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Abstract

Background: Inhalation of multi-walled carbon nanotubes (MWCNTs) poses a potential risk to human health. In
order to safeguard workers and consumers, the toxic properties of MWCNTs need to be identified. Functionalization
has been shown to either decrease or increase MWCNT-related pulmonary injury, depending on the type of
modification. We, therefore, investigated both acute and chronic pulmonary toxicity of a library of MWCNTs derived
from a common pristine parent compound (NC7000).

Methods: MWCNTs were thermally or chemically purified and subsequently surface functionalized by carboxylation
or amination. To evaluate pulmonary toxicity, male C57BL6 mice were dosed via oropharyngeal aspiration with
either 1.6 or 4 mg/kg of each MWCNT type. Mitsui-7 MWCNT was used as a positive control. Necropsy was
performed at days 3 and 60 post-exposure to collect bronchoalveolar lavage fluid (BALF) and lungs.

Results: At day 3 all MWCNTs increased the number of neutrophils in BALF. Chemical purification had a greater
effect on pro-inflammatory cytokines (IL-1β, IL-6, CXCL1) in BALF, while thermal purification had a greater effect on
pro-fibrotic cytokines (CCL2, OPN, TGF-β1). At day 60, thermally purified, carboxylated MWCNTs had the strongest
effect on lymphocyte numbers in BALF. Thermally purified MWCNTs caused the greatest increase in LDH and total
protein in BALF. Furthermore, the thermally purified and carboxyl- or amine-functionalized MWCNTs caused the
greatest number of granulomatous lesions in the lungs. The physicochemical characteristics mainly associated with
increased toxicity of the thermally purified derivatives were decreased surface defects and decreased amorphous
content as indicated by Raman spectroscopy.

Conclusions: These data demonstrate that the purification method is an important determinant of lung toxicity
induced by carboxyl- and amine-functionalized MWCNTs.
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Introduction
With advancements in nanotechnology, the application of
carbon nanotubes (CNTs) in commercial products has
been increasing since their discovery in 1991 [1]. Both
single-walled (SWCNTs) and multi-walled carbon nano-
tubes (MWCNTs) have emerged as important classes of
engineered nanomaterials. Their outstanding stability, ten-
sile strength, electric conductivity, and thermal resistance
[2, 3] have prompted their use in various industrial applica-
tions, including composite materials, nanoelectronics, field-
effect emitters, and hydrogen storage [4]. However, the po-
tential technical benefits of CNTs in these applications are
hindered by publications reporting pulmonary toxicity and
pathogenicity in experimental animal models [5]. While oc-
cupational exposure to CNTs has already been docu-
mented [6–12], the forecasted increase in CNT production,
development of functionalized variants, and expansion of
novel applications all indicate an inevitable increase in
human and environmental exposures to CNTs. Therefore,
it is of utmost importance to identify the hazardous proper-
ties and toxicity mechanisms of CNTs to implement “safer-
by-design” concepts.
Identifying the impact of specific physicochemical char-

acteristics of MWCNTs that contribute to toxicity is im-
perative in ensuring safe application of highly variable
forms of MWCNTs. Some of the physicochemical proper-
ties of MWCNTs that have previously been linked to
pulmonary inflammation and fibrosis include length, diam-
eter, rigidity, surface charge, and the presence of residual
metal catalysts from the manufacturing process [13, 14].
The generation of oxidative stress also seems to play an
important role in MWCNT-induced toxicity [15]. Notably,
the similarity in the fiber-like structure of MWCNTs with
that of asbestos or other bio-persistent fibers suggests simi-
lar pathogenic effects such as the development of lung fi-
brosis or induction of mesothelioma [16–20]. CNTs have
been shown to cause pulmonary inflammation, fibrosis and
cancer when administered to the lungs of mice and rats
[21, 22]. Lung fibrosis is exaggerated in conjunction with
allergens such as house dust mite or ovalbumin [23–26].
A diversity of CNTs are currently obtained by different

synthesis methods to yield products with varying concen-
tric layers (single-, double-, and multi-walled), as well as
CNT with different length, diameter and purity [27]. In
addition, a wide variety of post-synthesis treatments are
used to modify the surface chemistry of CNTs, including
carboxylation, amination, and surface coating with inor-
ganic or organic thin films [28]. In vivo studies with ro-
dents as well as cell culture experiments have found that
post-synthesis treatment of CNTs has an impact on their
pro-inflammatory and fibrotic potential. Exposure of mice
to nitrogen doped MWCNTs resulted in less pulmonary
inflammation when compared to untreated MWCNTs
[29]. Some studies found that carboxylated MWCNTs

induced less pulmonary inflammation and fibrosis in mice
as compared to pristine MWCNTs [30–32]. Contrastingly,
acid functionalization of SWCNTs seemed to increase
pulmonary toxicity in mice [33]. Coating MWCNTs by
atomic layer deposition (ALD) with zinc oxide increases
the severity of the acute pulmonary inflammatory re-
sponse in mice [34], while aluminum oxide, applied by
ALD, resulted in less pulmonary fibrosis [35]. Carboxyl
and hydroxyl functionalization of MWCNTs was shown
to increase genotoxicity but to reduce cell death in an
in vitro model, using a human lung epithelial cell line [36].
The diverse experimental data (in vitro cell culture, intra-
tracheal instillation, oropharyngeal aspiration, inhalation,
peritoneal injection, intra-pleural injection) do not indi-
cate a consistent toxicological profile associated with
MWCNT modifications. Consequently, it is not possible
to group these materials into similar entities that can be
assessed collectively for their hazardous properties.
As part of the ERA-NET SIINN project ICONS (“Inter-

national Collaboration on Nanotube Safety”), we examined
the consequences of purification, followed by functionaliza-
tion, on MWCNT-induced inflammation and fibrosis in
the lungs of mice. All purified and functionalized MWCN
Ts were derived from a single batch of Nanocyl NC7000
that was previously tested in vivo [37, 38]. The goal of this
investigation was to provide knowledge on the hazardous
properties of MWCNTs by assessing the relationship be-
tween purification and functionalization of MWCNTs on
lung toxicity. Male C57BL/6 mice were chosen based on
their common use in toxicology studies and were exposed
by oropharyngeal aspiration, a surrogate method for inhal-
ation. We hypothesized that the prior purification method
would influence the pulmonary toxicity of amine or carb-
oxyl functionalized MWCNTs. The experimental design
included a panel of endpoints (inflammatory cell counts,
LDH, total protein, cytokines, and pathology) that were ex-
amined at 3 days post-exposure for acute inflammation
and 60 days post-exposure for chronic fibrosis. The toxicity
data were evaluated in the context of a robust physico-
chemical characterization of the MWCNTs.

