
Inhaled Multiwalled Carbon Nanotubes Potentiate
Airway Fibrosis in Murine Allergic Asthma

Jessica P. Ryman-Rasmussen1,2, Earl W. Tewksbury2, Owen R. Moss2, Mark F. Cesta1,2,3,
Brian A. Wong2, and James C. Bonner1,2

1Department of Environmental and Molecular Toxicology, North Carolina State University, Raleigh, North Carolina; 2The Hamner Institutes for

Health Sciences, Research Triangle Park, North Carolina; and 3Cellular and Molecular Pathology Branch, National Institute of Environmental Health

Sciences, Research Triangle Park, North Carolina

Carbon nanotubes are gaining increasing attention due to possible

health risks from occupational or environmental exposures. This

study tested the hypothesis that inhaled multiwalled carbon nano-

tubes (MWCNT) would increase airway fibrosis in mice with allergic

asthma. Normal and ovalbumin-sensitized mice were exposed to

a MWCNT aerosol (100 mg/m3) or saline aerosol for 6 hours. Lung

injury, inflammation, andfibrosiswereexaminedbyhistopathology,

clinical chemistry, ELISA, or RT-PCR for cytokines/chemokines,

growth factors, and collagen at 1 and 14 days after inhalation.

InhaledMWCNTwere distributed throughout the lung and found in

macrophagesby lightmicroscopy,butwerealsoevident in epithelial

cells by electron microscopy. Quantitative morphometry showed

significant airway fibrosis at 14 days in mice that received a combi-

nation of ovalbumin and MWCNT, but not in mice that received

ovalbumin orMWCNT only. Ovalbumin-sensitizedmice that did not

inhale MWCNT had elevated levels IL-13 and transforming growth

factor (TGF)-b1 in lung lavage fluid, but not platelet-derivedgrowth

factor (PDGF)-AA. In contrast, unsensitized mice that inhaled

MWCNT had elevated PDGF-AA, but not increased levels of TGF-b1

and IL-13. This suggested that airway fibrosis resulting from com-

bined ovalbumin sensitization and MWCNT inhalation requires

PDGF, a potent fibroblast mitogen, and TGF-b1, which stimulates

collagenproduction.CombinedovalbuminsensitizationandMWCNT

inhalation also synergistically increased IL-5 mRNA levels, which

could further contribute to airway fibrosis. These data indicate that

inhaled MWCNT require pre-existing inflammation to cause airway

fibrosis. Our findings suggest that individuals with pre-existing

allergic inflammation may be susceptible to airway fibrosis from

inhaled MWCNT.
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Carbon nanotubes (CNT) possess unique characteristics that
make them highly desirable for applications in electronics,
structural engineering, and medicine due to impressive elec-
trical conductivity, mechanical strength, and ability to be
derivatized for custom applications such as drug delivery (1).
Given the enormous industrial demand for carbon nanotubes
(the global market is predicted to grow to between $1 billion
and $2 billion by 2014), there is growing concern that the
development and use of engineered CNT might be accompa-
nied by health risks caused by occupational or environmental
exposures (1, 2). Structurally, CNT can be described as graphite

sheets rolled into cylinders that are one (‘‘single-walled,’’
SWCNT) or several (‘‘multiwalled,’’ MWCNT) layers thick.
CNT range from one to several nanometers in width and up to
several microns in length. This large length to width (aspect)
ratio, a property shared with asbestos fibers, has led to concern
that inhaled CNT may cause asbestos-like injuries, such as
pulmonary fibrosis and lung cancer (2).

A number of studies over the past 5 years have shown that
liquid suspensions of CNT cause pulmonary inflammation and
fibrosis when administered to the lung by intratracheal in-
stillation or pharyngeal aspiration. These studies show that
CNT, which aggregate into micron-sized bundles in aqueous
media, stimulate the formation of inflammatory foci known as
granulomas and fibrotic reactions within the lung parenchyma.
Pulmonary fibrosis and/or granulomas have been reported in
mice or rats within days after intratracheal instillation of
SWCNT (3–6) or MWCNT (7). Moreover, SWCNT delivered
to the lung by instillation increases production of platelet-
derived growth factor (PDGF) and transforming growth factor
(TGF)-b1, two growth factors that mediate the pathogenesis of
fibrosis (4, 6). Granulomas are associated with large CNT
aggregates in the lung that are easily visible by light microscopy,
while interstitial pulmonary fibrosis appears to be associated
with dispersed CNT that are detected by electron microscopy
(4). A recent study showed that SWCNT dispersed with organic
solvents to disrupt Van der Waals forces resulted in less
deposition in the large airways but more in the interstitium,
where the fibrotic response was significantly increased (8).
While instillation or aspiration experiments demonstrate that
CNT are fibrogenic, these methods do not accurately model
deposition patterns of CNT, and much emphasis has been
placed on the need for inhalation studies.

There is recent evidence from whole-body inhalation studies
in rodents that the method of pulmonary administration of
MWCNT affects deposition patterns and pathology. A study that
compared instillation with inhalation indicated that MWCNT
inhaled by mice showed a more diffuse pattern of deposition
with less severe pathologic lesions than those that were observed
after intratracheal instillation of a bolus dose (9). Another recent
study showed that inhaled MWCNT did not cause lung inflam-
mation or fibrosis in rats, but did cause systemic immunosup-
pression and spleenic oxidative stress (10). This result greatly
differed fromearlierwork that showedMWCNTadministered by
intratracheal instillation resulted in pulmonary inflammation and
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This research has important implications for understanding
the health risks of inhaled carbon nanotubes. The findings
suggest that individuals with allergic asthma are most
susceptible to airway remodeling caused by carbon nano-
tube exposure.
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fibrosis (7). Therefore, it appears that MWCNT cause little
inflammation or fibrosis when delivered by inhalation, but
significant injury, inflammation, and fibrosis when administered
by intratracheal or pharyngeal routes in normal lung tissue.
Despite the reported lack of lung injury from inhaled MWCNT
(10), it is reasonable to postulate that adverse effects of inhaled
MWCNT might be manifested under conditions of pre-existing
inflammation such as allergic asthma.

