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Abstract

Lung deposition of multi-walled carbon nanotubes (MWCNT) induces pulmonary toxicity.
Commercial MWCNT vary greatly in physicochemical properties and consequently in biological
effects. To identify determinants of MWCNT-induced toxicity, we analyzed the effects of
pulmonary exposure to 10 commercial MWCNT (supplied in three groups of different
dimensions, with one pristine and two/three surface modified in each group). We characterized
morphology, chemical composition, surface area and functionalization levels. MWCNT were
deposited in lungs of female C57BL/6J mice by intratracheal instillation of 0, 6, 18 or 54 ng/
mouse. Pulmonary inflammation (neutrophil influx in bronchoalveolar lavage (BAL)) and
genotoxicity were determined on day 1, 28 or 92. Histopathology of the lungs was performed
on day 28 and 92. All MWCNT induced similar histological changes. Lymphocytic aggregates
were detected for all MWCNT on day 28 and 92. Using adjusted, multiple regression analyses,
inflammation and genotoxicity were related to dose, time and physicochemical properties. The
specific surface area (BET) was identified as a positive predictor of pulmonary inflammation on
all post-exposure days. In addition, length significantly predicted pulmonary inflammation,
whereas surface oxidation (-OH and -COOH) was predictor of lowered inflammation on day 28.
BET surface area, and therefore diameter, significantly predicted genotoxicity in BAL fluid cells
and lung tissue such that lower BET surface area or correspondingly larger diameter was
associated with increased genotoxicity. This study provides information on possible toxicity-
driving physicochemical properties of MWCNT. The results may contribute to safe-by-design
manufacturing of MWCNT, thereby minimizing adverse effects.
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Introduction have been proposed to be determinants of CNT toxicity, in
analogy with the toxicity of asbestos and other inorganic fibers.
However, we recently reported that one short/thin and one longer/
thicker MWCNT induced similar pulmonary inflammatory
response and similar systemic effects after pulmonary exposure
(Poulsen et al., 2015a,b).

CNT are functionalized to achieve altered surface charge,
-functionality and -reactivity, stability, and dispensability for
specialized applications. Here, we studied the influence of surface
oxidation (-OH and —COOH) on pulmonary inflammation and
genotoxicity. Studies investigating the effects of these functiona-
lization have reported more, less or the same toxicity as pristine
CNT (Hamilton et al., 2013; Liu et al., 2010; Sayes et al., 2006;

Carbon nanotubes (CNT) constitute a class, rather than a singular
nanomaterial. Commercially available CNT vary greatly in length,
thickness, aspect-ratio, curvedness, chemical and chiral-purity,
and homogeneity. Many also contain a substantial fraction of
impurities that are residues from catalytic agents or manufactur-
ing processing. Relatively few studies (Jackson et al., 2015;
Poland et al., 2008; Poulsen et al., 2015a,b; Rittinghausen et al.,
2014) have attempted to correlate the toxicity of CNT with
physicochemical properties. Biopersistence, length and rigidity
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Ursini et al., 2012). The chemistry required to modify the surface
often changes other physicochemical properties. This complicates
the identification of surface functionalization-induced effects on
toxicity and their significance is still broadly unclear.

Here, we aim at identifying the physicochemical properties
that predict inflammation and genotoxicity in lungs of mice after
pulmonary deposition of multi-walled carbon nanotubes
(MWCNT). To support these findings, pulmonary pathological
changes were also assessed. Ten MWCNT were acquired from
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sonicated in 4-6 ml volumes for 16 min using a 400 W Branson
Sonifier S-450D (Branson Ultrasonics Corp., Danbury, CT)
mounted with a disruptor horn, operated at 10% amplitude and
cooled on ice water. Prior to instillation, dilutions of stocks were
again sonicated for 2 min.

Material characterization

The morphology of MWCNT dispersed by sonication in vehicle
or ethanol was further characterized by semi-automatic scanning
electron microcopy (SEM) and size distributions were determined
by dynamic light scattering (DLS). See Supplementary files for
details.

Animal handling and study design

Female mice C57BL/6J BomTac aged 6—7 weeks (19+1.5g)
were obtained from Taconic Europe (Ejby, Denmark). All mice
were dosed by a single intratracheal instillation at 8 weeks of age.
MWCNT were instilled one material at a time at doses 0, 6, 18
and 54 pg/mouse, with a total of 33 mice per vehicle control
group and 7 mice per dose group for each time point. Printex 90
was instilled at 162 pg/mouse and crocidolite was instilled at 6
and 18ug/mouse (N = 7/group). Mice were euthanized 1, 28 and
92 days post-exposure. Additional mice were allocated for
histopathological analyses on day 28 (54 pg/mouse) and 92 (all
doses): 3 mice per dose group and 9 vehicle mice in total per time
point. All procedures complied with the EC Directive 86/609/
EEC and Danish law regulating experiments with animals (The
Danish Ministry of Justice, Animal Experiments Inspectorate,
permission 2006/561-1123). For more details see Supplementary
files.

