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457 Multiwalled Carbon Nanotube-Induced Lung Tumors.

L. Sargent1,  D. W. Porter1,  D. T. Lowry1,  L. A. Battelli1,  K. Siegrist1,
M. L. Kashon1,  B. T. Chen1,  D. Frazer1,  L. Staska2,  A. F. Hubbs1,
W. McKinney1,  M. Andrew1,  S. Tsuruoka3,  M. Endo3,  V. Castranova1 and
S. H. Reynolds1. 1CDC/NIOSH, Morgantown, WV; 2Integrated Laboratory Systems,
Durham, NC; 3Shinshu University, Nagano, Japan.

Carbon nanotubes have many promising applications. Although the low density
and small size of carbon nanotubes makes respiratory exposures to workers likely
during the production or use of commercial products, there is limited data on car-
cinogenicity of inhaled multi-walled carbon nanotubes (MWCNTs). We have
therefore utilized a two stage initiation/promotion protocol to determine whether
inhaled MWCNTs act as a complete carcinogen and/or promote the growth of cells
with existing DNA damage. Six week old, male, B6C3F1 mice received a single
dose of either methylcholanthrene (MC, 10 μg/g BW, i.p.) or vehicle (corn oil).
One week after i.p. injections, mice were exposed by inhalation to MWCNTs (5
mg/m3, 5 hours/day, 5 days/week) or filtered air (controls) for a total of 15 days.
The B6C3F1 mouse used in this study has intermediate susceptibility to lung car-
cinogenesis, and data obtained will have relevancy to existing human lung tumor
data because lung tumors in this mouse strain exhibit many molecular and mor-
phological similarities to human pulmonary tumors. At 17 months post-exposure,
mice were euthanized and examined for lung tumor formation. Twenty percent of
the filtered air controls, 33% of the MWCNT-exposed, and 50% of the MC fol-
lowed by air-exposure, had a mean of one tumor per mouse. By contrast, 100% of
the mice which received MC followed by MWCNTs had tumors with an average of
3.6 tumors per mouse. Additionally, mice exposed to MWCNTs or MC followed
by MWCNTs had larger tumor volumes than their corresponding air-exposed con-
trol groups. Our preliminary data suggests that MWCNT exposure promotes the
growth of spontaneously and chemically initiated lung cells, resulting in the devel-
opment of lung tumors. In this study, mouse MWCNT lung burden approximates
feasible human occupational exposures. Therefore, the results of this ongoing study
indicate that caution should be used to limit human exposures to MWCNTs.

458 Toxicological Evaluation of Pulmonary Exposure to
Graphenes of Different Sizes.

J. R. Roberts1, 2,  A. Kenyon1,  S. S. Leonard1, 2,  N. R. Fix1,  D. W. Porter1, 2,
T. M. Sager1, 2,  M. Wolfarth1,  B. M. Yingling2, 1,  I. S. Chaudhuri3,  A. Kyrlidis3,
S. A. Bilgesu1,  R. R. Mercer1, 2,  D. Schwegler-Berry1,  V. Castranova1 and
A. Erdely1, 2. 1NIOSH, Morgantown, WV; 2WVU, Morgantown, WV; 3Cabot
Corporation, Billerica, MA.

