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TOXICOLOGICAL EVALUATION OF LUNG RESPONSES AFTER INTRATRACHEAL
EXPOSURE TO NON-DISPERSED TITANIUM DIOXIDE NANORODS

Jenny R. Roberts’, Rebecca S. Chapman’, Vijay R. Tirumala?, Alamgir Karim?, Bean T. Chen’,
Diane Schwegler-Berry', Aleksandr B. Stefaniak3, Stephen S. Leonard’, James M. Antonini'

"Health Effects Laboratory Division, National Institute for Occupational Safety and Health,
Morgantown, West Virginia

National Institute of Standards and Technology Polymers Division, Gaithersburg, Maryland
3Division of Respiratory Disease Studies, National Institute for Occupational Safety and Health,
Morgantown, West Virginia, USA

Fine- and coarse-sized titanium dioxide (TiO;) particles are considered to be relatively inert
when inhaled. The goal of this study was to assess potential lung toxicity associated with
well-characterized, non-dispersed rutile TiO, nanorods (10 x 40 nm). In vitro bioreactivity
of TiO, nanorods was determined by electron spin resonance (ESR) to measure free radical
production. To assess pulmonary effects in vivo, Sprague-Dawley rats were intratracheally
instilled with saline, silica, or TiO, nanorods (10 ng, 100 pg, or 1 mg/rat). Ond 1, 3, and 6
posttreatment, left lungs were preserved for microscopy and histopathology, and lung lavage
was performed on right lungs. Additional rats were treated with saline or TiO, nanorods
(100 g or 1 mg/rat) on d 0, intratracheally inoculated with 5 x 10° Listeria monocytogenes
on d 3, and bacterial clearance was assessed. ESR showed a significant concentration-de-
pendent generation of hydroxyl radicals by TiO, nanorods in the presence and absence of
macrophages; however, the hydroxyl radical signals from TiO, samples were low compared to
silica. Rats exposed to 1 mg of TiO, nanorods had significantly elevated levels of lung injury,
inflammation, and lavage fluid monocyte chemoattractant protein (MCP)-1 and macrophage
inflammatory protein (MIP)-2 on d 1 and 3 that subsided by d 6, unlike the silica response that
persisted. Inmune cytokine secretion in the lung and bacterial clearance were not affected
by preexposure to TiO, nanorods. To summarize, non-dispersed TiO, nanorods were found
to induce radical formation and cellular oxidant production, and to generate transient and
reversible pneumotoxic effects, and to not markedly alter pulmonary immune function.

Nanotechnology is a broad term that
describes emerging technologies aimed at the
development and application of materials in
the nanometer size range, materials having
a least one dimension of less than 100 nm
(NIOSH 2009). It is estimated that within this
decade, more than 2 million workers will
be employed in the field of nanotechnology,
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and the global economic impact is expected
to reach $1 trillion (Roco and Bainbridge
2003). In addition, the National Science and
Technology Council (NSTC) identified inhala-
tion as one of the primary routes of exposure to
nanomaterials in occupational settings, includ-
ing research and development, manufactur-
ing, and processing/distribution (NSTC 2006).
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Therefore, there is a great need to understand
the potential adverse health outcomes that may
occur following nanoparticle exposure, and the
mechanisms underlying these responses.

Animal studies showed that nanoparticles
of identical composition and mass may be
more toxic (Brown et al. 2001; Oberdoerster
et al. 1992) and have increased deposition
in the lungs (Brown et al. 2002; ICRP 1994;
Jaques and Kim 2000; NIOSH 2007) when
compared to their larger counterparts. In addi-
tion to particle size, other physicochemical
properties were proposed to be considered in
assessing the adverse effects of nanomateri-
als, such as agglomeration state, shape, crystal
structure, chemical composition, surface area,
surface chemistry, surface charge, and poros-
ity (Warheit et al. 2007a). In previous years,
coarse and fine titanium dioxide (TiO;) was
thought to be a low-toxicity particle (nuisance
dust), suggesting that occupational exposure
was not a significant hazard. With the emer-
gence of nanotechnology, this assumption has
been questioned with regard to nano-sized
TiO, (Nel et al. 2006; Warheit et al. 2007b;
Hamilton et al. 2009).

TiO, nanopowders are widely used in a
variety of commercial applications that may
result in occupational exposure, including addi-
tives in plastics, catalysts and catalyst supports,
electrode materials for lithium batteries, inor-
ganic membranes, pigments in paints, ink, pol-
ishing agents, fuel additives, ultraviolet (UV)
protection, gas sensors, and photocatalytic and
photochemical degradation of organic mate-
rial and toxic chemicals (Dankovic et al. 2007).
In addition to commercial use, TiO;, partic-
ularly at the coarse and fine sizes, was used
in pulmonary toxicity studies as a control or
inert particle because it is insoluble, and rel-
atively low in toxicity at doses below dust
overload in the lungs (Warheit et al. 1997).
Conflicting results from recent animal studies
were observed in regard to the toxic poten-
tial of TiO, nanoparticles engineered for shape
and size. Evidence suggests that exposure to
TiO, nanomaterials may pose a health risk
based on particle surface reactivity (Warheit et
al. 2009) and shape (Watanabe et al. 2002;
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Hamilton et al. 2009). The contribution of size
or surface area has been debated, with sub-
stantial effects noted in some studies (Sager
et al. 2008) and minimal effect reported by
others (Warheit et al. 2006). Shape is of impor-
tance because of the increased manufacture
of fiber-shaped nanorods and nanowires that
have advantages in applications of photocataly-
sis, photochromics, charge transfer, and sensing
due to their unique structures (Chen and Mao
2006; Formo et al. 2008).

The goals of this study were to: (1) assess
the pulmonary toxicity of a non-dispersed,
well-characterized nanoparticle (TiO,) of a
composition that is considered to be relatively
inert in the lung at fine and coarse particle sizes
for comparison with future studies using a more
dispersed form of the particle, (2) do so using
the nanorod form of the material in order to
establish a control particle for future experi-
ments examining nanorods and nanowires of
different composition, and (3) examine a range
of doses to establish the lowest-observable-
effect level (LOEL) or no-observable-effect level
(NOEL), as well as a dose that may be expected
to produce a significant inflammatory response
in the lungs. To address these goals, a rutile
TiO; nanorod was characterized for particle
size, shape, and surface reactivity, and an in
vivo animal model of pulmonary toxicity was
employed that examined lung injury, inflamma-
tion, oxidative bioreactivity, and lung defense
responses to bacterial lung infection after intra-
tracheal instillation of the nanorods at three
different doses.