Analyses of toxicity

Pulmonary inflammation was assessed by differential cell count
and total protein content in the bronchoalveolar lavage (BAL)
fluid. Genotoxicity was evaluated as DNA strand breaks
(%TDNA) by the comet assay in BAL cells, lungs and liver.
Histopathological changes were assessed in the lung. See
Supplementary files for details.

Statistical analysis

The effects of exposure and dose were analyzed by a factorial
design for each day separately by the Analysis of Variance
(ANOVA) General Linear Model procedure in Minitab v.15
(Minitab Inc., State College, PA). Correlations and multiple
regression analyses were performed in SAS version 9.3 (SAS
Institute Inc., Cary, NC) (see Supplementary files).

The pairwise associations between physicochemical param-
eters (BET surface area, Fe, Mn, Ni, Co, Mg, diameter, length and

Table 2. Pearson’s Correlations of physicochemical parameters.
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functionalization) were investigated graphically in a Pearson’s
Correlation analysis. A single MWCNT (NRCWE-045) differed
strongly from the others for several physicochemical parameters.
All other MWCNT showed a cluster of highly correlated
parameters: BET surface area, diameter, Mn, Co and Ni
(Table 2). These parameters could therefore not be separated in
the present dataset. We chose to use BET surface area (log-
transformed) as the proxy variable in the multiple regression
analyses. In the Supplementary files, we also present the results
using log-transformed diameter, since it was equally biologically
relevant for some endpoints.

OH- and COOH-functionalization was determined by the
same combustion elemental analysis: Functionalization levels
were calculated under the assumption that all oxygen atoms
were either OH or COOH, respectively (Jackson et al., 2015).
Oxygen content was therefore chosen as OH-functionalization as
the regression variable in the further analyses. Statistical
significance was determined at the 0.01 level in the multiple
regression analyses, since no other correction for mass-signifi-
cance was performed.

Results
Exposure characterization

Selected physicochemical characteristics, including surface modi-
fications, specific surface area (BET), endotoxin, Fe,O3, CoO,
NiO, MgO and MnO content (Table 1) have been reported
previously (Jackson et al., 2015). Oxygen content of the
hydroxylated and carboxylated MWCNT from Group III was
less than that of the pristine, indicating no or very little
functionalization.

Scanning electron microscopy

SEM examination of MWCNT and reference materials dispersed
in instillation dilutions (Supplementary Figures 1-4) indicated
that MWCNT were well dispersed, especially at the low dose.
Some agglomeration was observed at the high dose.
Functionalization did not seem to influence agglomeration or
physical appearance of the MWCNT in dispersion.

MWCNT-lengths were determined by computerized image
analysis of SEM micrographs (Table 1). The lengths were not
different between Groups I-III. All MWCNT were consistently
shorter than declared by the supplier, especially for Group I and
II. The length distributions of the MWCNT are displayed in
Supplementary Figure 5. In all groups, most of MWCNT were
less than 1pum. However, many MWCNT sub-groups included
MWCNT with lengths longer than 5 pm. The MWCNT diameters
(Table 1) determined by us and declared by the supplier were
consistent. Group II MWCNT were thickest.

Length Diameter BET Mn Mg Ni Co Fe OH

Length 1 0.3245 —0.3235 0.1299 0.0413 0.0351 —0.0242 —0.0501 0.0738
Diameter 0.3245 1 —0.8758 —0.8904 —0.8390 0.9095 —0.8786 0.4318 0.0272
BET —0.3235 —0.8758 1 0.9431 0.7794 —0.8584 0.7648 —0.1349 0.2524
Mn 0.1299 —0.8904 0.9431 1 0.9492 —0.9803 0.9968 —0.8854 —0.6741
Mg 0.0413 —0.8390 0.7794 0.9492 1 —0.9801 0.9881 —0.6326 —0.022
Ni 0.0351 0.9095 —0.8584 —0.9803 —0.9801 1 —0.9805 0.5421 0.0190
Co —0.0242 —0.8786 0.7648 0.9968 0.9881 —0.9805 1 —0.6471 0.0188
Fe —0.0501 0.4318 —0.1349 —0.8854 —0.6326 0.5421 —0.6471 1 0.5952
OH 0.0738 0.0272 0.2524 —0.6741 —0.022 0.0190 0.0188 0.5952 1

All variables were log-transformed. Pairwise correlated parameters with correlation coefficiencies more than 0.75 or less than —0.75 are highlighted

in bold.
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Dynamic light scattering analysis of MWCNT in stock
dispersions

All MWCNT types were generally well-dispersed in stock and
instillation dispersions. The dispersions were stable after sonic-
ation, as indicated by the stable size-distribution (Supplementary
Table 1).