Research on the uses and manufacturing of nano graphene has increased dramati-
cally in the past decade. Thus, worker inhalation of graphene nanopowders is likely.
The goal of this study was to evaluate the lung toxicity of three non-oxidized
graphene (Gr) samples of different sizes [20 μm lateral x 7-10 nm thick (Gr20), 5
μm lateral x 7-10 nm thick (Gr5), and <2 μm lateral x 1-2 nm thick (Gr1)]. Gr
samples were diluted in physiological dispersion medium (DM) and characterized
for size, surface reactivity, and free radical generation in vitro. Male C57BL/6J mice
received 4 or 40 μg of Gr1, Gr5, or Gr20, or 40 μg of carbon black (CB; particle
control), or DM (vehicle control) by aspiration. Mice were sacrificed at 4 hr (day
0), 1, 7, and 28 days post-exposure. Lung lavage was performed, the fluid and cells
were retained, and indices of lung injury and inflammation were examined.
Particle/aggregate size ranged from ~ 5-300 μm, 0.5-60 μm, and 0.2-5μm for
Gr20, Gr5, and Gr1, respectively, with CB being similar to Gr1. Electron spin res-
onance (ESR) indicated that all Gr samples and CB had low to no surface reactivity
as compared to a positive control (α-quartz). In vitro, ESR showed all Gr samples
induced free radical production by mouse monocytes with significantly greater re-
sponse in Gr20- and Gr5-treated cells compared to Gr1- and CB-treated cells.
Indices of lung injury in lavage fluid were increased for the 40 μg doses of Gr20 and
Gr5 on days 0, 1, and 7 when compared to control. Gr1 (40 μg) produced an in-
crease only at day 7. Increased lung injury in the CB group was comparable to Gr20
and Gr5 on days 1 and 7. Injury decreased in all groups by day 28. Inflammation
was elevated in the 40 μg Gr20, Gr5, Gr1 and CB groups on day 1, but only in the
40 μg Gr20 and Gr5 groups on days 0 and 7. In summary, the larger Gr particles
appeared to produce more toxicity at the early time points post-exposure when
compared to controls.

459 A 28-Days Repeated Dose of Multiwalled Carbon Nanotubes
(MWCNTs) in Sprague-Dawley Rats.

J. Sung2,  B. Choi2,  K. Song2,  J. Kim2,  K. Ahn3,  G. Lee3,  J. Lee5,  J. Shin5,
J. Lee1,  K. Jeon4, 3 and I. Yu1. 1Institute of Nanoproduct Safety Research, Hoseo
University, Asan, Republic of Korea; 2Bioconvergence Department, KCL, Incheon,
Republic of Korea; 3Mechanical Engineering, Hanyang University, Ansan, Republic of
Korea; 4HCT, Icheon, Republic of Korea; 5Occupational Lung Diseases Institute,
Korea Workers’ Compensation Welfare Service, Icheon, Republic of Korea.

There is a lack of available information on the human health and environmental
hazards of MWCNTs. For this reason, the current study investigated the inhalation
toxicity potential of MWCNTs. Eight-week-old rats were divided into 4 groups (10
rats in each group), including the fresh air control (0 mg/m3), low-concentration
group (0.2 mg/m3), middle concentration group (0.5 mg/m3), and high-concentra-
tion group (1.0 mg/m3), and exposed to MWCNTs for 5 days (6 hrs/day) in nose-
only inhalation exposure system. Then the rats were allowed to recover for 1 and 3
months by ceasing the exposure At the end of the study, the rats were subjected to a
full necropsy. Cellular differential counts and inflammatory measurements, such as
albumin, lactate dehydrogenase (LDH), total protein, and cytokines were also
monitored in the a cellular bronchoalveolar lavage (BAL) fluid of the rats exposed
to the MWCNTS for 28 days. Histopathological, hematological and clinical chem-
istry examinations indicated that there were no significant findings related to
MWCNT exposure after 28 days of MWCNT inhalation exposure.

460 Toxic Effects of MWCNT In Vivo and In Vitro.

A. Schlichting1,  C. Ziemann1,  A. Leonhardt2,  R. Susanne1,  S. Dirk1 and
B. Bernd1. 1Fraunhofer ITEM, Hannover, Germany; 2Leibniz Institute for Solid State
and Materials Research, Dresden, Germany. Sponsor: C. Dasenbrock.