Asthma is a chronic inflammatory disease that afflicts
millions of individuals in the United States and worldwide.
The pathogenesis of asthma involves chronic remodeling of the
airways of the lung, including eosinophilic inflammation, mucus
hypersecretion from the airway epithelium, airway smooth
muscle cell thickening, and airway fibrosis (11). Many of these
pathologic features of asthma are mediated by IL-13, a cytokine
that is secreted by Th2 lymphocytes in response to allergen
challenge (12). In turn, IL-13 activates a variety of other
pulmonary cell types to produce cytokines and growth factors
that play a diversity of roles in inflammation and fibrosis. For
example, we have reported that IL-13 stimulates lung fibro-
blasts, the primary target cell type in fibrosis, to increase the
production of PDGF, a potent fibroblast mitogen (13). IL-13
has also been reported to increase the production and activation
of TGF-b1, the primary growth factor that stimulates fibroblasts
to produce collagen and promote scar formation (14).

Epidemiologic studies have shown a correlation between the
incidence and severity of asthma attacks and levels of airborne
particulates (15). Furthermore, it has been suggested that the
ultrafine (or nanoscale) fraction of particulate matter is most
important to the exacerbation of asthma (16). In the present
study, we hypothesized that inhaled MWCNT produce greater
injury and fibrosis in mice with pre-existing allergic lung
inflammation. To test this hypothesis, we sensitized mice to
ovalbumin allergen, a common mouse model of asthma, and
then exposed the mice to a brief, high dose of MWCNT by nose-
only inhalation. The results of our study suggest that individuals
with asthma represent a susceptible subpopulation that could be
at greater risk for the possible profibrotic effects of engineered
nanomaterials.

MATERIALS AND METHODS

Animals

Pathogen-free adult male C57BL/6 mice were obtained from Charles
River Laboratories (Raleigh, NC) at 6 to 8 weeks of age. Mice were
randomized by weight upon receipt and divided into eight treatment
groups. Animals were individually housed in polycarbonate cages with
Alphi-dri cellulose bedding (Shepherd Specialty Papers, Kalamazoo,
MI) in a temperature- and humidity-controlled environment with a
12-hour light/dark cycle at an International Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-accredited
facility. Mice were given food (NIH-07 ground pellets; Zeigler Brothers,
Gardners, PA) and water ad libitum when not in inhalation chambers.
Bedding and food meet National Toxicology Program (NTP) standards
and are certified by the manufacturer as free of pesticides, resins, or
aflotoxin. All mice were acclimated to inhalation chambers 1 week
before aerosol exposure by adaptation to chambers from 1 hour to
6 hours over a 5-day period. All procedures requiring animal use were
approved by the Institutional Animal Care and Use Committee
(IACUC) at The Hamner Institutes.

Experimental Design

Mice (n 5 40) were sensitized to ovalbumin (98% pure, grade V;
Sigma-Aldrich, St. Louis, MO) over a 2-week period by intraperitoneal
injection 14 days before inhalation exposure (214 d) and 7 days before
inhalation exposure (27 d) with 20 mg of ovalbumin adsorbed onto
2 mg of alum (Accurate Chemical and Scientific Corporation, Westbury,

NY) in 200 ml of sterile saline as previously described (17). Control
mice (n 5 40) were similarly injected with 200 ml of saline. One day
before inhalation exposure (21 d), mice were challenged intranasally
with 100 ml of 1% ovalbumin in saline or saline alone while under
isoflurane anesthesia. A high airborne concentration of MWCNT
(z 100 mg/m3) was intentionally chosen to deliver an alveolar dose of
MWCNT within a 6-hour period that would be in the 10 mg/kg range,
which would be consistent with a previous study using intratracheally
instilled MWCNT (7). On the day of inhalation exposure (0 d),
sensitized and unsensitized mice were exposed to aerosolized nano-
tubes or saline vehicle for 6 hours in nose-only inhalation chambers and
returned to the vivarium for 1 day or 14 days. One hour before killing
at 1 day, mice were injected (intraperitoneally) with 50 mg/kg body
weight of 59-bromodeoxyuridine (Sigma-Aldrich). Mice were anesthe-
tized with 90 mg/kg pentobarbital (intraperitoneally) and killed by
exangunation. Lungs were lavaged with Dulbecco’s Phosphate Buff-
ered Saline (DPBS) and bronchoalveolar lavage fluids (BALFs) saved
for lactate dehydrogenase (LDH), total protein, and enzyme-linked
immunosorbent assay (ELISA). The middle and caudal lobes of the
right lung were collected for RT-PCR and stored in RNAlater as
instructed by the manufacturer (Ambion, Austin, TX) and the cranial
lobe frozen at 2808C for later collagen determination. The left lung
was insufflated with 10% neutral buffered formalin, fixed for 72 hours,
transferred to 70% ethanol, and embedded in parafin. Five-micrometer
sections were processed for histopathology with a Masson’s trichrome
or hematoxylin and eosin stain.

Characterization of Bulk CNT

MWCNT of ‘‘standard’’ length (0.5–40 mm) synthesized by carbon
vapor deposition (CVD) with nickel and lanthanum catalysts were
purchased from Helix Material Solutions, Inc. (Richardson, TX).
Characterization of the size, purity, and elemental composition of the
MWCNT was provided by Helix, Inc. We verified these parameters by
independent analysis (Millenium Research Laboratories Inc., Woburn,
MA). The characterizations of bulk MWCNT provided by the manu-
facturer and independently are summarized in Table 1. Size was
characterized by transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM). Purity was determined by thermog-
ravimetric analysis (TGA). Elemental analysis was performed by
energy dispersive X-ray analysis (EDX) and inductively coupled
plasma Auger electron spectroscopy (ICP-AES). EDX data were
expressed as the average and SEM of three different spots for each
element. The EDX data provided by both groups were in agreement
for carbon, which was present at approximately 94%. Composition
data for oxygen, nickel, and lanthanum differed between the two
groups, which is not surprising, given the lower abundance of these
elements coupled with the high variability in this technique as a result
of spot measurements on a nonhomogenous sample. The manufacturer
found more oxygen by this method than the contractor (6.4% versus
0.71 6 0.19%), but less nickel (0.12% versus 5.53 6 3.92%). The
contractor did not detect lanthanum, but the manufacturer did find it
present at 0.06%. The contractor also measured elemental composition
by ICP-AES. Lanthanum was observed at 0.03%. Nickel values were
lower than those observed by EDX, at 0.34%. Oxygen values were
consistent with EDX data, and carbon content was slightly greater
at 99.00%. The specific surface area was determined by Brunauer-
Emmett-Teller method (BET) and reported by the manufacturer as 40
to 300 m2/g. This was consistent with independent testing at 109.29 m2/
g. Purity was assessed by TGA. TGA provided by the manufacturer
described MWCNT as more than 95% pure, which was in agreement
with greater than 94% as determined by the contractor. The manufac-
turer also observed less than 2% amorphous carbon and less than 0.2%
residual ash. Size was assessed by SEM (Figure 1A) and TEM (Figure
1B). The manufacturer’s description of MWCNT as being 10 to 30 nm
average external diameter was slightly less than the contractor’s values
of 30 to 50 nm. The 0.5 to 40 mm average length was consistent with the
0.3 to 50 mm values obtained independently.

