4.2E. coli genes with the largest change{@rcentile) following 1-h exposure to
200 ppm TiQ relative to unexposed cells.

Gene Fold
Symbol Description Change
Up-regulated genés

yodA Hypothetical protein yodA ; hypothetical protein 9.8
metE 5-methyltetrahydropteroyltriglutamate--homocysteinethyltransferase 7.2
ykgM 50S ribosomal protein L31 type B-1 ; putative ribosl protein 7.1
ftn Ferritin 1 ; cytoplasmic ferritin (an iron storageotein) 6.0
thrB Homoserine kinase 3.7

Down-regulated genes

fes Enterochelin esterase -20
nrdl Nrdl protein ; stimulates ribonucleotide reductiflayoprotein -17
nrdH Glutaredoxin-like protein nrdH ; glutaredoxin-likeotein; hydrogen donor -15
ycdF unknown CDS -14
fecl KpLE2 phage-like element; sigma 19 factor of RNAyprerase -14
ycdN pseudo -13
mntH Manganese transport protein mntH ; high-affinitynganese transporter. -12
yciG hypothetical protein -11
ygaM Hypothetical protein ygaM ; hypothetical protein -10
fhuF ferric hydroxamate transport protein -10
fepB Ferrienterobactin-binding periplasmic protein pmsou ; ferric enterobactin -9.5
(enterochelin) binding protein; periplasmic compaine
sufA SufA protein ; hypothetical protein -8.9
ybgS Hypothetical protein ybgS precursor ; putative hobwx protein -8.2
yciF Protein yciF ; putative structural proteins -8.1
bfd Bacterioferritin-associated ferredoxin ; regulatoryredox component complexing -8.1
with Bfr, in iron storage and mobility
ecnB Putative toxin of osmotically regulated toxin-antiin system associated with -7.6
programmed cell death ; entericidin B
yodD Hypothetical protein yodD ; unknown CDS -7.5
yiaG Hypothetical protein yiaG ; putative transcriptibregulator -7.1
aidB AidB protein ; putative acyl coenzyme A dehydrogema -7.0
exbB Biopolymer transport exbB protein ; uptake of eobectin; tonB-dependent uptake -7.0
of B colicins

#The top 5 of 11 total up-regulated genes arediste
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siderophore enterobactifegB, exbB, exbD, entC, entB, fes). Two of the down-regulated
genes are relevant to oxidative stress resp@odgé,(nrdH). Genes up-regulated by TiO
exposure are involved in cell maintenance functiemsept for the iron storage geftre
Down-regulated genes for Tihclude metal uptakertH, fecl, fhuF, bfd), siderophores
(fes, fepB, exbB), osmotic stress responseif, ecnB), and oxidative stress responsed{).

The top functional clusters associated with ugt down-regulated genes following
ZV| exposure are presented in Figures 4.3-A aneB4/@spectively. The enrichment score
is the negative log of the Fisher exact test p-,adund is thus a measure of the strength of the
association. Oxidative phosphorylation and electransport were the most highly
associated pathways/keywords for up-regulated gevidsan additional cluster of cell
maintenance and biosynthesis pathways (Figure 4.3-@p clusters for down-regulated
genes were iron transport and iron-deprivation-gadliron-sulfur assemblies (Figure 4.3-B).
Other down-regulated clusters for ZVI were supetexdismutase, ribonucleotide reductases,
and glucose dehydrogenase. Clusters associated Wtrexposure are shown for up-
regulated (Figure 4.4-A) and down-regulated gehRegu(e 4.4-B). The four up-regulated
clusters with enrichment scores greater than hj@iyalent to p <0.05) were related to
biosynthesis and cell maintenance functions (Figu4eA). Down-regulated clusters for
TiO, were glutathione-S-transferase, osmotic streg®ore®, iron-deprivation-induced iron-

sulfur assemblies, metal ion transport, and supaectismutase (Figure 4.4-B).

