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C
arbon nanotubes (CNTs) are one of
the best studied materials in nano-
science and nanotechnology be-

cause of their light weight, high conductivity,

extraordinary tensile strength, and efficient

heat conduction.1However, theuseofpristine

CNTs is limited by low solubility and dispersi-

bility in both organic and inorganic solutions,

whichmakes thesematerialsdifficult tohandle

and process during commercial applications.2

An effective way of overcoming this difficulty

is to functionalize the material surface by

introducing hydrophilic chemical groups,
which lead to higher dispersibility. More-
over, functionalized CNTs (f-CNTs) frequently

maintain the unique properties of pristine
CNTs, making them easier to process for

commercial applications.3 As a result, f-CNTs
are widely used as additives,4 catalysts,5

sensors,6 absorbents,7 intracellular carriers,8,9

electrodes,10 and imaging agents.11 To synthe-
size f-CNTs, covalent and noncovalent ap-

proaches can be used, including surface bind-
ing of solvophilic molecules or surface coating
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ABSTRACT Functionalized carbon nanotubes (f-CNTs) are being

produced in increased volume because of the ease of dispersion and

maintenance of the pristine material physicochemical properties when

used in composite materials as well as for other commercial applications.

However, the potential adverse effects of f-CNTs have not been

quantitatively or systematically explored. In this study, we used a

library of covalently functionalizedmultiwall carbonnanotubes (f-MWCNTs),

established from the same starting material, to assess the impact of

surface charge in a predictive toxicological model that relates the tubes'

pro-inflammatory and pro-fibrogenic effects at cellular level to the

development of pulmonary fibrosis. Carboxylate (COOH), polyethylene

glycol (PEG), amine (NH2), sidewall amine (sw-NH2), and polyetherimide (PEI)-modified MWCNTs were successfully established from raw or as-prepared (AP-) MWCNTs

and comprehensively characterized by TEM, XPS, FTIR, and DLS to obtain information about morphology, length, degree of functionalization, hydrodynamic size, and

surface charge. Cellular screening in BEAS-2B and THP-1 cells showed that, compared to AP-MWCNTs, anionic functionalization (COOH and PEG) decreased the

production of pro-fibrogenic cytokines and growth factors (including IL-1β, TGF-β1, and PDGF-AA), while neutral andweak cationic functionalization (NH2 and sw-NH2)

showed intermediary effects. In contrast, the strongly cationic PEI-functionalized tubes induced robust biological effects. These differences could be attributed to

differences in cellular uptake and NLRP3 inflammasome activation, which depends on the propensity toward lysosomal damage and cathepsin B release in

macrophages. Moreover, the in vitro hazard ranking was validated by the pro-fibrogenic potential of the tubes in vivo. Compared to pristine MWCNTs, strong cationic

PEI-MWCNTs induced significant lung fibrosis, while carboxylation significantly decreased the extent of pulmonary fibrosis. These results demonstrate that surface

charge plays an important role in the structure�activity relationships that determine the pro-fibrogenic potential of f-CNTs in the lung.
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with amphiphilic molecules, respectively. Although
noncovalent f-CNTs are easily prepared, covalent func-
tionalization can be better controlled and tends to be
more stable. The two methods most often used for
covalent functionalization involve terminal carboxyla-
tion and sidewall modification of the tube surface.
Carboxyl-modified CNTs (COOH-CNTs) were first re-
ported in 1998,12 following which a variety of further
functionalizations basedon theCOOHattachment, such
as amine (NH2), polyethylene glycol (PEG), and polyether-
imide (PEI) derivatives, were developed for specific use,
such as for polyethersulfone membranes,13 gas sensors,14

and intracellular carriers.15�17 Sidewall modification, parti-
cularly the attachment of sidewall amines (sw-NH2), was
initially undertaken in the Prato laboratory,18 where their
derivatives were widely used in biology.19,20

The rapid growth in f-CNT applications has necessi-
tated an understanding of the accompanying adverse
health effects, which are being pursued by in vitro and
in vivo toxicological assessment. In general, the in vitro
studies have shown that f-CNTs tend to be safer
materials because of improved dispersibility.21 Pristine
CNTs have shownpulmonary toxicity exceeding that of
quartz,22,23 while carboxylated,24 pluronic-coated,25

taurine,26 and polystyrene-functionalized CNTs27 have
been shown to induce less cytokine production, pul-
monary inflammation, and fibrosis. In contrast, a recent
report showed that NH2-CNTs lead to increased pul-
monary collagen deposition along with increased pro-
duction of TGF-β1 and IL-6.28 Although these in vivo

differences may be attributed to the function of the
surface groups, it is known that the complex and
multivariate differences in the tube structure derived
from different suppliers may also contribute to differ-
ences in these response outcomes that are not easy to
delineate. Thus, it is imperative to systemically explore
the adverse health effects of the functional surface
groups on materials prepared from the same batch of
pristine CNTs.
In this study, we synthesized a library of well-charac-

terized carboxyl, polyethylene glycol, hexane diamine,
sidewall amine, and polyethyleneimine-functionalized
multiwall carbon nanotubes (MWCNTs) to systematically
study the effect of surface functionalization on tube
toxicity in the murine lung. To assess the toxicological
impact, we used an established predictive toxicological
paradigm to perform mechanistic studies in macro-
phages and epithelial cells as two key target cell types
that play a role in the pathophysiology of pulmonary
fibrosis.25 The cooperation between these cells deter-
mines IL-1β, TGF-β, and PDGF production, which is
responsible for epithelial�mesenchymal transition (EMT),
chronic inflammation, and fibrosis in the lung.25 These
mechanism-based cellular studies allow in vitro hazard
ranking that can be compared to related biomarker
responsesandcollagendeposition in theanimal lungs.24,25

Our results show that, compared to pristine MWCNTs,

anionic functionalization significantly decreases cellular
and lung pro-fibrogenic effects, while the attachment of
cationic PEI leads to a significant increase in fibrosis.
Neutral and weak cationic f-MWCNTs have intermediary
effects. This study demonstrates the utility of a predictive
toxicological approach, allowing us to forecast the
injurious effects of the functionalized CNTs based on
their structure�activity relationships in vitro. This in-
formation is important for the regulatory consideration
as well as informative for the safer design of MWCNTs
for biomedical use.

RESULTS

Covalent Synthesis and Characterization of f-MWCNTs. To
systemically study pulmonary injury by functionalized
tubes, we established a library of covalent f-MWCNTs
that are frequently used for commercial applications. In
order to avoid carrying out the analysis with tubes from
different sources, we used pristine or “as-prepared” (AP)
MWCNTs from Cheap Tubes to prepare carboxyl (COOH)
and sidewall amine (sw-NH2)-functionalized MWCNTs as
a first step. In addition, we also prepared carboxyl-con-
verted PEI-MWCNTs (cc-PEI-MWCNTs) to study the strong
cationic effects of the branched amino groups as well as
their conversion to a COOH group after reaction with
succinic anhydride.29 As shown in Figure 1, the COOH-
MWCNTs were synthesized via oxidization and then
acylated to prepare polyethylene glycol (PEG), hexane
diamine (NH2), and polyethyleneimine (PEI) f-MWCNTs.
The PEGmodification was introduced by esterification of
the acylated COOH-MWCNTs with polyethylene glycol,
while NH2 and PEI-MWCNTs were synthesized by ammo-
nolysis of the acylated tubes with hexane diamine and
polyethyleneimine, respectively.30 The sw-NH2-MWCNTs
were synthesized via 1,3-dipolar cyclization reaction to
produce a relatively weak cationic tube.