MWCNT Aerosol Generation and Characterization

Autoclaved MWCNT were dry-milled in a Retsch Mixer Mill (Retsch
Inc., Newtown, PA) for 5 minutes at 30 cycles per second. The milled
MWCNT were suspended in a sterile, biocompatible nonionic surfactant,
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1% pluronic F-68 (Sigma-Aldrich) in sterile DPBS. The MWCNT
suspensions were further diluted with DPBS to achieve the desired final
concentration of approximately 5 mg/ml MWCNT in 0.1% pluronic F-68.
Aerosols of MWCNT suspensions or the DPBS/0.1% pluronic F-68
vehicle were generated with a 6-Jet Collision nebulizer (Model CN-25;
BGI, Inc., Waltham, MA) with compressed, hepa-filtered air (z 21 psi)
used as the carrier gas. Nebulized aerosols were passed through a trap

(Model F73G-3AN-QT3; Norgren, Littleton, CO) to remove any large
droplets, followed by a 85Kr source (BGI-085, 10 mCi nomial; Isotope
Products, Valencia, CA) and a silica gel dryer (Model 3062; TSI, Inc.,
St. Paul, MN) to remove water. Ten animals were exposed to the aerosols
on a Cannon nose-only tower (Lab Products, Maywood, NJ) for a 6-hour
period at a flow rate of approximately 217 ml/minute per port. The
pressure at the tower was monitored with a Magnehelic pressure gauge
(Magnehelic; Dwyer Instruments, Inc., Michigan City, IN) and main-
tained near 0.0 inches of water. An Aerodynamic Particle Sizer (APS,
Model 3321; TSI) and a Scanning Mobility Particle Sizer (SMPS, Model
3934; TSI) were used to monitor the particle size at the inlet of the tower
during each exposure. Data merge software (Model 390069; TSI) was
used to combine APS and SMPS size distributions. TEM and SEM
samples of the MWCNT aerosol were captured from a tower port using
an electrostatic precipitator (ESP; Intox Products, Moriarty, NM). Aero-
sol mass concentration was determined gravimetrically for each exposure
at a tower port using 25-mm glass fiber filters (G15WP02500; Osmonics,
Inc., Minnetonka, MN).

Estimation of CNT Delivered Dose to Lung Tissues

We estimate an alveolar deposition dose of approximately 12 mg/kg
and a tracheobronchial deposition dose of 4 mg/kg. Assuming that an
adult C57BL/6 mouse with an average body mass (M) of 24 g has
a respiratory minute volume (RMV) of 0.0273 L/minute (2) and that
the alveolar deposition fraction (DF) is approximately 30% particles of
with an MMAD of 714 6 328 nm (and the tracheobronchial deposition
is z 10%) (18) at a time (T) of 6 hours, the doses at 100 mg/m3

concentration (C) can be calculated according to the formula (6):

Dose5 ðRMV3DF3T3CÞ=M:

At an RMV of 0.0273 L/minute, the aerosol flow rate of 0.217 L/minute
was more than sufficient to prevent dose dilution by mixing of expired
air with the aerosol.

TABLE 1. COMPARISON OF PHYSICOCHEMICAL
CHARACTERIZATION OF BULK MULTIWALLED CARBON
NANOTUBES BY THE MANUFACTURER AND AN INDEPENDENT
CONTRACT LABORATORY

Manufacturer (Helix) Independent (MRL)

Purity (TGA) .95% .94%

Amorphous Carbon (TGA) ,2% ND

Ash (TGA) ,0.2 wt % ND

C (EDX) 93.4% 93.75 6 3.93%

O (EDX) 6.4% 0.71 6 0.19%

Ni (EDX) 0.12% 5.53 6 3.92%

La (EDX) 0.06% ND

C (ICP-AES) ND 99.00%

O (ICP-AES) ND 0.63%

Ni (ICP-AES) ND 0.34%

La (ICP-AES) ND 0.03%

Avg. Diameter (TEM) 10–30 nm 30–50 nm

Length (TEM, SEM) 0.5–40 mm 0.3–50 mm

BET Surface Area 40–300 m2/g 109.29 m2/g

Definition of abbreviations: BET, Brunauer-Emmett-Teller method; EDX, energy

dispersive X-ray analysis; ICP-AES, inductively coupled plasma Auger electron

spectroscopy; MRL, Millennium Research Laboratories, Inc.; ND, not determined;

SEM, scanning electron microscopy; TEM, transmission electron microscopy;

TGA, thermogravimetric analysis.

Figure 1. Photomicrographs of multiwalled carbon

nanotubes (MWCNT) before and after aerosolization.