Multiwall carbon nanotubes (MWCNT) are discussed to exhibit a toxic potential
depending on their length and fiber-like shape. For this reason, potential adverse
biological effects in vivo (rat) and in vitro (human peritoneal mesothelial
LP9/TERT-1 cells) of MWCNT are investigated in a project funded by the
German BMBF (contract No. 03X0109A). In this project MWCNT data are com-
pared with long amosite asbestos as a positive control and more particle-like
MWCNT (Baytubes®, milled MWCNT, and Printex 90) as negative controls. For
this study costum made MWCNT with different length and diameter were pro-
duced. To investigate the carcinogenic potential of these MWCNT, they were sus-
pended in artificial lung-like medium using a sonotrode. The separated MWCNT
were applied to the rats by intraperitoneal injection. In addition to the carcino-
genicity study, the proliferation of cells in the diaphragm was investigated as a short
time screening test after 3 month, using a BrdU method. To determine cytotoxicity
in vitro LP9/TERT-1 cells were incubated for 24h with the same MWCNT, sus-
pended in culture medium, and the toxic potential was estimated by cell counting
and subsequent calculation of the relative increase in cell count (RICC).
Suspension, size, and distribution of MWCNT were always monitored by SEM.
CNT3 (length: 8.57 μm; diameter: 0,085 μm) and long amosite (length: 13.95
μm; diameter: 0.39 μm) led to significant thickening of the diaphragm, as com-
pared to the negative control. With CNT2 (length: 10.24 μm; diameter: 0.04) a
high amount of BrdU positive cells were noted. In the in vitro study part both
CNT1 (length: 7.91 μm; diameter: 0.037 μm), CNT2, CNT3 and long amosite
asbestos mediated strong reduction in cell number, compared to the particle con-
trols, indicating a marked cytotoxic potential. In conclusion, some MWCNT me-
diate enhanced proliferation in rat diaphragm which may result in mesothelioma
development and certain MWCNT exhibit a cytotoxic potential in mesothelial
cells in vitro.

461 Carbon Nanotubes Enhance Metastatic Growth of Lung
Carcinoma via Up-Regulation of Myeloid-Derived
Suppressor Cells.

M. Shurin1,  A. V. Tkach2,  E. Kisin2,  T. Khaliullin2,  S. Stanley2,  D. Gutkin1,
A. Star4,  Y. Chen4,  G. Shurin1,  V. Kagan3 and A. A. Shvedova2. 1Department of
Pathology, University of Pittsburgh, Pittsburgh, PA; 2PPRB, HELD, NIOSH,
Morgantown, WV; 3Department of Environmental and Occupational Health,
University of Pittsburgh, Pittsburgh, PA; 4Department of Chemistry, University of
Pittsburgh, Pittsburgh, PA.

Expanding applications of nanomaterials, particularly carbonaceous nanoparticles
(CNP), in new technologies, consumer products and biomedicine, imply their in-
creasing levels of manufacturing. There are numerous attempts to utilize nanoparti-
cles for better delivery of drugs and nucleic acid-based therapeutics to disease sites
in the lung, particularly to the lung epithelium. The inhalation of drug nano-for-
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mulations propelled the development of new strategies in therapy of several human
lung diseases such as asthma, cystic fibrosis, chronic obstructive pulmonary disease,
lung cancer, tuberculosis, etc. Safety and lack of adverse health effects remain the
major pre-requisites for broader applications of these novel technologies.
Toxicological assessments of nano-particles typically are performed on normal ani-
mals. Thus possible effects of CNP on tumor growth have not yet been considered.
The immune system safeguards the host from infections and malignancies.
Recognition and undesirable interactions of CNP with cells of the immune system
may lead to immunomodulation, hence increasing the host’s susceptibility to infec-
tions and cancer. Here, we show that single wall carbon nanotubes (SWCNT) pro-
mote metastatic establishment and growth of Lewis lung carcinoma in C57BL6/J
mice. The effect was mediated by increased local and systemic accumulation of
myeloid-derived suppressor cells (MDSC), as their depletion abrogated pro-tumor
activity in vivo. These data are important for the design of novel theranostics plat-
forms with modules capable of depleting or functionally suppressing MDSC to en-
sure effective immunosurveillance in the tumor microenvironment.