MWOCNT distribution in the lung

Overall, intratracheal instillation of MWCNT resulted in an even
distribution across most of the lung-tissue sections, with a
predominant distribution in the centrilobular area. MWCNT
appeared as more or less densely packed black deposits in the
alveolar macrophages and in foreign body granulomas, and with
some MWCNT residing freely in the alveoli (Figure 1B-D).

Nanotoxicology, 2016; 10(9): 1263-1275

Representative images of lung tissue from mice instilled with
Group I MWCNT on day 28 and 92 days are presented in
Figure 1(G-L). This MWCNT group was chosen as it includes the
most functionalized MWCNT (Table 1). MWCNT deposits were
found in both lungs but were more numerous in the left lung
(Supplementary Table 2). Material-containing macrophages were
observed more often in the lungs of mice from the high dose
groups, compared to the lower dose groups.

Animal weight

The weight of mice instilled with MWCNT and vehicle controls
was determined at instillation and on day 1, 7, 28, 61 and 92. All
mice exhibited similar growth, except for a few mice instilled with
6 ug NRCWE-040, which had significantly lower weight after 28
days (data not shown), but not after 92 days.

Figure 1. H&E stained histopathological lung sections of mice exposed to 0 or 54 pg MWCNT. (A-F) Representative images of the most predominant
histological changes. (G-L) Representative images of Group I MWCNT on day 28 (G-I) and 92 (J-L). Lymphocytic aggregates (Lycy) and foreign
material-containing alveolar macrophages where found in all groups of mice exposed to 54 pg MWCNT and are commonly marked with blue and red
arrows, respectively, across all images. Objectives are 10x unless otherwise stated. (A) Negative control on day 92. (B) NRCWE-041 on day 92.
MWCNT are mainly localized in alveolar macrophages (red arrows). Objective 20x. (C) NRCWE-040 on day 92. Non-dust granuloma (black arrow).
Non-collagenous, slight thickening of alveolar ducts and alveolar walls, with hyperplasia of type II cells (green arrows). Objective 20x. (D) NRCWE-
040 on day 92. Small CNT-laden (foreign body) granulomas (black arrow). Small perivascular Lycy (blue arrow). (E and F) NRCWE-045 on day 28.
Small area of perivascular Lycy (blue arrows). Focal alveolitis (green arrows). For image E the objective was 2x. (G) NRCWE-040 on day 28. (H)
NRCWE-041 a on day 28. Slight focal alveolitis, with inflammatory cells and debris in alveoli (green arrow). (I) NRCWE-042 on day 28. (J) NRCWE-
040 on day 92. (K) NRCWE-041 on day 92. (L) NRCWE-042 on day 92.



DOI: 10.1080/17435390.2016.1202351

Neutrophil counts in bronchoalveolar lavage fluid

BAL fluid cell composition was determined on day 1, 28 and 92
(Supplementary Table 3). Inflammation as neutrophil influx
differed both between the MWCNT Groups (I-III) and the
functionalization groups (pristine, —-OH and —COOH). Time
points were analyzed separately, since vehicle instillation may
induce slight inflammation on day 1 (Jacobsen et al., 2009). All
MWCNT induced time- and dose-dependently increased neutro-
phil counts (Figure 2), and numbers correlated with the total
number of BAL cells (data not shown).

Multi-walled carbon nanotube toxicity drivers 1267

Day 1

All MWCNT induced a dose-dependent neutrophil influx on day
1. No significant effects were observed for the pristine MWCNT
from Group I (NRCWE-040) and all MWCNT from Group II
(NRCWE-043 to -045) at dose 6 pg/mouse (Figure 2A), whereas
this dose reached significance for all other MWCNT. Group III
had significantly more neutrophils, and was thus more
inflammogenic, than Group I and II. Within Group I, the pristine
NRCWE-040 induced more inflammation than the hydroxylated
NRCWE-41.
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Figure 2. Total number of neutrophils in the BAL fluid after exposure to MWCNT and reference materials. Error bars indicate SD. (A) Day 1. (B) Day
28. (C) Day 92. *p<0.05, **p <0.01, ***p<0.001 compared to vehicle controls. {: 54> 6 pg/ml; I: 54>6 and 18 ng/ml; x: 18> 6 pg/ml; ~: higher

than the ~OH form; ¢: higher than Group I; #: higher than Group II; &e

: higher than Group III.
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Day 28

MWCNT-induced inflammation subsided over time (Figure 2B).
However, for most doses of MWCNT in Group III, there was still
significant neutrophil influx. Also, after instillation of 54 pg/
mouse, all MWCNT in Group I and pristine NRCWE-043 in
Group II induced significantly increased neutrophils influx.