Results
Characterization of the MWCNT library
The custom synthesized library of MWCNTs shown in
Fig. 1a was thoroughly characterized as described in the
Methods and Materials section. This library of purified
and functionalized MWCNTs was generated from a par-
ent, pristine MWCNT termed NC7000. Representative
TEM images of NC7000 are shown in Fig. 1b. TEM ana-
lysis demonstrated that NC7000 had a mean diameter of
12 nm and an average length of 1350 nm. EDX analysis
demonstrated that NC7000 was composed of ~ 92% car-
bon, ~ 3% oxygen, 4.5% Al and 0.27% transition metals
(Fe and Co) (Table 1). ICP-MS demonstrated similar
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results for metal residues in NC7000; 4.4% Al and 0.54%
transition metals (Co and Fe) (Table 1). Thermal or
chemical purification of NC7000 to yield TP7000 or
CP7000 respectively, removed > 95% of Al and > 50% of
transition metals (Co and Fe) from the parent NC7000
MWCNT sample (Table 1). Raman spectroscopy was

further employed to evaluate the structural properties of
MWCNT samples as this technique provides specific in-
formation about the graphitic materials in terms of the
defects and ordering in the structure [39, 40]. The Ra-
man spectra of NC7000, TP7000, TP-COOH, TP-NH2,
CP7000, CP-COOH and CP-NH2 samples in the region

Fig. 1 Library of MWCNTs used in the present study. a Illustration showing derivation of carboxyl and amine functionalized MWCNTs after
purification by heat or acid treatment. b TEM images of the NC7000 MWCNT samples. Magnification bars are indicated

Table 1 Physicochemical characteristics of the MWCNT library

MWCNT
sample

ICP-MSa

residues
(%)

Raman spectroscopy EDXb XPSc Kaiser test BETd Pore volume

Al TEe ID1/IG ACf C (%) O(%) N(%) C(%) O(%) N(%) (μmol/g) (m2/g) (μl/g)

NC7000 4.43 0.54 1.29 4.68 92.05 3.19 0 97.8 1.4 0 – 24 61

TP7000 0.04 0.16 0.47 0.48 98.89 1.06 0 99.4 0.6 0 – 30 83

TP-COOH – – 0.41 0.81 98.59 1.22 0 95.1 4.4 0.5 – 141 381

TP-NH2 – – 0.39 1.92 90.97 5.99 3.02 86.3 7.3 6.4 47 182 402

CP7000 0.13 0.15 1.28 4.07 98.88 0.98 0 98.1 1.9 0 – 30 111

CP-COOH – – 1.16 5.00 95.47 4.33 0 94.1 5.9 0 – 179 521

CP-NH2 – – 1.28 4.53 97.62 1.17 0.78 98.6 0.7 0.5 62 111 330
aTE, transition elements (Co and Fe)
bEDX, energy dispersive X-ray analysis
cXPS, X-ray photoelectron spectroscopy
dBET, Brunauer, Emmett and Teller analysis
eTE, transition elements (Co and Fe)
fAC amorphous carbon content estimated from the area of the D3 band expressed as area percent from the total deconvoluted Raman spectra (see
Additional File 3)
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of 900–2100 cm− 1 featuring the characteristic bands of
MWCNTs are shown in Additional File 1. For instance,
the band at ~ 1570 cm− 1 (G band) is connected to the
graphitic nature of the sample (i.e., crystallinity of the sam-
ple, pristine arrangement of atoms), while the band at ~
1346 cm− 1 (D mode) is indicative to the presence of de-
fects (i.e. carbonaceous impurities with sp3 bonding,
broken sp2 bonds in the side wall) [41]. A deconvolution
procedure was performed on the spectra to reveal the frac-
tions of the G and D bands (Additional File 2). Five Raman
bands were identified, located at around 1340 (D1 band
-associated to the disordered graphitic lattice, correspond-
ing to a graphitic lattice vibration mode with A1g sym-
metry), 1570 (G band - connected to ideal graphitic lattice
(E2g-symmetry), 1610 (D2 band- related to disordered
graphitic lattice, corresponding to a graphitic lattice mode
with E2g symmetry), 1460 (D3 band – connected to the
presence of amorphous carbon) and 1200 cm− 1 (D4 band
– related to disordered graphitic lattice (A1g symmetry)
and ionic impurities [39] (Additional File 2). The parame-
ters obtained by deconvolution of the Raman spectroscopy
data are shown in Additional File 3. The acquired Raman
parameters were used to estimate the structural changes of
MWCNTs induced by thermal and chemical purification.
For instance, the ratio between the intensities of D1 and G
bands (ID1/IG) is a good indicator of disorder/defect evo-
lution in MWCNTs. As illustrated in Additional File 3 and
summarized in Table 1, thermal purification of NC7000 to
yield TP7000 reduced the ID1/IG ratio by > 50%, indicating
that the thermal purification method was indeed effective
in decreasing defects in the MWCNTs. The Kaiser test
confirmed that nitrogen was present on both amine func-
tionalized MWCNTs, i.e. TP-NH2 and CP-NH2 (Table 1).
XPS analysis pointed to an increase in oxygen content for
both carboxyl functionalized MWCNTs, i.e. TP-COOH
and CP-COOH (Table 1). Also, Additional File 4 shows
XPS C1s high resolution spectra with the peak positions of
the possible bonds. In addition, BET and pore volume ana-
lysis showed that amine and carboxyl functionalized
MWCNTs exhibit 3 to 6 times higher specific surface area,
as compared to their purified TP7000 and CP7000 parent
MWCNTs, and 3 to 5 times higher pore volume (Table 1).
The hydrodynamic size distribution of the different
MWCNT types in dispersion medium (0.1% Pluronic solu-
tion in sterile DPBS + 3% BSA) used for delivery to the
lungs of mice was assessed by dynamic light scattering
(DLS) and surface charge was measured by zeta potential
(Table 2). DLS demonstrated that NC7000 agglomerates
ranged from 259 to 6152 nm in diameter after ultrasonica-
tion in dispersion medium. Thermal or chemical purifica-
tion increased the average diameter 3 to 4-fold, while
carboxylation reduced the diameter similar to NC7000 and
amination did not change the diameter compared to the
purified parent compounds. DLS measurements indicated

a broad size distribution in the dispersed mixtures, with
polydispersity index (pDi) ranging from 0.46 to 1. The pDi
distribution indicated that the NC7000 MWCNT sample
was the least heterogeneous suspension (pDi = 0.57) while
thermally or chemically purified MWCNTs (TP7000 and
CP7000, respectively) were the most heterogeneous sus-
pensions (pDi = 1.0). All MWCNT samples had no detect-
able levels of endotoxin (< 0.05 U/ml, as cut-off criterion),
as determined by the Limulus amoebocyte lysate test (data
not shown).