This f-MWCNT library was comprehensively charac-
terized for the placement and quantity of functiona-
lized surface groups by Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectros-
copy (XPS). Shape and size were assessed by tran-
smission electron microscopy (TEM), hydrodynamic
diameter by dynamic light scattering (DLS), and surface
charge by zeta-potential analysis. Figure 2A shows TEM
images of the tubes, which demonstrate typical 1-D
fiber-like structures of different length. Because oxidative
functionalization splices and converts pristine to shorter
carboxylic tubes,COOH-MWCNTsaswell as their PEG,NH2,
PEI, and cc-PEI-functionalized derivatives display shorter
lengths of∼200�450 nm compared to the 570�580 nm
length of AP- and sw-NH2 tubes (Supporting Information
FigureS1). Thehydrodynamicdiameter andzeta-potential
of tubes dispersed in water are shown in Table 1.
The hydrodynamic size of COOH, PEG, PEI-MWCNTs, as
well as cc-PEI-MWCNTs in water is 140�290 nm, which is
much smaller than AP, NH2, and sw-NH2-MWCNTs with
1900�2300 nm hydrodynamic size. This is not surprising
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because the zeta-potential values of COOH, PEG, PEI, and
cc-PEI-MWCNTswere�52.61,�45.46,þ53.33, and�23.21
mV, respectively, which could provide strong electrostatic
repulsion in aqueous solution. In contrast, the large
hydrodynamic size of NH2 and sw-NH2-MWCNTs may be
due to the low zeta-potential (�2.35 and 12.95 mV), and
lack of electrostatic repulsion as a result of the compara-
tively lowdegree of functionalization. After dispersion into
BEGM supplemented with BSA plus dipalmitoylphospha-
tidylcholine (DPPC), RPMI 1640 supplemented with 10%
FBS (c-RPMI 1640) or PBS supplemented with BSA plus
DPPC, as shown in Table S1, the hydrodynamic diameter
of AP, COOH, PEG, NH2, and sw-NH2-MWCNTs assumes di-
ameters of 200�400 nm while PEI-MWCNTs form aggre-
gates of 1500�2500 nm. The formation of large PEI-
MWCNT aggregates is the result of the disappearance of
the surface of thedouble layer as a result of the interaction
of anions and proteins with the positive tube surface.31,32

All of these tubes show approximately similar zeta-poten-
tial, in the range from�3 to�10mVdue to the neutraliza-
tion of surface charge by anion electrolytes or proteins.33

To confirm successful covalent modification, solid-
state FTIR was performed to show the presence of the
peaks that characterize eachof these functional groupson
the tube surface (Figure 2B). The presence of carboxylic
groups was confirmed by CdO stretching vibrations at
1730 cm�1 as well as O�H stretching vibrations at
3430 cm�1. These carboxylic group bands were also
present in the incomplete functionalized PEG, NH2, and
PEI-MWCNTs. PEG and sw-NH2-MWCNTs displayed C�O
stretching vibrations that originate from the ester groups
at 1105 cm�1. NH2-MWCNTs, sw-NH2-MWCNTs, as well as
PEI-MWCNTs had commonpeaks at 1635 and 1206 cm�1,
which can be assigned to the N�H deformation vibration
of primary amine groups as well as the C�N stretching
vibrations, respectively.30 The FTIR of cc-PEI-MWCNTs
shows an O�H stretching vibration peak at 3430 cm�1

and a CdO peak at 1730 cm�1 demonstrating the COOH
group, while the N�H peak and C�N peaks demonstrate
the presence of residual amino groups (Figure S1).

In order to quantify the extent of functionalization,
which determines the charge and suspension stability

Figure 1. Synthesis scheme for f-MWCNTs. AP-MWCNTs were purchased from Cheap Tubes Inc. COOH-MWCNTs were
prepared via an oxidization reaction of MWCNTs in H2SO4/HNO3. Synthesis of sw-NH2-MWCNTs included 1,3-dipolar
cyclization reaction and a subsequent acid treatment to remove the Boc group. To prepare other functionalized tubes,
COOH-MWCNTs were further activated in SOCl2 to produce acylated tubes. PEG, NH2, and PEI-MWCNTs were derived by
binding PEG, hexane diamine, or PEI on acylated COOH-MWCNTs.
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of the hydrophobic surface on the raw tubes, we used
X-ray photoelectron spectroscopic analysis (XPS). The
elemental composition analysis in Table S2 shows the
atomic percentage (atom %) nitrogen and/or oxygen in
the f-MWCNTs. The C1s core level peak positions of the
carbon atoms are close to 284.6 eV, while the peak
positions for nitrogen and oxygen were centered at
∼400.2 and 532.5 eV, respectively. AP-MWCNTs showed
a low level (∼0.5%) of oxygen, which is typical for pristine

MWCNTs.34 After carboxylation, the oxygen percentage
on the COOH-MWCNT tube surface increased to 9.24%,
which agrees with the percentages of PEG (8.94%), NH2

(9.96%), and PEI-MWCNTs (8.42%). In accordance with
their direct synthesis from pristine tubes, sw-NH2-
MWCNTs showed low percentages of oxygen (1.42%)
and nitrogen (0.6%) on the surfaces. NH2-MWCNTs
showednitrogencontentof 1.46%,while thecorrespond-
ing value for PEI-MWCNTs was 5.66%.

Figure 2. Physicochemical characterization of f-MWCNTs. (A) TEM images show the length, diameter, and structure of
MWCNTs. (B) FTIR spectra of f-MWCNTs show the presence of different functional groups and confirm successful covalent
surface modification of the MWCNTs.
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Suspension stability index in cell culture media, as a
reflection of the sedimentation rate of the tubes,
determines their bioavailability under tissue culture
conditions.35 As shown in Figure S2, the anionic COOH
and PEG-MWCNTs displayed the highest stability with
ca. 95% remaining after 20 h, followed by AP, NH2, and
sw-NH2-MWCNTs, which exhibited more or less the
same level of stability around 70%. Instead, cationic
PEI-MWCNTs were the least stable with only ∼20% of
tubes remaining in suspension by 20 h. All considered,
these results suggest that the more rapid sedimenta-
tion rate of PEI-MWCNTs would make them more
bioavailable to cells settling at the bottom of the wells.
However, under in vivo conditions, sedimentation may
play a lesser role in tube-induced effects because of the
relatively thin layer of lung lining fluid.

