Intracellular fate of carbon nanotubes inside murine
macrophages: pH-dependent detachment of iron catalyst
nanoparticles.
Cyrill Bussy, Erwan Paineau, Julien Cambedouzou, Nathalie Brun, Claudie
Mory, Barbara Fayard, Murielle Salomé, Mathieu Pinault, Mickaël Huard,
Esther Belade, et al.

To cite this version:
Cyrill Bussy, Erwan Paineau, Julien Cambedouzou, Nathalie Brun, Claudie Mory, et al.. Intracellular
fate of carbon nanotubes inside murine macrophages: pH-dependent detachment of iron catalyst
nanoparticles.. Particle and Fibre Toxicology, 2013, 10 (1), pp.24. �10.1186/1743-8977-10-24�. �inserm00840223�

HAL Id: inserm-00840223
https://www.hal.inserm.fr/inserm-00840223
Submitted on 2 Jul 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Bussy et al. Particle and Fibre Toxicology 2013, 10:24
http://www.particleandfibretoxicology.com/content/10/1/24

RESEARCH

Open Access

Intracellular fate of carbon nanotubes inside
murine macrophages: pH-dependent detachment
of iron catalyst nanoparticles
Cyrill Bussy1,2,3,8, Erwan Paineau3, Julien Cambedouzou3,9, Nathalie Brun3, Claudie Mory3, Barbara Fayard3,4,
Murielle Salomé4, Mathieu Pinault5, Mickaël Huard3, Esther Belade1,2, Lucie Armand1,2, Jorge Boczkowski1,2,6,7,
Pascale Launois3 and Sophie Lanone1,2,7*

Abstract
Background: Carbon nanotubes (CNT) are a family of materials featuring a large range of length, diameter,
numbers of walls and, quite often metallic impurities coming from the catalyst used for their synthesis. They exhibit
unique physical properties, which have already led to an extensive development of CNT for numerous applications.
Because of this development and the resulting potential increase of human exposure, an important body of
literature has been published with the aim to evaluate the health impact of CNT. However, despite evidences of
uptake and long-term persistence of CNT within macrophages and the central role of those cells in the CNTinduced pulmonary inflammatory response, a limited amount of data is available so far on the CNT fate inside
macrophages. Therefore, the overall aim of our study was to investigate the fate of pristine single walled CNT
(SWCNT) after their internalization by macrophages.
Methods: To achieve our aim, we used a broad range of techniques that aimed at getting a comprehensive
characterization of the SWCNT and their catalyst residues before and after exposure of murine macrophages: X-ray
diffraction (XRD), High Resolution (HR) Transmission Electron Microscopy (TEM), High Angle Annular Dark FieldScanning TEM (HAADF-STEM) coupled to Electron Energy Loss Spectroscopy (EELS), as well as micro-X-ray
fluorescence mapping (μXRF), using synchrotron radiation.
Results: We showed 1) the rapid detachment of part of the iron nanoparticles initially attached to SWCNT which
appeared as free iron nanoparticles in the cytoplasm and nucleus of CNT-exposed murine macrophages, and 2)
that blockade of intracellular lysosomal acidification prevented iron nanoparticles detachment from CNT bundles
and protected cells from CNT downstream toxicity.
Conclusions: The present results, while obtained with pristine SWCNT, could likely be extended to other catalystcontaining nanomaterials and surely open new ways in the interpretation and understanding of CNT toxicity.
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Background
Carbon nanotubes (CNT) are a family of nanomaterials
featuring a large range of length, diameter, numbers of
walls (single-walled -SWCNT-, double-walled -DWCNTor multi-walled -MWCNT-) and, most often metallic impurities coming from the catalyst used for their synthesis.
They exhibit unique physical properties, which have
already led to their extensive use in composite materials
[1]. Moreover, prospective applications are also expected
in electronics, for flat-panel displays, energy storage, water
pollutants adsorbents, as well as in the nanomedicine field
where CNT could be used for drug and non-viral gene delivery or for diagnosis [2]. Due to the expansion of CNT
usage and the resulting increase of potential human exposure, numerous investigations have, in recent years,
aimed at evaluating the health impact of CNT in an occupational, environmental or biomedical context.
In vivo studies, essentially performed with animals
exposed via the respiratory route have demonstrated
that pulmonary exposure to CNT led to an immediate
macrophage-mediated inflammatory response characterized mainly by a prominent macrophage influx in the
bronchoalveolar fluid, together with an internalization of
the CNT by the resident or attracted macrophages [3-8].
At later stages, respiratory exposure to CNT can lead to
the development of pulmonary fibrosis and/or granuloma [9-13]. The presence of CNT in macrophages at
the site of exposure or distributed throughout the body
has been documented up to 24 months after the initial
exposure [12]. However, despite evidences of uptake and
long-term persistence of CNT within macrophages, together with the central role of those cells in the CNTinduced inflammatory response, a limited amount of
data is available so far on the fate of CNT inside macrophages. Whether internalized CNT are biopersistent or
could be biotransformed have been indeed poorly investigated in macrophages. This is a critical and major gap
in the actual knowledge because by-products resulting
from the potential CNT transformation inside cells
could have biological effects per se and thus be essential
determinants in the toxicological profile of CNT.
The overall aim of our study was therefore to investigate the fate of SWCNT after their internalization by
macrophages. We hypothesized that the residence of
CNT inside cellular acidic compartments will lead to
physicochemical and structural modifications of the internalized CNT. This was evaluated by using a broad
range of techniques that aimed at getting a comprehensive characterization of the pristine SWCNT used, and
of their metallic catalyst residues before and after exposure of murine macrophages. Our results show that 1)
part of the iron-based catalyst nanoparticles initially attached to SWCNT rapidly appeared as free iron-based
nanoparticles in the cytoplasm and nucleus of CNT-
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exposed murine macrophages, and that 2) the blockade
of intracellular acidification processes prevented iron
nanoparticles detachment from the CNT and also protected the cells from some potentially deleterious downstream effects induced by CNT. These data provide the
first evidence of a biological processing of pristine CNT
inside macrophages via a pH-dependent mechanism.
Moreover, they also demonstrate the determinant role of
by-products of this bio-processing in CNT toxicological
profile.