4.3.4 Respirometry. OUR measurements & coli K-12 cultures exposed to ZVI (50 ppm, 1

h), or TiG, (200 ppm, 1 h) and on control cultures are sunmeadrin Table 4.3. Cell-free

oxygen consumption by ZVI and Ti@vas negligible compared to the OUR of overnight
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Figure 4.3. Functional analysis of pathways anduaeyls
associated with induced (A) and repressed (B) genéscoli K-12
after 1 h exposure to ZVI (50 ppm) relative to eohtultures. The
enrichment score represents the likelihood thaterddferentially
expressed genes are represented in a pathway thdd be
expected by random selection of genes from theeegénome.
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Figure 4.4. Functional analysis of pathways anduags
associated with induced (A) and repressed (B) genéscoli K-12
after 1 h exposure to Tgd200 ppm) relative to control cultures.
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Table 4.3. Oxygen uptake rate (mg ) by E. coli K-12 in the presence of ZVI and TiO
Values are mean + standard deviation (SD) of trgté measurements.

Condition PBS Control ZV1 (50 ppm) TiO2 (200 ppm)
No cells -- 1.6+04 0814
overnight culture 185+2.9 41.3+73 23927
+ 2 g/L glucose, total 25.0+3.1 43.1+2.7 29.6 £3.8
+ 2 g/L glucose, net 6.5+3.8 1.8+5.2 57x24

& Significantly different from PBS control (p <0.05)

cultures. The OUR for cells exposed to ZVI was sigantly higher than the rate for the
control culture (p <0.05). The rates for pi€xposed cells and the net OUR after glucose

addition for both treatments were not significardifferent from the control OUR.

4.3.5 Electron Microscopy. SEM images of control and exposed cultures argepted in
Figures 4.5 and 4.6. Aggregates of nanoparticiesigible among cells exposed to FiO
(Figure 4.5-B) and 2ZVI (Figure 4.5-C) that are uible in the control (Figure 4.5-A). X-
ray elemental analysis verified that the obsenggtegates contained titanium and iron,
respectively. Ultrastructural analysis at highegmfication showed smooth outer
membranes for unexposed cultures (Figure 4.6-A)fand@iO,-exposed cells, even those in
close proximity to aggregates (Figure 4.6-B). &%posed cultures contained many cells
with rough bumps on the surface in addition to stihhaells (Figures 4.6-C, 4.6-D).

Figure 4.7 presents TEM images of control (A) ardosed (B-D) cultures. T

exposed cells were not associated with,lag@gregates, either externally or internally
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Figure 4.5. Scanning electron micrograph&agoli K-12 for
unexposed cultures (A) and cultures exposed fotal2®0 ppm
TiO, (B) or 50 ppm 2VI (C).
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Figure 4.6. Scanning electron micrograph&atoli K-12 for
unexposed cultures (A) and cultures exposed fotal200 ppm TiQ
(B) or 50 ppm 2VI (C, D).

(Figure 4.7-B). The dark-staining aggregates apgokto be composed of clusters of
individual TiO, nanoparticles. ZVI nanoparticles were closelypasded with the cell
envelope (Figure 4.7-C, 4.7-D). Some particles vessociated with the outer membrane,
while others penetrated into the periplasmic spackappeared to associate with the
cytoplasmic membrane; none of the particles appearbe internalized. Membrane-
associated ZVI appeared to be in small clustegufEi4.7-C) or individual particles (Figures
4.7-C, 4.7-D). Unassociated ZVI aggregates wese wakible (arrow, Figure 4.7-C). The
localization of ZVI nanoparticles at the cell swdas consistent with the bumps observed
with SEM, although localized elemental analysisldaot positively identify iron in the

SEM images due to low signal/noise ratio. Theftdrgpots and rough cell walls observed in
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the TEM images are artifacts of incomplete dehydnaduring sample preparation.

Figure 4.7. Transmission electron micrographi.afoli K-12 for
unexposed cultures (A) and cultures exposed fotdl200 ppm TiQ
(B) or 50 ppm zVI (C, D).