Pro-fibrogenic Cellular Responses Are Dependent on f-MWCNT
Charge. These experiments were carried out in the
myeloid cell line, THP-1, a macrophage-like cell line,
as well as BEAS-2B cells, an immortalized human
bronchial epithelial cell line. We have successfully used
these cells to assess pro-fibrogenic cytokine and
growth factor production of aggregated and dispersed
AP-MWCNTs, showing that the response differences
between those tubes at the cellular level accurately
reflect their propensity to induce pro-fibrogenic re-
sponses in the lung.24,25 First, we determined the
cytotoxicity of f-MWCNTs by conducting a MTS assay
24 h after their introduction to the cultures.36,37 This
demonstrated a lack of cellular toxicity at tube con-
centrations as high as 120 μg/mL (Figure S3). THP-1
cells were used to measure IL-1β production, which
represents amajor cytokine used by pulmonarymacro-
phages to initiate a cascade of events in cooperation
with epithelial cells that culminate in pulmonary fibrosis.38

We also used coculture of THP-1 with BEAS-2B cells to
assess TGF-β1 and PDGF-AA production as relevant pro-
fibrogenic growth factors, which in concert with IL-1β
determines fibroblast proliferation and collagen deposi-
tion in the lung.39 Following incubation with 60 μg/mL f-
MWCNTs for 24 h, IL-1β and growth factor production in
the cellular supernatants were examined by ELISA (Figure
3A). AP-MWCNTs served as a positive control.40 All
MWCNTs, except for the COOH tubes, induced significant
increased levels of IL-1β, TGF-β1, and PDGF-AA compared

to untreated cells. However, anionic COOH and PEG-
MWCNTs showed significant lower production of all three
factors compared to AP-MWCNTs. Instead, NH2-MWCNTs
exhibited a slight but significant decrease of IL-1β and
PDGF-AA production compared to the pristine tubes,
while sw-NH2-MWCNTs displayed similar levels of IL-1β
and PDGF-AA production. However, sw-NH2-MWCNTs
induced a significant increase in TGF-β1 production, while
PEI-MWCNTs induced significantly higher responses of the
pro-fibrogenic factors compared to all of the other tubes.
As demonstrated in Figure S4A, the cytokine production
induced by different MWCNTs was dose-dependent.

Except for surface charge, the length of the CNTs
may influence their pro-fibrogenic potential. For this
reason, we measured tube length by TEM, as shown in
Table S3.While PEG, COOH, NH2, and PEI-functionalized
tubes show a slight decrease in length, sw-NH2-MWCNTs
showed a length similar to AP-MWCNTs. Thus, as a result
of the minor effect on tube length, there was no notice-
able correlation between this physicochemical para-
meter and pulmonary injury in our study. To confirm
the role of cationic charge in the ability of PEI-MWCNTs to
induce cytokine and growth factor production, we also
compared the cytokine production induced by PEI-
MWCNTs, cc-PEI-MWCNTs, and unattached PEI polymer.
As shown inFigure 3B, 24hafter the introductionof these
agents, the polymer alone had no effect on cytokine or
growth factor production, while the robust response to
PEI-MWCNTs was significantly decreased after conver-
sion to COOH in cc-PEI-MWCNTs. In addition, the gen-
eration of IL-1β, PDGF-AA, and TGF-β1 responses was
dose-dependent (Figure S4B). These results confirm the
importance of the cationic surface functionalization in
cellular response generation.

Abundance of Cellular Uptake Determines Activation of the
NLRP-3 Inflammasome. Because cellular uptake and bio-
processing of f-MWCNTs could determine the genera-
tion of the pro-fibrogenic factors, TEM and confocal
Ramanmicroscopywere used to examine the subcellular
localization of f-MWCNTs in THP-1 and BEAS-2B cells.25

Figure 4A and Figure S5A,B show the electron micro-
graphs and confocal Raman spectra of cells incubated
with the tubes for 24h. TheTEM imagesdemonstrate that
the tubes were taken up in both cell types inmembrane-
bound vesicles without impacting cell morphology or
other intracellular organelles. Compared to AP-MWCNTs,
the PEI-functionalized tubes were taken up with in-
creased abundance, while NH2 and sw-NH2-MWCNTs
showed the sameandPEG- andCOOH-MWCNTs reduced
levels of uptake. Confocal Raman confirmed the charac-
teristic D and G bands of MWCNTs in the exposed cells,
indicating that the internalized f-MWCNTs are structurally
intact (Figure 4A).

TEM and confocal Raman do not provide quantifi-
cation of MWCNT uptake in cells. In order to more
quantitatively assess cellular uptake, UV�vis spectrome-
trywas performedby incubating THP-1 andBEAS-2B cells

TABLE 1. Hydrodynamic Diameter and Zeta-Potential of

f-MWCNTs in Water

MWCNTs hydrodynamic diameter (nm) zeta-potential (mV)

AP 2302 ( 56 �10.52 ( 2.73
COOH 141 ( 0 �52.61 ( 1.22
PEG 148 ( 1 �45.46 ( 1.05
NH2 1953 ( 233 �2.35 ( 3.28
sw-NH2 2279 ( 257 12.95 ( 2.94
PEI 251 ( 4 53.33 ( 1.82
cc-PEI 287 ( 7 �23.21 ( 1.56
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with tubes for 3 h, washing the cells three times in PBS
before sonication, and then studying tube absorbance in
the lysates at 550 nm (Figure 4B). The absolute amounts
of tube uptake were calculated by using standard absor-
bance curves for each tube type. PEI-MWCNT uptake
values were ∼29 and 18 pg/cell in THP-1 and BEAS-2B
cells, respectively, whichwas significantly higher than the
uptake of AP-MWCNTs. In contrast, PEG and COOH-
MWCNTs were taken up in lower abundance while NH2-
MWCNTsshowed thesame levelofuptakeasAP-MWCNTs.
While sw-NH2-MWCNTs were taken up with similar abun-
dance as the pristine tubes in THP-1, the former tube type

was taken up in significantly higher amounts in BEAS-2B
cells. Theseuptake valueswere to a large extent confirmed
by the use of flow cytometry to assess the level of cellular
side scattering of tube-treated cells (Figure S5C). The
increase in CNT uptake leads to an increase in cellular
granularity, which is reflected by the quantitative increase
in side scattering.41 The cellular uptakedata correlatedwell
with the IL-1β production, suggesting that the abundance
of tube uptake plays a role in IL-1β production. This notion
was confirmed by using cytochalasin D, an inhibitor of
actin polymerization,42 to demonstrate the reduced cellu-
lar uptake of tubes (Figure S5D) and the IL-1β production