(A) SEM of bulk nanotubes. (B) Transmission electron

microscopy (TEM) of bulk nanotubes. (C and D) TEM

photomicrographs of nanotubes collected from filters

after 6 hours of inhalation. Scale bars: A, B, and D, 100 nm;

C, 2,000 nm.
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Bronchoalveolar Lavage, Clinical Chemistry, and Cytology

Lungs were serially lavaged five times with 1.0 ml DPBS. Lavages 1–2
and 3–5 were combined and cells recovered by centrifugation. An
aliquot of the combined lavage 1–2 supernatant (the bronchoalveolar
lavage fluid, or BALF) was taken for LDH (LD Liquid Reagent;
Pointe Scientific, Canton, MI) and total protein (Coomassie Plus
Protein Assay Reagent; Pierce, Rockford, IL) assays with a COBAS
FARAIIautomatedanalyzer (RocheDiagnostic Systems Inc.,Montclair,
NJ) and the remainder stored at 2808C for ELISA assays. The cell
pellets fromall five lavageswere resuspended inHam’s F12mediumwith
10% FBS and counted using a Coulter counter (Beckman-Coulter,
Marietta, GA). A Shandon Cytospin (Fisher Scientific, Pittsburgh, PA)
was used to plate 50,000 cells per animal on glass slides, followed by
fixation and staining with the Hema 3 Stain Set (Fisher Scientific).
Differential cell counts were then performed on at least 200 cells per
sample.

Sircol Assay for Soluble Collagen

The right cranial lobe of each mouse lung was suspended in DPBS at
50 to 100 mg tissue per ml and homogenized for 60 seconds with
a Tissuemiser homogenizer (Fisher Scientific). Triton X-100 was added
to 1% and the samples incubated for 18 hours at room temperature.
Acetic acid was added to each sample to a final concentration of 0.5 M
and incubated at room temperature for 90 minutes. Cellular debris was
pelleted by centrifugation and the supernatant analyzed for total
protein with the BCA Assay kit (Pierce/ThermoFisher Scientific)
according to manufacturer’s instructions. The Sircol Soluble Collagen
Assay kit (Biocolor Ltd., Carrickfergus, UK) was used to extract col-
lagen from duplicate samples by using 200 ml of supernatant and 800 ml
of Sircol Dye Reagent according to the manufacturer’s instructions.
Similarly prepared collagen standards (10–50 mg) were run in parallel.
Collagen pellets were washed twice with denatured alcohol and dried
before suspension in Alkali reagent. Absorbance at 540 nm was read
on a Multiskan EX microplate spectrophotometer (Fisher Scientific)
microplate reader with Ascent software. Data were expressed as mg of
soluble collagen per mg of total protein.

ELISA

Quantikine ELISA kits (R&D Systems, Minneapolis, MN) were used
to assay BALF for total TGF-b1 (active and inactive forms), IL-13,
MCP-1/JE, eotaxin, and PDGF-AA 1 day after inhalation. Duplicate
samples using 50 ml BALF were used for each animal. Assays were
performed as per kit instructions and absorbances read on a Multiskan
EX microplate spectrophotometer microplate reader (ThermoFisher
Scientific). Values were normalized relative to total protein in BALF
and were expressed as mean 6 SEM.

Quantitative Morphometry

Quantification of the thickness of collagen surrounding bronchioles
was performed according to a previously published procedure de-
veloped in our laboratory (19, 20). Briefly, photomicrographs of
trichrome-stained sections were digitized and the thickness of the
collagen layer surrounding the bronchioles measured at eight equidis-
tant points and averaged. Five airways per animal were analyzed in
a random, blinded manner, and the data were expressed as the mean 6

SEM of five animals per treatment group per time point.

Electron Microscopy

Lung tissues were post-fixed in 1% osmium tetroxide in 0.1 M sodium
phosphate buffer, pH 7.2, dehydrated through graded ethanol solu-
tions, cleared in acetone, and then infiltrated and embedded in Spurr’s
resin. Unstained thin sections (800–1,000 mm) were mounted on copper
grids and then examined on a Philips EM208S transmission electron
microscope.

RT-PCR

Two-step, TaqMan quantitative RT-PCR was used to quantify expres-
sion of genes of interest in lung tissue 1 day after inhalation. Total RNA
was extracted from the right cranial and caudal lobes of each lung using
an RNEasy Mini Kit (Qiagen, Valencia, CA) and converted to cDNA

with the High Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA). RT-PCR was performed on an ABI PRISM 7000
using 50 to 100 ng of cDNA per reaction, TaqMan Universal PCR
Master Mix, and TaqMan Gene Expression Assays for TGF-b1
(Mm03024053_m1), IL-5 (Mm00439646_m1), IL-13 (Mm00434204_m1),
MCP-1/JE/CCL2 (Mm00441242_m1), eotaxin/CCL11 (Mm00441238_m1),
CXCL9/MIG (Mm0043946_m1), CXCL10/IP-10 (Mm00445235_m1),
PDGF-A (Mm00833533_m1), PDGF-Ra (Mm00440701_m1), pro-col-
lagen type 1, a2 (Col1A2, Mm00483888_m1), and connective tissue
growth factor (CTGF, Mm00525790_g1). The comparative CT method
was used to quantify message relative to a eukaryotic 18S ribosomal
RNA (Hs99999901_s1) external sample. Each reaction was performed
in duplicate and data expressed as mean 6 SEM.

Data and Statistical Analysis

All graphs were constructed and statistical analysis performed using
GraphPad Prism software v. 5.00 (GraphPad Software, Inc., San Diego,
CA). A one-way ANOVA with a post hoc Tukey or Bonferroni test
was used to identify significant differences among treatment groups. In
some cases, a Kruskal-Wallace nonparametric ANOVA with a post hoc
Dunn’s test was used. Significance was set at P , 0.05 unless otherwise
stated.

RESULTS

Aerosolized MWCNT Are Inhaled as a Mixture of Aggregated

and Free Nanotubes

TEM and SEM clearly identified our commercial product as
high purity MWCNT (Figures 1A and 1B). Next, it was
important to show that we were aerosolizing the MWCNT
and to define particle size and aggregation status. Particle size
characterizations showed the aerosol had an average mass
median aerodynamic diameter (MMAD 6 SD) of 714 6

328 nm with a geometric standard deviation of approximately
2. The particle number size distribution (6 SD) was 160 6

38.9 nm. The MWCNT aerosol deposited on collection filters
during animal dosing was also characterized by TEM (Figures
1C and 1D). The average concentration of MWCNT in the
aerosol (6 SD) was 103 6 8.34 mg/m3. MWCNT appeared as
amorphous aggregates 2 mm in diameter or less with protruding
tubes extending beyond the nexus. Smaller aggregates and in-
dividual MWCNT were also present (Figure 1C). Individual
MWCNT resolved at higher magnification (Figure 1D) confirmed
the identity as equivalent to the bulk material (Figure 1B).