Results and discussion
The diameter of the pristine SWCNT used in the
present study has been previously evaluated by some of
us [14] and estimated to be in the 0.8-1.2 nm range,
while their individual length was in the 100–1000 nm
range, according to supplier information. Thermogravimetric analysis measured an iron content of about 25-wt%,
confirming the unpurified nature of the sample. X-ray diffraction (XRD) experiments revealed intense peaks at low
wave-vector Q values characteristic of SWCNT organized
in bundles (for a more detailed analysis, see [15]), while
weaker peaks at higher wave-vectors corresponded to
the signal of iron-based nanocrystals of cementite Fe3C
(Figure 1a). No Bragg peak was observed at 1.8 Å-1, i.e. at
wave-vectors corresponding to the stacking distance between the graphenic planes constitutive of graphite. This
indicates that samples are free of graphitic impurities. Numerous iron-based particles (diameter in the 1–10 nm
range), originating from the decomposition of iron pentacarbonyl during the synthesis, were present in the form of
nanoparticles on the sidewalls of CNT, as observed in
High Angle Annular Dark Field-Scanning Transmission
Electron Microscopy (HAADF-STEM) and High Resolution Transmission Electron Microscopy (HRTEM) images (Figure 1b and 1c respectively). These residual iron
nanoparticles were attached to CNT bundles through one
or several carbon shells, as previously shown in ref. [14].
The iron chemical nature of these nanoparticles was confirmed by Electron Energy Loss Spectroscopy (EELS),
which exhibits a doublet of peaks corresponding to
transitions from the Fe 2p core levels to the Fe 3d
levels (Additional file 1: Figure S1).
To assess at the scale of several cells if SWCNT were
present in SWCNT-exposed cells, we took advantage of
iron catalyst residues attached to SWCNT and performed
synchrotron-based micro X-ray fluorescence (μXRF) experiments on macrophages exposed to 0 (unexposed) or
50 μg/mL of pristine SWCNT. Figure 2a-i shows typical
μXRF maps obtained for phosphorus (P) and iron (Fe) elements in unexposed (upper panel) and SWCNT-exposed
macrophages (lower panel) after 24 hours exposure. The
cellular shape can be drawn by the P map since phosphorus represents a characteristic element of cellular
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Figure 1 X-ray diffraction and electron microscopy of as-produced pristine SWCNT. Panel a: X-ray diffraction pattern of a SWCNT powder
placed in a glass capillary. The image is made of two patterns recorded for different durations, allowing the visualization of intense peaks (left
part of the image) as well as much weaker ones (right). The two dotted arrows point towards diffraction peaks, around 0.5 and 0.9 Å-1, from the
CNT bundles, the large bump (star) comes from the glass capillary and peak 1, at wave-vector Q ~ 3 Å-1, can be attributed to both CNT and ironbased nanoparticles. The three plain arrows point toward diffraction peaks characteristic of cementite Fe3C (see e.g. [16]). The widths of the peaks
are resolution-limited and they correspond to particle sizes of about 5 nm and above: one mainly probes here the bigger particles (Φ ≥ 5 nm).
Panel b: HAADF-STEM image showing tiny white spots corresponding to iron-based nanoparticles covering lightly contrasted bundles of SWCNT
deposited on a TEM grid coated with a lacey carbon film. Nanoparticle diameters range from 1 to 10 nm. Panel c: HRTEM image of bundles of
SWCNT. Arrows show iron-based catalyst nanoparticles on the sidewalls of CNT.