Thermally purified, carboxyl functionalized MWCNTs
caused enhanced acute and chronic inflammatory cell
responses in the lungs of mice
Mice were exposed to a low (1.6mg/kg) and a high (4mg/
kg) dose of the library of MWCNTs via oropharyngeal as-
piration in a 0.1% pluronic/3% BSA saline solution as
the vehicle. The high dose of 4mg/kg has been used previ-
ously for MWCNTs delivered to the lungs of mice by oro-
pharyngeal aspiration [21, 26]. Mitsui-7 MWCNTs were
used as the positive control. Negative control mice were ex-
posed to the vehicle solution alone. At days 3 and 60 post-
exposure, the mice were euthanized via i.p. pentobarbital
injection followed by collection of bronchoalveolar lavage
fluid (BALF) from the lungs. At 3 days, exposure to all dif-
ferent MWCNTs, except Mitsui-7, CP-COOH and CP-
NH2 MWCNTs, resulted in a significant increase in the
number of inflammatory cells in BALF. TP-COOH in-
duced significantly higher cell counts when compared to
pristine NC7000 and CP-COOH. There was also a signifi-
cant difference between the two aminated MWCNTs, with
TP-NH2 inducing higher total cell counts as compared to
CP-NH2. (Fig. 2a). At 60 days, only TP-COOH at the
higher dose (4mg/kg) caused a significant increase in total
BALF inflammatory cells, even when compared to NC7000
and CP-COOH. Cell differentials indicated that macro-
phages were no longer dominant in the BALF 3 days after
MWCNT exposure, but were back closer to normal num-
bers by day 60 (Fig. 2b). Neutrophils were increased in the
BALF with all types of MWCNTs at 3 days, especially at
the higher dose. The CP-NH2-exposed animals exhibited a
significantly lower number of neutrophils in BALF than
CP7000-exposed mice (Fig. 2c). By 60 days, there was still
an elevated number of neutrophils in BALF from mice,
treated with Mitsui-7, NC7000, TP7000, CP7000 and TP-
NH2, but to a much lesser extent, as compared to day 3
post-exposure. Lymphocytes were significantly increased in
BALF by TP-COOH, TP-NH2, CP7000 and CP-COOH at
3 days, especially at the higher dose (Fig. 2d). The largest
increase in lymphocytes at day 3 post-exposure was ob-
served for TP-COOH and CP-COOH, with TP-COOH
showing significantly increased lymphocyte numbers when
compared to NC7000. By 60 days, the number of lympho-
cytes in BALF doubled with a sustained significant increase
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after TP-COOH exposure as well as after TP7000 adminis-
tration. Numbers of lymphocytes, due to TP-COOH ex-
posure were also significantly increased, when
compared to the parent NC7000 or the chemically
purified and carboxylated CP-COOH. Overall, the TP-
COOH MWCNT sample had the greatest effect on
both the acute and chronic lung inflammatory cell
responses.

The purification method seems to determine the potency
of MWCNTs to cause chronic lung injury in mice
Lung injury was assessed by measuring lactate dehydro-
genase (LDH) enzyme activity in BALF, collected from
mice exposed to the different MWCNTs. At 3 days, all
different MWCNT types induced a statistically signifi-
cant increase in LDH activity, at the higher dose (4 mg/
kg). At the lower dose, there was a significant induction
in LDH activity by the pristine NC7000 and the chem-
ically purified CP7000 samples (Fig. 3a). At 60 days,
LDH levels in BALF remained significantly elevated in
mice treated with the higher MWCNT dose of Mitsui-7,
and the pristine and thermally purified MWCNT sam-
ples only. There was no marked increase for the three
chemically purified MWCNTs, irrespective of the sur-
face functionalization (Fig. 3a). At 60 days post-
exposure, there was a significant difference in LDH ac-
tivity between the functionalized MWCNTs when based
on purification method; the TP-COOH sample caused
greater LDH activity compared to the CP-COOH sam-
ple, and the TP-NH2 sample caused greater LDH activ-
ity compared to the CP-NH2 sample. A similar trend
was observed, when measuring amounts of total protein

in the BALF (Fig. 3b). At 3 days, total protein in BALF
was increased by exposure to the higher dose of all dif-
ferent MWCNT types when compared to the vehicle
control. Protein levels were still significantly enhanced at
day 60 post-exposure (both low and high dose) by the
three thermally purified MWCNT samples. There was
also a significant difference between the functionalized
MWCNTs when comparing based on purification
method, with thermal purification resulting in more
protein in the BALF. A lung damaging effect was noted
for both the chemically purified samples and pristine
NC7000.

The purification method seems to alter MWCNT-induced
pro-inflammatory and pro-fibrotic cytokine levels in the
lungs of mice
Secreted pro-inflammatory cytokine protein levels (IL-1β,
IL-6, CXCL1) were measured by ELISA in BALF of mice
following exposure to the different MWCNT types. At day
3 post-exposure, besides the positive control Mitsui-7, only
the lower dose of CP7000 caused a statistically significant
increase in IL-1β (10-fold) and IL-6 (7-fold) protein levels,
as compared to vehicle control animals (Fig. 4a & b). Pro-
tein levels of the neutrophil chemokine CXCL1 were sig-
nificantly elevated 3-days after exposure to the higher dose
of the pristine NC7000 sample (5-fold), the chemically
purified CP7000 sample (9-fold) and the chemically puri-
fied and carboxyl-functionalized CP-COOH sample (7-fold)
(Fig. 4c). By 60 days, the protein levels for these cytokines
returned to control levels for IL-1β and IL-6. For CXCL1
only, a statistically significant increase in secreted protein
level at day 60 post-exposure was noted with the higher

Table 2 Suspension characteristics of MWCNTs in dispersion mediumaused for oropharyngeal aspiration in mice

MWCNT Size distributionb pDi Zeta
potential
(mV)

Z-Avg
Diameter nm

Multi-mode distribution peaks
Diameter nm (% peak area)

NC7000 399 ± 6 259 ± 36 (55%)
1652 ± 1194 (45%)

0.57 −16.8 ± 1.4

TP7000 1626 ± 265 683 ± 205 (82%)
193 ± 91 (19%)

1 − 14.6 ± 1.1

TP-COOH 932 ± 49 716 ± 337 (83%)
174 ± 39 (17%)

0.83 −15.7 ± 1.4

TP-NH2 1590 ± 114 992 ± 214 (75%)
267 ± 39 (25%)

0.97 − 18.0 ± 0.4

CP7000 1359 ± 169 719 ± 403 (60%)
200 ± 12 (40%)

1 −15.3 ± 1.4

CP-COOH 484 ± 48 637 ± 145 (57%)
153 ± 29 (43%)

