This article was downloaded by: [CDC Public Health Library & Information Center]

On: 08 November 2013, At: 06:35

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Journal of Toxicology and Environmental Health, Part
A: Current Issues

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/uteh20

JOUBMNAL of
TOXICOLOGY ama
ENVIRONMENTAL
HEALTH

Investigation of the Pulmonary Bioactivity of Double-

Walled Carbon Nanotubes

Tina M. Sager # , Michael W. Wolfarth # , Lori A. Battelli * , Stephen S. Leonard # , Michael
Andrew ® , Thomas Steinbach ® , Morinobu Endo © , Shuji Tsuruoka © , Dale W. Porter ® &
Vincent Castranova *

# National Institute for Occupational Safety and Health, Health Effects Laboratory Division ,
Pathology and Physiology Research Branch , Morgantown , West Virginia , USA

b Experimental Pathology Laboratories, Inc. , Sterling , Virginia , USA

¢ Shinshu University, Research Center for Exotic Nanocarbons , Nagano , Japan
Published online: 24 Oct 2013.

To cite this article: Tina M. Sager , Michael W. Wolfarth , Lori A. Battelli , Stephen S. Leonard , Michael Andrew , Thomas
Steinbach , Morinobu Endo , Shuji Tsuruoka , Dale W. Porter & Vincent Castranova (2013) Investigation of the Pulmonary
Bioactivity of Double-Walled Carbon Nanotubes, Journal of Toxicology and Environmental Health, Part A: Current Issues,
76:15, 922-936, DOI: 10.1080/15287394.2013.825571

To link to this article: http://dx.doi.org/10.1080/15287394.2013.825571

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained

in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions



http://www.tandfonline.com/loi/uteh20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15287394.2013.825571
http://dx.doi.org/10.1080/15287394.2013.825571
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [CDC Public Health Library & Information Center] at 06:35 08 November 2013

Journal of Toxicology and Environmental Health, Part A, 76:922-936, 2013

Copyright © Taylor & Francis Group, LLC
ISSN: 1528-7394 print / 1087-2620 online
DOI: 10.1080/15287394.2013.825571

Taylor & Francis
Taylor & Francis Group

INVESTIGATION OF THE PULMONARY BIOACTIVITY OF DOUBLE-WALLED

CARBON NANOTUBES

Tina M. Sager', Michael W. Wolfarth, Lori A. Battelli', Stephen S. Leonard’,
Michael Andrew’, Thomas Steinbach?, Morinobu Endo?, Shuji Tsuruoka?,

Dale W. Porter’, Vincent Castranova’

"National Institute for Occupational Safety and Health, Health Effects Laboratory Division,
Pathology and Physiology Research Branch, Morgantown, West Virginia, USA
2Experimental Pathology Laboratories, Inc., Sterling, Virginia, USA

3Shinshu University, Research Center for Exotic Nanocarbons, Nagano, Japan

Double-walled carbon nanotubes (DWCNT) are a rather new and unexplored variety of
carbon nanotubes. Previously conducted studies established that exposure to a variety of
carbon nanotubes produced lung inflammation and fibrosis in mice after pharyngeal aspi-
ration. However, the bioactivity of double-walled carbon nanotubes (DWCNT) has not been
determined. In this study, the hypothesis that DWCNT would induce pulmonary toxicity
was explored by analyzing the pulmonary bioactivity of DWCNT. To test this hypothesis,
C57Bl/6 mice were exposed to DWCNT by pharyngeal aspiration. Mice underwent whole-lung
lavage (WLL) to assess pulmonary inflammation and injury, and lung tissue was examined his-
tologically for development of pulmonary disease as a function of dose and time. The results
showed that DWCNT exposure produced a dose-dependent increase in WLL polymorphonu-
clear leukocytes (PMN), indicating that DWCNT exposure initiated pulmonary inflammation.
DWCNT exposure also produced a dose-dependent rise in lactate dehydrogenase (LDH)
activity, as well as albumin levels, in WLL fluid, indicating that DWCNT exposure promoted
cytotoxicity as well as decreases in the integrity of the blood—gas barrier in the lung, respec-
tively. In addition, at 7 and 56 d postexposure, the presence of significant alveolitis and fibrosis
was noted in mice exposed to 40 pg/mouse DWCNT. In conclusion, this study provides insight
into previously uninvestigated pulmonary bioactivity of DWCNT exposure. Data indicate that
DWCNT exposure promotes inflammation, injury, and fibrosis in the lung.

Nanotechnology is currently at the forefront
of scientific research and technological devel-
opments that resulted in the manufacture of
novel consumer products and numerous indus-
trial applications (Musee et al., 2011; Zhao
and Castranova, 2011). Various nanomaterials
have revolutionized many different industries,
with emerging applications ranging from areas
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of biotechnology, electronics, and drug delivery,
to cosmetics and sporting goods (Manke et al.,
2012). Among the vastly expanding array of
nanomaterials, carbon nanotubes (CNT) have
received considerable attention from many
investigators due to their interesting physic-
ochemical properties and broad applications
(Donaldson et al., 2010; Maynard et al., 2004).
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In addition to their outstanding mechanical
characteristics, CNT exhibit reliable electrical
and thermal properties. These superior proper-
ties provide exciting opportunities to produce
advanced materials for new applications (Jorio
et al., 2008; Abuilaiwi et al., 2010).