METHODS

Particle Characterization

Rutile TiO, nanorods (10 nm x 40 nm)
were purchased from Nanostructured and
Amorphous Materials, Inc. (Houston, TX). See
Table 1 for analyses of the TiO, nanorod sam-
ple. Surface area was measured using the dry
powder form of the particle by the Brunauer,
Emmett, and Teller (BET) method. Elemental
composition was evaluated using inductively
coupled plasma—atomic emission spectroscopy
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TABLE 1. Reported and Measured Particle Characteristics

J. R. ROBERTS ET AL.

Specifications reported by

Physical properties manufacturer Measurement method Result

Primary geometric particle 10 x 40 nm FESEM/TEM 7.60 £1.4 x35.9+6.2
size nm

Specific surface area 160 £ 30 m?/g BET method 160.34 m?/g

Purity TiO», rutile >98 % with ICP-AES TiO2 > 99% weight

SiO; coating (<5%)

Agglomerate size in PBS ND DLS 500-2800 nm
after 30-s sonication

Number of ND Mathematical Calculation 1.45-10°-1.53-10""
agglomerates/mg

Note. FESEM = field emission scanning electron microscopy, TEM = transmission electron microscopy, BET =Brunauer, Emmett, and
Teller (BET) method, ICP-AES = inductively coupled plasma-atomic emission spectroscopy, PBS = phosphate-buffered saline, DLS =

dynamic light scattering, ND = not determined.

(ICP-AES). Field emission scanning electron
microscopy (FESEM), dynamic light scattering
(DLS), and small-angle x-ray scattering (SAXS)
were employed to analyze size distribution
and agglomeration in the vehicle, phosphate-
buffered saline (PBS). Particle surface reactivity
was evaluated using electron spin resonance
(ESR).

Surface area. Surface area was measured
by gas adsorption using a Quantachrome
NOVA 220e surface area analyzer and ultra-
high-purity nitrogen gas as the adsorbate (cross-
sectional area of 16.2 A2). TiO, nanorods were
loaded into a preweighed sample cell and
outgassed under vacuum (0.013 torr) for 5 h
at 200°C to remove moisture from the pow-
der. Before analysis, the sample was cooled
and weighed on an analytical balance. Surface
area was measured using 7 adsorption points
for relative pressures between 0.05 and 0.35
(ASTM 2002); results were normalized by
dry powder mass to obtain specific surface
area.

Elemental composition. TiO, nanorods
were evaluated by ICP-AES, according to
NIOSH method 7300 modified for microwave
digestion (NIOSH 1996). The nanorods were
weighed and analyzed for elemental metal
content by weight using a Fisons Accuris ICP
emission spectrometer (Fisons Instruments,
Beverly, MA).

Dynamic light scattering (DLS). DLS mea-
surements were performed at the National
Institute for Standards and Technology (NIST).

TiO, was diluted in PBS (0.2 mg/ml) and
sonicated for 30 s prior to measurement.
Measurements were performed at 25°C using
a Brookhaven Instruments (Brookhaven, NY)
BI-200SM laser light scattering setup equipped
with a BI-90T0AT autocorrelator. Scattering
data were collected on the sample at a
90° angle relative to the incident light. The
sample was measured for 30 s periodically
over a period of 30 min to ensure repro-
ducibility of the autocorrelation function. Data
were analyzed using regularized non-linear
least square fitting procedure (CONTIN) to
allow for multimodal distribution of particle
size.

Particle number per mass. Using particle
(agglomerate) diameter measurements made
with DLS and incorporating the bulk den-
sity reported by the manufacturer, the num-
ber of particles (agglomerates) in 1 mg of
TiO, nanorods can be theoretically calculated
using the following equation: Number of par-
ticles (agglomerates) in T mg/mass per particle
(agglomerate) = 1/[(xD3/6) - p - 107'8], where
D is the agglomerate diameter, p is the bulk
density, and 1078 is the conversion factor for
g/cm?® to mg/nm°.

Small-angle x-ray scattering (SAXS). SAXS
measurements were performed at NIST using a
custom-designed Rigaku-Molecular Metrology
SAXS instrument that uses x-rays of 16 keV
incident energy. Samples were prepared at 30
mg/ml and 3 mg/ml in PBS, and sonicated
for 30 s prior to measurements. Samples were
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measured at 25°C in air for 5 min each over
a period of 3 h, to check for reproducibility.
Scattered x-rays were collected onto a detector
located at a distance of 2 m, which corre-
sponds to a measured g-range of 0.01 nm~'
<q < 2nm!, where q = (47 /1) sin(@) and
20 is the angle over which scattering data are
collected. The raw scattering data from each
sample were azimuthally averaged and were
presented without further corrections.

Field  emission  scanning  electron
microscopy (FESEM) and transmission elec-
tron microscopy (TEM). TiO; nanorods were
suspended in PBS, diluted in deionized water,
dried onto carbon planchets, and imaged
using a Hitachi model S-4800 field emission
scanning electron microscope between 5 and
20 kV. Primary particle size was measured from
micrographs obtained by transmission electron
microscopy (JEM-1220, JEOL Ltd).

Electron spin resonance (ESR). The gener-
ation of the hydroxyl radicals on the particle
surface as an indicator of surface reactivity
was evaluated by ESR using an EMX spec-
trometer (Bruker Instruments, Inc., Billerica,
MA) and a flat cell assembly. This technique
involved the addition-type reaction of a short-
lived radical with a diamagnetic compound
(spin trap) to form a relatively long-lived free
radical product (the spin adduct), which can
be observed by conventional ESR (Janzen and
Blackburn 1968). For this study, hydroxyl rad-
ical was generated from a Fenton-like reac-
tion system after TiO, (10 ng, 100 ng, or
1T mg) or silica (Min-U-Sil a-quartz, US Silica
Co., Berkeley Springs, WV; positive control;
1T mg or 100 ng with H,O, [T mM] was
combined in the presence of 100 mM of
the spin trap 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and PBS to a final volume of 1 ml.
Reactions were allowed to incubate 3 min at
room temperature before measurement and
then transferred to a flat cell for ESR mea-
surement. Signal intensity of the spin adduct,
which corresponds to the amount of a given
radical species, was determined by integration
of the characteristic wave form for that rad-
ical. The wave form was then measured and
quantified.
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Animals

Male Sprague-Dawley [Hla:(SD)CVF] rats
(Hilltop Laboratories, Scottdale, PA) weigh-
ing 250-300 g, approximately 10 wk old,
were used for all experiments in accordance
with a protocol approved by the institute’s
Animal Care and Use Committee (ACUC).
Animals were given a Teklad 2918 diet and
tap water ad libitum, housed in a clean air
and viral- and antigen-free room with restricted
access in an Association for Assessment
and Accreditation of Laboratory Animal Care
International (AAALAC)-approved animal facil-
ity, and allowed to acclimate for 1 wk before
use. The rats were monitored and found to be
free of endogenous viral pathogens, parasites,
mycoplasms, Helicobacter, and CAR Bacillus.