0.72 − 24.0 ± 0.9

CP-NH2 1897 ± 216 918 ± 85 (100%) 0.80 −17.6 ± 1.2

Mitsui-7 985 ± 73 919 ± 227 (92%)
3292 ± 2685 (8%)

0.46 −14.8 ± 0.8

aMWCNTs were diluted in dispersion medium (0.1% Pluronic solution in sterile DPBS + 3% BSA) to a concentration of 50 μg/ml prior to DLS analysis
bValues are mean ± standard deviation of 4–5 independent measurements. Multimode distribution is presented as diameter of different peaks and % area
occupied by that peak (relative contribution)
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dose of TP7000 (3-fold) and TP-COOH (4-fold). The se-
creted protein levels of the monocyte chemoattractant
CCL2 were also measured in the BALF (Fig. 5a). The
higher dose of TP7000 at day 3 post-exposure resulted in
the highest statistically significant increase (27-fold) in
CCL2 secretion of all MWCNTs tested, but a statistically

significant elevation was also present for the high dose of
NC7000 (16-fold) and TP-COOH (15-fold) and the low
dose of CP7000 (15-fold). TP-NH2 exposure resulted in a
lower level of secreted CCL2, when compared to the
TP7000 sample. By 60 days, CCL2 levels had returned
nearly to control levels, except for the higher dose of the

Fig. 2 Inflammatory cell total counts and differentials in BAL fluid at 3 or 60 days after exposure to a low or high dose of purified and
functionalized MWCNTs. a Average cell counts (based on 3 representative photomicrographs). b Macrophages (per 500 cells). c Neutrophils (per
500 cells). d Lymphocytes (per 500 cells). Statistically significant difference to the vehicle control: *** P < 0.001, ** P < 0.01, * P < 0.05 or to the
NC7000 parent MWCNT sample: ^^^ P < 0.001, ^^ P < 0.01, ^ P < 0.05
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parent NC7000 sample (4-fold). Protein levels of the se-
creted pro-fibrotic cytokines OPN and TGF-β1 were also
measured in BALF. At 3 days, OPN levels were significantly
elevated after exposure to the group of thermally purified
MWCNTs (40 to 50-fold), but not to the chemically puri-
fied MWCNT samples (Fig. 5b). OPN levels were also sig-
nificantly elevated (20-fold) with the parent NC7000
sample, but to a lesser degree than with the thermally puri-
fied MWCNTs. There was also a significant difference be-
tween the functionalized MWCNTs when the comparison
was based on the purification method, with thermal purifi-
cation resulting in more OPN protein in BALF than
chemical purification of NC7000. At day 60 post-
exposure, OPN levels were increased by all MWCNT

types, irrespective of the purification method used or
the type of surface functionalization, but to a minor
degree (5 to 10-fold), as compared to day 3 post-
exposure. TGF-β1 protein levels were significantly in-
creased by all MWCNT samples at 3 days post-
exposure, except for TP-NH2, CP7000 and CP-
COOH samples (Fig. 5c). At the lower dose (1.6 mg/
kg), only TP-NH2 and CP7000 mediated a statistically
significant elevation in TGF-β1 protein levels. A sta-
tistically significant induction of TGF-β1 secretion
was also observed for all MWCNT samples, except
for TP7000 and CP-NH2, at day 60 post-exposure,
when animals were exposed to 4 mg/kg of the
materials.

Fig. 3 Lactate dehydrogenase (LDH) activity and total protein in BAL fluid at 3 or 60 days after exposure to a low and high dose of purified and
functionalized MWCNTs. a LDH activity. b Total protein. Statistically significant difference to the vehicle control: *** P < 0.001, ** P < 0.01, * P < 0.05,
the parent NC7000 sample: ^^^ P < 0.001, ^^ P < 0.01, or to the chemically-purified sample CP7000: ### P < 0.001, # P < 0.05
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Lung granulomatous lesions were induced by thermally
purified, and subsequently functionalized MWCNTs
Histopathologic analysis was used to determine if a chronic
60-day exposure to the library of MWCNTs results in
granulomatous lesions in the mouse lung. Lung sections
were visualized using Gomori’s trichrome stain with colla-
gen staining blue (Fig. 6a). Granulomatous lesions contain-
ing MWCNTs in the lung sections were counted and the
area quantified by morphometry. The vehicle control lungs
contained a normal amount of collagen and no granuloma-
tous lesions, while the lungs of mice in the Mitsui-7 positive
control group contained a significant number of large
granulomatous lesions (average area: 4783.5 ± 1132.4 μm2,

average number per mouse: 133.6 ± 20.4). Exposure to the
higher dose (4mg/kg) of nearly all MWCNT species re-
sulted in a significantly increased number of granulomatous
lesions in the lung (Fig. 6b). The lower dose (1.6mg/kg)
produced some granulomatous lesions, but not to a statisti-
cally significant extent. The greatest number of granuloma-
tous lesions was induced by the 4mg/kg dose of the
carboxylated TP-COOH (average number per mouse:
119.25 ± 16.6) and the aminated TP-NH2 MWCNT sam-
ples (average number per mouse: 133.25 ± 10.7). CP-
COOH and CP-NH2 were the only MWCNTs that did not
result in a statistically significant number of granulomatous
lesions, as compared to vehicle control. Furthermore, we

Fig. 4 Pro-inflammatory cytokines in the BAL fluid at 3 or 60 days after exposure to a low and high dose of purified and functionalized MWCNTs
measured by ELISA. a IL-1β. b IL-6. c CXCL1. Statistically significant difference to the vehicle control: *** P < 0.001, ** P < 0.01, * P < 0.05, or
between CP7000 and CP-NH2 (* P < 0.05) as indicated by the bar
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observed a significant difference between the functional-
ized MWCNTs, when comparison was based on the puri-
fication method used, with thermal purification resulting
in more granulomatous lesions. The lower number of le-
sions produced by CP-NH2 exposure was also statistically
significant when compared to NC7000 and CP7000
MWCNTs (Fig. 6b). The area of the granulomatous le-
sions was significantly increased by the positive control,
Mitsui-7. Smaller albeit significant increases in lesion size
were induced by the parent MWCNT NC7000 and the
chemically purified MWCNT CP7000.