462 IL-33 Modulates Chronic Airway Resistance Changes
Induced by Multiwalled Carbon Nanotubes.

X. Wang,  J. Shannahan and J. M. Brown. Pharmacology & Toxicology, East
Carolina University, Greenville, NC.

As the field of nanotechnology rapidly grows, the potential health hazards for
human exposure rise. We have previously demonstrated that oropharyngeal instilla-
tion of multi-walled carbon nanotubes (MWCNTs) in C57BL/6 mice leads to in-
creases in total respiratory system resistance (R) and Newtonian resistance (Rn),
which is a measure of central airway resistance. In this study, we hypothesized that
IL-33, a critical immune system alarmin, modulates mechanisms of pulmonary
toxicity following exposure to MWCNTs. We assessed lung histology and pul-
monary function in C57BL/6 and IL-33-/- mice 30 days following oropharyngeal
aspiration of MWCNTs. The total number of bronchoalveolar lavage cells and the
recruitment of neutrophils was increased in C57BL/6 mice following MWCNT ex-
posure. In contrast, IL-33-/- mice exposed to MWCNTs did not demonstrate alter-
ations in bronchoalveolar lavage cell content. Furthermore, C57BL/6 mice dis-
played increased inflammation around the airways demonstrated by histopathology
which was unseen in IL-33-/- mice. To determine if these histopathological changes
impact airway resistance, MWCNT exposed C57BL/6 were challenged with cumu-
lative doses of methacholine (Mch) between 1.5 mg/ml and 24 mg/ml. Aerosolized
Mch increased R and Rn in a dose-dependent manner in all groups with MWCNT
instilled C57BL/6 mice responding with significantly higher R and Rn compared
to control C57BL/6 mice. Importantly, increases in R and Rn induced by
MWCNT were dependent on IL-33, as there was no significant difference between
MWCNT treated and control IL-33-/- mice. In conclusion, these results indicate
IL-33 plays an important role in pulmonary toxicity induced by MWCNT by in-
fluencing airway resistance via an inducible inflammatory response. This work sup-
ported by NIH RO1 ES019311.

463 Pulmonary Toxicity Assessment of Multiwalled Carbon
Nanotubes after Single Intratracheal Instillation in a One-
Year Bioassay of Rats.

M. Naya,  N. Kobayashi,  K. Honda,  M. Ema and J. Nakanishi. National Institute
of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan.

Well-dispersed multi-wall carbon nanotubes (MWCNTs) were instilled intratra-
cheally at dosage of 1.0 or 2.6 mg/kg body weight to male Wistar rats. A negative
(vehicle) control, 0.5 mg/mL Triton X-100 was administered in a similar manner.
After instillation, the bronchoalveolar lavage fluid (BALF) was assessed for the in-
flammatory biomarkers, and the lung, liver, kidney, spleen, and cerebrum were ex-
amined histopathologically at 1-day, 3-day, 1-week, 4-week, 3-month, 6-month,
and 12-month post-exposure. Transient pulmonary inflammatory responses were
observed up to 3-month post-exposure. In the histopathological examination, 1.0
and 2.6 mg/kg of MWCNTs deposited in the lungs were phagocytosed by the alve-
olar macrophages and these macrophages were accumulated in the alveoli up to 12-
month post-exposure. There was no evidence of chronic inflammation, such as an-
giogenesis or fibrosis which induced by MWCNT instillation. These results suggest
that MWCNTs were being processed and cleared by alveolar macrophages.

464 Thirteen-Week Inhalation Toxicity Study with a Multiwall
Carbon Nanotube Test Material in Wistar Rats.

D. Schuler1,  K. L. Reed2,  M. P. DeLorme2,  Y. Okazaki1,  Y. Muro4,
H. J. Chevalier3 and D. B. Warheit2. 1Harlan Laboratories Ltd., Fuellinsdorf,
Switzerland; 2DuPont Haskell Lab, Wilmington, DE; 3Anapath GmbH.,
Oberbuchsiten, Switzerland; 4Showa Denko K.K., Tokyo, Japan.