Free Radical Production by Primary
Alveolar Macrophages (AM) In Vitro

Whole lung lavage was performed by wash-
ing the lungs of the naive rats with aliquots
of PBS in order to obtain primary alveolar
macrophages (AM). Briefly, rats were eutha-
nized with an overdose of sodium pentobar-
bital (=100 mg/kg body weight; Sleepaway,
Fort Dodge Animal Health, Wyeth, Madison,
NJ), the trachea was cannulated, the chest cav-
ity was opened, and lavage was performed on
the lungs via the tracheal cannula. Five washes
of 6 ml each of PBS were performed while
massaging the chest cavity. The collected fluid
was then centrifuged (10 min, 1200 x g) and
the cell pellet was resuspended in 1 ml PBS.
Cells were counted using a Coulter Multisizer
[l (Coulter Electronics, Hialeah, FL) to deter-
mine the total number of AM recovered from
the lavage. ESR was then used to evaluate free
radical production by primary AM treated with
TiO, nanorods in vitro; T x 10® AM were sus-
pended in PBS, stimulated for 5 min at 37°C
with 10 pg, 100 g, or 1T mg of TiO, or PBS
(n = 3 per group) in the presence of DMPO
(200 mM). Cells treated with 1 mg or 100 pg of
silica served as a positive control. Generation of
hydroxyl radicals by AM was quantified by ESR
as described earlier.
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In Vivo TiO, Exposure

A stock suspension of the TiO, nanorods
or silica (positive control) was prepared in ster-
ile PBS at a concentration of 10 mg/ml and
sonicated for 30 s at 10 W. The stock sus-
pension was then further diluted in PBS to
concentrations of 3.33, 0.333, or 0.033 mg/ml.
Rats weighing 300 g were anesthetized with an
intraperitoneal injection of 0.6 ml of a 1% solu-
tion of sodium methohexital (Brevital, Eli Lilly,
Indianapolis, IN), and intratracheal instillation
(IT) was performed with a volume of 300 .l of
the TiO, or silica solutions, which was equiva-
lentto 10 pg, 100 pg, or T mg of TiO, or silica
per rat, or with sterile PBS (saline, vehicle con-
trol), according to the method of Brain et al.
(1976).

Calculations were made to estimate the
dose equivalents in standard workers, defined
as 31% sitting and 69% light exercise with a
minute ventilation of 20 L, using the National
Institute for Occupational Safety and Health
(NIOSH) recommended exposure limit (REL)
(NIOSH 2005) for both ultrafine (primary par-
ticle size) and fine (agglomerate size) TiO,
for a standard work shift (an 8-h day or 480
min). The calculation for deposition efficiency
was based on the average aggregate size. The
deposition equation is as follows:

Particle deposition in a 75 kg standard
worker = (minute ventilation) x (TLV-TWA)
X (exposure time) x (particle lung

deposition efficiency)

where TLV-TWA is threshold limit value, time-
weighted average. For agglomerates, the depo-
sition is primarily based on the aerodynamic
behavior of the TiO, nanorod complex, rather
than a single nanorod. From the particle char-
acterization, the TiO, rods were found to
form agglomerates with a number-based mean
equivalent diameter (Deq,agg) Of 2.37 um and
a geometric standard deviation of 2.28. Using
the bulk density of the nanorod reported
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by the manufacturer (0.1 g/cm?) and assum-
ing a shape factor of 1.15 (based on an
aspect ratio of 4 or less), the corresponding
mass-based aerodynamic diameter (Dae agg) is
approximately 0.64 wm. For these agglomer-
ates, the deposition efficiency in the pulmonary
region of a standard worker is about 7.8%
(ICRP 1994). The NIOSH recommended expo-
sure limit (REL) for fine TiO, is 1.5 mg/m?3.
Using these values:

Particle deposition in the standard
worker = (20,000 ml/min) x (107°m?3/ml)
x (1.5 mg/m?) x (480 min/d)
x (0.078)

=1.123 mg/d

Normalizing for alveolar epithelial surface area
of a 75-kg human and a 300-g rat (human
= ~102.2m?; rat = ~0.4 m?)
=1.123mg/d x (0.4m?/102.2 m?)

= 0.0044 mg/d or 4.4 pg/d

Applying this value to the doses administered
to the rats in this study, a 10-pg dose is equiva-
lent to approximately 2.3 work days, 100 pg is
equivalent to approximately 23 work days, and
1 mg is equivalent to approximately 227 work
days or, assuming a 5-day work week, 45.4 wk.
Alternately, if deposition is calculated based
on the REL related to the primary particle size,
the REL for ultrafine TiOy (0.1 mg/m?) can
be employed with the equations given earlier
and the equivalent doses can be calculated.
Using this value, the deposited mass in a stan-
dard worker in one work day would equal
0.075 mg/d. When normalized to alveolar sur-
face area in the rat, this yields 0.293 pg/d.
Therefore, using the ultrafine REL, a 10-pg
dose in the rat is equivalent to 34 work days,
a 100-pg dose is equivalent to 341 work days
(68.2 wk), and a 1-mg dose is approximately
3410 work days (682 wk or about 13 years).
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Lung Lavage Cell and Fluid Collection
Postexposure

Whole lung lavage was performed by wash-
ing the lungs of the rats with aliquots of PBS in
order to obtain pulmonary cells for morpholog-
ical and functional analysis, and acellular lavage
fluid was retained for analysis of indicators of
tissue damage and cellular activity. Rats were
euthanized with an overdose of sodium pento-
barbital (>100 mg/kg body weight; Sleepaway,
Fort Dodge Animal Health, Wyeth, Madison,
NJ); the trachea was cannulated, the chest cav-
ity was opened, the left lung was clamped off,
and lavage was performed on the right lung
via the tracheal cannula 1, 3, or 6 d post-
IT. The acellular fraction of the first lavage
was obtained by filling the right lung with
1T ml/100 g body weight of PBS, massaging
for 30 s, withdrawing, and repeating the pro-
cess one more time. This concentrated aliquot
was withdrawn, retained, kept separately, and
was designated as the first fraction of lavage
fluid. The following aliquots were 6 ml in vol-
ume, instilled once with light massaging, with-
drawn, and combined until a 30-ml volume
was obtained. For each animal, both lavage
fractions were centrifuged (10 min, 1200 x
g), the cell pellets were combined and resus-
pended in 1T ml PBS, and the acellular fluid
from the first fraction was retained for further
analysis.

Histopathological Evaluation

The left lungs of two rats per group from
the TiO, and saline groups per time point were
fixed with 10% neutral buffered formalin by
airway fixation at total lung capacity. The left
lungs were embedded in paraffin, sectioned
onto slides, and stained with hematoxylin and
eosin (H&E). H&E-stained slides were qualita-
tively analyzed for indications of inflammation
and injury by a certified veterinary patholo-
gist at Charles River Laboratories (Wilmington,
MA) who was blinded to the treatment groups.
Indices of inflammation and injury were scored
on scale of 0-5, where 0 = no observed effect,
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1 = minimal response, 2 = mild response, 4 =
moderate response, and 5 = severe response.