Discussion
In the present study, we sought to determine if the purifica-
tion method prior to functionalization of MWCNTs might

influence the acute and chronic pulmonary responses of
mice in vivo. To our knowledge, this is the first study to
evaluate pulmonary inflammatory and fibrotic responses to
a library of functionalized (carboxylation and amination)
MWCNTs generated by two different purification methods
(thermal vs chemical) prior to surface functionalization.
Notably, all MWCNT species were derived from a common
pristine parent MWCNT sample (NC7000). The key finding
of this study was that thermal purification of MWCNTs
followed by carboxyl or amine functionalization caused a
greater increase in pro-fibrotic cytokines in BALF (OPN,
CCL2) at day 3 post-exposure and more severe chronic lung
injury (LDH and total protein in BALF) with increased
number of granulomatous lesions in the lungs of mice at
day 60 post-exposure. In contrast, chemical purification

Fig. 5 Pro-fibrotic cytokines in the BAL fluid at 3 or 60 days after exposure to a low and high dose of purified and functionalized MWCNTs
measured by ELISA. a CCL2. b OPN. c TGF-β1. Statistically significant difference to the vehicle control: *** P < 0.001, ** P < 0.01, * P < 0.05, the
parent NC7000 MWCNT sample: ^^^ P < 0.001, ^^ P < 0.01, or the chemically-purified CP7000 sample: ### P < 0.001, ## P < 0.01
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caused a greater acute increase in pro-inflammatory cyto-
kines in BALF (IL-1β, IL-6, CXCL1) at day 3 post-exposure,
but did not significantly increase LDH, total protein or
OPN in BALF at 60 days. Furthermore, chemical purifica-
tion did not increase numbers of granulomatous lesions in
the lungs of mice. The parent MWCNT sample, NC7000,
caused a relatively weak increase in these biomarkers of
lung injury and caused an intermediate chronic fibrotic re-
sponse. The major physicochemical features associated with
the increased pulmonary toxicity of thermally purified
MWCNTs was a reduction in surface defects and

amorphous carbon content, both revealed by Raman spec-
troscopy (discussed in more detail below).
Functionalization is used to make CNTs more compat-

ible for various applications (e.g., increased solubility and
dispersion in aqueous media), but inconsistent data on tox-
icity and limited control over the behavior of functional-
ized CNTs currently restrict predictability of such
applications [42]. By comparing a series of functionalized
SWCNTs in vitro, Sayes et al. (2006) found that the cyto-
toxic activity towards human fibroblasts decreased with the
density of functionalization [43]. Roda et al. (2011)

Fig. 6 Histopathology at 60 days after exposure to a high dose of purified and subsequently functionalized MWCNTs. a Representative
photomicrographs taken at 40x magnification of Gomori’s trichrome-stained lung sections. Red arrows indicate granulomatous lesions in lung
tissue. Dotted lines with arrows linking panels indicate derivation of the purified or functionalized MWCNTs with the parent pristine NC7000
MWCNT sample. b Results of quantitative morphometry showing numbers of granulomatous lesions (left graph) and size (area) of granulomatous
lesions (right graph). N = 4 mice per group/treatment. Statistically significant difference to the vehicle control: *P < 0.05, ***P < 0.001, or to the
chemically purified CP7000 sample: ## P < 0.01 compared to CP7000
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compared the toxicity of pristine and functionalized
MWCNTs (amine and carboxylic groups) 16 days after
intratracheal instillation in rats, using a dose (0.2mg/rat or
~ 1mg/kg), comparable to the low dose of MWCNTs used
in the present study (1.6mg/kg) [44]. Inflammatory re-
sponses were reported, irrespective of functionalization, but
no fibrosis was detected. Carboxyl functionalization has
also been reported to increase the bioactivity of MWCNTs
in macrophages [45]. However, we previously reported that
carboxylated MWCNTs had reduced pro-inflammatory ac-
tivity in the lungs of mice, compared to pristine MWCNTs,
as determined by neutrophil counts in BALF 24 h after oro-
pharyngeal aspiration [46]. Others have also reported that
COOH-functionalization of MWCNTs reduced their fi-
brotic activity in mice [47, 48]. Furthermore, Li et al. (2013)
reported that anionic functionalization (carboxyl or PEG)
reduced the pro-inflammatory activity of MWCNTs
in vitro as well as the lung fibrotic response in mice [32].
Functionalization of long CNTs used by Poland et al.
(2008) with an ammonium-terminated tri(ethylene glycol)
chain reduced inflammation in the peritoneal cavity of
mice, likely due to disaggregation of individual CNTs [49,
50]. These studies collectively demonstrate that surface
functionalization with carboxyl or amine groups can
increase or decrease toxicity, depending on a number of
variables, including the specific types of CNTs used, the
functionalization protocols employed, and the biological
systems studied.
Characterization of our library of MWCNTs (Table 1) in-

dicated that functionalization increases the specific surface
area of the MWCNTs. BET surface area and pore volume
were also higher in the functionalized MWCNTs, regard-
less of the purification method. Our XPS data show that
the MWCNTs functionalized by carboxylation after either
thermal purification (TP-COOH) or chemical purification
(CP-COOH) were indeed functionalized with carboxyl
groups. Amine functionalization of MWCNTs after thermal
purification (TP-NH2) or chemical purification (CP-NH2)
was confirmed by the Kaiser test. The ID1/IG ratio (i.e., the
ratio between the intensities of D1 and G bands obtained
by Raman spectroscopy that are indicative of surface de-
fects) can be used to obtain information regarding struc-
tural changes caused by functionalization [51]. However, in
our study functionalization with carboxyl or amine groups
did not increase the ID1/IG ratio of thermally or chemically
purified MWCNTs, which might indicate that functionali-
zation was relatively mild (Table 1). On the other hand,
others have shown that changes in the ID1/IG ratio are
generally seen after functionalization of single- or double-
walled CNTs, while changes in the ID1/IG ratio for
MWCNTs are much smaller or nonexistent [52, 53]. Ra-
man spectroscopy also showed that thermal purification
caused a greater reduction in amorphous carbonaceous
content compared to chemical purification (Table 1,

Additional Files 1, 2, 3 and 4). Amorphous carbon adsorbed
on the sidewalls of CNTs can contribute to the D band and
alter the ID1/IG ratio [51]. Thus, it is possible that the
reduction in amorphous carbon after thermal purification
could be one of the sources of the ambiguous changes
observed. To overcome this and confirm effective functio-
nalization, we have performed X-ray photoelectron spec-
troscopy (XPS) on the surface of the tubes. The efficacy of
functionalization can be clearly accessed from the XPS data
(Table 1) which shows an increase in oxygen and nitrogen
peaks from the COOH and NH2 functionalizations, re-
spectively, and various chemical bonds from the functional
groups (Additional File 4).
Our results suggest that functionalization alone is not the