The structure of CNT facilitates their entry,
deposition, and migration in the lungs and
pleura, resulting in incomplete phagocytosis
and clearance from the lungs (Stella, 2011).
The biologically harmful effects believed to be
induced by CNT are hypothesized to be due
to their biopersistent and non-biodegradable
nature, as well as their resemblance to needle-
like asbestos fibers. In fact, CNT are sim-
ilar to asbestos in their fibrous morphol-
ogy, biopersistence, and ability to translocate
from alveolar regions to the intrapleural space
(Lam et al. 2004). Upon pulmonary exposure,
CNT generate an acute inflammatory response,
activate several cell signaling pathways, and
induce genotoxicity, diffuse interstitial fibro-
sis, and granulomas in a manner similar to
that observed in asbestos-exposed animals and
humans (Jaurand et al., 2009; Tabet et al.,
2009; Kim et al., 2010; Crouzier et al., 2010;
Wang et al., 2010; Nagai et al., 2011).

Due to the rapid growth in the manufactur-
ing and use of CNT, concerns have been raised
about their potential adverse effects on both
human health and the environment. It was pos-
tulated that human exposures to manufactured
nanomaterials are most likely to be observed
in workers rather than the general popula-
tion (Bergamaschi, 2009). In fact, a recently
published report estimated that approximately
6 million workers will be involved with the
nanotechnology industry by 2020. Of these
6 million workers estimated to be working in
the nanotechnology industry, one-third are pre-
dicted to reside in the United States (Patel,
2011).

As previously stated, due to their unique
physical  properties, carbon  nanotubes
(CNT) are at the forefront in the field of
nanotechnology. There are three primary
categories of CNT, single-walled (SWCNT),
double-walled (DWCNT), and multiwalled
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(MWCNT), each possessing their own phys-
ical and chemical properties. For example,
compared to SWCNT, DWCNT have a higher
mechanical strength and thermal stability.
DWCNT also possess interesting electronic
and optical properties. In particular, the outer
wall of the CNT can be functionalized (even
covalently). Surface modification of DWCNT
with functional moieties may play a key role
in extending their applications in biological
and industrial areas. The addition of surface
functional groups to the CNT might alter the
surface charge and reactivity of the surface,
and enhance the stability and dispersion.
For example, functionalization of a CNT
with the COOH moiety changes the surface
of the CNT from a hydrophobic state to
hydrophilic state, thus providing active sites
for further conjugation. Overall, these surface
functionalizations/manipulations may be uti-
lized to enhance dispersion, while maintaining
reliable mechanical and electronic properties
of the inner nanotube (Meunier et al., 2012).

Double-walled carbon nanotubes are an
emerging class of carbon nanostructures and
consist of two concentric CNT. This structure
makes the DWCNT the simplest system for
studying the effects of inner-wall coupling of the
physical and bioactive properties of CNT (Shen
et al., 2011). These DWCNT have received
little commercial attention until recently, pend-
ing advances in the synthesis and separation
of high-purity CNT samples. However, in vivo
and in vitro studies investigating the bioactivity
of DWCNT are lacking. Sager et al. (2013)
and Porter et al. (2010) previously established
that exposure to multiwalled carbon nanotubes
(MWCNT) produced lung inflammation and
fibrosis in mice after pharyngeal aspiration.
However, as previously mentioned, the bioac-
tivities of DWCNT have not been determined,
and it is likely that DWCNT will differ from
MWCNT due to differences in physicochem-
ical properties (Table 1). Therefore, in this
study, the hypothesis that DWCNT would pro-
mote pulmonary toxicity by analyzing the pul-
monary responses to DWCNT exposure was
examined.
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TABLE 1. Characterization and Bioactivity Comparison of SWCNT, DWCNT, and MWCNT

SWCNT DWCNT MWCNT

Charcterization Manufacturer Unidym Inc. Toray Industries Inc. West Virginia University
Diameter (nm) 1-4 nm 1-2 nm 42 nm
Length (um) 1-3 um <5 0.76 um
Aspect ratio 750-1000 2500-5000 18.1
Dose (pvg/animal) 40 pg/mouse 1,10, 40 pg/mouse 2.5, 10, 40 pg/mouse

PBS 0.3% CMC DM
Inflammatory PMN Moderate (declined Moderate/Persistent Severe/Transient
response over 28 d)
LDH Moderate (stayed Moderate/Persistent Severe/Transient
elevated over 28 d)

Albumin Not measured Moderate/Persistent Mild/Transient

Lung histpathology ~ Material in alveolar  Slight All doses >Marked (d 7, 56) All doses >Marked (d 7, 56)

macrophages
Material in TBL N/A 40 pg Minimal (d 7) 40 pg Minimal (d 7)
Mild (d 56) Mild (d 56)
Alveolitis Moderate at 28 days >10 ng Moderate (d 7, 56) Mild
Fibrosis Severe at 28 days >10 ng Moderate (d 7, 56) Mild
METHODS Instruments EMX ESR spectrometer and a
DWCNT flat cell assembly (Billerica, MA). Hyperfine

DWCNT utilized in this study were
obtained from Chemical Research Laboratories,
Toray Industries, Inc., Nagoya, Japan. The
DWCNT provided by Toray Industries were
1-2 nm in diameter and possessed a length less
than 5 wm. The aspect ratio of the DWCNT is
2500-5000 (Table, 1).

DWCNT Trace Metal Analysis

To determine trace metals, bulk samples
of the Toray DWCNT were first digested
by a nitric/perchloric acid ashing procedure.
Specifically, 4 ml concentrated nitric acid and
11 ml concentrated perchloric acid were added
to each sample. The samples were then cov-
ered and refluxed at temperatures ranging from
150 to 180°C until complete dissolution had
occurred (approximately 14 d). Next, the sam-
ples were heated to 140°C until they reached
near-dryness. The remaining sample residues
were then analyzed for trace metals by induc-
tively coupled plasma-atomic emission spec-
troscopy (ICP-AES).