Analysis of Albumin and Lactate
Dehydrogenase (LDH) Activity

The presence of albumin and lactate
dcehydrogenase (LDH) activity in the lung
lavage fluid of all treatment groups was mea-
sured to evaluate the loss of integrity of the
alveolar—capillary barrier and general cytotoxic-
ity, respectively. Measurements of both albumin
and LDH activity in the acellular fluid were
obtained using a Cobas Mira analyzer (Roche
Diagnostic Systems, Montclair, NJ). Albumin
was determined by spectrophotometric mea-
surement of the reaction product of albumin
with bromcresol green (628 nm) according to a
method by Sigma Diagnostics (St. Louis, MO).
LDH activity was quantified by detection of
the oxidation of lactate coupled to the reduc-
tion of NADT at a spectrophotometric setting
of 340 nm.

Lung Lavage Cell Differentials and
Particle Uptake by AM

Total lung lavage cells collected from rats
treated with TiO, nanorods, silica, or PBS
were counted using a Coulter Multisizer I
(Coulter Electronics, Hialeah, FL). Cell differ-
entials were performed to determine the total
number of alveolar macrophages (AM), neu-
trophils, and lymphocytes. Briefly, 1 x 10° cells
from each rat were spun down onto slides
with a Cytospin 3 centrifuge (Shandon Life
Sciences International, Cheshire, England) and
labeled with Leukostat stain (Fisher Scientific,
Pittsburgh, PA) to differentiate cell types. Two
hundred cells per slide were counted, and the
percentages of AM, neutrophils, and lympho-
cytes were multiplied by the total number of
cells to calculate the total number of each cell
type.

Particle uptake by AM recovered from
treated rats at each dose and at each time
point was evaluated using scanning electron
microscopy (SEM) and transmission electron
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microscopy (TEM). Particles in AM were ver-
ified to be TiO, nanorods using energy-
dispersive x-ray (EDX) analysis at 20 kV.

Lung Lavage Fluid Cytokine Analysis

Cytokines and chemokines involved in
inflammatory and immune responses were
measured in the first fraction of lavage fluid
of rats pretreated with TiO, nanorods, sil-
ica, or PBS using commercially available
enzyme-linked immunosorbent assay (ELISA)
kits (BioSource International Inc., Camarillo,
CA). The following cytokines and chemokines
were quantified: tumor necrosis factor-o (TNF-
a), interleukin (IL)-2, IL-4, IL-6, IL-10, IL-12p70,
interferon-y (IFN-y), monocyte chemotactic
protein (MCP)-1, and macrophage inflamma-
tory protein (MIP)-2.

Lung Infectivity Model

Lung immune response to infection after
exposure to TiO, nanorods was evaluated
using a well-established bacterial infectivity
model (Antonini et al. 2002; Cohen et al.
2001; Roberts et al. 2007; Van Loveren et al.
1988). In this model, bacteria is administered
IT 3 d after particle exposure, at which point
any potential confounding effects due to the
method of particle administration have sub-
sided and alterations in lung immune responses
(bacterial clearance) in the lung can be directly
attributed to adverse effects of the particle itself
on the lung.

Intratracheal bacteria inoculation. Listeria
monocytogenes was cultured overnight in
brain—heart infusion broth (Difco Laboratories,
Detroit, MI) at 37°C in a shaking incubator.
Following incubation, the bacterial concentra-
tion was determined spectrophotometrically at
an optical density of 600 nm. The sample was
diluted to the concentration of 5 x 10° L.
monocytogenes in 500 pl of sterile PBS and
administered IT to the rats 3 d after instillation
of TiO, nanorods (100 pg or 1 mg) or saline
(n = 6 per group per time point).

J. R. ROBERTS ET AL.

Morbidity /pulmonary clearance of L. mono-
cytogenes. Morbidity and pulmonary clear-
ance were monitored in animals pretreated
with TiO, nanorods or saline. Animal weights
were monitored over the course of the treat-
ment period as an indicator of morbid-
ity. Rats were euthanized with an overdose
of sodium pentobarbital (>100 mg/kg body
weight; Sleepaway, Fort Dodge Animal Health,
Wyeth, Madison, NJ), and at d 6, 8, and 10
(corresponding to d 3, 5, and 7 postinfection),
and the left lung was removed from all the
rats in each treatment group. The excised tis-
sues were suspended in 10 ml sterile water,
homogenized using a PowerGen 700 homog-
enizer (Fisher Scientific, Pittsburgh, PA), and
cultured quantitatively on brain—heart infu-
sion agar plates (Becton Dickinson and Co.,
Cockeysville, MD). The number of colony-
forming units (CFUs) was counted after an
overnight incubation at 37°C.

Statistical Analysis

Results are expressed as means =+ standard
error of measurement (SE). Statistical analy-
ses were carried out with the SigmaStat 3.1
statistical program (Chicago). The significance
of the interaction among different treatment
groups for the different parameters at each
time point was assessed using analysis of vari-
ance (ANOVA). The significance of difference
between individual groups was analyzed using
the Holm-Sidak method with the criterion of
significance set at p < .05.

RESULTS

TiO2 nanorods were analyzed for compo-
sition and were found to be >99% TiO, by
weight. The nanorods acquire an amorphous
SiO; coating during manufacturing. In this sam-
ple, that coating would be <1% weight yielding
less than 10, 1, or 0.1 pg of SiO, in the 1
mg, 100 pg, or 10 ug TiO, nanorod treat-
ment, respectively. At this concentration, the
SiO; coating is not likely to attribute overtly to
toxicity of the particle (Merget et al. 2002). In
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the dry powder form, the manufacturer indi-
cated that the TiO, nanorods had a primary
geometric particle size of 10 nm x 40 nm
(Table 1). Measurements of the TiO; nanorods
made by our group using FESEM/TEM gave
slightly smaller results with physical dimen-
sions of 7.6 nm x 35.9 nm. TiO, nanorods
were suspended in PBS for treatment of cells
and animals. DLS measurements showed the
range in agglomerate size to be approximately
500-2800 nm (Table 1) with an average Deq agg
of 2370 nm. The distribution was bimodal,
and when the suspension was allowed to set-
tle over time there was a small fraction that still
remained in suspension with a smaller diam-
eter range of 450-1300 nm (data not shown;
however, this was not representative of the bulk
sample). Using DLS measurements and the
bulk density range reported by the manufacture
(0.06-0.1 g/cm?), the range in agglomerate
number in 1T mg of TiO, nanorods was calcu-
lated (Table 1). Using the equation described in
the methods section, and assuming the largest
agglomerate size (2800 nm) and the lowest
bulk density (0.06 g/cm?), the lowest num-
ber of agglomerates in 1 mg was calculated as
follows:

Number of agglomerates per 1 mg
= 1/l(xD3%6)- p-107'8]
= 1/1(3.1416) - (2800)° - (0.06) - (107'8)/6]

= 1.45 x 10°

Assuming the smallest agglomerate (500 nm)
and the largest bulk density (0.1 g/cm?), the
highest number of agglomerates in 1 mg was
calculated as follows:

Number of agglomerates per 1 mg
=1/[(xD?/6) - p - 1079
=1/[(3.1416) - (500)* - (0.1) - (107 8) /6]
=1.53 x 10"

SAXS analysis of the 30 mg/ml suspension of
TiO; nanorods in PBS showed that the primary
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particle aggregate was a cluster of 3—4 rods
oriented along their length (Figure 1A). The
high concentration was used for analysis as it
remained in suspension over longer periods
of time compared to the other concentra-
tions. The analysis of the 3 mg/ml suspension,
which corresponds to the 1-mg dose in the
in vivo studies, was found to have a similar
primary aggregate size and orientation; how-
ever, it settled out of suspension more rapidly
over time. Figure 1B represents an example of
how the primary nanorods aggregated together
to form more complex clusters of particles
that are representative of their structure in
suspension with an average particle diame-
ter in the fine size range. In agreement with
the SAXS analysis, FESEM depicted the for-
mation of small aggregates of TiO, nanorods
after the particle suspensions were dried
(Figure 2).

In analysis of the reactivity of the TiO,
nanorods, ESR was performed to measure free
radical production by TiO, nanorod samples in
a cell-free suspension (Figure 3) and in the pres-
ence of AM collected from naive, untreated
rats (Figure 4). There was a concentration-
dependent production of the hydroxyl radi-
cal by the TiO, nanorods in suspension, with
the 10 pg concentration showing no reactiv-
ity relative to control (Figure 3B). However,
when compared to equivalent concentrations
of silica, the TiO, nanorods were significantly
less reactive in suspensions. Similar findings
were observed when the TiO, nanorod sus-
pensions were incubated in the presence of
AMs (Figure 4). The highest dose of the TiO,
nanorod suspensions induced a significant ele-
vation in hydroxyl radical formation after AM
treatment compared to control (Figure 4B).
However, this increase was dramatically less
when compared to the response generated
by an equivalent concentration of silica, the
positive control.

Histological analysis was performed on
H&E-stained tissue sections to assess the poten-
tial pneumotoxic effect of TiO, nanorods after
in vivo treatment (Figure 5). Rats treated
with 10 pg TiO, showed minimal inflam-
mation and granulocyte infiltration at 1 d
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FIGURE 1. (A) SAXS analysis of a 30-mg/ml and a 3-mg/ml TiO, nanorod suspension in PBS (30 sec sonication) depicting the primary
aggregate size and shape. Primary aggregate size was similar at both concentrations and consisted of three to four rods oriented along their
length. Stability in suspension, the degree to which the particles remained suspended in the solution and did not precipitate, was found
to decrease with decreasing concentration. (B) A representative schematic of how the primary aggregates agglomerate in suspension; &
represents the average correlation length corresponding to the diameter of the primary aggregate (color figure available online).

S4800 5.0kV 6.4mm x100k SE(U)

300nm
$4800 5.0kV 6.4mm x180k SE(U)

FIGURE 2. Field emission scanning electron micrographs (FESEM) of TiO, nanorods dried onto carbon planchets. FESEM images show
small aggregates of nanorods reported to have a primary particle size of 10 nm x 40 nm. (A) Micron bar = 500 nm; subdivisions of bar =

50 nm. (B) Micron bar = 300 nm, subdivisions of bar = 30 nm.

postinstillation only with no other histologi-
cal changes (data not shown). Rats exposed
to 100 pg or 1 mg TiO, demonstrated mild
inflammation, infiltration of granulocytes, and
damage or alteration to epithelial cells at 1 d
postinstillation (Figure 5, B, C, and D). This
damage progressed at d 3 postinstillation in
the 1-mg group only (Figure 5, E and F). By
d 6 postinstillation, there were minimal to no
changes noted in any of the treatment groups

(data not shown); however, TiO, particulate
was still observed to be present in the lungs of
rats exposed to the high dose (data not shown).

To assess lung injury, LDH activity, an
indicator of general cytotoxicity, and albu-
min, an indicator of a compromise in the
gas—blood barrier, were measured in the
acellular lavage fluid recovered from the
lungs of the animals treated with the TiO,
nanorod suspensions (Figure 6). LDH activity
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FIGURE 3. Particle free radical intermediates. Electron spin res-
onance (ESR) was performed on the TiO, nanorods at doses of
1 mg, 100 ng, and 10 pg in the presence of H,O; and the spin
trap, DMPO, to assess hydroxyl radical formation as an indica-
tor of particle reactivity. Silica a-quartz (SiO») at doses of 1 mg
and 100 pug was used as the positive control for the presence of
the hydroxyl radical signal in a particle. Three analyses were per-
formed for each sample. (A) Representative ESR spectra of the
particles analyzed. (B) Quantification of the height of the peak
relative to control (H,O») as an indicator of the relative amount
of hydroxyl radical formed. a, b, ¢, Significantly different from
other groups; d, significantly different from 1 mg SiO,, 100 pg
SiOy, 1 mg TiOy, and H,O»; values are means + standard error
(p < .05) (color figure available online).

was significantly elevated in the 1-mg TiO;
group at d 1 and 3 postinstillation, when com-
pared to control (Figure 6A). At 1 and 3 d
postinstillation, there was a significant rise in
lavage fluid albumin in response to the high-
est dose of TiO, (Figure 6B). There were no
significant differences between saline and TiO,
groups at d 6. When comparing silica (pos-
itive control) to TiO, nanorods, there were
no marked differences in LDH activity and
albumin at any of the time points at each of
the concentrations except for the 1-mg dose
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FIGURE 4. In vitro production of free radicals. Electron spin res-
onance (ESR) was performed on macrophages recovered from
naive rats. Cells were treated with 1 mg, 100 pg, or 10 pg TiO»
in the presence of the spin trap, DMPO, to assess hydroxyl radical
formation. Silica a-quartz (SiO») at doses of 1 mgand 100 g was
used as a positive control for the presence of the hydroxyl radi-
cal signal. Three analyses were performed for each treatment. (A)
Representative ESR spectra of the cells treated with 1 mg TiO, or
1 mgSiO;. (B) Quantification of the height of the hydroxyl radical
peak relative to control (cells only) as an indicator of the relative
amount of hydroxyl radical formed. a, b, Significantly different
from other groups; ¢, significantly different from 1 mg SiO,, 100
ng SiOy, and cells only; values are means =+ standard error (p
< .05) (color figure available online).

group at d 6, indicating persistence of the lung
response after silica treatment but a resolution
of the response for TiO,.