Day 92

Group I MWCNT (NRCWE-046 to -049) were still inflammo-
genic on day 92, whereas neutrophil counts in Group I and II had
returned to control levels (Figure 2C).

Reference materials

Printex 90 and crocidolite were inflammogenic at all instilled
doses and at all time points (Figure 2).

Correlations with instilled surface area and functionalization

The neutrophil counts on day 1 correlated significantly with the
total instilled surface area (Figure 3A; p<0.0001). This was also
true when doses 6, 18 and 54 pg/mouse were analyzed separately
(Figure 3B-D; 6 pg/mouse, p =0.01; 18 pg/mouse, p <0.001; and
54 ng/mouse, p =0.056). The correlation persisted 28 days post-
exposure (p<0.0001; for all doses), but only marginally 92 days
post-exposure (p>0.05; for all doses) (Supplementary Figure 6).
Neutrophil counts were not correlated with functionalization (data
not shown).

Correlations with metal contaminants and endotoxin

On day 1, total neutrophil counts correlated with the instilled
amounts of Mn, Mg and Co (all p<0.0001, data not shown).
These correlations persisted 92 days post-exposure, but the
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association was weaker on day 28. The total instilled amounts of
Ni, Fe and Al did not correlate with the neutrophil counts in the
BAL fluid. Endotoxin content did not correlate with neutrophil
influx (data not shown).

Multiple regression analysis

Physicochemical parameters (BET surface area, Fe, Mn, Ni, Co,
Mg, diameter, length and oxygen content) were analyzed for
pairwise associations in a Pearson’s correlation analysis: A cluster
of parameters (BET surface area, diameter, Mn, Co, Mg and Ni)
were highly correlated (Table 2). Log-transformed, BET surface
area was chosen as proxy variable for this cluster in the multiple
regression analyses.

Of the remaining variables (BET surface area, length, OH and
Fe), BET surface area and dose significantly predicted inflam-
mation on all post-exposure days (Table 3). On day 28, length
additionally predicted inflammation, whereas oxygen content was
protective (Table 3). On day 92, Fe content was protective
(Table 3). Multiple regression analyses using log-transformed
diameter as proxy variable for the highly correlated cluster are
presented in Supplementary Table 4.

Total protein in bronchoalveolar lavage fluid

Instillation of MWCNT induced dose and time-dependent
increases in BAL protein in the exposed mice (Supplementary
Figure 7). Protein concentration and neutrophil counts in BAL
correlated significantly (p <0.0001, p<0.0001 and p =0.022 for
1, 28 and 92 days post-exposure, respectively) (Supplementary
Figure 8). The reference material crocidolite induced significantly
increased protein content at both instilled doses up to 28 days
after exposure. Similar to previous reports (Kyjovska et al., 2015),
we observed increased protein content at all-time points after
Printex 90 exposure.
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Figure 3. The relationship between total number of neutrophils in the BAL fluid and the total instilled surface area on day 1. Individual data points are
the average total neutrophil numbers for each exposure group. The linear relationship, the R and the p value for the correlation are shown for all
correlations. (A) All MWCNT types and doses. (B) All MWCNT types at dose 6 pg/mouse. (C) All MWCNT types at dose 18 pg/mouse. (D) All

MWCNT types at dose 54 pg/mouse.
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Figure 4. DNA strand breaks in the lung tissue after exposure to MWCNT

and reference materials. Error bars indicate SD. (A) Day 1. (B) Day 28. (C)

Day 92. #p<0.05, ***p<0.001 compared to vehicle controls. #: higher than the pristine form; 4: higher than Group I; &e: higher than Group III.

Analysis of genotoxicity by comet assay

DNA strand breaks in BAL, lung and liver cells on day 1, 28 and
92 days were determined by the comet assay.

BAL

After 1day, there were significantly more DNA strand breaks for
all MWCNT in Group II, except for the dose 54 pg/mouse of the
carboxylated MWCNT (NRCWE-045), compared to controls
(Supplementary Figure 9). For Group I, all doses of the
carboxylated NRCWE-042, the high dose of the pristine

NRCWE-040, and the dose 6 pg/mouse of the hydroxylated
NRCWE-041 induced DNA damage. No effects were observed for
Group III or the reference materials. The effects were signifi-
cantly greater for Group II than the other groups and were greater
in I than III. No changes were observed after 28 and 92 days.