4.3.6 Physicochemistry. Particle size measurements made on freshly pre zene
shaken/incubated ZVI (50 ppm) and Bi@00 ppm) suspensions are presented in Table 4.4.
The peak of the particle size distribution was tgethan lum for both ZVI and TiQ for
measurements made immediately after preparatitimecfuspensions, indicating rapid
aggregation of the primary particles. After 1 hishg at 37°C, the size of ZVI particles
remaining in suspension was approximately 260 redirBentation of TiQaggregates

reduced the suspended particle count below thetimtdimit of the instrument after 1 h

65



shaking at 37°C. Mean particle size in suspensiongaining bacteria was approximately

1100-1200 nm for bacteria alone or with 3j@nd 1600 nm for bacteria with ZVI.

Table 4.4. Size and zeta potential of ZVI, Téhd cell suspensions measured at 37°C.
Values are mean + SD of triplicate measurements.

Exposure | Condition Size, nm Zeta Potential, mV
ZVI t=0 1220 + 50 -18.6 +2.2
50 ppm | Supernatant after 1 h 257 + 26 -21.9+£0.8
incubation/shaking (no cells)
Supernatant after 1 h 1610 £ 160 -13.2+£0.8
incubation/shaking witlk. coli K-12
TiO, t=0 2420 + 190 -159+1.1
200 ppm | Supernatant after 1 h ND?# -215+2.1
incubation/shaking (no cells)
Supernatant after 1 h 1110 £ 290 -13.1+£25
incubation/shaking witlk. coli K-12
PBS Supernatant after 1 h 1160 + 40 -13.6 £ 0.5
incubation/shaking witlk. coli K-12

#ND, not determined (particle count too low for am@te measurement).

Zeta potential measurements were negative f@aualbensions tested (Table 4.4). The
initial value for ZVI (50 ppm) without cells was8% mV and decreased to -21.9 mV after 1
h shaking at 37°C. Tighad an initial value of -15.9 mV, which decreasee?1.5 mV after
1 h shaking at 37°C. Suspensions containing bacédirhad zeta potential values of

approximately -13 mV.

4.4 Discussion
Results of the viability experiments indicate th&t is toxic to E. coli under laboratory

conditions after 1 h at concentrations above 108, wphile TiO, does not significantly
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reduce viability after 1 h incubation in the datlcancentrations up to 2000 ppm. Previous
reports of nanoscale ZVI toxicity in bacteria aot available. Antimicrobial activity of
photo-activated Ti@has been well studied1), but previous studies investigating BiO
toxicity in the absence of light found only modergtowth inhibition oE. coli at a
concentration of 2000 ppnd@), and 95% survival after overnight incubation @7 with
Saphylococcus aureus andBacillus subtilis (58). Such limited toxicity in the absence of light
is consistent with the generally accepted modewba of TiO, toxicity via photo-catalyzed
generation of ROS.

Experiments with mutari. coli strains did not provide evidence that either ZWV1 o
TiO; increases the rate of mutagenesis in a straifD@Cusceptible to oxidative stress (OS)
relative to its parent strain proficient in OS respe (IC188). No significant increase in
reversion rate was observed in either strain aftposure to ZVI or TiQ indicating that the
observed toxicity of ZVI may not be due to genenatf ROS and associated DNA damage
and repair. This is also consistent with a stuflyctv found negative results for nanosized
TiO; in the Ames bacterial reverse mutation t&52). Gene expression results in strain K-
12 also provide evidence that cells are not prostdkean OS response, as indicated by
down-regulation of superoxide dismutase and ottigénes after both ZVI and TiO
exposure.

Functional analysis of the gene expression profile. coli K-12 indicates that
oxidative phosphorylation and electron transpcgtragjor pathways up-regulated by ZVI
exposure. The oxidative side of the electron trartsghain, particularly Complex I, is
induced more strongly than ATP synthase on the gaylation side. All NADH