Electron Spin Resonance (ESR)
Measurements

All electron spin resonance (ESR) mea-
surements were conducted using a Bruker

couplings were measured (to 0.1C) directly
from magnetic field separation using potas-
sium tetraperoxochromate (K3CrOg) and 1,1-
diphenyl-2-picrylhydrazyl (DPPH) as reference
standards. Data acquisition and analysis were
completed by the Acquisit Program (Billerica,
MA). Each assay consisted of 100 mM hydro-
gen peroxide (H,O,) = DWCNT (0.8 mg/ml)
in a total volume of T ml carboxymethylcellu-
lose (CMC) prepared in 0.9% NaCl. The H,O,
system mimics the reaction between particles in
the lung and their reaction after being engulfed
by macrophages in the lung.

Spin trapping was used to detect short-
lived free radical intermediates. This technique
involved the addition-type reaction of a short-
lived radical with a paramagnetic compound
(spin trap) to form a relatively long-lived free
radical product (spin adduct), which was then
studied using conventional ESR. The radical
generation potential of DWCNT was examined
in the presence of H,O, or H,O, plus FeSO4
(0.1 mM).

Animals

C57BL/6) male mice (7 wk old) were
purchased from Jackson Laboratories (Bar
Harbor, ME). Animals were housed in an
AAALAC-accredited,  specific-pathogen-free,
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environmentally controlled facility and allowed
to acclimate at least 7 d prior to use. Mice
were monitored to be free of endogenous
viral  pathogens, parasites, mycoplasmas,
Helicobacter, and CAR Bacillus. Mice were
kept in ventilated cages, which were pro-
vided HEPA-filtered air, with Alpha-Dri virgin
cellulose chips and hardwood Beta-chips for
bedding. The animals were maintained on a
Harlan Teklad 7913, 6% fat, irradiated diet and
tap water, both of which were provided ad
libitum. All animal protocols were approved by
the NIOSH/Morgantown Institutional Animal
Care and Use Committee.

Mouse Pharyngeal Aspiration

In order to prepare the DWOCNT for
pharyngeal aspiration, they were suspended
in carboxymethylcellulose (CMC) at a concen-
tration of 0.8 mg/ml. CMC was used as a
dispersant to obtain a homogeneous suspen-
sion of DWCNT. Briefly, to suspend the Toray
DWCNT, a stock of 0.3% (w/v) carboxymethyl-
cellulose (CMC) was prepared. Specifically,
0.3 g CMC (Sigma-Aldrich catalogue num-
ber 419273) was mixed with 100 ml 0.9%
NaCl (saline) solution. The CMC/saline solu-
tion was then mixed by mechanical stirring
with low heat until the solution was clear
(approximately 30-40 min). Once the CMC
solution cooled to room temperature, 10 mg
Toray DWCNT was added to 10 ml CMC
solution. The CMC/DWCNT suspension was
then sonicated on ice (Branson Sonifer 450,
25 W continuous output, 20 min). Next, the
CMC/DWCNT combination underwent cen-
trifugation to remove any large agglomerated
masses from the suspension (10,000 x g,
15 min, 4°C). The supernatant was then aspi-
rated and saved for further analysis and mice
aspiration procedures. To verify the concentra-
tion of DWCNT in the solution, the absorbance
of the aspirated supernatant at 500 nm was
assessed. Utilizing the obtained absorbance,
the DWCNT concentration was then calculated
using molar absorptivity constant at 500 nm,
which is & = 45 (cm?/mg). Once the con-
centration of the Toray DWCNT solution was
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determined, mice were exposed to 0, 1, 10,
or 40 pg/mouse of DWCNT by pharyngeal
aspiration as described by Rao et al. (2003).

Briefly, the animals were anesthetized with
isoflurane and placed on a board in a near-
vertical position. The animal’s tongue was
extended with lined forceps, and 50 pl of the
respective particle suspension was placed on
the back of the tongue, which was held until
the suspension was aspirated into the lungs.
Control mice were administered an equal vol-
ume of CMC. Mice were sacrificed 1, 7,
or 56 d following aspiration exposure. These
postexposure times were chosen to compare
the bioactivity of the DWCNT to MWCNT used
in previous studies from our lab (Porter et al.,
2010).

Whole Lung Lavage

At 1, 7, and 56 d postexposure, mice were
weighed and anesthetized with an intraperi-
toneal (ip) injection of sodium pentobarbi-
tal (=100 mg/kg) followed by euthanasia by
exsanguination under deep anesthesia. The tra-
chea was cannulated with a blunted 22-gauge
needle, and whole-lung lavage (WLL) was per-
formed using cold sterile Ca?*- and Mg?*-free
phosphate-buffered saline (PBS) at a volume
of 0.6 ml for first lavage (kept separate) and
1T ml for subsequent lavages. Approximately
4 ml WLL fluid per mouse was pooled and col-
lected in sterile centrifuge tubes. Pooled WLL
cells were washed in PBS by centrifugation
(600 x g, 10 min, 4°C) and resuspended in
PBS. Acellular first-fraction WLL aliquots were
utilized for analysis of lactate dehydrogenase
activity (LDH) and albumin levels.