Figure 3. In vitro pro-fibrogenic cytokines induced by f-MWCNTs. (A) Cytokine production (IL-1β, TGF-β1, and PDGF-AA)
induced by f-MWCNTs. Cytokines were tested after cellular treatment with 60 μg/mL of the tubes at 37 �C for 24 h; *p < 0.05
compared to Ctrl, #p < 0.05 compared to AP-MWCNTs. (B) Comparison of cytokine production induced by PEI and cc-PEI-
MWCNTs. After incubationwith 120 μg/mL tubes for 24 h, cytokine productionwas determined by ELISA; *p < 0.05 compared
to PEI-MWCNTs.
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Figure 4. Cellular uptake ofMWCNTs. (A) TEM images andRaman spectra of THP-1 cells treatedwith f-MWCNTs. The arrows in
the TEM and light microscopy images show cellular uptake and localization of f-MWCNTs. Typical G and D bands on Raman
spectra demonstrated the intact structure of tubes inside cells. (B) Quantification of MWCNTs associated with the cell. The
schematic in the top panel shows the treatment of cells. The levels of MWCNTs associated with cells are shown in the lower
panel. (C) IL-1β production in the presence of cytochalasin D. After pretreated for 3 hwith 5 μg/mL cytochalasin D, THP-1 cells
were incubated with 60 μg/mL MWCNTs for an additional 6 h; *p < 0.05 compared to tube only treated THP-1 cells, #p < 0.05
compared to AP-MWCNTs (B) or control (C).
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induced by AP, PEG, NH2, sw-NH2, and PEI-MWCNTs in
THP-1 cells (Figure 4C).

IL-1β production requires assembly of the NLRP3
inflammasome in macrophages.43 NLRP3 activation by
CNTs, monosodium urate (MSU), CeO2 nanowires, and
TiO2 nanobelts is dependent on lysosome damage and
cathepsin B release following the endocytosis of these
long aspect ratio materials.44 To assess lysosomal
damage by f-MWCNTs, we used confocal fluorescence
microscopy to study the containment of the lysosomal
enzyme, cathepsin B, which can be detected by Magic
Red in THP-1 cells.45 As shown in Figure 5A, control
cells showed a punctate distribution of the red Magic
Red fluorescence in the intact lysosome, compared to
the diffuse cytosolic release of cathepsin B in cells
treated with monosodium urate (positive control).
Interestingly, cells treated with COOH or PEG-MWCNTs
showed a punctate distribution, which is in accordance
with low levels of IL-1β production (Figure 3A). In
contrast, AP, NH2 sw-NH2, and PEI-MWCNTs induced
lysosomal damage, which is in agreement with higher
levels of IL-1β production, as shown in Figure 3A. To
demonstrate the importance of cathepsin B in NLRP3
inflammasome activation, THP-1 cells were treated

with a cathepsin B inhibitor, CA-074-Me, before assess-
ment of IL-1β production.46 This demonstrated across-
the-board reduction of IL-1β release in the cell culture
media for all of the tubes capable of lysosomal damage
(Figure 5B). Moreover, the involvement of NLRP3 in-
flammasome was confirmed by using NLRP3 and ASC
gene knockout THP-1 cells, which exhibited signifi-
cantly decreased IL-1β production compared to wild-
type THP-1 cells afterMWCNT treatment (Figure 5C). All
considered, these data indicate that the IL-1β produc-
tion is determined by the abundance of internalized
MWCNTs, which further induce lysosomal damage and
NLRP3 inflammasome activation.

In Vivo Validation of the Fibrogenic Potential of f-MWCNTs in
the Lung. In order to test the validity of the in vitro

hazard ranking to pulmonary toxicity outcome, mice
were exposed to f-MWCNTs by oropharyngeal installa-
tion, using a dose of 2 mg/kg, which has previously
been shown to be on the steep part of the dose
response curve for AP-MWCNTs and comparable to
extrapolated occupational exposures.24 First, we used
confocal Raman microscopy to confirm that the tubes
are taken up by pulmonarymacrophages extracted from
the bronchoalveolar lavage fluid (BALF) (Figure S6A). This

Figure 5. Lysosomal damage and cathepsin B release induced by the tubes. (A) Visualization of cathepsin B localization in
THP-1 cells exposed to tubes. Lysosomal damage and cathepsin B release were identified by usingMagic Red staining. THP-1
cells were seeded into 8-well chamber slides and incubatedwith f-MWCNTs at 120 μg/mL in complete RPMI 1640 for 3 h. After
fixation, cells were stainedwithMagic Red (ImmunoChemistry Technologies), wheat germ agglutinin-Alexa 488, andHoechst
33342 dye, followed by visualization under a confocal 1P/FCS inverted microscope. (B) IL-1β production in the presence of
cathepsin B inhibitor, CA-074-Me. After pretreatment for 3 h with 50 μMCA-074-Me, THP-1 cells were incubated with 60 μg/mL
MWCNTs for an additional 6 h. (C) IL-1β production inWT, NLRP3�/� and ASC�/� THP-1 cells. After incubation for 6 h, the IL-1β
levels in the media of THP-1 wide-type or THP-1 knock down cells were examined by ELISA; *p < 0.05 compared to tube only
treated THP-1 cells, #p < 0.05 compared to control.
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demonstrated the presence of the characteristic D and
G bands of MWCNT structures for all tube types. We
also demonstrated cathepsin B release in the lavage
fluid macrophages from animals receiving MWCNT
installation for 16 h before use of the animal BALF cells
for ex vivoMagic Red staining. As demonstrated by the
confocal images in Figure S6B, cathepsin B release
could be demonstrated for all tube instillations except
COOH-MWCNTs.

We also compared the extent of pulmonary inflam-
mation in animals receiving tube installation for 40 h or
21 days. Animals receiving tube installation for 40 h
showed significant increase in BALF IL-1β levels irre-
spective of the tube type (Figure S7). While most tubes
also resulted in significant increases in PDGF-AA pro-
duction, PEI-MWCNTs yielded the highest and COOH-
MWCNTs the lowest levels for this growth factor. In
contrast, the TGF-β1 levels in the BALF remained un-
changed at 40 h. The differential cell counts in the BALF
are shown in Figure S8A and demonstrate that all tubes
could induce a significant increase in the neutrophil
counts without intermaterial differences. While hema-
toxylin/eosin (H&E) staining demonstrated a small
increase in the level of pulmonary inflammation for
most tube types, PEI-MWCNTs induced slightly more
effects (Figure S8B). Although the neutrophil count in
the BALF was clearly reduced by 21 days (Figure S8C),
histological examination showed the presence of
chronic lung inflammation that was clearly exagger-
ated for PEI-MWCNTs and also more prominent in
animals receiving NH2 and sw-NH2-MWCNT instilla-
tions (Figure S8D).