Lung

Except for the dose for the 6 pg/mouse hydroxylated NRCWE-
044 in Group II, no significant differences were observed after
1day (Figure 4A). After 28 days, the level of DNA strand breaks
was increased by the two highest doses of hydroxylated NRCWE-
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044 and the 54 pg/mouse dose carboxylated NRCWE-045 in Group
II compared to controls (Figure 4B). Group I MWCNT induced
more DNA strand breaks compared to Group I and III at day 1 and
28. Within Group II, the hydroxylated NRCWE-044 and carboxy-
lated NRCWE-045 induced more DNA strand breaks than the
pristine NRCWE-043. No changes were detected at day 92.

Liver

On day 1, only the reference material Printex 90 induced
significantly more DNA strand breaks (Supplementary Figure 10).

Exploratory analyses of pairwise associations between DNA
strand breaks and physicochemical properties

There were no effects of deposited surface area, metal content,
endotoxin content or functionalization on DNA damage except for
day 28, where Ni was negatively correlated with DNA damage
(»=0.03) and day 92, where deposited surface area
(BET x Dose) correlated positively with lung tissue DNA strand
break levels (p=0.009) (data not shown). DNA strand
breaks correlated positively with diameter size in the lung tissue
on day 1 and 28 (p <0.0001 for both time points, Supplementary
Figure 11).

Multiple regression analysis

Physicochemical parameters were related to DNA strand breaks in
BAL cells and lung tissue by multiple regression analyses. No
DNA strand breaks were observed in BAL cells on day 28 and 92,
and these time points were therefore not analyzed for this
endpoint. An analysis with the remaining variables (BET surface
area, length, OH and Fe) showed that BET surface area was
significantly protective towards genotoxicity in the BAL cells at
day 1, whereas dose had no effect (Table 3).

The levels of DNA strand breaks in lung tissue after MWCNT
exposure were only significantly different from control levels on
days 1 and 28. Day 92 was therefore excluded from further
analyses. A multiple regression analysis with the remaining
variables (BET surface area, length, OH and Fe) showed that BET
surface area was significantly protective towards DNA strand
breaks in lung tissue at day 1 and 28. Length was also protective
at day 28 (Table 3), whereas dose had no effect on any tested day.
Multiple regression analyses using log-transformed diameter as
proxy variable for the highly correlated cluster are presented in
Supplementary Table 4 for genotoxicity in BAL cells and lung
tissue.

Lung histopathological analysis

Observed histopathological changes on day 28 and 92 are
presented in Supplementary Tables 2 and 5-9. The histological
changes include lymphocytic aggregates (Lycy), granulomas,
occurrence of materials both free and in alveolar macrophages,
alveolar macrophage infiltrates, increased thickness of the alveo-
lar duct walls and nearby alveolar septa and focal alveolitis (See
grading in Supplementary Table 10). Representative images of the
most predominant histological changes are presented in Figure 1.
Overall, no clear histopathological differences were observed
between the different MWCNT, between groups or across surface
functionalizations. However, time and dose dependent differences
were observed. No fibrosis was observed at any time point after
any MWCNT dose administrated.

Lymphocytic aggregates

The most noticeable finding was Lycy in the lungs of mice
exposed to all MWCNT (Supplementary Table SA and B and
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Figure 1D-F). Some of these were small (but distinctly larger than
in control mice (Figure 1A)) and some were very large, especially
in mice exposed to highest doses. Many Lycy were located near
the larger vessels, whereas others were located in the vicinity of
small bronchi. When Lycy were counted irrespectively of size,
scores were slightly higher on post-exposure day 92, especially for
the left lung. Lycy scores increased in a dose-dependent manner
for all tested materials (Supplementary Table 5SA and B). Time-
related differences in score were observed for all MWCNT
exposures. Progression of Lycy from day 28 to day 92 was
observed for all MWCNT exposures, except for NRCWE-40,
NRCWE-42 and NRCWE-45, for which regression of Lycy was
observed (Supplementary Table 5A). Foreign material or mater-
ial-laden cells were not detected in the lymphocytic aggregates.