important driver of toxicity, but rather the purification
method used prior to functionalization. In the present
study, Raman spectroscopy showed a reduced ID1/IG ratio
for the thermally purified MWCNT derivatives (Table 1,
Additional Files 1, 2, 3 and 4), which also had greater pul-
monary toxicity compared to the chemically purified
MWCNT derivatives. The ID1/IG ratio is an indicator of
defects in MWCNTs. Our data suggest that decreased
defects caused by thermal purification could be a reason for
the greater toxicity (e.g., LDH and total protein) as well as
increased chronic granuloma formation. Defects or imper-
fections in the carbon framework of CNTs have been sug-
gested to play a role in the toxicological properties of
CNTs. For example, Muller et al. (2008) reported that
structural defects in MWCNTs were responsible for their
acute lung toxicity as well as for genotoxic effects, but not
for the long-term fibrotic responses [54]. This is seemingly
in contrast to our findings. However, there were some not-
able differences between that study and the present study.
For example, Muller et al. used MWCNTs that were dis-
rupted by grinding and were then subsequently modified
by heating, whereas we began with pristine MWCNTs
(NC7000). It is possible that grinding MWCNTs increases
structural defects. In addition, the study by Muller et al.
used female Wistar rats, whereas we used male C57BL/6
mice, and the toxicological responses to MWCNTs could
vary among species and sex.
In the present study, ICP-MS analysis indicates that

residual metals were greatly reduced by either thermal
or chemical purification. For example, the parent
NC7000 sample contained 4.43% aluminum residue
which was reduced to 0.04% in the thermally purified
MWCNT samples and 0.13% in the chemically purified
MWCNT samples. However, since thermally purified
derivatives were more toxic than chemically purified de-
rivatives, and both had reduced metals, this suggests that
metals were not playing a major role in mediating the
pulmonary toxicity of MWCNTs in the present study.
Other studies, however, indicated differing conclusions
on the role of residual metals in mediating the toxicity
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of MWCNTs. For example, an early study reported that
Fe residues (27% mass of a SWCNT sample) largely con-
tributed to the cytotoxic activity of the SWCNT sample
towards macrophages [55] and to the dermal toxicity in
mice [56]. In contrast, Co and Fe catalyst residues (< 2%
in mass) did not significantly contribute to the acute
lung toxicity and genotoxicity of MWCNTs in rat lungs
[54]. The apparent discrepancy between these studies
might be due to the fact that the first investigators used
CNT samples with large amounts of bioavailable metals
which can drive Fenton-like reactions to produce react-
ive oxygen radicals, while in the other study, the metals
were almost fully encapsulated within the tubes and thus
could not contribute to toxicity. Ni residues (2.2%) have
also been reported to contribute to the toxicity of CNTs
in vitro and in vivo [57]. The surface properties of engi-
neered nanomaterials in general appear to greatly deter-
mine their toxicity, but for CNTs it remains unclear how
they exactly do, because of conflicting experimental data.
Surface oxidation of MWCNTs by acid treatment in-
creased cytotoxic activity [58, 59]. However, acid treat-
ment of MWCNTs has also been shown to partially
remove residual metal (Ni) catalyst and reduce lung in-
flammation in mice [46]. The MWCNTs used in our
study primarily contained aluminum, with some residual
cobalt and iron, and depletion of these metals did not
reduce pulmonary toxicity of thermally purified MWCN
Ts. While metal content did not appear to be an import-
ant determinant of pulmonary toxicity in the present
study, the role of metals in mediating MWCNT-induced
toxicity may depend on the specific type of metal cata-
lyst present within the MWCNT structure or whether
metals are bioavailable at the surface of MWCNTs.
Several cytokines that were assayed in the BALF of

mice from this study (IL-1β, IL-6, and CXCL1) are indi-
cative of acute inflammation and function in the initi-
ation and resolution of neutrophilic inflammation [60].
All three of these cytokines were induced by chemically
purified MWCNTs or derivatives at 3 days post-
exposure, but not by thermally purified MWCNTs (Fig.
4). Conversely, OPN, a pro-fibrotic cytokine [61], was
highly induced by thermally purified MWCNTs and its
functionalized derivatives, but not by chemically purified
MWCNTs or its functionalized derivatives (Fig. 5).
CCL2, a monocyte chemoattractant that plays a role in
fibrogenesis [61], was also induced by thermally purified
MWCNTs, but not by its functionalized derivatives (Fig.
5). TGF-β1, which plays a major role in fibrogenesis by
stimulating extracellular matrix production [61], was not
significantly different between groups of mice treated
with thermally vs chemically purified MWCNTs. LDH
and total protein in BALF were increased chronically at
60 days by thermally purified MWCNTs and its func-
tionalized derivatives, but not by chemically purified

MWCNTs or its functionalized derivatives (Fig. 4). Col-
lectively, LDH, total protein, and pro-fibrotic cytokines
(CCL2 and OPN) correlated with the number of
MWCNT-induced granulomatous lesions in the lungs of
mice (Fig. 6). While both thermally and chemically puri-
fied MWCNTs induced a similar number of granuloma-
tous lesions, only the thermally purified MWCNTs that
were subsequently functionalized with either carboxyl or
amine groups induced lesions (Fig. 6). These data indi-
cate that both purification and functionalization are im-
portant for the chronic pathological outcome.
Varying the physicochemical properties of CNT can

influence toxicity [14, 62, 63]. In the present study,
Mitsui-7 MWCNTs were used as a positive control, due
to their rigidity and long length [64, 65]. In the mice, ex-
posure to Mitsui-7 induced greater lung infiltration with
inflammatory cells, enhanced pro-inflammatory/pro-fi-
brotic cytokines and induced greater granulomatous
lung lesions, when compared to the parent NC7000
MWCNTs. NC7000s were also thinner with a mean
diameter of 11.8 nm, whereas Mitsui-7 had a diameter
between 49 and 100 nm. MWCNT diameter also seems
to determine biological responses. Fenoglio et al. (2012)
compared two batches of MWCNTs with identical char-
acteristics except the diameter (10 or 70 nm) and
showed that thin MWCNTs were more toxic than thick
ones both in vitro (macrophages) and in vivo (rat lung)
[66]. Other investigators came to opposite conclusions,
but their results might have been confounded by other
characteristics of the MWCNTs (e.g. length), which were
not well controlled [67–69]. Morphology is also a crucial
parameter determining the biological activity of CNTs.
While thin MWCNTs (≤ 20 nm diameter) tend to dis-
play a tangled morphology with low fiber-specific tox-
icity, thicker MWCNTs (≥ 30 to < 100 nm) show higher
stability and rigidity characterized by a stronger potential
to induce mesothelioma or fibrosis in rodents [65, 70,
71]. While rigidity is an important determinant of pul-
monary toxicity, it appears that tangled MWCNTs, such
as NC7000 used as the parent compound in the present
study, are more representative of MWCNTs that are
widely used in industry. Therefore, it is important to
understand how derivatization of tangled MWCNTs af-
fects toxicity since these are more likely to be associated
with human exposure.
A general limitation of most of the above studies is that