Assessment of fibrogenic effects in the lung was
performed using ELISA to assess pro-fibrogenic
growth factor levels in the BALF while also performing
lung staining with Masson's trichrome and quantifying
collagen content by the Sircol assay. Min-U-Sil (MUS)
was used as positive control and AP-MWCNTs for
comparison to f-MWCNTs.WhileMUS and AP-MWCNTs
induced significant increases in TGF-β1 and PDGF-AA
levels, COOH-MWCNTs failed to induce an increase,
which, in turn, differs from the robust increase by PEI-
MWCNTs (Figure 6). PEG, NH2, and sw-NH2-MWCNTs
showed similar increases compared to AP-MWCNTs.
IL-1β production is typically an early event during
fibrogenesis,46 and this effect decreases to background
levels after 21 days after initial exposure of CNTs.38

Consistent with these results, an increased production
of IL-1β was observed at 40 h (Figure S7) but not at 21
days (Figure 6). However, there was no change in IL-1β
production by 21 days.24 Trichrome staining demon-
strated significant increases in collagen deposition
around the airways of AP-MWCNT-treated animals
(Figure 7A). In contrast, carboxyl and PEG-functiona-
lized tubes showed less collagen deposition, while PEI
functionalization greatly enhanced this effect. The NH2

and sw-NH2-MWCNTs exhibited similar effects to

AP-MWCNTs. Interestingly, while the presence of CNTs
could be observed in pulmonary macrophages during
stainingof lung sectionswithAlcianBlue/PAS (Figure S9),47

these were not the same areas in which collagen
deposition could be seen to occur in the animal lung.
Use of the Sircol assay confirmed a significant lung
collagen deposition in animals exposed to PEI-MWCNTs
compared to those exposed to AP-MWCNTs (Figure 7B).
In contrast, COOH-MWCNTs and PEG-MWCNTs showed
no significant increase in collagen deposition, while NH2

and sw-NH2-MWCNTs induced significant increases on
par with AP-MWCNTs.

In order to confirm the pro-fibrogenic effects of the
cationic surface in the exaggerated effects of PEI-
MWCNTs, we also compared the effects to unattached
PEI polymer and PEI-MWCNTs on which the amino
groups were converted to COOH (cc-PEI-MWCNTs) at
21 days after oropharyngeal instillation. While the
polymer itself did not trigger TGF-β1 and PDGF-AA
production, its covalent attachment to the tube surface
did increase the production of above growth factors
compared to control animals (Figure 8A). In contrast,
cc-PEI-MWCNTs showed a significant decrease in the
levels of these growth factors. The findings were
confirmed by the histology images (Figure 8B) and
determination of the collagen content of the lungs
(Figure 8C). This confirms the in vivo pro-fibrogenic
effects of a strong cationic MWCNT surface.

DISCUSSION

In this study, syntheses of COOH, PEG, NH2, sw-NH2,
and PEI-conjugated MWCNTs were used to investigate
the role of surface functionalization and charge on the
biological effects of f-MWCNTs using a predictive in

vitro/in vivo toxicological approach. This demonstrated
that PEI-MWCNTs induced significantly higher produc-
tion of IL-1β and pro-fibrogenic growth factors, TGF-1β
and PDGF-AA, in vitro and in vivo. Moreover, the
differential IL-1β productions were shown to correlate
with the differences in THP-1 uptake of the tubes, as
well as their abilities to induce lysosomal injury and
activation of the NLRP3 inflammasome. Similar effects
on lysosome damage were seen in pulmonary macro-
phages obtained from the BALF of animals receiving
oropharyngeal installation. These results are in agree-
ment with the extent of chronic lung inflammation,
fibrosis, and collagen deposition, toward which it was
confirmed that PEI-MWCNTs induced the strongest
effects, while NH2 and sw-NH2-MWCNTs exerted simi-
lar effects to AP-MWCNTs. In contrast, the effects of
COOH and PEG-MWCNTs were reduced compared to
the effects of AP-MWCNTs. These results demonstrate
that pulmonary fibrogenic effects by f-MWCNTs are
dependent on the attached surface groups as well as
their charge. This is of considerable importance toward
understanding the hierarchy of MWCNT properties
that may contribute to their toxicological potential
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other than the traditionally quoted fiber-like dimen-
sions, which we do not observe in our study.
Functionalized CNTs are generally considered more

biocompatible than pristine CNTs because of improved
hydrophilicity and dispersion in biological media. This
notion was supported by numerous in vitro studies
looking at the cytotoxicity of f-MWCNTs as well as explor-
ing the in vivo toxicological potential of COOH, taurine,
polystyrene, and pluronic-functionalizedMWCNTs.21,24�27

However, most of the studies were performed with
different startingmaterials, andwe showhere, for the first
time, that systematic variation of functionalized groups
on the same MWCNT surface can exert differential
structure�activity relationships that hold true at cell and
lung levels. Moreover, it is also possible to relate the
surface charge of the f-MWCNTs to cellular uptake and
triggering of lysosomal injury and inflammasome activa-
tion, which plays a role in the generation of pulmonary
fibrosis. Previous studies have demonstrated the impor-
tant role of inflammasome activation in inducing pulmon-
ary inflammation and fibrosis.48 This tends to be a
relatively early response as exemplified by increased IL-
1β production at 40 h (Figure S7), which subsequently
declines and returns to background levels by 21 days.49

However, the early phase of IL-1β production initiates a
cascade of events that leads to downstream TGF-β1 and
PDGF-AA production in epithelial and transitioning me-
senchymal cells. This culminates in progressive collagen
deposition and pulmonary fibrosis. Both the cellular and

in vivo response outcomes suggest that the attachment of
anionic COOH and PEG groups could act as safer design
features that reduce the bioavailability and catalytic injury
by MWCNTs. In contrast, neutral or weak cationic functio-
nalization does not significantly change the fibrotic po-
tential of AP-MWCNTs, while cationic PEI functionalization
induced extensive lung fibrosis. This suggests that high
cationic density should be avoided or charge neutraliza-
tion should be considered as a safer design feature for
cationic tubes. In addition to the toxicological effects of
surface charge, the clearance rate of f-MWCNTs could play
a role in determining their fibrogenic potential. This
requires accurate quantitative techniques to determine
the CNT clearance rate, which is not currently available.
Our results showed that COOH or PEG functionaliza-

tion reduced the fibrotic potential of pristine tubes by
lowering their bioavailability. This is likely due to the
anionic charge, which leads to high suspension stability
(∼95%tubes remain in suspension in cell culturemediaby
20h). This reduces tube sedimentationandcellular uptake
as demonstrated by TEM images (Figure 4A), tube release
into cellular lyses (Figure 4C), and side scatter studies
(FigureS5C). In contrast, the close toneutralNH2andweak
cationic sw-NH2-MWCNTs show similar fibrogenic poten-
tial as AP-MWCNTs, probably because the low surface
coverage (<1.5%) maintains a relatively hydrophobic sur-
face. This makes the tubes less stable in physiological
media and in the lysosomes, allowing themtocomeoutof
solution andmake contactwith the lysosomalmembrane.