components [17]. Moreover, endogenous iron was detectable and rather uniformly distributed in unexposed cells.
For SWCNT-exposed cells, Fe maps presented both ironrich zones co-localized with the P signal attributed to endogenous iron and specific iron-rich zones, close to the
external border or outside the cells, which can be attributed to the CNT presence. Micro-XRF spectra integrated
over regions where only cells were present (Figure 2a-ii)
further confirmed the higher cellular content of iron associated with SWCNT exposure (red line), as compared to
unexposed cells (black line). Similar results were obtained
after 3 hours of exposure (data not shown).
To further evaluate the fate of SWCNT at the single
cell and subcellular levels, we used HAADF-STEM to
image cell sections after 3 or 24 hours of exposure.
Figure 2b and c show typical HAADF-STEM images

obtained with unexposed macrophages (Figure 2b and
Additional file 2: Figure S2a) or with macrophages exposed to SWCNT over a 24 hours period (Figure 2c).
Similar images were obtained after a 3 hours exposure
(data not shown). Higher magnifications of cellular vesicles present in Figure 2c (orange and red squares,
Figure 2d and e) clearly showed the presence of
SWCNT bundles within the vesicles (inset Figure 2d),
with small round nanoparticles (tiny white dots) attached to them, all along the CNT length. The chemical
nature of these nanoparticles was checked using EELS
measurements and displayed the characteristic Fe 2p to
Fe 3d peak doublet of iron at 710 and 725 eV, similar to
that found in the original material (Figure S1 and data
not shown). Moreover, a typical image obtained in cytoplasmic and nuclear regions of cells exposed to SWCNT
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Figure 2 X-ray fluorescence analysis, and HAADF-STEM images of unexposed and SWCNT-exposed cells. Panel a-i: typical μXRF maps of
P and Fe of macrophages unexposed (upper line) or exposed (lower line) to 50 μg/ml SWCNT for 24 hours (the color scale is a temperature scale,
ranging from blue for low concentrations in the element of interest to red for high concentrations); right: P (green) and Fe (red) correlation
images. The size of a pixel is 0.25 μm2 (scale bar: 10 μm). Panel a-ii: X-ray fluorescence spectra integrated exclusively over the scanned cells,
normalized to the phosphorus signal. Positions of Kα fluorescence peaks of phosphorus (P), sulfur (S), chlorine (Cl), potassium (K) and iron (Fe) are
indicated. The inset represents zoomed areas around the positions of the Kα fluorescence peak of iron together with fits of its contribution
(dashed lines). Panel b to f: representative HAADF-STEM images of unexposed cell (Panel b), and low (Panel c) or high (Panels d, e and f)
magnification of cells exposed to SWCNT for 24 hours. In Panel f, nuclear membrane is clearly visible, separating cytoplasm (left part of the
image) from nucleus (right part of the image). Panel g: quantification of isolated iron nanoparticles in the nucleus and the cytoplasm of
cells exposed to SWCNT for 3 hours (open bars) or 24 hours (dark bars). Panel h: quantification of minimum distance between iron
nanoparticles observed with SWCNT alone (open circles), SWCNT in vesicles (open triangles) or with nanoparticles in cytoplasm or nucleus
(open squares). *: p < 0.0001 between groups. Panel i: higher magnification of Panel h for SWCNT alone and SWCNT in cell vesicles.
*: p < 0.001 between groups.