the experimental samples used were rarely specifically pre-
pared to test a given hypothesis. The MWCNTs that were
compared in most of these studies varied with regards to
several parameters, thus hampering a formal conclusion
on the key physicochemical determinant(s) of toxicity. For
instance, investigators who explored the role of length
realized that MWCNT shortening was associated with
increased surface modifications which contributed to
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toxicity [72]. In addition, before being functionalized,
MWCNTs often need to be oxidized to create sites for co-
valent reactions; hence it is difficult to discriminate the
impact resulting from oxidation from the impact of func-
tionalization. Finally, it should be realized that the critical
physicochemical properties may vary depending on the
toxicological endpoint considered (e.g. surface defects
could drive inflammation but not fibrosis). Therefore, a
more systematic approach of the determinants of MWCN
T toxicity is therefore strongly needed. The present study
represents such an approach using MWCNT derivatives
from a common parent compound.
Concern about the health hazards of CNTs requires

efforts in basic research to elucidate the mechanistic
basis and the physicochemical properties influencing
their toxicity. Existing studies, assessing the role of phys-
icochemical properties on CNT toxicity, often yielded
contradicting results, possibly because several properties
had been changed simultaneously or because different
test systems and toxicity endpoints had been evaluated.
For these reasons, proper comparison of these studies is
nearly impossible. Furthermore, researchers often only
reported the physicochemical property that was believed
to be important for their specific focus, leaving a sub-
stantial uncertainty on other characteristics of the sam-
ple. For example, MWCNT inhalation studies differ
significantly in the dispersion equipment (pressurized
air, acoustic feeder, brush generator), measurement and
reporting of the aggregate/agglomerate size distribution,
the amount and type of metallic impurities, and the
presence of carbon impurities. Taking all of these as-
pects into account, a precise knowledge of the test items
(source, manufacturing conditions, and density of sur-
face functionalization groups) and a thorough documen-
tation of the toxicological methods used are strongly
required. A great strength of the present study is the
focus on comparison of two purification methods and
two subsequent functionalization methods, with all mod-
ifications starting from one single MWCNT batch
(NC7000) that was already thoroughly tested in rodent
in vivo studies [37, 38]. Our findings emphasize that the
purification method used prior to functionalization is an
important determinant of pulmonary toxicity and could
explain why previous studies, comparing similar functio-
nalization methods, generated conflicting results.

Conclusions
This study demonstrates that the purification method is
an important determinant of lung inflammation and fi-
brosis in mice, induced by carboxyl- and amine-
functionalized MWCNTs. Thermal purification followed
by carboxyl- or amine-functionalization resulted in
greater toxicity of MWCNTs, as determined by in-
creased LDH, total protein, OPN and cellularity in BALF

at 3 or 60 days post-exposure, as well as increased num-
bers of granulomas in lung at 60 days post-exposure. As
illustrated in Fig. 7, oropharyngeal aspiration of ther-
mally purified MWCNTs or its carboxyl- or amine-
functionalized derivatives was associated with greater
lung toxicity, increased OPN and CCL2 in BALF, and
greater numbers granulomas compared to functionalized
derivatives of chemically purified MWCNTs. The greater
toxicity of thermally purified derivatives correlated with
decreased defects in the carbon framework of MWCN
Ts, as revealed by Raman spectroscopy. This study pro-
vides a deeper understanding of the consequences of dif-
ferent purification methods prior to functionalization
that impact the pulmonary toxicity of MWCNTs in
mice. Overall, these findings have important implications
for assessing the human health risk of MWCNTs in
causing lung injury.

Methods and materials
MWCNT synthesis, purification and functionalization
All MWCNTs (chemically or thermally purified, carboxyl-
ate or amine-functionalized) were custom-synthesized,
purified and functionalized by Nanocyl, Inc. (Sambreville,
Belgium). They were all generated from a common pris-
tine parent compound, termed NC7000 (Fig. 1a). Thermal
purification [heating to 2200–2400 °C] of NC7000 was
performed to generate TP7000 MWCNTs. TP7000 was
then carboxylated or aminated through a proprietary
plasma process to produce TP-COOH and TP-NH2, re-
spectively. Chemical purification [sulfuric acid treatment]
of NC7000 was performed to generate CP7000 MWCN
Ts. CP7000 was then carboxylated or aminated to yield
CP-COOH or CP-NH2, respectively. Mitsui-7 MWCNTs
(Mitsui & Co., Tokyo, Japan) were obtained from NIOSH,
and used as a positive control for induction of fibrosis in
the lungs of mice.

MWCNT characterization
Transmission electron microscopy (TEM) [TEM-FEI Tec-
nai G20 operating at 200KV] was performed to evaluate
length and width of MWCNTs. Electron dispersion X-ray
(EDX) spectroscopy (spectrometer attached to a FEI
Quanta 3D FEG dual beam microscope operated at 30KV
electron voltage) and X-ray photoelectron spectroscopy
(XPS) [XPS-SPECS PHOIBOS 150 MCD system equipped
with monochromatic Al Kα source (250W, hν = 1486.6
eV), hemispherical analyzer and multichannel detector] was
used to determine elemental composition of the MWCNT
samples (carbon, oxygen, nitrogen, aluminum, cobalt and
iron). Nitrogen content on the surface of amine functional-
ized MWCNTs was specifically measured by the Kaiser test
[73]. Inductively coupled plasma mass spectrometry (ICP-
MS) served to measure the metal content (Al, Co, Fe) of
the MWCNT samples. Specific surface area and pore
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volume of MWCNTs was obtained from N2-adsorption–
desorption isotherms, using a Sorptomatic 1990 apparatus.
The specific surface area was determined by the Brunauer–
Emmett–Teller (BET) method, while the pore volumes
were measured by the Barret–Joyner–Halenda (BJH)
method. Raman spectroscopy was used to quantify the pur-
ity and defect density of MWCNTs by assessing the D/G
ratio (G-Raman signal given graphite structure/ D-defective
structure). The Raman measurements were performed on a
confocal Raman microscope (CRM alpha 300R from
WiTec GmbH, Germany), using as excitation the 532 nm
line of a Nd-YAG laser. The Raman spectra on air-dried
droplets were recorded through a 100x objective (NA=
0.9). The integration time was set at 10 s per spectrum. Ra-
man spectra were deconvoluted in the range of 1100–1800

cm− 1 into five components following the method reported
by Sadezky et al. [39]. A combination of Lorentzian (G, D1,
D2, D4 -bands) and Gaussian (D3-band) lines was used,
and the intensity of D1 and G was utilized to estimate the
ID1/IG ratio (Additional File 2). Agglomeration of the
MWCNTs in suspension (hydrodynamic diameter) was
evaluated by dynamic light scattering (DLS). Surface charge
was evaluated by Zeta potential (Z-potential; agglomerate
charge) measurements, using electrophoretic mobility.
MWCNT stock suspensions for aspiration exposure
were prepared at 2 mg/ml. DLS and Z-potential were
determined at a concentration of 50 μg/ml using a
Malvern Zetasizer Nano-ZS instrument (Malvern In-
struments Ltd., Worcestershire, UK). The measure-
ments were performed at 25 °C, using a 633 nm laser