Additional histopathological alterations

Only few multinucleated cell foreign body granulomas were
observed overall, and they were mainly seen at the highest dose
(Supplementary Table 6 and Figure 1D). Alveolar macrophage
infiltrates were scarce in all exposure groups (Supplementary
Table 7). A very slight dose-dependent increase in alveolar duct
walls and septa thickness in the centriacinar areas was observed
for essentially all MWCNT-exposed mice (Supplementary Table
8). Although discrete, this increase was more evident on day 28
than on day 92. The increase was mainly due to mobilization of
alveolar type II cells (hyperplasia and hypertrophia) (Figure 1C).
Minor focal alveolitis, seen as areas containing small foci with
alveolar granular protein-like materials, intact mononuclear cells
and alveolar type II cells, was observed in 7 of the 54 pg/mouse
exposure groups on 28 days and correspondingly only in 2 groups
on day 90 (Figure 1F and Supplementary Table 9).

Control samples

Pulmonary fibrosis was not observed after crocidolite exposure.
Few animals in this group displayed slight increase in epithelial
cellularity of bronchiolar walls in some areas, but across the
whole crocidolite group, the lungs remained essentially without
histopathological findings. Pulmonary parenchyma displayed no
abnormal finding in the negative control group.

Discussion

We investigated biological effects of a matrix of ten MWCNT
subdivided into three groups by length/diameter, and across
different surface functionalizations (pristine, OH—, COOH- and
one with an amino-function) with the aim to identify potential
physicochemical drivers of MWCNT-induced inflammation and
genotoxicity. The MWCNT were well-characterized in regards to
their key physicochemical characteristics, both in their pristine
form and in the vehicle. The MWCNT varied both across groups
and within groups in metal content, BET surface area, thickness,
length and level of functionalization (Table 1). Overall, the
studied MWCNT were relatively short, and greater similarities
were observed within groups compared to between groups.
Endotoxin content was detectable on almost all MWCNT
(Table 1), with the highest level observed for NRCWE-046
(0.34 EU/mg). Endotoxin content did not correlate with neutro-
phil influx or DNA damage. In addition, the highest endotoxin
concentration administrated (0.91 EU/kg body weight for mice at
20 g) was considerably below the endotoxin tolerance limit for
human and veterinary drugs (5 EU/kg body weight/h) (USP 30
NF 25 2007). The detected endotoxin content was therefore
considered negligible.

Female C57BL/6J] mice were exposed by intratracheal
instillation at doses 0, 6, 18 or 54 pug MWCNT/mouse and
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killed on day 1, 28 or 92. Intratracheal instillation offers precise,
safe, cost-effective dosing with a fairly even distribution in the
lung (Mikkelsen et al., 2011) and was used to ensure similar
dose levels for the different MWCNT. The doses were within
the dose range of other instillation/aspiration studies (Kim et al.,
2014; Porter et al., 2010; Snyder-Talkington et al., 2013), and
they correspond to a third, 1 or 3 times the expected 40-year
exposure for workers at the recommended exposure limit of 1 pg
carbon/m> (NIOSH, 2013), when assuming 10% deposition (Ma-
Hock et al., 2009), a ventilation rate of 1.81/h for mice, and a
40h working week. However, higher occupational CNT expos-
ure concentrations of 30-300 ug/m’ have been reported (Birch
et al., 2011; Han et al., 2008; Lee et al., 2010). Furthermore,
repeated exposure to CNT may result in accumulation in the
lungs over time due to their high bio-persistence (Elgrabli et al.,
2008). The doses are therefore relevant. Printex 90 and
crocidolite were included for comparison with previous studies
(Bourdon et al., 2012b; Jacobsen et al., 2009; Poulsen et al.,
2013, 2015a,b). MWCNT were generally shorter than reported
by the manufacturer. It is possible that some shortening may
have occurred during sonication. The instilled MWCNT
appeared well distributed in the lungs on day 28, and
MWCNT were still present on day 92 (Figure 1 and
Supplementary Table 2). As expected, there were predominantly
more foreign material-containing macrophages (Supplementary
Table 2) and Lycy-positive cells (Supplementary Table 6A and
B) in the left lung, compared to the right lung. This is because
the bifurcation to the left lung lobe is positioned slightly
elevated to the right lung bifurcation. However, Lycy and
foreign material-containing macrophages were widespread in
most of the lobes of the right lung, indicating successful
instillations. The positive control, Printex 90, induced significant
neutrophil influx at all time points (Figure 2), and increased
levels of DNA strand breaks in the liver tissue on day 1
(Supplementary Figure 10), in overall agreement with previous
reports (Bourdon et al., 2012b; Husain et al., 2015; Jacobsen
et al., 2009; Kyjovska et al., 2015).

Influx of inflammatory cells (especially neutrophils) deter-
mined by BAL cell composition is a cardinal indicator of lung
inflammation. BET surface area of the MWCNT correlated
strongly with neutrophil influx in BAL at all assessed days, even
after adjustment for the other variables, and after stratification by
dose (Figure 3 and Table 3). This indicates that a larger BET
surface area of MWCNT results in more neutrophil influx. This is
in concordance with previous studies reporting that total
deposited surface area of spherical nanomaterials predicts
inflammation (Donaldson & Stone, 2003; Duffin et al., 2007,
Nakanishi et al., 2015; Sager & Castranova, 2009).