Cell Counts and Differentials and First
WLL Fluid Analyses

Total WLL cell counts were obtained using
a Coulter Multisizer 3 (Coulter Electronics,
Hialeah, FL), and cytospin preparations of the
WLL cells were made using a cytocentrifuge
(Shandon Elliot Cytocentrifuge, London, UK).
The cytospin preparations were stained with
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modified Wright-Giemsa stain, and cell differ-
entials were determined by light microscopy.
Lactate dehydrogenase (LDH) activities and
albumin concentrations of the first WLL fluid
were measured to assess cytotoxicity and the
integrity of the lung blood—gas barrier, respec-
tively. LDH activities and albumin concentra-
tions were measured using a COBAS MIRA Plus
chemical analyzer (Roche Diagnostic Systems,
Inc., Montclair, NJ) as previously described
(Porter et al., 2010).

Enhanced Dark-Field Microscopy

The enhanced dark-field images taken
using the CytoViva microscope at 56 d
postexposure allowed for determination of
where the Toray DWCNT are found within
the lung. Mice (male, C57BL/6), 7 wk old)
were dosed with 40 pg/mouse of the spe-
cific Toray DWCNT suspensions following the
same procedures outlined earlier. At 56 d
postexposure, mice were anesthetized with an
intraperitoneal injection of sodium pentobar-
bital (>100 mg/kg body weight, ip), followed
by euthanasia by transection of the abdom-
inal aorta. Lungs were rapidly removed and
fixed by intratracheal perfusion with 1 ml of
10% neutral buffered formalin. Lungs were then
processed overnight in a tissue processor and
embedded in paraffin. Sections (5 wm thick)
were collected on precleaned slides, deparaf-
finized, and stained with Sirius red before
being cover-slipped. Slides were imaged using a
high signal-to-noise, dark-field-based illumina-
tion on a CytoViva Olympus BX-41 microscope
(CytoViva, Auburn, AL) at T00x with oil immer-
sion. Images of the lung tissue were captured
with a Dage MTI digital camera (2048x2048,
Dage, Michigan City, IN).

Field Emission Scanning Electron
Microscopy

For field emission scanning electron
microscopy, mice (male, C57BL/6J, 7 wk
old) were dosed with 40 pg/mouse of the
specific Toray DWCNT suspensions following
the same procedures outlined earlier. At 56 d
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postexposure, mice were anesthetized with an
intraperitoneal injection of sodium pentobar-
bital (>100 mg/kg body weight, ip), followed
by euthanasia by transection of the abdominal
aorta. Lungs were rapidly removed and fixed
by intratracheal perfusion with 1 ml of 10%
neutral buffered formalin. Lungs were then
processed overnight in a tissue processor and
embedded in paraffin. Sections of the lung
were then cut at 8 wm, placed on carbon
planchets, deparaffinized, and sputter-coated.
After coating, the specimens were examined
using a Hitachi model S-48-00 field emission
scanning electron microscope (FESEM) (Hitachi
High Technologies, Gaithersburg, MD) at 5 to
20 kV.

Histopathology

Lung histopathology was performed as pre-
viously described (Hubbs et al., 1997). Briefly,
mice were anesthetized with an ip injection of
sodium pentobarbital (>100 mg/kg), followed
by euthanasia by exsanguination. Whole lungs
were inflated with 1T ml of 10% neutral buffered
formalin. All collected tissues were trimmed the
same day, with sections of the right and left lung
lobes, and the tracheobronchial lymph nodes,
if found, were also trimmed. Tissues were pro-
cessed overnight and embedded the following
day in paraffin.

Lung sections (5 pm thick) were stained
with hematoxylin and eosin (H&E), picrosir-
ius red, and Masson’s trichrome. All slides
were interpreted blindly by a board-certified
veterinary pathologist. Microscopic evaluation
included assessments of inflammation and
fibrosis in the lung and particle translocation to
the tracheobronchial lymph node (TBL). Each
histopathologic change was scored for distribu-
tion and for severity according to the following
parameters: distribution (O = none, 1= focal, 2
= focally extensive, 3 = multifocal, 4 = multi-
focal and coalescent, 5 = diffuse) and severity
scores (0 = none, 1 = minimal, 2 = mild,
3 = moderate, 4 = marked, 5 = severe) as
previously described by Hubbs et al. (1997).
A composite score for each change consisting of
the sum of the distribution and severity scores
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were recorded. All diagnoses were recorded
electronically in the PathData recording system
(PDS Pathology Data System Ltd., Switzerland)
and tabulated by animal. Additionally, mean
composite scores were calculated from the
mean distribution and severity scores for each

group.

Statistics

Statistical comparisons between doses of
DWCNT at a specific postexposure time were
performed separately for each postexposure
time using analysis of variance (ANOVA) with
post hoc t-tests for pair-wise comparison of
dose groups. Similar analyses were performed
to compare postexposure time effect for each
exposure group. Since variance estimates were
different across dose groups, the ANOVA mod-
els were estimated using an unequal variance
model available from SAS PROC MIXED. All
statistical tests were two-tailed with significance
level equal to .05.

Since the pathology data consisted of ordi-
nal scores rather than comparisons between
control and DWCNT-exposed mice at each
time, comparisons across time for each expo-
sure group were accomplished using two sep-
arate one-way nonparametric analyses of vari-
ance (ANOVA). Exact tests were used because
of the high number of tied values in the data.
The nonparametric ANOVA was performed
using SAS Proc NPARTWAY with exact Kruskal—
Wallace tests for multigroup comparisons and
exact Wilcoxon tests for post hoc pairwise com-
parisons. All statistical tests were two-tailed and
performed at the .05 significance level.