Inhaled MWCNT Do Not Cause an Increase in LDH Release or

Total Lung Protein

No differences in LDH release, a measure of cytotoxicity, were
observed in BALF among the treatment groups 1 day after
inhalation, and MWCNT-treated animals showed a significant
decrease in LDH release compared with controls 14 days after
exposure (data not shown). LDH levels for unsensitized,
MWCNT-treated mice (0.72 6 0.06 U/mg total protein) were
significantly less than controls (1.04 6 0.12 U/mg). Similarly,
LDH levels for ovalbumin-sensitized MWCNT-treated mice
(0.65 6 0.09 U/mg) were less than for saline-treated controls
(0.97 6 0.10 U/mg). No differences in total protein were
observed at 1 day or at 14 days (data not shown).

Inhaled MWCNT Are Evenly Distributed in the Lung and

Engulfed by Macrophages

Gross observations revealed that inhaled MWCNT were ho-
mogeneously distributed in the mouse lung (Figure 2A). In both
sensitized and normal mice, histopathology showed some
MWCNT agglomerates on the surfaces of alveolar ducts and
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within alveoli, indicating delivery of the aerosol to the distal
airways (Figure 2A). Importantly, no airway obstruction by
MWCNT was observed. By light microscopic evaluation,
MWCNT were observed primarily as agglomerates in alveolar
macrophages at 1 and 14 days after inhalation (Figures 2B–2D).
However, TEM identified small aggregates and individual
MWCNT within alveolar macrophages (Figures 2E and 2F).
TEM also revealed that MWCNT were taken up by lung
epithelial cells (Figures 2G and 2H). Importantly, these results
showed that MWCNT maintained tube-like structure after
aerosolization, inhalation, deposition, and uptake by lung cells.

Inhaled MWCNT Persist in Alveolar Macrophages within the

Lung for at Least 2 Weeks

Alveolar macrophages containing MWCNT were easily identi-
fied by light microscopy and constituted the majority of total
macrophages (Figure 2, Figure 3). The numbers of MWCNT-
positive macrophages in BAL cytospins were counted relative
to the total number of macrophages to estimate the persistence
of MWCNT in the lung phagocyte population. Greater than
80% of the total number of macrophages retrieved by BAL
contained MWCNT, and the relative percentage of MWCNT-
positive macrophages did not decrease by 14 days after expo-
sure, nor were there differences in the relative percentages of
MWCNT-positive macrophages between unsensitized and
ovalbumin-sensitized mice (Figure 3).

Inhaled MWCNT Cause Transient Neutrophilia that Is

Enhanced by Ovalbumin Allergen Challenge

The results of the BALF cell differential counts are summarized
in Table 2. One day after inhalation, neutrophils were signifi-
cantly elevated in unsensitized animals that inhaled MWCNT
compared with controls, and were also elevated for all animals
sensitized with ovalbumin. There was also a trend (P , 0.1)
for increased neutrophils in sensitized animals that inhaled
MWCNT compared with unsensitized, MWCNT-inhaling ani-
mals. Neutrophil counts returned to basal levels by 14 days.
Eosinophil counts for all sensitized animals were elevated at 1
day, but this elevation was not statistically significant due to large
variability. Lymphocyte counts remained at basal levels for all
treatment groups at both time points. The number of macro-
phages remained largely unchanged by all treatments.

Combined Ovalbumin Allergen Challenge and MWCNT

Inhalation Cause Airway Fibrosis

At 1day, collagen thickness around airwayswas similar in all dose
groups, and no significant differences were found by quantitative
morphometry (data not shown). At 14 days, histopathology
showed an apparent increase in the thickness of collagen in the

Figure 2. MWCNT distribution in lung tissue 1 day after inhalation

exposure. (A) Low magnification (320) of lung from a mouse exposed

to MWCNT after 1 day. MWCNT aggregates deposited at alveolar duct

bifurcation (ADB), terminal bronchioles (TB), and on alveolar surfaces

as indicated by arrows (hematoxylin stain). (B) Light micrograph

showing MWCNT in macrophages in a terminal bronchiole (TB)

indicated by open arrows (hematoxylin stain). (C) Light micrograph

showing MWCNT-positive alveolar macrophage (open arrow) on the

bronchiolar epithelium in the lung of an ovalbumin-challenged mouse

(Masson’s trichrome stain). (D) Agglomerated MWCNT (solid arrow)

and MWCNT-laden alveolar macrophages migrating through an alve-

olar septa (open arrows) (Masson’s trichrome stain). (E) TEM of

MWCNT within an alveolar macrophage. (F) Higher magnification of

MWCNT in E showing nanotube structure. (G) TEM of unstained lung

section showing aggregrate of MWCNT beneath the cell membrane of

a type I epithelial cell. (H) Higher magnification of MWCNT shown in G

showing distinct nanotube structure.

Figure 3. PersistenceofMWCNT

inmacrophagesat1and14day

after inhalationexposure. Bron-

choalveolar lavage (BAL) cells

from cytospin were counted

and the data expressed as per-

centage MWCNT-postive or

MWCNT-negativemacrophages

relative to the number of total

macrophages. Shaded bars,

sal/MWCNT; solid bars, OVA/

MWCNT.
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reticulum around the basement membrane of the bronchioles in
sensitized animals that inhaled MWCNT relative to unsensitized
animals that inhaled MWCNT and sensitized and unsensitized
saline-inhaling controls (Figures 4A–4D). This was confirmed by
quantitative morphometry, which showed a statistically signifi-
cant increase relative to unsensitized animals that inhaled
MWCNT or sensitized animals that inhaled saline (Figure 4E).
Also, un-sensitized animals that inhaled MWCNT did not have
a significant increase in airway collagen deposition compared
with saline-inhaling controls. No significant differences in soluble
collagen production as measured by Sircol Assay in whole lung
(right cranial lobe) were observed among any of the treatment
groups 1 day and 14 days after inhalation (data not shown).
Immunostaining for BrdU was also performed in animals killed
at 1 day. The rapidly dividing epithelial cells along the basement
membrane of the duodenum from each animal stained positive
for BrdU, indicating successful BrdU uptake and detection.
However, no focal areas of BrdU staining were observed in lung
tissue for controls or MWCNT-treated animals.