Figure 6. Cytokine production in BALF of animals after 21 d exposure to tubes. Tubes were oropharyngeally administrated at
2 mg/kg (6 mice in each group). After 21 days, animals were sacrificed to analyze IL-1β and growth factor production in BALF
by ELISA. * p < 0.05 compared to Ctrl, # p < 0.05 compared to AP-MWCNTs.
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Injury to the membrane and cathepsin B release leads to
NLRP3 inflammasome activation. The most interesting
impact is the effect of PEI-MWCNTs, widely used in
sensors,50 nanocomposites,51 intracellular carrier,17 sor-
bent,52 etc. These tubes induce not only robust IL-1β,
TGF-β1, and PDGF-AA production in vitro and in the intact
lung but also chronic pulmonary fibrosis. The most likely
explanation for this outcome is that PEI-MWCNTs had the
lowest suspension stability and are thus more likely to
settle at the bottom of the wells, where they make more

cellular contact. The positive charge on the tube surface
may also enhance cellular uptake because of increased
binding to anionic groups on the cell surface.53 Finally,
following tubeuptake into the lysosome, thePEI groupson
thepoorly suspended tubesmay lead todirect interactions
with and damage to the lysosomalmembrane, in addition
to inducing osmotic swelling of this organelle due to a
proton sponge effect.29,33

The possible relevance of the predictive toxicologi-
cal paradigm to pulmonary damage in humans needs

Figure 7. Pulmonary fibrosis induced by f-MWCNTs. (A) Trichrome staining to determine lung fibrosis after 21 days exposure
to tubes. (B) Quantification of collagen in lung tissues after 21 day exposure to tubes; *p < 0.05 compared to control, #p < 0.05
compared to AP-MWCNTs.
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to consider real life exposure scenarios in the work-
place. While we were not able to include human
exposures in our study, several recent studies have
shown that when the lung burden and state of CNT

dispersion are kept similar, pulmonary responses to
bolus exposure (such as oropharyngeal instillation) are
comparable to short-term inhalation exposures in
rodents which, in turn, can be reconciled with the lung

Figure 8. Carboxyl-converted PEI-MWCNTs show decreased lung fibrosis. (A) TGF-β1 and PDGF-AA level in BALF. (B)
Trichrome staining of lung tissues. (C) Six mice were included in each group. Total collagen content in the lungs of animals
after 21 days exposure; *p < 0.05 compared to control, #p < 0.05 compared to PEI-MWCNTs.
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burdens during inhalation exposure in humans.54,55 In
order to extrapolate the doses used in our animal
exposures to MWCNT exposure in human, we used
reported data56 showing that the airborne levels of
MWCNTs to which humans can be exposed in a
research facility could be as high as 400 μg/m3. In
addition, NIOSH has proposed a recommended limit of
exposure as 7 μg/m3 for CNTs. Using the calculation
approach being used at NIOSH,57 we could estimate
that a worker exposure of 400 μg/m3 for 8 h/day over a
fivemonth time period over a 45 yearsworking lifetime
could lead to a lung burden similar to a bolus exposure
of 2 mg/kg in the mouse.58 It is also important to know
the relevance of in vitro dose to in vivo dosimetry. We
used lung alveolar epithelium surface area to calculate
the CNT exposure levels to cells. The mouse experi-
ment was performed at 2mg/kg, which is equivalent to
1 mg/m2 of MWCNT exposure in the mouse lung,
assuming the alveolar epithelium surface area of
0.05 m2 and a body weight of 25 g.59 Assuming that
the in vitroMWCNT dose is homogeneously distributed
in the tissue culture dish and the thickness of cell layer
being 10 μm, the in vitro cell exposure dose would be
100 μg/mL. The dose range we used for in vitro assay is
from 30 to 120 μg/mL, which is comparable to the dose
in themouse experiment. These estimates suggest that
the MWCNT doses tested in cells andmice in this study
are comparable to occupational exposures in humans.
However, this in vitro dosage is only an estimation
based on several assumptions, and the ISDD model60

and more sensitive measurements for CNTs may be
needed to better estimate the in vitro exposure dose.
Because animal experiments are laborious, costly,

and time-consuming, it is advantageous to develop pre-
dictive toxicological approaches thatuse cellular studies to
gain an understanding of the toxicological mechanisms
and structure�activity relationships before performing

targeted animal experiments. Our demonstration of a
predictive toxicological paradigm to investigate the fibro-
tic potential of surface-functionalized MWCNTs by using
cell types that play a role in thepathophysiologyoffibrosis
in the lung serves as an example of how future studies can
be performed to compare multiple materials in a single
round of experimentation. Considering the increasing
numberof CNTswith various functionalizations emerging
in the marketplace, this predictive paradigm has the
potential to increase the speed and accuracy of lung
toxicity screening for regulatory decision making as well
as the safer design of CNTs for commercial use and
biomedicine. One immediate consideration could be to
use the different surface functionalization categories to
group CNTs or to provide read-across, which represents a
processwhere endpoint information for oneCNTmaybe
used to predict the same end point for another CNT
based upon similarities in their chemical structure or
functionality.

CONCLUSION

We showed the role of surface charge in determining
the pulmonary fibrogenic effects of MWCNTs. While
anionic functionalization (COOH and PEG) decreases
the pulmonary fibrogenic potential compared to AP-
MWCNTs, strong cationic functionalization (PEI) induces
morepulmonaryfibrosis. Neutral (NH2) andweak cationic
(sw-NH2) functionalized tubes have similar fibrogenic
potential compared to pristine tubes. The mechanism
of these effects involves differences in cellular uptake of
MWCNTs, lysosomal damage, cathepsin B release, as well
as NLRP3 inflammasome activation. These constitute in

vitro assessment methods that can be used for hazard
ranking and therefore highly relevant to prioritizing
targeted animal experiments. This predictive approach
to MWCNT safety evaluation can be used for regulatory
decision making as well as safer design of CNTs.

MATERIALS AND METHODS

Carbon Nanotubes and Chemicals. Raw or as-prepared MWCNTs
(AP-MWCNTs) in powder form were purchased from Cheap
Tubes Inc. (Brattleboro, VT, USA). Dipalmitoylphosphatidylcho-
line (DPPC), hexane, polyethylene glycol (PEG), polyethylenei-
mine (PEI), CA-074-Me, and cytochalasin Dwere purchased from
Sigma-Aldrich (St. Louis, MO, USA). N-Boc-amino acidwas kindly
provided by Prof. Prato at University of Trieste, Italy. Min-U-Sil
was obtained from U.S. Silica (Frederick, MD, USA). Bronchial
epithelial growth medium (BEGM) was obtained from Lonza
(Mapleton, IL, USA), which is supplemented with a number of
growth factors, including bovine pituitary extract (BPE), insulin,
hydrocortisone, hEGF, epinephrine, triiodothyronine, transfer-
rin, gentamicin/amphotericin-B, and retinoic acid. Roswell Park
Memorial Institute medium 1640 (RPMI 1640) was purchased
from Invitrogen (Carlsbad, CA, USA). Low-endotoxin bovine
serum albumin (BSA) and fetal bovine serum (FBS) were from
Gemini Bio-Products (West Sacramento, CA, USA).