To assess lung inflammation and immune
responses, neutrophils, AM, and lymphocytes
were recovered by whole lung lavage after
treatment with the TiO, nanorod suspensions
(Figure 7). The only significant differences
observed in AM numbers among the TiO,
group compared to control occurred on d
3, whereas AM number was significantly ele-
vated in the 1-mg silica group on d 3 and 6
(Figure 7A). There was a dose-dependent
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FIGURE 5. Histological analysis of H&E-stained tissue sections. Inflammation and lung injury were noted in the 1-mg and 100-pug
groups 1 d post-instillation, and these persisted at d 3 post-instillation in the 1-mg group only. By d 6 post-instillation, despite the
persistence of TiO; in the lungs, there were minimal changes noted in any of the treatment groups. (A) Saline group, 1 d post-instillation
(10x objective). The terminal bronchiole (B) is lined by cuboidal epithelium. Very few cells are present in alveoli. (B) 100-pg TiO>
group 1, d post-instillation (10x objective). The bronchiole (B) has a minimal infiltration of granulocytes in the submucosa. At the
lower left is a terminal bronchiole with minimal degenerative changes in the epithelium (arrow), as well as some local infiltration of
macrophages and a few granulocytes. (C) 1-mg TiO, group, 1 d post-instillation (10x objective). The bronchiole shows slightly thickened
walls due to infiltration of granulocytes. Peribronchiolar inflammation is present at the lower center portion of the image. Dark refractile
pigment (TiO>) is surrounded by macrophages (arrow). (D) 1 mg TiO; group, 1 d post-instillation (40x objective). High-magnification
photomicrograph of bronchiolar inflammation shows a few granulocytes migrating through the mucosa (arrow), as well as a mitotic figure
(M) in the epithelium. Dark refractile pigment is surrounded and engulfed by macrophages. (E) 1-mg TiO, group, 3 d post-instillation (10x
objective). Terminal bronchiole has mild regenerative changes (increased cytoplasmic basophilia) in the epithelium, and is surrounded
by alveoli with thickened septa and that contain macrophages, pigment, and granulocytes. (F) 1-mg TiO, group, 3 d post-instillation
(10x objective). Inflammation is moderate in this area, and is characterized by perivascular infiltration of leukocytes (lymphocytes and
granulocytes, asterisk), as well as prominent alveolar septal thickening and alveolar pigment, macrophages, and a few granulocytes (color
figure available online).

increase in neutrophils 1 d postinstillation
of TiO, or silica when compared to con-
trol rats (Figure 7B). Lung neutrophil number
remained elevated in only the 1-mg TiO, and
silica groups throughout the 6-d postinstilla-
tion period compared to control. A significant

elevation in neutrophil number was observed
with 1 mg silica at d 6 compared to TiO,.
Lymphocyte numbers were significantly ele-
vated in the 100-pg and 1-mg silica groups
when compared to controls and all TiO; groups
1 d postinstillation (Figure 7C). Lymphocytes
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FIGURE 6. Indices of lung injury measured in the first fraction of lung lavage fluid at 1, 3, and 6 d after intractracheal instillation with
1 mg, 100 pg, or 10 pug of TiO, nanorods, silica a-quartz (SiO,), or saline: (A) Lactate dehydrogenase (LDH) and (B) albumin. Asterisk
indicates significantly different from all groups within a time point; #, significantly different from saline, TiO, 10 pg, SiO2 10 pg, TiO,
100 pg, and SiO, 100 pg within a time point; *, significantly different from saline, TiO, 10 ug, and SiO; 10 g within a time point;
values are means =+ standard error (n = 8-14 saline, n = 8 TiO2, n = 6 SiOy; p < .05).

remained significantly elevated in the high- the TiO, nanorods were readily engulfed by
dose silica group when compared to all groups AM (Figure 8, A and B). Individual nanorods
throughout the time course. In, addition, by d in AM were analyzed using EDX analysis to
6, there were still significant increases in lym- confirm that the particles imaged were TiO,
phocyte number in the lower doses of silica nanorods (Figure 8, C and D). The particles
when compared to equal doses of TiO, or were observed in AM at all time points in all
control. doses after instillation (data not shown).

With regard to uptake of particles by AM, Numerous cytokines and chemokines

transmission electron microscopy showed that related to the inflammatory pathway and
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FIGURE 7. Total number of (A) alveolar macrophages (AM), (B) neutrophils (PMNs), and (C) lymphocytes recovered in lung lavage fluid
from rats 1, 3, and 6 d after intratracheal instillation with 10 pg, 100 ng, 1 mg of TiO2 nanorods, silica a-quartz (SiO3) or saline. Asterisk
indicates significantly different from all groups within a time point; #, significantly different from saline, TiO, 10 pg, SiO, 10 pg, TiO,100
pg, and SiO»100 pg within a time point; T, significantly different from saline, TiO, 10 pg, SiO2 10 pg, and TiO, 100 pg within a time
point; $, significantly different from saline, TiO, 10 pg, TiO, 100 pg, and SiO, 100 pg within a time point; @, significantly different
from saline, TiO, 10 pg, SiO, 10 pg, TiO2100 ng, and TiO, 1 mg within a time point; ~, significantly different from saline, TiO, 10
ng, and TiO, 100 pg within a time point; values are means =+ standard error (n = 8-14 saline, n = 8 TiO,, n = 6 SiOy; p < .05).



Downloaded by [CDC] at 08:03 30 January 2012

LUNG TOXICITY OF TiO, NANORODS

0

ENRG-6IN/C1|
352 80,000 13000 2m

803

FIGURE 8. Alveolar macrophage uptake of TiO,. (A) Transmission electron microscopy (TEM) image of an AM from a rat 1 d after
instillation with 100 g TiO, showing phagocytosis of the particles (arrow) (B) High-magnification TEM image of area indicated by arrow
in (A). (C) Elemental spectra of an AM vacuole containing nanorods analyzed using energy dispersive x-ray (EDX) analysis at 20 kV
to confirm that the particles imaged were TiO,. (D) Scanning electron microscopy (SEM) backscatter image corresponding to (C). The
arrowhead indicates the vacuole in the AM that underwent elemental mapping. The particles were observed in AM at all time points in
all doses post-instillation (data not shown) (color figure available online).