IL-13 Levels Increased by Ovalbumin Challenge Are Not

Significantly Affected by MWCNT Inhalation

IL-13 protein was quantified in the BALF by ELISA and
expression of IL-13 mRNA in lung tissue was quantified by RT-
PCR. One day after inhalation of saline or MWCNT, IL-13
protein levels in the BALF were not detectable by ELISA in any
unsensitized animals that inhaled saline or MWCNT (threshold
7.8 pg/ml). As expected, ovalbumin challenge increased IL-13
levels, and yet the level of IL-13 detected in ovalbumin-sensitized
animals was not significantly affected by MWCNT inhalation
(Figure 5A). Similarly, IL-13 mRNA in lung tissue was increased
by ovalbumin challenge but not different between mice that
received ovalbumin or ovalbumin plus MWCNT after 1 day
(Figure 5B). IL-13mRNAand protein were not detectable in any
groups at Day 14 (data not shown).

Both PDGF-AA and TGF-b1 Are Increased by the Combination

of Ovalbumin Allergen Challenge and MWCNT Inhalation

Afibrogenic response requires the combined actions of PDGF to
stimulate fibroblast replication and TGF-b1 to drive collagen
deposition by fibroblasts. PDGF-AA levels in the BALF were
significantly elevated 1 day after MWCNT inhalation in the
absence or presence of ovalbumin (Figure 6A). Ovalbumin
sensitization alone did not increase PDGF-AA levels in BALF.
In contrast, TGF-b1 levels inBALFwere increased by ovalbumin
in the absence or presence of MWCNT, but MWCNT inhalation

exposure alone did not increase TGF-b1 (Figure 6B). Both
PDGF-AA and TGF-b1 were simultaneously increased only
with combined ovalbumin sensitization and MWCNT inhalation
exposure. AtDay 14, no significant differences were observed for
PDGF-AA or TGF-b1 protein levels (data not shown).

TABLE 2. PERCENTAGES OF CELL TYPES IN BRONCHOALVEOLAR LAVAGE FLUID 1 d AND
14 d AFTER INHALATION

Neutrophil Lymphocyte Eosinophil Macrophage

Sal/sal (1 d) 0.09 6 0.09 1.25 6 0.83 0.00 6 0.00 98.65 6 0.92

Sal/sal (14 d) 0.00 6 0.00 0.52 6 0.24 0.28 6 0.28 98.93 6 0.59

Sal/MWCNT (1 d) 11.31 6 2.21* 1.37 6 0.38 1.21 6 0.55 86.09 6 2.42†

Sal/MWCNT (14 d) 0.00 6 0.00 0.54 6 0.16 0.00 6 0.00 99.3 6 0.32

OVA/sal (1 d) 11.22 6 9.55 2.20 6 0.98 14.48 6 12.63 72.35 6 16.56

OVA/sal (14 d) 0.83 6 0.42 2.02 6 1.12 1.37 6 0.57 95.77 6 2.02

OVA/MWCNT (1 d) 28.34 6 7.91‡ 2.13 6 0.38 14.22 6 6.56 55.30 6 8.42x

OVA/MWCNT (14 d) 0.08 6 0.08 2.92 6 1.25 2.55 6 1.67 94.45 6 2.88

Definition of abbreviations: MWCNT, multiwalled carbon nanotubes; OVA, ovalbumin.

Data are mean 6 SEM for 4 animals (sal/sal at 1 d) or 5 animals (all others).

* P , 005 compared with sal/sal neutrophil count at 1 d.
† P , 005 compared with sal/sal macrophage count at 1 d.
‡ P , 01 compared with sal/MWCNT neutrophil count at 1 d.
x P , 005 compared with sal/MWCNT macrophage count at 1d.

Figure 4. Masson’s trichrome stain for collagen (blue) around airways

14 days after inhalation (magnification: 320). (A) Unsensitized, saline

inhalation. (B) Ovalbumin-sensitized, saline inhalation. (C ) Unsensi-

tized, MWCNT inhalation. (D) Ovalbumin-sensitized, MWCNT inhala-

tion. (E ) Quantitative morphometry for collagen deposition around

airways at 14 days. aP , 0.01 compared with sal/MWCNT; bP , 0.01

compared with OVA/sal. Data are the mean 6 SEM of five (sal/sal) or

seven animals (all others).
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IL-5 mRNA Is Synergistically Increased by the Combination of

Ovalbumin Sensitization and MWCNT Inhalation Exposure

IL-5 mRNA levels in whole lung tissue measured by RT-PCR
were synergistically increased by combined ovalbumin challenge
and MWCNT exposure, yet neither ovalbumin nor MWCNT
alone increased IL-5 mRNA levels above the saline control
(Figure 7A). We also evaluated mRNA levels for several
chemokines (MCP-1, eotaxin, and CXCL9). MCP-1 mRNA
levels were significantly increased by MWCNT exposure in the
absence or presence of ovalbumin sensitization (Figure 7B).
Eotaxin mRNA levels were also increased by MWCNT, but
also by ovalbumin (Figure 7C). mRNA levels for CXCL9, an
interferon-inducible chemokine, were increased by ovalbumin
but not by MWCNT (Figure 7D). The mRNA levels for all of
these cytokine/chemokine returned to basal expression levels by
Day 14, with no differences between exposure groups (data not
shown).

DISCUSSION

The present study was designed to test the hypothesis that
inhaled MWCNT would cause greater lung injury and fibrosis in
mice that had pre-existing allergic inflammation. We found that
inhaled MWCNT caused no significant fibrosis in mice that did
not receive ovalbumin challenge, nor did we observe any
increase in total lung protein and LDH release into the BAL
fluid fromMWCNT-exposed mice. However, mice that received

ovalbumin challenge before MWCNT inhalation exposure de-
veloped significant airway fibrosis as determined by quantitative
morphometry. Some neutrophilic inflammation was observed in
the lungs of mice that inhaled MWCNT, but this inflammation
resolved by 2 weeks. Airway fibrosis in ovalbumin-challenged
mice that inhaled MWCNT was accompanied by significant in-
creases in two profibrogenic growth factors, PDGF-AA and TGF-
b1. Ovalbumin alone induced only TGF-b1, whereas MWCNT
alone only induced PDGF-AA. PDGF is the most potent fibro-
blast mitogen discovered to date and is important in expanding
the lung population of fibroblasts (21). TGF-b1 is the primary
growth factor that stimulates fibroblasts to produce collagen,
which defines fibrotic lesions (22). Together, these two poly-
peptide growth factors orchestrate a fibrogenic response. While
our study suggests potential roles for PDGF and TGF-b1, fur-
ther work is needed to identify more definitive roles for these
mediators in MWCNT-induced airway fibrosis using strategies
such as RNAi, small molecule inhibitors, or neutralizing anti-
bodies to knock-down or block the activity of these growth
factors or their receptors in vivo.