RESULTS

Trace Metal Analysis

The trace metal analysis of the bulk
DWCNT sample revealed that Toray DWCNT
trace metal contamination was 0.83%, with
iron (Fe) (0.58%) and chromium (Cr) (0.21%)
being the two major metal contaminants. The
trace metal analyses revealed that no other
metal contaminants were present above 0.02%.
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Electron Spin Resonance Studies

The potential of Toray DWCNT to gener-
ate free radicals was measured using electron
spin resonance (ESR) and DMPO as a spin trap.
The results in Figure 1 show radicals generated
when reacting DWCNT with H,O, using the
classic Fenton reaction:

H,0, + Fe** — *OH + OH™ + Fe’*

Figure 1 (A and B) shows the Fenton reac-
tion and generated *OH radicals in PBS and in
the CMC dispersion media, respectively, show-
ing that the CMC dispersion media exerted
no significant effect on the DMPO trapping of
*OH radicals. As previously mentioned, CMC
was used as a dispersant to obtain a homoge-
neous suspension of DWCNT. When DWCNT
were substituted for Fe when reacting with
H,O, there were no measurable radicals gen-
erated (Figure 1C), suggesting that DWCNT
have no available transition metals to react
with H,O; and generate *OH. This further sug-
gests that DWCNT cannot act in a Fenton-like
manner themselves and generate *OH radi-
cals. The combination of DWCNT and FeSO4
(Figure 1D) showed some measurable radi-
cals, but at significantly lower amounts than
FeSO4 by itself. These observations imply that
DWCNT are acting as scavengers or exerting
a quenching effect on *OH radicals similar to
fullerenes (Krusic et al., 1991) and other forms
of CNT (Fenoglio et al., 2006; Tsuruoka et al.,
2012). Itis possible that DWCNT exposure may
stimulate the cells to generate hydrogen per-
oxide and superoxide radicals via activation of
NADPH oxidase. However, this mechanism is
not fully understood but may be associated with
high electron affinity of the carbon atoms in
the nanotube framework. In turn, these reac-
tive oxygen species (ROS) may be the driving
force to produce lung injury.

Comparison of Pulmonary Inflammation
and Damage of DWCNT Exposures

At 1 d postexposure, Toray DWCNT pro-
duced a significant, dose dependent increase
in polymorphonuclear leukocyte (PMN) counts
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FIGURE 1. ESR spectra of radicals generated from Toray DWCNT exposures. (A) PBS, DMPO (100 mM), H,O, (1 mM), and FeSO4
(0.1 mM); (B) CMC, DMPO (100 mM), H,O; (1 mM), and FeSO4 (0.1 mM); (C) CMC, DMPO (100 mM), H,O, (1 mM), and Toray
DWCNT (27 mg/ml); (D) CMC, DMPO (100 mM), H,O; (1 mM), Toray DWCNT (27 mg/ml), and FeSO4 (0.7 mM). Panels A and B are
at 30 scale to panels C and D. All spectra were run using these settings: center field 3470 G, sweep width 100 G, microwave frequency
9.749 GHz, microwave power 63 mW, and time constant 40.960 ms (color figure available online).
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C— Control

1.0 pg DWCNT * g
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T 40 pg DWCNT
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WLL PMNs (x103 cells/mouse)

FIGURE 2. Comparison of inflammation induced by pharyngeal
aspiration exposure to 0, 1, 10, or 40 pg/mouse of Toray
DWCNT at 1 and 7 d postexposure. WLL PMN were used as a
marker of pulmonary inflammation. Values are given as means
4+ SE (n = 8). An asterisk indicates that PMN influx for that
group was significantly higher than control (p < .05). A plus mark
(+) indicates that PMN influx was significantly different between
groups at an equivalent mass dose at different postexposure time
points (p < .05).

in WLL samples over control (Figure 2). The
pulmonary inflammation, as indicated by PMN
influx, also exhibited a dose-dependent rise
at 7 d postexposure (Figure 2). The results
demonstrate that not only were PMN counts
significantly higher than control levels, but PMN
influx at 7 d postexposure was significantly
higher at all doses when compared to PMN
counts at T d postexposure.

LDH activities were measured in the first
fraction of the WWL fluid to assess cytotoxi-
city after Toray DWCNT exposure. Similar to
the PMN influx, DWCNT exposure produced a

dose-dependent elevation in LDH activities in
the WLL fluid at both 1 and 7 d postexposure
(Figure 3). LDH activities at the highest dose
(40 pg/mouse) at 7 d postexposure resulted in
significantly greater cell damage compared to
the same dose at 1 d postexposure. In contrast,
at 7 d postexposure the low and intermedi-
ate doses (1 and 10 pg/mouse) of DWCNT
produced a significant increase in LDH activ-
ity over control but the rise was not significantly
higher than LDH activities at 1 d postexposure
groups at the same doses (Figure 3).

Albumin levels in the first fraction of WLL
fluid were analyzed to assess air/blood barrier
injury after Toray DWCNT exposure. At both
1 and 7 d postexposure, DWCNT exposure pro-
duced a dose-dependent elevation in albumin
levels. At 1 and 7 d postexposure, a signifi-
cant increase in albumin levels above control
was found at all doses of DWCNT exposure
(Figure 4). However, no significant differences
existed between albumin levels of the T and 7 d
postexposure groups of the same dose.