Syntheses of f-MWCNTs. COOH and sw-NH2-MWCNTs were
synthesized from AP-MWCNTs, while PEG, NH2, and PEI-MWCNTs
were derivatives of COOH-MWCNTs. In a typical COOH-MWCNT

synthesis, 1 g of AP-MWCNTs was added into 120 mL of concen-
tratedHNO3 andH2SO4 (1:3, v/v) solution at 120 �C in an oil bath to
reactwhile stirring for 30min.8After 10-folddilutionwithdeionized
water (DI H2O), the suspensionwas filtered througha0.45μmPTFE
membrane,washedwithDIH2O toaneutral pH, andvacuum-dried
at 70 �C. For sw-NH2-MWCNT synthesis, AP-MWCNTs (20mg) were
dispersed inDMF (dry, 10mL) by sonication for 2min.N-Boc-amino
acid (31 mg, 0.10 mM) and paraformaldehyde (48 mg, 0.10 mM)
with DMF (dry, 5 mL) were added to the suspension, and the
reactionmixture was refluxed at 120�130 �C for 96 h.18 After that,
the reaction mixture was cooled to room temperature and cen-
trifugedat 3500 rpm for 5min. The supernatantwasdiscarded, and
the tubes were treated with 10 mL of 0.1 M HCl for 2 h to remove
Boc. The tubes were separated by centrifugation, washed in
methanol 5 times, and dried for further use as sw-NH2-MWCNTs.
For preparation of PEG, NH2, and PEI-MWCNTs, 150 mg of COOH-
MWCNTs was dissolved in 75 mL of dry DMF, following which the
suspensionwas sonicated for 5min and 30mLof SOCl2was added
gradually in an ice-bath to acylate the COOH group. After 24 h
reflux at 120 �C with magnetic stirring, the reaction mixture was
centrifuged at 10000 rpm. The pellets were washed with anhy-
drous THF, dried under vacuum at room temperature for 2 h, and
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then resuspended into 75mL of DMF. The suspensionwas equally
divided into three flasks. Aftermagnetically stirring under nitrogen
atmosphere at 90 �C for 1 h, 500mgof PEG, hexane diamine, or PEI
was added into each flask and reacted with acylated COOH-
MWCNTs for 3 days. Subsequently, the reaction mixtures were
centrifuged, washed with methanol, and dried at 70 �C. The
resulting solid powders contained PEG, NH2, and PEI-MWCNTs.
To prepare cc-PEI-MWCNTs, amine groups on the PEI-MWCNTs
were converted to carboxylates by succinic anhydride. Briefly,
150 mg of succinic anhydride was dissolved in 50 mL of a pH 9.2
carbonate buffer, and 5 mg of PEI-MWCNTs was added to the
buffered solution,whichwas stirred for 48hat roomtemperature.29

The mixture was then centrifuged, washed with ethanol (3�) and
water (3�), and resuspended in water for later use.

Physicochemical Characterization of MWCNTs. TEM (JEOL 1200 EX,
accelerating voltage 80 kV) was used to observe the size, length,
and structure of the f-MWCNTs. TEM samples were prepared by
suspending 50 μg/mL of MWCNTs in DI H2O, placing a drop of
the MWCNT suspension on the grids, and leaving it air-dry at
room temperature. For XPS detection, tubes were suspended in
water, dropped onto a silicon wafer, and the air-dried tube
sheets were tested on X-ray photoelectron spectroscopy (XPS,
Omicron, MA) to identify the elemental composition on the
surface of the tubes. Fourier transformed infrared (FTIR) spectra
were obtained with a Bruker Vertex 70 instrument. All of the
samples were prepared as pellets using spectroscopic grade KBr.
Dynamic light scattering and analysis of zeta-potential (Brookhaven
Instruments Corporation, Holtsville, NY) was performed to deter-
mine thehydrodynamic tubediameter and surface charge inwater,
cell culture media, and PBS, as previously described by us.35,61 We
have previously demonstrated that the metal content of the AP-
MWCNTs was 5.25 wt % and decreased to 1.88 wt % after acid
treatment.24

Preparation of MWCNT Suspensions in Media. MWCNTs were
weighed on an analytical balance in a fume hood and sus-
pended in distilled, deionized H2O at a concentration of 2 mg/
mL. These suspensions were sonicated at 100 W output with
frequency of 42 kHz for 15 min in a water sonicator (Branson,
Danbury, CT, USA, model 2510). The suspensions were used as
stock solutions for further dispersion in cell culture media or
PBS. An appropriate amount of each stock solution was added
to cell culture media or PBS to achieve the desired final
concentration. For better dispersion, BSA and DPPCwere added
to BEGM medium or PBS at 0.6 and 0.01 mg/mL, before the
addition of f-MWCNTs as reported by us.35 The diluted tube
suspensions were dispersed using a sonication probe (Sonics &
Materials, USA) at 32W for 15 s at the desired final concentration
before further use.

Cellular Culture and Coincubation with MWCNTs. BEAS-2B and THP-
1 cells were obtained from ATCC (Manassas, VA). BEAS-2B and
THP-1 cells were cultured in BEGM and RPMI 1640 medium
supplemented with 10% fetal bovine serum, respectively, at 5%
CO2 and 37 �C. Before exposure to f-MWCNTs, BEAS-2B cells
were seeded at a density of 5 � 103/well in 96-well plates
(Corning, NY, USA) at 37 �C overnight. All the f-MWCNT solutions
were freshly prepared in BEGM containing 0.6 mg/mL BSA plus
0.01 mg/mL DPPC before addition to the BEAS-2B cells. f-
MWCNTs were suspended in complete RPMI 1640 medium
supplemented with 10% fetal bovine serum and 10 ng/mL
LPS to treat THP-1 cells. For THP-1 cells, they need to be primed
for IL-1β production. Briefly, aliquots of 5� 104 THP-1 cells were
seeded in 0.1 mL complete medium with 1 μg/mL phorbol 12-
myristate acetate (PMA) overnight in 96-well plates (Corning,
NY, USA). The cells were primedwith 10 ng/mL lipopolysacchar-
ide (LPS) to initiate transcriptional activation of the IL-1β
promoter. After exposure to tubes, IL-1βwas detected in culture
medium using human or mouse IL-1β ELISA kits.

Coculture of THP-1 and BEAS-2B Cells. Cellular coculture was
performed using Corning HTS Transwell-96 system with 1.0 μm
pore size (Corning, NY, USA) to detect TGF-β1 and PDGF-AA
productions. THP-1 cells (1 � 104) were seeded into the upper
chamber of a transwell system. BEAS-2B cells (5 � 103) were
seeded in the lower chamber. After overnight incubation of each
chamber separately, upper and lower chambers were assembled
together, both THP-1 and BEAS-2B cells were exposed to the tubes

suspended in BEGM medium for 24 h, then the supernatant was
collected and used to measure active TGF-β1 and PDGF-AA by
TGFβ1 Emax ImmunoAssay Systems (Promega, WI, USA) and
human/mouse PDGF-AA Quantikine ELISA kit (R&D, MN, USA),
respectively.