Fig. 7 Diagram showing selected biological endpoints at 3 days (a) and 60 days (b) post-exposure to the different MWCNTs samples used in this
study. Increasing distance away from the center indicates increasing biological response. In general, chemically purified MWCNTs and
functionalized derivatives caused a greater increase in pro-inflammatory chemokines at 3 days post-exposure, while thermally purified MWCNTs
and functionalized derivatives caused a greater increase in pro-fibrotic cytokines (OPN, CCL2) at 3 days and greater pulmonary toxicity (LDH, total
protein), BAL lymphocytes, and numbers of granulomas at 60 days post-exposure
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at 90° scattering angle. Samples were equilibrated in-
side the instrument for 2 min, and five measurements,
each consisting of at least twenty runs, were recorded.
MWCNTs were tested for endotoxin content to avoid
nonspecific pro-inflammatory effects, using the Lim-
ulus amoebocyte lysate assay (ThermoFisher, Wal-
tham, MA).

Animal care
Male C57BL/6 J mice (6–8 weeks old) were purchased
from The Jackson Laboratory (Bar Harbor, ME). Mice
were housed in an AAALAC (Association for Assess-
ment and Accreditation of Laboratory Animal Care)
accredited, pathogen-free animal facility, with controlled
humidity and temperature. Mice were allowed to accli-
mate for at least 2 weeks prior to exposure to MWCN
Ts. Animals supplied food and water ad libitum. Mice
were housed four animals per cage, according to their
treatment group. All animal procedures were approved
by the NC State University Institutional Animal Care
and Committee (IACUC).

Exposure of mice to MWCNTs
MWCNTs were suspended in 0.1% pluronic F-68 Solu-
tion + 3% BSA in Dulbecco’s Phosphate-Buffered Saline
(DPBS; Sigma, Saint Louis, MO) and sonicated in a cup
horn sonicator (Q500, Qsonica, Newtown, CT) for 30
min at 60 amps, and vortexed immediately before deliv-
ery to mice. Mice were exposed to the MWCNTs by
oropharyngeal aspiration (OPA) under isoflurane
anesthesia to a low (1.6 mg/kg) or high dose (4 mg/kg).
The high dose has been used in previous studies [21,
26]. The vehicle (0.1% pluronic + 3% BSA in DPBS)
served as negative control and Mitsui-7 (4 mg/kg) as
positive control. Due to the number of animals, each
time point was split into two groups, both containing
negative and positive controls, as well as the 4 mg/kg
dose of NC7000. All mice survived the experiment. Nec-
ropsy was performed at days 3 and 60 post-exposure.

Necropsy and sample collection
At necropsy, mice were euthanized with an i.p. injection
of pentobarbital. Bronchoalveolar lavage fluid (BALF)
was collected by cannulating the trachea and instilling
0.5 ml of DPBS twice. BALF was subsequently used to
analyze inflammatory cells, cytokines, lactate dehydro-
genase (LDH) activity and total protein. For histopath-
ology, the left lung lobe was fixed by inflation with
neutral buffered formalin (VWR, Radnor, PA) for 24 h,
then transferred to 70% ethanol for 3 days before paraf-
fin embedding. For mRNA analysis, the right lung lobe
was stored in “RNAlater” (Fisher Scientific, Waltham,
MA).

BALF inflammatory cell differentials
For evaluation of lung inflammatory cells, 100 μl of BALF
was centrifuged using a Cytospin 4 centrifuge (Thermo-
Fisher, Waltham, MA) to isolate cells on glass slides. The
slides were then fixed and stained with the “Diff-Quik”
stain set (Siemens, Newark, DE). The average count of all
cell types was quantified by using an Olympus light micro-
scope BX41 (Center Valley, PA) with three representative
photomicrographs taken per animal at 100 x magnifica-
tion, and every cell type counted using ImageJ software
with Fiji expansion [Eliceiri/LOCI group, University of
Wisconsin-Madison, Madison, WI). This method has
been validated and published previously [25]. Cell differ-
entials were quantified by counting 500 cells per slide/ani-
mal to determine relative numbers of macrophages,
neutrophils, eosinophils and lymphocytes.

Cytotoxicity and total protein in BALF
LDH activity in BALF was assayed as an indicator for
pulmonary cytotoxicity with the “Pierce LDH Cytotox-
icity Assay Kit” (ThermoFisher, Waltham, MA), accord-
ing to the manufacturer’s instructions. Absorbance
values were finally measured at 450 nm using a Multis-
kan EX microplate spectrophotometer (ThermoFisher,
Waltham, MA). Total protein concentration in BALF
was determined, according to the manufacturer’s proto-
col with the “Pierce BCA Protein Assay Kit” (Thermo-
Fisher, Waltham, MA). Absorbance was finally read at
450 nm with a background correction at 540 nm, using a
Multiskan EX microplate spectrophotometer (Thermo-
Fisher, Waltham, MA).

Cytokine quantification in BALF
Cytokine-specific DuoSet enzyme-linked immunosorb-
ent assay (ELISA) kits (R&D Systems, Minneapolis, MN)
were used according to the manufacturer’s protocol to
quantify protein levels of cytokines (i.e., OPN, TGF- β1,
CCL2, IL-1β, CXCL1, IL-6) in BALF. Values were
expressed as fold change instead of pg/ml due to the ex-
periment having two groups per time point.

Histopathology and morphometry
The left lung lobe was cut into three sections and em-
bedded in paraffin. Tissue sections on glass slides were
stained with Gomori’s trichrome staining was done to
assess collagen deposition. Gomori’s trichrome-stained
slides were analyzed by light microscopy to determine
the area (μm2) and total number of granulomatous lung
lesions containing MWCNTs at day 60 post-exposure in
each mouse lung (3 lung cross-sections per mouse). To
determine the average area of the lesions, approximately
30 photomicrographs per mouse lung were taken and
analyzed in Photoshop CS5 (Adobe, San Jose, CA), using
the lasso measurement tool.
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Statistical analysis
One-way ANOVA with a Tukey post-hoc test was uti-
lized to evaluate differences between treatment groups
(GraphPad Prism, version 5.0, La Jolla, CA). Compari-
sons were made between all MWCNTs relative to ve-
hicle control, between NC7000 and purified forms
(TP7000 and CP7000), and between carboxyl- or amine-
functionalized forms and the relevant purified parent
MWCNT samples.
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