Enhanced Dark-Field Microscopy

Imaging

The enhanced dark-field images taken
using the CytoViva microscope at 56 d
postexposure allowed for determination of
where the Toray DWCNT are found within the
lung. The results of the CytoViva microscopy
studies indicate that DWCNT are observed to
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FIGURE 3. Comparison of cytotoxicity induced by pharyngeal aspiration exposure to 0, 1, 10, or 40 pg/mouse of Toray DWCNT at 1 and
7 d postexposure. WLL fluid LDH activities were used as a marker of cytotoxicity. Values are given as means + SE (n = 8). An asterisk
indicates that LDH activity for that group was significantly higher than control (p < .05). A plus mark (4) indicates that cytotoxicity was
significantly different between groups at an equivalent mass dose at different postexposure time points (p < .05).
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FIGURE 4. Comparison of air/blood barrier injury induced by pharyngeal aspiration exposure to 0, 1, 10, or 40 pug/mouse of Toray
DWCNT at 1 and 7 d postexposure. WLL fluid albumin concentrations were used as a marker of air/blood barrier damage. Values are
given as means + SE (n = 8). An asterisk indicates that albumin levels for that group were significantly higher than control (p < .05).

be generally diffuse within the interstitial tis-
sue, but also in condensed areas of alveolar
macrophages (Figure 5).

Field Emission Scanning Electron
Microscopy

The FESEM  micrograph  (Figure 6)
supports the prior enhanced dark-field

microscopy-based  observations  that at
56 d postexposure the Toray DWCNT
are found within the lung. The FESEM
micrograph demonstrates  the pres-
ence of both agglomerated and singlet
Toray DWCNT within the interstitial tis-
sue of the exposed animals at 56 d
postexposure.
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FIGURE 5. Enhanced dark-field image from a 56-d postexposure lung showing Toray DWCNT fibers. Toray DWCNT fibers are brightly
expressed in enhanced dark-field images due to the scattering of light, while tissues are dark and airspaces are black. The arrows indicate
the presence of Toray DWCNT within alveolar macrophages (color figure available online).

S$4800 20.0kV 8.2mm x4.00k SE(M) 7/3/2013

FIGURE 6. Field emission scanning electron micrograph from the lung of a mouse 56 d after a single, 40-pug/mouse aspiration exposure
to Toray DWCNT. The lung tissue was examined using a Hitachi model S-48-00 field emission scanning electron microscope (FESEM)
(Hitachi High Technologies, Gaithersburg, MD) at 5 to 20 kV. The arrows indicate the presence of Toray DWCNT within interstitial tissue
of the mouse lung.

Histopathological Analyses compared to control. The increase in severity
in this finding was related to the dose level.
Most often, the material was phagocytosed by
macrophages and multinucleated giant cells.
However, some DWCNT were also detected
free within the alveolar space.

In addition, other histopathology findings
in the lungs at 7 d postexposure included
alveolitis (nonmacrophage leukocytic infiltrates

Lung—7 d Postexposure The histopa-
thological findings are presented in Table 1.
In mice of the d-7 sacrifice, analyses indicated
the presence of phagocytosed foreign material
in the lung. Specifically, at 7 d postexposure,
the presence of this phagocytosed foreign
material was noted in and significantly ele-
vated in all animals exposed to Toray DWCNT
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within alveolar lumina) and interstitial fibrosis
(thickening of alveolar septae with increased
collagen formation). Alveolitis consisted of min-
imal to moderate numbers of macrophages and
neutrophils that expanded the alveolar septa
and filled the alveolar space. With the low-
est dose (1 pg/mouse) alveolitis was not evi-
dent. However, a dose-dependent increase in
alveolitis existed for the intermediate and high
doses (10 and 40 pg/mouse, respectively) of
DWCNT. There was also a dose-dependent rise
in incidence of fibrosis. At the lowest dose (1
ig/mouse), fibrosis was not evident. However,
a dose-dependent elevation in fibrosis existed
for the intermediate and high doses (10 and 40
ng/mouse, respectively) of DWCNT. In fact, at
the intermediate dose 50% of treated animals
developed fibrosis, while at the highest dose
(40 pg/mouse) 100% developed fibrosis.

Lung—56 d Postexposure At 56 d
postexposure, similar to the 7-d postexposure
group, the analyses indicated the presence
of phagocytosed foreign material in the lung.
Furthermore, the prevalence and severity of
alveolitis were present but reduced compared
to the 7 d postexposure group (Figure 7).
In addition, the presence of interstitial fibro-
sis at 56 d postexposure was similar to
the fibrotic response observed in the 7-d
postexposure group (Table 2). In fact, as with
the 7-d postexposure group, there was a
dose-dependent increase in the presence of
fibrosis. No fibrosis was present at the lowest (1
ng/mouse) dose. However, at the intermediate
and high doses (10 and 40 pg/mouse) the
development of fibrosis was noted. As with the
40-pg/mouse dose at 7 d postexposure, 100%
of animals receiving the 40-pg/mouse dose at
56 d postexposure developed fibrosis (Figure 7
and Table 2).

Tracheobronchial Lymph Node (TBL)—
7 d Postexposure The only clear treatment-
related finding in the TBL was the presence of
phagocytosed foreign material, which occurred
in animals exposed to the highest dose (40
ng/mouse) of DWCNT. The foreign material,
which was virtually identical to foreign material
in the lung, was present within the cytoplasm
of macrophages that were scattered primarily
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Panel A

Panel B

FIGURE 7. (A) Photomicrograph (200x) from the lung of a
mouse 56 d after a single aspiration exposure to Toray DWCNT
(40 pg/mouse). Mild alveolar space expansion was associated
with interstitial Toray DWCNT. The inflammation is composed
of foci of macrophages and lymphocytes (arrowheads). There
are also numerous alveolar macrophages that contain abundant
foreign material (arrows). (B) Photomicrograph at higher magni-
fication (400x) of the same lung seen in (A). Trichrome stain
highlights area of fibrosis. Arrowheads highlight thickening of the
alveolar septa with increased blue staining (fibrosis). Within an
area of inflammation that fills the alveolus there is a focus of
fibrosis (arrow) (color figure available online).

throughout the paracortex and medulla. The
severity of this finding was minimal in all
affected TBL.