immune function were measured in the acel-
lular lung lavage fluid after treatment with the
TiO, nanorods or silica (Figure 9). There were
no significant differences in TNF-o although
there was trend for a rise in all silica groups
relative to TiO, groups (Figure 9A). There
was a significant increase in IL-12p70 in all
silica-treated rats relative to TiO,-treated rats
on d 1 and a significant decrease was observed
in all silica-treated animals on d 3 relative to
the TiO, groups (Figure 9B). No significant
differences were observed when comparing
levels of IL-10, an anti-inflammatory cytokine
that inhibits macrophage function, among
TiO,-treated rats relative to saline controls.
However, this cytokine was diminished signif-
icantly in silica-treated rats at all time points
postexposure relative to saline controls and
TiO,-treated rats (Figure 9C), indicative of a

release of inhibition on macrophages. There
were significant increases in chemokines,
MCP-1 and MIP-2, measured in TiO,-treated
rats at the high dose. MCP-1 was significantly
elevated on d 1 and 3 postinstillation in the rats
treated with T mg of TiO, nanorods relative
to the saline group; however, there were
no significant differences between increases
observed when comparing the rats treated
with TiO, nanorods versus rats treated with
silica at the equivalent doses (data not shown).
MIP-2 was significantly elevated on d 1 postin-
stillation in the rats treated with 1 mg of TiO,
nanorods compared to saline controls and
rats treated with 10 pg of TiO, nanorods or
silica (Figure 9D); however, the rise was nearly
fivefold greater in rats treated with 1 mg silica.
In addition, rats treated with 100 pg or 1
mg silica also showed significantly elevated
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FIGURE 9. Inflammatory cytokines, (A) TNF-a (B) IL-12p70, anti-inflammatory cytokine (C) IL-10, and chemokine, (D) MIP-2, in the
first fraction of lung lavage fluid recovered from rats intratracheally instilled with 1 mg, 100 g, or 10 ug TiO, nanorods, silica «-quartz
(SiOy), or saline 1, 3, or 6 d post-instillation. Mean control value ranges across timepoints (pg/ml lung lavage fluid): TNF-o= 5.21-10.98,
IL-12p70 = 8.52-23.47, IL-10 = 129.4-193.9, MIP-2 = 405.2-478.0. a, significantly different from TiO, 10 ng, TiO2 100 pug, and TiO,
1 mg within a time point; b, significantly different from TiO, 100 pg and TiO, 1 mg within a time point; ¢, significantly different from
SiO, 10 pg, SiO, 100 g, and SiO, 1 mg within a time point; d, significantly different from TiO, 10 pg, SiO, 10 pg, TiO, 100 pg,
and TiO,1 mg within a time point; e, significantly different from all groups within a time point; f, significantly different from TiO, 100 pg
within a time point; g, significantly different from TiO, 10 pg and Si 10 pg within a time point; h, significantly different from TiO, 10 pg
and TiO, 100 g within a time point; values are means =+ standard error (n = 8-14 saline, n = 8 TiO,; n = 6 SiO»; p < .05).

levels of MIP-2 in the lung lavage fluid on d
6 postexposure compared to rats treated with
TiO, nanorods. These increases in MCP-1
and MIP-2 correspond well with cellular influx
of AM and neutrophils into the lungs of rats
in these treatments group. There were no
significant differences observed in the acute
phase cytokine, IL-6, and immune cytokines,
IL-2, IL-4, or IFN-y, in the lung lavage fluid
among TiO, nanorod treatment groups at any
time point (data not shown).

To assess the immune effect of TiO,
nanorods on defense responses to bacterial
challenge, animals were treated on d O with
100 g or 1 mg of TiO, nanorods, the lungs
of the treated animals were inoculated with

Listeria. monocytogenes on d 3 after TiO; treat-
ment, and bacterial clearance was determined
ond 6, 8 and 10 (Figure 10). There was no
significant difference in morbidity, animal body
weight change (data not shown), and the clear-
ance of L. monocytogenes after pretreatment
with either dose of TiO, nanorods compared
to control.

DISCUSSION

One goal of this study was to charac-
terize and assess pulmonary responses after
exposure to a non-dispersed TiO, nanorod.
A sample of the TiO, nanorods was sus-
pended in PBS and intratracheally instilled
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FIGURE 10. Number of bacterial colony-forming units (CFUs) in the left lungs of rats that were preexposed to 100 pg TiO, nanorods,
1 mg Ti nanorods, or saline 3 d prior to intratracheal inoculation with 5 x 10° L. monocytogenes. Values are means = standard error (n

= 6/treatment group/time point).

into the lungs of animals. Particle agglomera-
tion of the nanorod suspension was examined,
and x-ray scattering and electron microscopy
showed primary particle clusters of 3—4 rods
oriented along their length and arranged in
complex agglomerates in suspension with an
average particle diameter in the range of 500—
2800 nm. The level of agglomeration observed
with the suspended TiO, nanorods was not
surprising. Particle agglomeration may be an
important obstacle in examining the pulmonary
toxicity of nanomaterials. The suspension of
nanoparticles in other media, such as lung
lavage fluid or PBS that contained proteins
plus a phospholipid (dipalmitoyl phosphatidyl-
choline), was observed to improve particle dis-
persion and reduce agglomeration (Sager et al.
2007). However, the addition of exogenous
proteins and phospholipids to the suspension
medium may coat the nanomaterials and atten-
uate or alter the surface reactivity, toxicity,
and/or time frame of adverse responses of the
particles (Gao et al. 2000). Thus, for the initial
experiments for the current study, the response
of non-dispersed TiO, nanorods, suspended
in untreated PBS, was examined. In a sepa-
rate study, the analysis of pulmonary toxicity of
dispersed TiO, nanorod is ongoing.

Studies have shown that evaluating the
surface reactivity of nanoparticles in cell-free
and cell-based systems provide a poten-
tial predictor of acute pulmonary toxicity in
vivo (Rushton et al. 2010). Previous pul-
monary bioassay studies using poorly dispersed
nanoparticles indicated that particle surface
reactivity and not primary particle size or sur-
face area correlated best with inflammatory
potential after treatment with different sized
silica (a-quartz) and TiO, particles (Warheit
et al. 2006; 2007c; 2009). For the current
study, ESR was performed on suspensions of
TiO, nanorods and silica, both cell-free and
in the presence of AM, to determine particle
surface bioreactivity. ESR analysis showed silica
particles to be highly reactive and generate sig-
nificant levels of ROS on the particle surface
(Vallyathan et al. 1988). In both the cell-free
and cell-based assays, the TiO, nanorods gen-
erated a concentration-dependent increase in
hydroxyl radicals that was statistically greater
than control values at the highest concentra-
tions but significantly less than hydroxyl gener-
ation produced by silica treatment.