We observed a strong covariation between BET surface area,
MWCNT diameter, Mn, Mg and Co content (Table 2) and we
were unable to separate these variables in the multiple regression
analyses. BET surface area is inherently inversely correlated to
diameter. The thin Group Il MWCNT contained more than a 100-
fold more Mn than the other groups. BET surface area and
diameter therefore correlated strongly with Mn. Mn has been
related to adverse health effects (reviewed in (Bowman et al.,
2011; Crossgrove & Zheng, 2004), but it is also an essential
element. Considering the required intake, it is therefore unlikely
that the present low amounts drive toxicity. Mg was included in
the cluster of highly correlated parameters. However, since the
concentrations of Mg identified in the present study are unlikely
to be toxic (Kuschner et al., 1997), Mg was not considered a
plausible determinant of inflammation. Ni showed strong positive
correlation with diameter and negative correlation with BET
surface area, Mn, Mg and Co, as only the thicker MWCNT (Group
II) contained Ni. Ni compounds are toxic and considered human
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carcinogens (IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans, 2012). The seemingly protective
effect of Ni on inflammation is therefore likely driven by
covariance with the other cluster parameters. Co correlated
positively with BET surface area, Mn and Mg, and negatively
with diameter and Ni. Excessive pulmonary exposure to Co has
been reported to result in adverse pulmonary effects (NIOSH,
1978), and Co has been classified as possibly carcinogenic to
humans (IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans, 2006). Cobalt is therefore a possible predictor
of inflammation. However, based on the overall analyses (correl-
ations and multiple regression) and previous literature, we suggest
that the deposited surface area of MWCNT is the primary
determinant of the neutrophil influx after pulmonary MWCNT
exposure.

The MWCNT induced group dependent lung genotoxicity in
BAL fluid and lung tissue. In the adjusted analyses, BET surface
area was significantly protective against DNA damage in both
BAL fluid and lung tissue (Table 3). This is most likely because
BET surface area correlates strongly and inversely with diam-
eter. Indeed, larger diameter was a significant predictor of
genotoxicity in both BAL cells and lung tissue (Supplementary
Table 4). Thus, thicker MWCNT with small surface area were
more genotoxic than thinner MWCNT with larger surface area.
Diameter predicted DNA damage independently of length (no
correlation between length and diameter) and dose. Interestingly,
diameter and DNA damage were also related in our previous in
vitro investigation using the same MWOCNT (Jackson et al.,
2015).

Length has been proposed as a driver of MWCNT-induced
toxicity (Donaldson et al., 2010; Murphy et al., 2011; Poland
et al., 2008). Long MWCNT conform to the fiber paradigm, and
may cause frustrated phagocytosis. However, the proposed
threshold of the CNT length for frustrated phagocytosis is 10—
20 um. All the MWCNT used in the present study were shorter
(Table 1), and surprisingly, the average lengths of the groups did
not vary much. It is possible that the MWCNT were shortened
during sonication, which was used to disperse the MWCNT. The
distributions of the MWCNT lengths were highly skewed in this
study as indicated by the large standard deviations. The
hydroxylated MWCNT in Group I, all in Group II, and the
pristine, carboxylated and aminated MWCNT in Group III all
included a substantial proportion of tubes longer than 5pm
(Supplementary Figure 5). MWCNT of intermediate lengths (3—
10 um) have been reported to induce intracellular stress and to
escape from vesicle enclosures in macrophages (Kobler et al.,
2015), which could explain the length-dependent inflammation
observed on day 28 in the present study (Table 3). However,
because of the narrow range of lengths we were not able to
detect effects of length on neutrophil influx at day 1 and 92. We
observed a protective effect of length on lung genotoxicity on
day 1. In agreement with this, crocidolite induced neutrophil
influx in BAL fluid and no genotoxicity, despite being long and
rigid (Figures 2 and 4 and Supplementary Figures 9 and 10).
This indicates that properties other than length are more
important for genotoxicity.

In contrast to our previous observations (Poulsen et al.,
2015b), we observed no collagen-stained areas, indicative of
pulmonary fibrosis after MWCNT exposure. We have previ-
ously reported fibrogenicity of another MWCNT, that was
thicker and consistently longer (Poulsen et al., 2015b). As
reported in the literature, long, fiber-like CNT are more
fibrogenic than curved entangled CNT (Murphy et al., 2011;
Poland et al., 2008).