dehydrogenase | chain A-N genes were up-regulatet\th exposure (1.7- to 5.0-fold
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increase), as was the NADH dehydrogenase transerghtregulatotrhA. Further evidence
for increased cycling through the electron transpbain was provided by the increase in
oxygen uptake rate observed after ZVI exposurel€Tél3). This effect is similar to that
observed with uncouplers of oxidative phosphorglatwhich disrupt the proton motive
force (PMF) across the inner membrane and acceldratrate of oxidation without being
hindered by the rate of proton translocation thtoAgP synthasel63). A study of the
response oE. coli to the uncoupler 2,4-dinitrophenol found that @édnitified proteins were
induced (54); seven of these were also up-regulated in theepitestudy after ZVI exposure,
but none were induced by Ti@xposure. Membrane damage has been observed after
bacterial exposure to nanoparticld9,(59) and could be responsible for leakage of protons.
The ZVI1 observed at the cytoplasmic membrane inltakl images would be expected to
increase membrane permeability and facilitate pratansport. ZVI at the outer membrane
could also be acting electrochemically to dimirtish PMF by consumption of Hluring
coupled redox reactions. Disruption of the cytoplmsmembrane would presumably have a
greater effect on PMF than proton consumption engériplasmic space, but neither
mechanism can be ruled out based on the curreat &tch interference with energy
metabolism could help explain the observed toxioftZVI. It also appears to be consistent
with depolarization of the mitochondrial membramserved in BV2 microglia exposed to
ZV1 (B. Veronesi, T.C. Long, T. Phenrat, N. Saléhy. Lowry, data not shown), which
could indicate a common mode of action. Microscapiamination of exposed microglia
may provide additional evidence in this regard.e ©bserved strong down-regulation of iron
uptake and transport genes and genes encodingiderophores after ZVI exposure would

be expected in an iron-rich environment.
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Exposure to Ti@did not produce either up-regulation of oxidagplesphorylation
genes or an increase in oxygen uptake,BlS0o did not induce toxic or stress response
pathways, consistent with its lack of toxicity. Dmregulation of stress response pathways
after TiO, exposure was also consistent with its minimalaféa viability.

Electron microscopy showed individual particlesl amall clusters of ZVI closely
associated with cells, localized at the cell swgfathis is consistent with a previous report of
added iron oxide adsorbing to the surface of a @Gragative iron-reducing bacteriutsg),
considering that ZVI particles accumulate an irgide shell in aerobic environmentk34).
Since no internalization of ZVI was observed, tffeas of ZVI exposure on viability, gene
expression, and oxygen uptake appear to have bediated via membrane-associated
processes. Close association of ZVI with the mamdicould increase permeability and
disrupt species and charge balances, such asoglécnsport and the proton-motive force
necessary for ATP generation. Several studies dagemented disruption of bacterial
membranes following exposure to metal and metaleranoparticles, including MgO,
Zn0O, CeQ, and Ag 83, 49, 54, 57). Different shapes and lattice plane charactesisf
silver nanoparticles have also been found to daiffgally affectE. coli toxicity and
membrane integritys{l). No particle-cell association was observed i@,lexposed
cultures, even though Tiggregates were seen in the vicinity. Taken tagethe
combined results indicate that ZVI and Tigroduce different effects on bacteria.

Characterization of the physicochemical properiesanoparticle suspensions is an
important aspect of nanopatrticle toxicity resedfct). These properties will influence
particle interactions with biological systems ahdwd be measured under conditions

paralleling the biological exposures. Measuremantke present study found that both ZVI
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and TiQ aggregated rapidly in PBS buffer to form >1000amgregates, comparable to the
size of bacterial cells, and sedimentation of laeggregates occurred during incubation
despite shaking of the cultures. ZVI aggregatesareimg in suspension after 1 h exposure
were closer to the the 100 nm nominal upper rangadnoparticles. Electron microscopy
provided evidence that both ZVI and Ti@ggregates were of a fractal nature and maintained
nanoscale structural features, as has been desgnibeiously 7). In combined ZVI-

bacterial suspensions, particle size increasetivel bacteria alone, consistent with both
association of the ZVI particles with the cells amth increased hydrodynamic diameter due
to observed cell surface alterations. SedimentatfdnO, aggregates was more pronounced
than for ZVI and prevented measurement of the @dagtiremaining in suspension, although
turbidity was visible in the cell-free tubes. Zettential measurements were negative for all
suspensions and were of similar magnitude for 2\d @i0,. In suspensions containing
bacteria, the magnitude of the negative chargeradsced, and associations between cells
and similarly charged particles did not signifidgraffect surface charge.