A subchronic inhalation toxicity study of an inhaled vapor-grown multiwall carbon
nanotube (MWCNT) test substance was conducted in male and female Wistar rats.
The test sample was composed of > 99.5% carbon, containing limited (Fe) catalyst
metals; BET surface area measurements of ~25 m2/g; and average lengths/diame-
ters of 9 μm and 100 nm, respectively. Four groups of rats per sex were exposed
nose-only, 6 h/day, for 5 days/week to aerosol concs. of 0, 0.013 (low), 0.055 (mid)
or 0.53 (high) mg/m3 MWCNT (MMAD ranging from 0.85 – 1.64 μm) over a
91-day period and evaluated 1 day later. Toxicity evaluations included clinical and
histopathology methods, and bronchoalveolar lavage fluid (BALF) analyses.
Additional control and high exposure groups were evaluated at 3 months PE.
Results demonstrated that MWCNT exposures produced no significant adverse ex-
trapulmonary effects. Absolute and relative lung weights were increased in high ex-
posure conc. vs. controls and to a lesser extent after the recovery period. The results
of BALF studies demonstrated increased GGT, LDH and ALK PHOS levels vs.
controls in mid/high exposure groups. In addition, increased numbers of BALF
cells were recovered at 0.53 mg/m3 MWCNT. Principal histopathological findings
consisted of granulomatous lesions in centriacinar regions of male/female rats ex-
posed to 0.53 mg/m3, and in some females at 0.055 mg/m3. The lesion was char-
acterized by aggregation of pulmonary macrophages and focal pulmonary hypertro-
phy/hyperplasia of lung epithelial cells. In the nasal cavities, an increase of
eosinophilic inclusions in the respiratory/olfactory epithelium was noted at 0.53
mg/m3 which was followed by the olfactory epithelial injury in the recovery ani-
mals. Based on the findings in respiratory tract tissues (lungs and nasal cavities), the
overall LOAEL was considered to be 0.055 mg/m3, and the corresponding
NOAEL was determined to be 0.013 mg/m3 under the conditions of this study.

465 Carbon Nanotube Dosimetry: From Workplace Exposure
Assessment to Inhalation Toxicology.

M. Dahm1,  B. T. Chen2,  M. E. Birch1,  D. E. Evans1,  M. K. Schubauer-
Berigan1,  T. Hulderman2,  S. A. Bilgesu2,  H. D. Leonard2,  W. McKinney2,
D. Frazer2,  J. M. Antonini2,  D. W. Porter2,  V. Castranova2,  P. C. Zeidler-
Erdely2 and A. Erdely2. 1NIOSH, Cincinnati, OH; 2NIOSH, Morgantown, WV.

Relevant dosimetry for toxicology studies involving multi-walled carbon nanotubes
(MWCNT) has not been well described due to a lack of detailed occupational ex-
posure assessments. In response, exposure assessment findings from U.S.-based
MWCNT manufacturers and users were extrapolated to results of an inhalation
study in mice. Inhalable and respirable personal breathing zone (PBZ) samples
from 9 facilities were collected for the mass concentration of elemental carbon.
Upon analysis, 95% of the PBZ samples found exposure concentrations to be <10
μg/m3 with an average inhalable concentration of 8.5 μg/m3. At facilities where res-
pirable and inhalable PBZ samples were collected, respirable samples were approxi-
mately 25% of the inhalable size fraction. Using 10 μg/m3, standard worker venti-
latory parameters, and assuming 11% alveolar deposition, alveolar deposition was
calculated to be 10.56 μg/d. Extrapolation to mouse equivalence by surface area
equals 5.2 ng/d. In complement, a 19 d inhalation exposure to MWCNT with
daily alveolar depositions of 1250 ng (=240 d of human exposure at 10 μg/m3), 125
ng (=24 d), and 12.5 ng (=2.4 d) was conducted. Mice were sacrificed at day 0, 3,
28, and 84 post-exposure. Pulmonary cytotoxicity (LDH activity) and polymor-
phonuclear cell (PMN) influx were evident at the high dose through day 84. For
the middle dose, no PMN influx was evident and cytotoxicity was significant only
at day 0. Lung inflammatory gene expression was increased at the high and middle
dose. Alveolar macrophages harvested after exposure and stimulated with LPS
showed enhanced cytokine release at the high dose and day 0 for the middle dose.
No exposure effects were observed at the lowest dose. These results show a no effect
dose lies somewhere in between the middle (=456 d at 10 μg/m3) and low dose
(=45.6 d). The findings stress the importance of exposure assessment when extrap-
olating results of animal MWCNT exposures to potential human outcomes.
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