Oxygen content of MWCNT (-OH and —COOH) did not
covariate with other properties and was identified as protective of
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inflammation on day 28 in the multiple regression analysis
(Tables 2-3). Lower or elimination of cytotoxicity has previously
been reported in in vitro studies of carboxylated CNT (Hamilton
et al., 2013; Sayes et al., 2006). Similarly, carboxylated MWCNT
were less toxic than pristine ones after i.v. injection or pharyngeal
aspiration (Jain et al., 2011; Sager et al., 2014). Higher surface
density of oxidized groups on the MWCNT may increase their
hydrophilicity and dispersion in the lung. Structural defects may
also be induced during the chemical treatment. This renders the
MWCNT more susceptible for enzymatic and oxidative breakage,
resulting in greater bio-degradability and thus more effective
clearance from the lungs (Liu et al., 2010). This may explain the
possibly protective effect of oxygen content on inflammation seen
in the present study. However, further studies using a larger array
of MWCNT are required to discern this.

The most noticeable histopathological change was the
increased number of lymphocytic aggregates (Lycy) in the lung
tissue on day 28 and 92 (Figure 1(D-F) and Supplementary Table
5A and B). To our knowledge, this is the first time Lycy have been
described in association with nanomaterials. The severity was
dose- and time-dependent, but there were no clear differences
between groups or functionalization. Similarly, dose-dependent
lymphocytic influx in the BAL fluid was observed for all
MWCNT exposures (except NRCWE-045) on day 28
(Supplementary Table 3). This had resolved on day 92. We
have previously reported lymphocytic influx in BAL fluid and
lymphoid cell infiltration in the lung tissue of mice 28 days after
exposure to MWCNT of very different physicochemical proper-
ties (Poulsen et al., 2015b). This indicates that exposure to
MWCNT, regardless of physicochemical properties, induces
influx of lymphocytes into the BAL fluid, which results in
subsequent increased Lycy in the lung tissue, leading to chronic
lymphocytic inflammation. Predominant pulmonary TH2 infil-
tration, together with a large neutrophilic influx in the BAL fluid,
has also been reported after repeated silica-coated TiO, inhalation
exposures in female BALB/c mice (Leppanen et al., 2015). In the
present study, this was observed already after a single instillation
of MWCNT. For Printex 90, this was observed only at higher
doses (Bourdon et al., 2012b; Kyjovska et al., 2015).

In most reports on MWCNT toxicity, only one or two
MWCNT were studied. Using a panel of 10 MWCNT, we
attempted to identify specific physicochemical drivers of
MWCNT-induced pulmonary inflammation and genotoxicity in
a known mouse model. With this hypothesis-generating approach,
we identified BET surface area, or diameter, as a predictor of
pulmonary inflammation and genotoxicity. However, even though
the panel of MWCNT is large in a nanotoxicology context, the
dataset is still small from a statistical point-of-view. One
limitation is the large covariance between parameters. Ideally,
we would test the hypotheses generated in this study, using a
larger array of MWCNT. This would allow determination of
toxicity-inducing physicochemical characteristics and thus safe-
by-design CNT.

A recent study on pulmonary exposure to two unrelated
MWCNT showed that a short, thin, entangled type of MWCNT
induced more pulmonary inflammation than a longer and thicker
fiber-like MWCNT type (Poulsen et al., 2015b). Only the longer
and thicker MWCNT induced fibrosis. This supports the
hypotheses generated in this study and at the same time highlights
the difficulty in generating safe MWCNT. Thick and long
MWCNT have increased fibrotic and genotoxic potential, whereas
thin and short MWCNT induce stronger and more long-lasting
inflammation, which may lead to increased risk of cardiovascular
disease through a long-lasting acute phase response (Poulsen et al.,
2015a). Either effect is undesirable. Studies analyzing many
MWCNT are needed to bring us closer to safe-by-design MWCNT.
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Conclusion

The 10 studied MWCNT induced dose-, time- and MWCNT-
dependent neutrophil influx in BAL and DNA damage in the
C57BL/6] mice. BET surface area was a positive predictor of
inflammation, measured as neutrophil influx in BAL fluid, on all
post-exposure days. MWCNT diameter size, and thus BET surface
area, significantly predicted genotoxicity in BAL fluid and lung
tissue, such that small BET surface area and hence large MWCNT
diameter was associated with increased genotoxicity. Oxidation of
MWCNT was protective for inflammation on day 28, whereas
length was a predictor. This study provides information on
possible toxicity-driving physicochemical properties of MWCNT,
which in turn can be used for safe-by-design manufacturing of
MWCNT.
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