Tracheobronchial Lymph Node—56 d
Postexposure In mice sacrificed on d 56, the
sole treatment-related finding in the TBL was
the presence of phagocytosed foreign mate-
rial, which increased in prevalence and severity
when compared to 7-d postexposure groups.
Mean severity scores for this finding were
numerically higher for d-56 mice as compared
to d-7 mice. Similar to d-7 mice, the generally
low prevalence and severity of hemosiderin-
laden macrophages in TBL subscapular sinuses
of d-56 mice were comparable among control
and treated mice.

DISCUSSION

Carbon nanotubes possess a wide range of
possible applications in numerous sectors of
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TABLE 2. Summary of Histopathological Findings

T. M. SAGER ET AL.

Postexposure Histiocytic Phagocytosed
(d) Treatment Total (n) Alveolitis aveolitis Fibrosis nanoparticles
7 Control 8 0(n=28) 0 =38) 0(n=28) 0(n=28)
1.0 pg DWCNT 8 0(n=28) 0(n=28) 0(n=28) 4 (n = 8)*
10 pg 8 0(n=5)* 0(n=4)*" 0(n=4)* 5(n =8)*
DWCNT 2(h=2) 4 (n=4) 3(h=23)
3(nh=1) 4n=1)
40 pg DWCNT 8 4 (n = 2)* 4 (n = 4)* 3(n=1)* 5(n=8)*
50 =6) 51 =4) 4(h=7)
56 Control 8 0(n=238) 0(nh=28) 0(n=28) 0(n=238)
1.0 ng DWCNT 8 0(n=38) 0 =28) 0(n=28) 4 (n = 8)*
10 pg DWCNT 8 0Mn=7) T (h=4)* 0(n=26) 5(n = 8)*
4(h=4)
2(h=1) 3n=1)
4n=1)
40 pg DWCNT 8 4 (n =2)* 4 (n="1)* 3(h=2)* 4 (n = 3)*
5 6) 5(n 4(n=6) 5(n =25)

Note. Values represent histopathology score and inside parentheses the number of animals (n) with that score. Asterisk indicates
significant difference between control and DWCNT group at the same postexposure time.

industry. Due to structural similarities in terms
of their high aspect ratio (ratio of length to
width), low dissolution, and biopersistence, it
was postulated that CNT may exhibit toxic
properties similar to those of other fibrous
materials such as asbestos (Donaldson et al.,
2006). Indeed, numerous in vivo studies have
already demonstrated that both the single-
walled and multiwalled varieties of the CNT,
when instilled into the lungs of rodents, have
the potential to produce inflammation, fibro-
sis (scarring of the lungs), and granuloma (small
nodule) formation in the lung tissue (Lam et al.,
2004; Muller et al., 2005; Shvedova et al.,
2005; Chou et al., 2008; Porter et al., 2010;
Murray et al., 2012; Guo et al., 2012; Sager
etal., 2013).

The double-walled variety of the carbon
nanotube family is a relatively new and unstud-
ied variety of CNT. The DWCNT are coax-
ial nanostructures composed of exactly two
single-walled carbon nanotubes, one nested in
another (Shen et al., 2011). The unique inner-
wall coupling structure of the DWCNT offers
advantages for extending their applications.
Due to their versatility and durability, their uti-
lization is expected to continue to increase in
the future. However, the exploration of possi-
ble adverse effects on human health has lagged
behind their production and utilization. As

previously mentioned, recent studies demon-
strated that MWCNT and SWOCNT induce
a severe inflammatory and fibrotic response
(Porter et al., 2010; Sager et al., 2013; Murray
et al., 2012). However, in vivo pulmonary tox-
icity studies examining other varieties of CNT,
such as the DWCNT, have not been ade-
quately addressed. In this study, the capacity of
DWCNT exposure to facilitate a proinflamma-
tory and profibrotic pulmonary response was
investigated.

Comparison of Cytotoxic Response of
MWCNT and DWCNT

The current study results show that pul-
monary exposure to DWOCNT facilitated a
significant cytotoxic, inflammatory pulmonary
response, hallmarked by an influx of PMN,
an increase in LDH activity, and elevation in
albumin levels at both 1 and 7 d postexposure.
In comparing these results to similar MWCNT
studies recently conducted by our lab (Sager
et al.,, 2013), the PMN influx generated by
DWCNT at 1 d postexposure was lower
than the PMN influx produced by the same
mass dose of MWCNT. However, with the
MWCNT exposure, PMN influx was transient
and markedly reduced at 7 d postexposure, but
with the DWCNT, PMN influx continued to rise
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significantly from 1 d to 7 d postexposure for all
doses. In fact, at 7 d postexposure, PMN influx
facilitated by the DWCNT was greater than the
PMN influx produced by the MWCNT.