IL-13 is a well-known mediator of allergic asthma and was
increased in the lavage fluid of ovalbumin-sensitized mice and
also in ovalbumin-challenged mice that received MWCNT
exposure. IL-13 has been reported to stimulate lung fibrosis
by increasing TGF-b1 production and activating the release of
active TGF-b1 from its latent complex (14). Consistent with this
report, we observed elevated TGF-b1 protein in the BAL fluid
of ovalbumin-challenged mice. We did not observe a significant
increase in PDGF-AA in the BAL fluid from ovalbumin-
challenged mice, although we have previously reported that
IL-13 stimulates the mitogenesis of human lung fibroblasts
through a PDGF-AA autocrine loop (13). We have also
observed by immunohistochemistry that PDGF-AA and
PDGF-CC are increased in the airway epithelium of mice after
ovalbumin challenge (unpublished observation). It is possible

Figure 5. IL-13 mRNA and protein levels at 1 day after inhalation of

MWCNT. (A) IL-13 in BAL fluid (BALF) was measured by enzyme-linked

immunosorbent assay (ELISA). No IL-13 was detected in mice that did

not receive ovalbumin challenge (ND, not detectable), nor was IL-13

detected in any groups at 14 days (not shown). (B) IL-13 mRNA levels

measured by Taqman quantitative real-time RT-PCR. *P , 0.05

compared with sal/sal control group.

Figure 6. Levels of platelet-derived growth factor (PDGF) and trans-

forming growth factor (TGF)-b1 protein in BALF 1 day after MWCNT

inhalation. (A) PDGF-AA measured by ELISA. *P , 0.05 compared with

sal/sal control group. (B) Total TGF-b1 measured by ELISA. *P , 0.05

compared with sal/sal or sal MWCNT. Data are the mean 6 SEM of 9

(sal/sal) or 10 animals (all others) from samples assayed in duplicate.

Figure 7. mRNA levels of IL-5 and chemokines in lung tissue at 1 day

after inhalation exposure. Taqman quantitative real-time RT-PCR was

used to measure changes in mRNA levels. (A) IL-5. *P , 0.05 compared

with sal/sal. (B) CCL2/MCP-1. *P , 0.05 compared with sal/sal control

group. (C) CCL11/eotaxin. *P , 0.05 compared with sal/sal. (D) CXCL9.

*P , 0.05 compared with sal/sal. Data are the mean6 SEM of 9 (sal/sal)

or 10 animals (all others) from samples assayed in duplicate.
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that PDGF-AA in ovalbumin-challenged mice is not secreted
by the airway epithelium in detectable amounts, although we
clearly observed increased PDGF-AA in the BAL fluid of
MWCNT-treated mice. IL-13, TGF-b1, and PDGF-AA are all
elevated in human asthma, and play important roles in cell
signaling pathways that mediate airway fibrosis (23, 24).
MWCNT could have their most significant effect in potentiating
the effects of allergen challenge by elevating PDGF.

IL-5 mRNA was increased only in mice that received both
ovalbumin challenge and MWCNT inhalation. We did not
measure IL-5 protein levels due to the limited amount of BAL
fluid that was exhausted in ELISAs for IL-13, PDGF-AA, and
TGF-b1. Previous studies have shown a modulatory role for IL-5
in promoting pulmonary fibrosis in different animal models (23)
and clinical studies indicate a similar effect in humans (25). In the
mouse ovalbumin model in particular, neutralization of IL-5 with
monoclonal antibodies before multiple pulmonary challenges
with ovalbumin decreases peribronchiolar fibrosis (26). Based
on these published reports, there is compelling evidence that IL-5
plays a role in airway fibrosis in asthma. It is therefore conceiv-
able that IL-5, which is synergistically increased by the combi-
nation of ovalbumin and MWCNT, could play a significant role in
mediating the effect of MWCNT toward potentiating airway
fibrosis in allergic inflammation.

The calculated dose of MWCNT aerosol we used was an
estimate of the dose used in earlier studies that employed the
intratracheal instillation method for CNT delivery and which
resulted in significant pulmonary fibrosis and granuloma for-
mation (3–7). Also, unlike instillation studies, the majority of
MWCNT observed by light microscopy after inhalation were
contained within alveolar macrophages, which is not surprising
sincemacrophages avidly engulf inhaled particles and the (2-mm)
size of the aggregated MWCNT aerosol was in the range for
phagocytic uptake. Also, unlike intratracheal instillation studies
(5, 7), histopathology of lungs in the present study showed no
evidence of MWCNT agglomerates obstructing the conducting
airways or the alveolar region. However, TEM showed that
small aggregates of MWCNT or individual nanotubes were
present on or beneath the epithelial cell surface throughout
the lung.

The increasedMCP-1message expression from the lung tissue
of MWCNT-treated mice could play a role in the recruitment of
macrophages to sites of MWCNT deposition. The result that
inhaledMWCNTagglomerateswere almost completely localized
in macrophages is consistent with a recent MWCNT inhalation
study (10).We previously reported that SWCNT delivered to the
lungs of rats by intratracheal instillation stimulate a strong
macrophage phagocytic response (6). In that study, we described
‘‘carbon bridges,’’ which are bundles of SWCNT connecting two
macrophages (6). The frequency of carbon bridge formation
induced by SWCNT was relatively low (, 5% of total macro-
phages), but provided a reliable biomarker of exposure. No such
structures were found in the present study usingMWCNT. This is
perhaps because MWCNT are 30 to 50 nm in width, whereas
SWCNT are only 1 to 3 nm in width; approximately the same
width as actin filaments that compose the cytoskeleton. Effective
sequestration of MWCNT agglomerates may explain why little
inflammation or fibrosis was present by 14 days for unsensitized
animals, since inflammation and fibrosis in response to MWCNT
have previously been reported around sites where large agglom-
erates deposited and persisted after intratracheal instillation (9).
We observed many small aggregates and individual MWCNT by
TEM after inhalation. Well-dispersed SWCNT have been
reported to cause interstitial fibrosis in the lungs of mice when
delivered by intratracheal instillation (4, 8). However, while our
inhalation study resulted in well-dispersed MWCNT as deter-

mined by light microscopy and TEM evaluation, we did not
observe a significant fibrogenic effect in the absence of pre-
existing inflammation.