(zone containing cytoplasm and nucleus, as delimited by
the blue square in Figure 2c) is shown in Figure 2f (and
Additional file 2: Figure S2). Interestingly, it revealed
isolated iron nanoparticles in both compartments; the
chemical nature of the nanoparticles (i.e. iron) was here
also confirmed by EELS analysis. In addition, the apparently free nanoparticles were similar in size to those

initially attached to pristine CNT (1–10 nm, Figure 1b).
It is noteworthy that we did not observe (HAADFSTEM and HRTEM analysis) any detachment of iron
catalyst particles following CNT sample preparation
(before cell exposure; gentle bath sonication treatment),
which led us to conclude that detachment happened
during (and probably because of ) interaction with cells.
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To the best of our knowledge, such cellular detachment
of metal based catalyst nanoparticles from CNT backbone has never been described in cells.
Apart from within vesicles, the intracellular localization of iron nanoparticles was mainly cytoplasmic, but a
significant amount of these nanoparticles was also observed inside the nucleus after 24 hours. The quantification of the isolated nanoparticles showed that their total
number significantly increased with time (from 3 to
24 hours), demonstrating a time-dependent process
(Figure 2g). Interestingly, in cytoplasm and nucleus, iron
nanoparticles did not appear to follow anymore the fibrillar shape of nanotube bundles as observed in vesicles
(Figure 2d), but were rather isolated. Therefore, we further quantified the minimal distance between two
nanoparticles in SWCNT before exposure, in SWCNT
within vesicles, and in cytoplasm and nucleus (using
ImageJ analysis of HAADF-STEM images; Figure 2h
and 2i). As compared to what was observed with
SWCNT (original material before cell exposure) or with
SWCNT inside vesicles, the mean minimal distance between iron nanoparticles observed in the cytoplasm and/
or nucleus was clearly higher (Figure 2h). In addition,
the mean minimal distance was also slightly but significantly higher for iron nanoparticles observed in
SWCNT-containing vesicles than for nanoparticles attached to SWCNT (Figure 2i). These results suggested
that following the cellular uptake of CNT, the ironbased particles start to detach from the CNT backbone
within the vesicles, and then translocate to the cytoplasm and eventually into the nucleus.
Because acidic treatment is a process commonly used to
remove metallic impurities from as-produced pristine
CNT samples [14,18], we next hypothesized that the acidic
environment present in phagolysosomes (pH 4.5) could be
responsible for the detachment of the iron-based nanoparticles from the pristine CNT following their internalization. To test our hypothesis, we first assessed whether
acidic phagolysosomes appeared in macrophages exposed
to SWCNT. After 3 and 24 hours exposure to CNT, epifluorescence images displayed a concentration and the
reorganization of acridine orange molecules coherent with
an acidification of the lysosomes [19] (Figure 3a, and data
not shown). The lysosomal activation was also confirmed
by the dose-dependent significant increase in Cathepsin
activity [19], observed in CNT-exposed macrophages
(Figure 3b, p < 0.001 versus unexposed cells). Finally, the
formation of phagolysosomes was further illustrated by
the increased expression of two lysosomal proteins [20]:
Cathepsin B and Lysosome-Associated Membrane glycoprotein 1 (LAMP-1, Figure 3c and d, p < 0.05 exposed
versus unexposed cells). Taken together, these results demonstrate the acidification of macrophage intracellular
compartments after exposure to SWCNT.
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To further address the role of acidification, we performed experiments in presence of Concanamycin A, a
potent inhibitor of intracellular pH acidification [21]. As
shown in Figure 4a, μXRF maps and associated fluorescence spectra obtained in presence of Concanamycin A
were similar to those obtained in absence of this inhibitor (Figure 2a-i), showing that the blockade of intracellular acidification did not prevent CNT uptake by
macrophages. Nevertheless, the quantification of isolated
iron nanoparticles showed that their total number
significantly decreased in Concanamycin A-treated cells
as compared to Concanamycin A non-treated cells,
for both the nucleus and cytoplasm compartments
(Figure 4b, p < 0.001 for treated versus untreated cells).
This suggested that the detachment of nanoparticles and