The demonstrated utility of nanoscale ZVI in enmireental applications for cleanup
of contaminated sites may need to be balanced stghm potential for negative effects on
soil microflora. In particular, in situ remediatistrategies should consider whether viability
loss due to ZVI may limit the rate and extent afdggradation in the subsurface. The
apparent lack of Ti@toxicity in the absence of photoactivation couddiphalleviate concerns
about ecotoxicity following its environmental redea although Ti@in surface waters or
routes leading to human exposure may pose a kiskg-term effects of ZVI may be
mitigated by environmental formation of iron oxigesich appear to be less toxic in vitro to

mammalian cells (B. Veronesi, T.C. Long, T. PhenxatSaleh, G.V. Lowry, data not
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shown). Subsurface sites remediated with largeslepof ZVI under anaerobic conditions
may remain active (and bioactive) for some timeyéwer. Anaerobic respiration and
electron transport in organisms that use altertgaiteinal electron acceptors (such as nitrate
or sulfate) could still be negatively impacted. almaerobic microbes lacking complete
electron transport pathways, the negative effe@\dfon energy metabolism may be
reduced because substrate-level phosphorylatios matedepend on membrane-associated
electron transport for ATP synthesis. However,gkint to which ZVI nanoparticles might
disrupt other trans-membrane processes in anaarabiobes has not been evaluated.
Although the potential toxicity of ZVI to bacteraa archaea must still be evaluated under
field conditions, results from this work may be fusé continued development of

nanoparticle-based technologies for environmengaktnent and remediation.
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5. SUMMARY AND CONCLUSIONS

Rapid advances in the development of nhanotechnatagst be accompanied by
research into the potential toxicity of nanomatsrial he research described here contributes
to the growing body of knowledge on the potentedlth and environmental effects of
nanotechnology by investigating the response ofeb@acand mammalian brain cells to ZVI
and TiQ, two nanoparticles in widespread use for treatraadtremediation applications.
TiO, aggregated rapidly in biological media and wasrimilized by microglia, possibly
through phagocytosis. Tylso stimulated initial activiation of microglia telease ROS
through the oxidative burst, with viability lossdaaentry into apoptotic pathways after
extended exposure. Gene expression profiles iroglia after sublethal exposure to GO
indicated up-regulation of signaling pathways asged with inflammation and apoptosis,
with down-regulation of oxidative phosphorylati@mergy production and oxidative stress.
TiO, was not directly toxic to immortalized oxidativieess-susceptible dopaminergic
neurons, but in primary cultures containing micragheuronal populations were reduced
following TiO, exposure. This is consistent with current hypséiseon neurodegeneration
which involve microglial activation as an importaamponent of neuronal damage in well-
known diseasesi8). InE. coli, TiO, did not cause loss of viability, increased resmrg or
other indications of toxicity, consistent with ardirect mode of action (microglial

activation) for its toxicity in mammalian cells.



ZV| caused viability loss in bacteria after 1 hcahcentrations of 100 ppm and
above. E. coli responded to sublethal ZVI exposure with inductbelectron transport
genes and increased oxygen uptake rate, consigitbnincreased activity of the electron
transport chain. However, there was no evidenaeZW| induced cellular responses
indicative of oxidative stress. The observed doeguiation of OS response geneg&ircoli
is consistent with the role of ZVI as a reducingiaty

Ultrastructural analysis showed ZVI nanoparticlesalized on the bacterial cell
surface, which could interfere with maintenancéhef proton-motive force necessary for
ATP generation through oxidative phosphorylati@ther studies have found similar
association of metal and metal oxide nanopartieiéls bacterial membranes leading to
cytotoxicity (33, 49-54). For example, analysis of the effect of crystalicture on toxicity
has implicated the {1,1,1} face of silver nanopaes as particularly reactivé56) and
potentially associated with toxicit$, 53). The ongoing formation of iron oxides and
hydroxides during ZVI oxidation makes crystallodgnapanalysis difficult, because
amorphous (hydr)oxides are formed initiallp{), but the magnetite shell around ZVI
particles is of the cubic crystal system and cquisent a {1,1,1} face. It has also been
suggested in studies on the toxicity of silver n@articles that internalized silver ions could
inhibit respiratory enzymes, in turn causing inseghgeneration of ROS and oxidative
stress-related cytotoxicityp4), but no evidence was provided by the authorsippart this
mechanism. Although internalization would not bguired for the observed ability of ZVI
to interfere with membrane-bound electron transpast noted above there was no evidence