Ovalbumin sensitization by intraperitoneal injection followed
by intranasal challenge creates a proinflammatory environment in
the lung. Particulate pollutants have been reported to increase
allergen-induced inflammation and lung function (17, 27, 28). In
particular, carbon nanoparticles can aggravate ovalbumin-induced
airway inflammation and immunoglobulin production, which is
more prominent with smaller particles (27). In that study, the
carbon nanoparticles caused airway inflammation but not fibrosis,
which is consistent with our previous observation that carbon
nanoparticles do not cause lung fibrotic reactions (6). The present
study is the first, to our knowledge, to show that a particulate
pollutant of any kind can increase airway fibrosis in allergen-
challenged mice. The fibrotic response that we observed with
MWCNT and ovalbumin was confined to the bronchioles and did
not extend into the interstitium, which differs from previous
reports showing interstitial fibrosis at sites distant from the airways
of unsensitized mice in response to SWCNT (4, 8). Although
quantitative morphometry revealed a statistically significant in-
crease in peribronchiolar fibrosis in sensitized animals that inhaled
MWCNT, no significant increases in total lung collagen content
were observed, which is consistent with our observation of a
localized airway response. Moreover, the animals showed no signs
of respiratory distress. However, we did not perform pulmonary
function tests on mice as has been described previously (19).
Therefore, it is unknown whether the increased airway fibrosis in
ovalbumin-challenged mice that inhaled MWCNT correlates with
decreased lung function. This is an important issue that should be
addressed in future investigations. It is also unknown whether the
airwayfibrotic lesionsobserved inmicethat receivedacombination
of allergen and MWCNT will eventually resolve or progress.
Further work should include a longer time course evaluation to
address this issue.

In the present study we used an aerosol concentration of
approximately 100mg/m3MWCNTand a single exposure 6 hours
in duration on anose-only tower. This dose is admittedly high, but
was specifically chosen to fall within the dosing range ofMWCNT
(0.5–20 mg/kg) delivered to mice by intratracheal instillation (7)
or to approximate a dose of SWCNT that we used previously
administered to rats by intratracheal instillation. This type of
comparison is the only way to directly assess the issue of whether
inhalation exposure results in pathology similar to that of intra-
tracheal instillation or pharyngeal aspiration.Moreover, the dose
of MWCNT that we used in this study is roughly within the
range of previous whole-body inhalation studies that were 0.2–
2.7 mg/kg (10) and 2–10.5 mg/kg (9). We estimated an alveolar
deposition dose of 12 mg/kg and a tracheobronchial dose of
4 mg/kg for an aerosol of average mass median aerodynamic
diameter of approximately 700 nm. Although the airborne
concentration of MWCNT in the present study is similar to those
at the higher end of the dosing ranges in other MWCNT in-
halation studies, it is 2,000-fold greater than the average, esti-
mated concentration of 0.053 mg/m3 generated during the
handling of SWCNT in occupational exposure scenarios (29)
and 20-fold greater than the 5 mg/m3 NIOSH occupational
exposure standard for unregulated particulates (30).

The MWCNT used in this study were purchased from a com-
mercial source and characterization provided by the manufac-
turer and verified by an independent contract laboratory. TEMof
the bulk material verified that these were nanotubes, not carbon
nanofibers (31, 32), and that MWCNT were aggregated. TGA
analysis from both sources were in agreement that bulkMWCNT
were greater than 94% in purity. BET surface area was
also consistent with an average of 109.29 m2/g. The elemental
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composition of the bulkmaterialwas carbon.oxygen.nickel.
lanthanum. It is important to note thatNi andLavaluesmeasured
by ICP-AES, in which the nanotubes are treated with strong acid,
reflects dissolved surface metals. This measurement is probably
more reasonable than EDX measurements for discerning bio-
available metals, since EDX also measures metals embedded
withinMWCNT. Themetal concentrations as a percentage of the
bulk material as determined by ICP-AES are low, at 0.34% (Ni)
and 0.03% (La). The MWCNT aerosol was also characterized.
TEM of the aerosol revealed that MWCNTwere mostly agglom-
erates of approximately 2 mm in size with protruding nanotubes.
Agglomeration is likely due to Van der Waals forces between
MWCNT (1) that were not disrupted by the Pluronic F-68
surfactant.

A caveat for the present study is that the high dose of
MWCNT and the brief duration of exposure do not likely mimic
occupational exposure scenarios, which will probably occur with
airborne concentrations in the 0.05–5 mg/m3 range for up to
40 hours per week in duration over weeks to months to years.
However, very high airborne concentrations and brief expo-
sures are consistent with the use of inhalants in medicine, and
MWCNT are proposed for use in drug delivery applications
(33). The result that no acute observable pulmonary hazard of
airway fibrosis to normal lung tissue was observed is of im-
portance, especially at the high dose that we used, since the data
indicate that the NOAEL for inhaled MWCNT is probably
greater than what may be achievable in ‘‘real life’’ occupational
or therapeutic exposures. Our data do indicate a pulmonary
hazard of increased airway fibrosis in inflamed lung tissue, but
the degree of fibrosis was not sufficient to cause overt signs of
pulmonary distress. This result supports our original hypothesis,
which was that MWCNT cause greater lung injury and fibrosis
under conditions of pre-existing allergic inflammation, indicat-
ing that individuals with asthma may be more susceptible to
adverse effects from MWCNT than normal populations. This
study should encourage future investigations into differences in
dose–response-effect relationships in normal and asthmatic lung
in response to inhaled CNT at airborne concentrations relevant
to occupational and medical exposures.
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