Detection of Cellular Uptake by TEM. After exposure to MWCNTs
for 24 h, the cells were washed and fixed with 2% glutaralde-
hyde in PBS. After post-fixation in 1% osmium tetroxide in PBS
for 1 h, the cells were dehydrated in a graded series of ethanol,
treated with propylene oxide, and embedded in Epon. Approxi-
mately 50�70 nm thick sections were cut on a Reichert-Jung
Ultracut E ultramicrotome and picked up on Formvar-coated
copper grids. The sections were stained with uranyl acetate and
Reynolds lead citrate and examined on a JEOL transmission
electron microscope at 80 kV in the UCLA BRI Electron Micro-
scopy Core as previously reported.25

Quantification of MWCNTs in Cells. THP-1 or BEAS-2B cells were
seeded in 6-well plates for overnight incubation. Both cell types
were exposed to 120 μg/mL tubes for 3 h and then washed in
PBS three times to eliminate the residual free MWCNTs. Cell
sampleswere finally resuspended in 500 μL of PBS and lysed using
a sonication probe. The UV�vis absorbance of cell lyses was
measured at 550 nm. The concentration of MWCNTs in cell lyses
was determined by using standard curves of concentration versus
absorbance produced, and the cellular uptake of MWCNTs could
be calculated by the following formula: U = (fi(Ai � A0) � Vi)/(Ni),
where U represents cellular uptake level of MWCNTs, fi(Ai � A0) is
the standard curve equation of tubes, Ni is the cell number before
cell lyses, Vi is the volume of cell lyses solution, Ai and A0 are the
absorbance of tube-treated and untreated cell lyses, respectively.

Animal Treatment and Assessment of Exposure Outcomes. Eight-
week-old male C57Bl/6 mice purchased from Charles River
Laboratories (Hollister, CA) were used for animal experiments.
All animals were housed under standard laboratory conditions
that have been set up according toUCLA guidelines for care and
treatment of laboratory animals as well as the NIH Guide for the
Care and Use of Laboratory Animals in Research (DHEW78-23).
These conditions are approved by the Chancellor's Animal
Research Committee at UCLA and include standard operating
procedures for animal housing (filter-topped cages; room tem-
perature at 23( 2 �C; 60% relative humidity; 12 h light, 12 h dark
cycle) and hygiene status (autoclaved food and acidified water).
Animal exposure to tubes was carried out by an oropharyngeal
aspiration method as described by us.25 In detail, the animals
were anesthetized by intraperitoneal injection of ketamine (100
mg/kg)/xylazine (10 mg/kg) in a total volume of 100 μL. The
anesthetized animals were held in a vertical position. Fifty
microliter aliquots of MWCNT suspension in PBS were instilled
at the back of the tongue to allow pulmonary aspiration with a
final dose at 2mg/kg. Each experiment included control animals
receiving the same volume of PBSwith BSA (0.6mg/mL) andDPPC
(0.01 mg/mL). The positive control group in each experiment
received 5 mg/kg crystalline silica in the form of quartz particles
(Min-U-Sil). Themicewere sacrificed after 40hor 21days. BALF and
lung tissuewere collected as previously described.24 The BALFwas
used for performance of total and differential cell counts and
measurement of IL-1β, TGF-β1, and PDGF-AA levels. Lung tissue
was stained with hematoxylin/eosin or with Masson's Trichrome
stain and was homogenenized with a Tissuemiser homogenizer
(Fisher Scientific) for the assessment of total collagen production
(Sircol Collagen Assay, UK).

Visualization of Cathepsin B Localization by Confocal Microscopy. Cathe-
psin Bwas detected in THP-1 cells or primary alveolarmacrophages
extracted from BALF using Magic Red�cathepsin B substrate. For
cell treatment, THP-1 cells were treated with 120 μg/mL f-MWCNTs
in c-RPMI 1640 for 3 h, while primary alveolar macrophages were
collected from the BALF of mice exposed to tubes for 16 h and
incubate in an 8-well chamber for 2 h. The cell samples were then
washed with PBS, stained with Magic Red (ImmunoChemistry
Technologies) in PBS for 1 h, and fixed in 4% paraformaldehyde
for 20 min. Following washes by PBS twice, cell membrane and
nucleus were stained with AlexaFluor488-conjugated wheat germ
agglutinin (WGA) and Hoechst 33342, respectively, in PBS at room
temperature for 1 h.25 The cells were visualized under a confocal
microscope (Leica Confocal SP2 1P/FCS) in the UCLA/CNSI
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Advanced Light Microscopy/Spectroscopy Shared Facility. High-
magnification images were obtained with the 63� objective. Cells
without MWCNT treatment were used as control. Cells treated with
100 μg/mL of MSU were used as the positive control.

Sircol Assay for Total Collagen Production. The right cranial lobe of
each lung was suspended in PBS at around 50 mg tissues/mL
and homogenized for 60 s with a tissue homogenizer (Fisher
Scientific). Triton X-100 was added at a 1% concentration, and
the samples were incubated for 18 h 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 min. Cellular
debris was pelleted by centrifugation and the supernatant
analyzed for total protein, using a BCA assay kit (Pierce/Thermo
Fisher Scientific) according to manufacturer's instructions. The
Sircol soluble collagen assay kit (Biocolor Ltd., Carrickfergus, UK)
was used to extract collagen from duplicate samples using
200 μL of supernatant and 800 μL of Sircol dye reagent according
to the manufacturer's instructions. Similarly prepared collagen
standards (10�50 μg) were run in parallel. Collagen pellets were
washed twice with denatured alcohol and dried before sus-
pended in alkali reagent. Absorbance at 540 nm was measured
on a plate reader (SpectroMax M5e, Molecular Devices Corp.,
Sunnyvale, CA). Data were expressed as micrograms of soluble
collagen per milligram of total protein.

Confocal Raman Microscopy. Raman analysis was performed
usingbackscatteringgeometry in a confocal configuration at room
temperature in a Renishaw inVia Raman microscope system
equipped with a 514.5 nm Ar laser. Laser power and beam size
were approximately 2.5 mW and 1 μm, respectively, while the
integration time was adjusted to 15 s. For cell sample preparation,
BEAS-2B or THP-1 cells were cultured on sterile glass coverslips
overnight and then exposed to f-MWCNTs for 24 h. Cells were
washed three times in PBS and fixedwith 4%paraformaldehyde in
PBS for 30 min before used for Raman analysis. For scanning of
primary alveolar macrophages extracted from BALF of mice 40 h
after exposure to tubes, primary macrophages were suspended in
c-RPMI 1640 medium and seeded onto sterile glass coverslips.
After 2 h incubation, cells were washed, fixed in 4% paraformalde-
hyde, and scanned under the confocal Raman microscope.

Statistical Analysis. Mean and standard deviation (SD) were
calculated for each parameter. Results were expressed asmean
( SD ofmultiple determinations. Comparisons between groups
were evaluated by two-side Student's t test or one-way ANOVA.
A statistically significant difference was assumed to exist when
p was <0.05.
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