that ZVI led to oxidative stress ki coli in the current study.
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Comparison of toxicity results for ZVI and Ti@om this study may reveal themes
that have implications for future nanoparticle titxi research. One aspect differing among
the two particles is redox activity, which is inet for ZVI but requires photoactivation for
TiO,. Although overall oxidation of ZVI was low duririge exposure period, it may have
created a localized reducing environment, promatatpx reactions that affected
components of the cell envelope. This is consistath studies which found increased
toxicity for zero-valent metals compared to thediides and for metal-doped silica compared
to pure silica nanoparticles with similar physichharacteristics168). With the focus on
oxidative stress as a mechanism of particle toxicsimilar consideration should be given to
the catalytic and redox activity of nanoparticles,s done for ambient ultrafine particulate
matter (59). The extent to which nanoparticles are ableatalgze and participate in redox
reactions appears to be an important characteaffécting toxicity.

Similarly, surface area has been proposed as ainigfproperty for toxic effects, but
surface reactivity may be more importat®@). ZVI nanoparticles have a surface composed
of iron oxides undergoing further oxidation, givitilgem much higher surface activity than
TiO,, which is stable in the absence of light. Resoflthe current work do not support a
positive association between surface area anditpxmth Degussa P25 TiChaving more
than double the specific surface area of ZVI. HosveTiO, showed faster and more
extensive agglomeration than ZVI, possibly mitiggtsome of the surface area differential.
For particles with low inherent toxicity, surfaceea may become a more important
parameteri61). Other studies have implicated surface arehe@pdérameter that determines
the level of proinflammatory responses in otherdasetoxicity particles {62). This

indicates that surface area may be a valid driveffects for comparison of nanoscale and
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bulk scale versions of the same material, butdatiar factors (such as surface reactivity) are
more important than surface area when comparirigrdiit materials. Other evidence that
surface properties affect behavior is provided eapparison of medical imaging
nanoparticles, which have surfaces similar to lgimlal molecules and tend not to be toxic,
with combustion-derived (e.g. fullerenes) and mesatle nanoparticles, which are toxic
(163-165). Reduction in surface reactivity is also knowmréduce ROS generation and toxic
effects in vitro and in vivolpl, 166). Primary particle size and surface charge (zeta
potential) were similar for ZVI and Ti)indicating that size and charge alone do notampl
the observed differential toxicity. Overall, resultom this study indicate that nanoparticles
of different composition and other characterisposvoke different responses in cell cultures
and may act via different modes of action.

Further research could help identify the specifiaracteristics of nanoparticles that
drive biological effects as well as provide insigitb their mode of action. It would be
useful to compare the toxicity of oxidizable metahopatrticles (e.g., ZVI) with that of their
more stable oxides (e.g., magnetite) to evaluatethen participation in redox chemistry
increases toxicity. Comparison of metals or mexadles with different crystal structures or
presenting different crystal faces could suppatdhservation of increased toxicity for silver
nanoparticles with {1,1,1} face®I). To distinguish between the effect of surfacsaaand
surface reactivity, the relative effects in theaetbrial and mammalian cell systems could be
compared for metalloid nanoparticles with similarface area, but different surface
reactivity as observed for carbon nanotubes véorablack {67). The combined results of
such studies could be used to develop a screeesbdor risk assessment of newly developed