DWCNT exposure also induced a dose-
dependent increase in LDH activity in lung
lavage fluid at both 1 and 7 d postexposure.
In comparison to our MWCNT data, LDH activ-
ity induced by MWCNT was initially higher
at 1 d postexposure than LDH activity lev-
els produced by similar doses of DWCNT at
1 d postexposure. However, as with PMN
influx, MWCNT exposure produced a tran-
sient, significant increase in LDH activity, which
declined significantly at 7 d postexposure.
With the DWCNT exposure, LDH activity at
1 d postexposure was significantly elevated
over control, at all doses, and unlike for the
MWCNT, DWCNT LDH activity levels contin-
ued to rise at 7 d postexposure.

DWCNT exposure also produced a dose-
dependent increase in albumin levels at both
the 1- and 7-d postexposure time points. When
comparing 1 and 7 d postexposure, the air—
blood barrier injury induced by exposure to
the DWCNT remained constant from 1 to 7 d
postexposure. In comparison to our MWCNT
data, albumin levels produced by MWCNT
were similar at 1 d postexposure when com-
pared to albumin levels produced by the
DWCNT at 1 d postexposure. However, at 7 d
postexposure MWCNT albumin levels signifi-
cantly declined, while the DWCNT albumin
levels remained nearly the same as the 1-d
postexposure levels.

The trend of the inflammatory and
cytotoxic responses produced by DWOCNT
exposure was also reflected in the
histopathological findings. In  comparison
to the MWCNT histopathologic studies that
our lab recently conducted (Sager et al., 2013),
the 40-pug/mouse dose of DWCNT produced
a greater degree of alveolitis and fibrosis than
the 40-pg/mouse dose of MWCNT at both
7 and 56 d postexposure. Specifically, at 7 d
postexposure 50% of the animals treated with
MWCNT presented with mild alveolitis, while
100% of the animals treated with DWCNT
were found to display moderate alveolitis. For
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fibrosis, at 7 d postexposure, histopathological
findings showed that 37% of the animals
treated with MWCNT possessed mild fibro-
sis, while 100% of the animals treated with
DWCNT developed moderate fibrosis. At 56 d
postexposure, histopathologic findings revealed
that 63% of the animals treated with MWCNT
were found to display mild alveolitis, while
100% of the animals treated with DWCNT
were found to present with moderate alveolitis.
Further, histopathologic analysis showed that in
regard to fibrosis at 56 d postexposure, 60% of
the animals treated with MWCNT were found
to display mild fibrosis, while 100% of the
animals treated with DWCNT were found to
present with moderate fibrosis.

Probable DWCNT Cytotoxic Mechanisms

It has been widely hypothesized that
toxic nanoparticles may potentially increase
phagolysosomal membrane permeability and
release of cathepsin B. In turn, cathepsin
B release facilitates the activation of the
NLRP3 inflammasome. The activation of the
NLRP3 inflammasome induces the release of
pro-inflammatory cytokines (such as IL-18 and
IL-18) from alveolar macrophages (AM) and
most likely IL-33 from epithelial cells (Beamer
et al., 2012). This family of proinflammatory
cytokines was reported to significantly con-
tribute to acute inflammatory responses such
as PMN infiltration (Hamilton et al., 2009) and
fibrosis (Wang et al., 2012) both in vitro and in
vivo.

More specifically, when inhaled particles,
including DWCNT, deposit in the distal airways
and alveoli, they are likely engulfed by AM
(Bals et al., 1999). During the phagocytosis pro-
cess, the inhaled particles are taken up into
the macrophage phagolysosomes. This uptake
of the inhaled particle into the phagolyso-
some catalyzes damage, phagolysosome leak-
age, and cathepsin B release. This initial release
of cathepsin B from the phagolysosomes ini-
tiates the activation of the NLRP3 inflamma-
some, which leads to the release of IL-1B,
IL-18, and IL-33. These cytokines are secreted
into the alveolar lining fluid of the lung and
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in turn work synergistically to promote inflam-
mation and fibrosis in the lung (Cassel et al.,
2009).

In support of this theory, our lab demon-
strated that NLRP3 inflammasome activation is
potentially the driving force behind both the
inflammatory response and fibrogenic response
of MWCNT exposure (Sager et al., 2013). The
findings of our previous study suggested that the
NLRP3 inflammasome was activated in vivo,
after pulmonary exposure to MWCNT. Our
data support the notion that the NLRP3 inflam-
masome plays a crucial role in the pathogenic
response to MWCNT. In fact, data from the pre-
vious study supported a relationship between
the extent of NLRP3 inflammasome activation
and degree of pulmonary inflammation and
fibrosis. Further, evidence provided from the
previous MWCNT study indicated that activa-
tion of the NLRP3 inflammasome is a reliable
indicator of lung pathogenesis. In fact, many
recent therapeutic goals to treat chronic inflam-
mation in the lung have focused on interrupting
or blocking the NLRP3 inflammasome pathway
(Arend et al., 2008). Therefore, future studies
exploring the role of the NLRP3 inflammasome
in DWCNT lung pathogenesis would be of great
interest.

In agreement with our lab’s previous stud-
ies, this study is a part of a larger program
with the end goal of determining how var-
ious physicochemical properties of different
varieties of CNT influence their pathogenic-
ity. Specifically, DWCNT assessed in this study
facilitated a robust inflammatory and fibrotic
response. When compared to the other vari-
eties of CNT, DWCNT would tend to be less
bioactive in the lung than SWCNT (Shvedova
et al., 2005; Murray et al., 2012) but more
bioactive in the lung than the MWCNT (Sager
et al., 2012). In the future, such information
on the differing varieties of CNT may allow
material scientists to incorporate a “safety by
design” philosophy into the development of
new nanoparticle-based technologies, which
would in turn synthesize and use nano-
materials that pose lower risks to human
health.

T. M. SAGER ET AL.
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