In agreement, Reeves et al. (2008)
observed TiO, nanoparticles to increase
hydroxyl radical formation in a cellular in vitro
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assay as measured by ESR. Hamilton et al.
(2009) demonstrated that both short (<5 pum)
and long (>15 pm) TiO, nanobelts elevated
intracellular ROS production and lipid peroxi-
dation. A rise in ROS generation may be one
mechanism by which inhaled nanoparticles
may be cytotoxic to pulmonary cells. This may
be especially important for nanomaterials in
that as particle size is reduced, the propor-
tion of atoms associated with the surface is
magnified relative to the proportion inside
its volume, possibly generating more reactive
particles (Warheit et al. 2009). If the ESR results
of the current study are normalized to surface
area for a given mass of silica versus TiO»
nanorods, the surface area of the nanorods
would be greater than that of the fine-sized
silica; however, the silica particle reactivity at
equivalent mass is approximately 2 time greater
in the cell free system, and 5-6 times greater
in the in vitro ESR system. Overall, when com-
pared to the highly reactive, highly toxic silica
particles, the TiO, nanorods used in this study
are significantly less reactive; nonetheless, the
TiO, nanorods did have significant surface
reactivity compared to control. Based on these
ESR findings of an elevation in hydroxyl radical
by the TiO, nanorod suspension used in the
current study, it would seem possible that this
particular nanomaterial at high concentra-
tion may produce adverse responses in the
lungs.

Histopathology and lung lavage fluid anal-
ysis revealed minimal changes in lung injury
and inflammation early after i.t. instillation
with 10 or 100 pg of TiO, nanorods. These
responses quickly subsided and were no differ-
ent from control values by 3 d after treatment.
Pulmonary inflammation and injury were more
significant and still elevated at 3 d after treat-
ment with 1 mg of TiO, nanorods, but by 6 d,
lungs appeared normal even at this higher TiO,
dose. Because these responses subsided by 6
d after treatment, it is highly doubtful that this
particular TiO, nanorod possesses fibrogenic
properties, unlike other fiber-shaped nanoma-
terial, such as carbon nanotubes (Shvedova
et al. 2005). At a comparable dose of 1.2
mg of TiO, particles with a mean diameter of
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0.9 wm, Rehn et al. (2003) observed a similar
elevation in lung inflammation and lung lavage
fluid injury parameters at 3 d that quickly
resolved over time. The 10-pg, 100-pg, and
1-mg TiO, doses used in the current study
correspond to 0.03 mg/kg, 0.33 mg/kg, and
3.3 mg/kg, respectively. Comparable results
were observed in other lung rat toxicity studies
that used 1-mg/kg and 5-mg/kg doses of TiO,
nanorods. Transient and reversible increases in
lung inflammation and some lung lavage fluid
biochemical injury parameters were observed
for both doses of TiO, nanorods at 1 d
after exposure (Nemmar et al. 2008; Warheit
et al. 2006). In contrast, well-dispersed TiO»
nanospheres (0.26 mg/rat) were reported to
induce substantial lung inflammation, which
remained well above control at 42 d postex-
posure (Sager et a. 2008).

Electron microscopy revealed that signifi-
cant portions of deposited TiO, nanorods were
phagocytized by AM after IT instillation and still
present in the cells at all time points exam-
ined after treatment. In the characterization of
AM/TiO, nanoparticle interaction, Hamilton et
al. (2009) demonstrated that TiO, nanospheres
and short nanobelts (< 5 wm) were taken up
in the cytoplasm in discrete lysosomes in the
cell, similar to what was observed with TiO,
nanorods in the current study. In contrast, AM
exposed to long nanobelts (>15 mm) failed to
produce functional lysosomes, resulting in the
subsequent release of cathepsin B and the for-
mation of NALP3 inflammasome. This dysfunc-
tion of AM-particle processing was observed
with asbestos and silica, and appears unlikely
to occur after exposure to shorter length TiO»
nanorods, such as those used in this study.

AM are a critical part of lung defense
mechanisms in response to bacterial infec-
tion, with a direct bactericidal role, as well as
producing bactericidal oxidants and cell signal-
ing molecules involved in innate and adaptive
immune responses. Despite the increased bur-
den of TiO, nanorods in AM used in the
current study, there appears to be no marked
effect on lung defense functions after exposure.
AM exposed to TiO, nanorod samples in vitro
were able to generate oxidants as measured
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by ESR. In addition, inflammatory cytokines
and chemokines produced by AM, as well as
neutrophils, were elevated in the lung lavage
fluid of rats exposed to TiO, nanorods in vivo,
although to a lesser degree than those from rats
treated with silica. No significant alterations in
lung lavage fluid levels of cytokines related to
adaptive immunity in the lung (IL-2, IL-4, IL-
10, or IFN-y) were observed in rats treated
with TiO, nanorods when compared with con-
trols. In addition, immune responses of TiO;
nanorod-treated rats after challenge with a bac-
terial pathogen were not markedly altered,
indicating the response of macrophages in
the killing and clearing of bacteria from the
lungs was not markedly impaired. Pulmonary
treatment with the two high doses of TiO,
nanorods before inoculation with L. monocy-
togenes did not affect the ability of the lung
to clear the bacteria. Previous studies by our
group have indicated that other examples of
nanoparticles, single-walled carbon nanotubes
or welding fumes, suppress immune defense
responses, possibly increasing the susceptibil-
ity of the lungs to infection (Antonini et al.
2007; Shvedova et al. 2008), and subchronic
exposure to silica was shown to produce the
opposite effect resulting in a faster clearance
of the infection due to significantly heightened
AM activation (Antonini et al. 2000a; 2000b).
Another goal of this study was to estab-
lish a well-characterized (in terms of size,
shape, and surface properties) rod-shaped
nanomaterial to be used as a control refer-
ence particle for the toxicological assessment
of other nanorod/wire/fiber materials as part
of the NIOSH nanotechnology research initia-
tive (NIOSH 2009). From the results of this
current study, this specific TiO, nanorod may
be an appropriate candidate for use as a con-
trol reference particle, particularly at the lower
doses, which may be more physiologically rele-
vant in terms of worker exposure scenarios and
better reflect the LOEL or NOEL. In the non-
dispersed form, it produced no adverse effect
on lung immune function after challenge with
a bacterial pathogen and had a low inflam-
matory potential over a wide dose range. The
elevations in lung injury and inflammation that
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were observed at the high dose 1 d after instil-
lation were transient and reversible, and may
be due to the method of administration to the
animals. Intratracheal instillation introduces a
large bolus of material in the lungs that may be
responsible for the early elevations in inflam-
mation observed after treatment (Driscoll et al.
2000); therefore, it may be more pertinent to
examine the earliest inflammatory responses at
2 or 3 d after treatment to ensure the response
is due to inherent properties of the nanomate-
rial and not to due to administration procedure.
In addition, there is debate as to whether the
dispersed or non-dispersed form of a nanoma-
terial is the more appropriate form to evaluate
in terms of toxicity related to occupational
exposure. Sager et al. (2007) demonstrated that
pulmonary inflammation was 8-fold greater 1 d
after IT instillation exposures to well-dispersed
versus poorly-dispersed carbon black nanopar-
ticles. In addition, concerning pulmonary expo-
sures, agglomerates that reach the alveolar
region may further disperse in or interact with
the surfactant layer in the lung. Studies are cur-
rently underway to determine whether there
is any variation in pulmonary toxicity when
TiO, nanorods are administered to rats in a
physiologically based dispersion medium.
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