nanomaterials based on their physical, chemicalcaystallographic properties.
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Mechanistic studies are needed to test for disvapif the PMF in bacteria during
Z\V| exposure, such as with a membrane-potentiaeddent stain54). Inspection of the
bacterial TEM images indicated that some cells lmwee ZVI on the surface than others.
Image analysis may be used to quantify the fraatioaverage of individual cells, and the
distribution of coverage values could be linkeditbility results. Studies should also
investigate reasons for the association of ZVI,imtTiO,, with the cell envelope. If
positively charged ferrous or ferric ions are présa the surface of ZVI particles
undergoing oxidation, electrostatic attraction égative charges on the bacterial envelope
would contribute to the observed association, waeetecharged TiOwould not be affected.
Comparison of ZVI with iron oxide or surface-moddi ZVI nanoparticles could help
understand this phenomenon. Additionally, extemsibthe toxicity testing paradigm to
ecologically relevant species (e.g. daphnia) amchanmodels will be an important
component of risk assessment for these nanomatanal could yield mechanistic insights.

Field and pilot studies are also needed to evalbhatbiological effects of ZVI and
TiO, remediation strategies under environmental camnabti Toxicity and biological
response endpoints can be included along with atedranalyses measuring treatment
efficiency. For example, in pilot field studiestiag the use of ZVI for treatment of
subsurface chlorinated solvent plumes, communi&yars of the microbial population could
be conducted prior to and following ZVI injectiaor, upstream and downstream of the
plume, to determine if ZVI is altering the commyrtbmposition by selective toxicity or
enrichment (e.g., of iron-reducing bacterig§g). A study on treatment of a munitions
plume with an immobilized granular microscale Z\arber found increases in total bacterial

counts and detected iron-reducing, sulfate redy@nd putative methanogenic
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microorganisms in the barrier, although the eftectreatment efficiency was not evaluated
(169). Groundwater samples above and below the plwoukl@lso be tested for residual
ZV1 and its oxidation products, along with analysidacterial toxicity, to evaluate overall
effects on groundwater quality. Such testing walsb be useful for applications involving
surface-modified ZVI.

The initial implications for human and ecosystegalth of the early cell culture
studies conducted in this project are that;lin@ay exhibit toxicity if it enters the body and
activates immune responses. Environmental expssneg be of lesser importantance
unless photoactivation is a possibility, such aghhoccur in surface waters. The tendency
of TiO, to rapidly aggregate and settle would tend to rembfrom suspension and move it
to the sediment phase, where it presumably woulddseactive. ZVI appears to be directly
toxic to mammalian cells without requiring micradlactivation. Aging/oxidation and
surface modification mitigate this toxicity, indtaag that environmental weathering may
reduce ZVI toxicity over time, and next-generati® ZVI may have lower overall toxicity.
Toxicity testing of emerging nanomaterials sucld@sed TiQ and newly developed
surface-modifications will also be important foetfuture.

These studies may also have implications for appbns of ZVI and TiQin
treatment and remediation. The use ofJil©drinking water treatment should continue to
be carefully monitored for human exposure duesg@dtential for microglia-mediated health
effects. Again, release of Tiinto the environment may be of less concern duesto
tendency to form aggregates which settle out away fight. Technologies that utilize
immobilized TiG are also promisings{, 170, 171). For ZVI applications, introduction of

fresh ZVI into the environment should be handlethwiaution, although long-term health
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and environmental effects would be mitigated byrfation of less-toxic iron oxides. Rates
of oxide formation may be low, since anoxic subacefconditions would tend to maintain
the activity and toxicity of large deposits of Zidk some time. Field and pilot-scale
evaluations of the ecotoxicity of ZVI and Ti@s described above would help address
uncertainties and should be a component of reseatacithe development of improved
nanoparticle technologies for environmental rentezha

For TiO,, both slurry-phase and fixed-bed or membrane-b@pmdications could
benefit from effluent toxicity testing to determirigoersistent residual compounds are
formed during photochemical oxidation that maydpad to bacteria or other species.
Particle size analysis should also be done to éterthe content of nanosize LiO
remaining in suspension; presumably most of the, Wil be removed by agglomeration
and sedimentation for reuse in slurry applicationexicity of this floc under simulated
sunlight should also be investigated. Another gy for fixed-bed and membrane-bound
applications is to seed the influent with an intbcapecies, such &s coli, then measure
breakthrough and viability of the bacteria in tfituent compared to a control column
containing no TiQ. Such research would be an important part oétteduation and risk

assessment of these applications.
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