their subsequent distribution outside vesicles were related to pH acidification. Moreover, Concanamycin A
treatment during CNT exposure was accompanied by a
protection against CNT-induced phosphorylation of p53
and H2AX proteins which are both biomarkers for initiation of DNA repair processes [22] (Figure 4c and 4d).
Those findings first indicated that inhibition of pH acidification protects macrophages from nuclear damages
associated with SWCNT exposure. Secondly, they suggested that these deleterious effects might be related to
the release of isolated nanoparticles from CNT due to
the acidic environment inside lysosomes. We then further investigated whether the effects on DNA could be
mediated by iron-related oxidative stress-dependent mechanisms. Expression of Ferritin heavy chain (H-Ferritin),
which catalyzes the first step in ionic iron storage [23],
and that of Heme Oxygenase (HO)-1 were both unmodified in macrophage exposure to SWCNT, in presence or
absence of Concanamycin A (Additional file 3: Figure S3),
which ruled out the possibility of an oxidative stressdriven mechanism.
Taken together, our results emphasize that, despite
their initial encapsulation in carbon shells, catalyst iron
nanoparticles can be detached from the SWCNT backbone via a pH-dependent mechanism and participate actively in the CNT-associated toxicity. Our study thus
demonstrates for the first time that pristine CNT can be
biologically modified inside macrophages via a lysosomaldependent mechanism. Such results are particularly relevant in the context of an occupational exposure to as
produced CNT, but are also likely to be part of a more
global ability of macrophages to degrade carbon nanomaterial products.
In the last few years, different groups have demonstrated
the possible enzyme-catalyzed oxidative biodegradation of
CNT, although essentially in abiotic conditions [24-29].
However, these different studies focused mainly on the degradability of the graphitic lattices of CNT; and no specific
data have been reported on the fate of the metal catalyst
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Figure 3 Evaluation of lysosomal activation in SWCNT-exposed cells. Panel a: Epi-fluorescence images of macrophages unexposed (upper
line) or exposed (lower line) to 50 μg/ml SWCNT for 24 hours stained with Acridine Orange (for lysosomes, in red) and DAPI (RNA/DNA, in green).
Merge: combination of Acridine Orange and DAPI staining (overlapping appeared yellow). Panel b: Cathepsin activity in macrophages exposed to
SWCNT for 3 hours. *: p < 0.001 between groups. Panel c: Western Blot images of LAMP-1 (120 kDa) and Cathepsin B (37 kDa) expression in
macrophages exposed for 24 hours to SWCNT. ß-Actin is given as internal standard. Panel d: quantification of LAMP-1 and Cathepsin B
expression, normalized to ß-Actin expression. *: p < 0.05 between groups.
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(See figure on previous page.)
Figure 4 Protective effect of Concanamycin A. Panel a-i: typical μXRF maps of P and Fe of macrophages unexposed (upper line - Conca) or
exposed (lower line - Conca + SWCNT) to 50 μg/ml SWCNT for 3 hours in presence of 10 nM Concanamycin A (the color scale is a temperature
scale, ranging from blue for low concentrations in the element of interest to red for high concentrations); right: P (green) and Fe (red) correlation
images. The size of a pixel is 0.25 μm2 (scale bar: 10 μm). Panel a-ii: X-ray fluorescence spectra integrated exclusively over the scanned cells.
Positions of Kα fluorescence peaks of phosphorus (P), sulfur (S), chlorine (Cl), potassium (K) and iron (Fe) are indicated. The inset represents
zoomed areas around the positions of the Kα fluorescence peak of iron together with fits of its contribution (dashed lines). Panel b: quantification
of isolated iron nanoparticles in the nucleus and the cytoplasm of macrophages exposed to SWCNT for 3 hours in absence (open bars) or
presence (grey bars) of 10 nM Concanamycin A. *: p < 0.001 between groups. Panel c: Western Blot images of Phospho-p53 (53 kDa) and γH2AX
(17 kDa) expression in macrophages exposed for 3 hours to 50 μg/ml SWCNT, in presence (+) or absence (−) of 10 nM Concanamycin A. ß-Actin
is given as internal standard. Panel d: quantification of Phospho-p53 and γH2AX expression in Western Blot, normalized to ß-Actin expression.
*: p < 0.05 between groups. Conca: Concanamycin A.

residues that are initially attached to the pristine CNT, although these residues are highly suspected to be essential
determinants of the toxicological profile of non-purified
CNT [7]. Moreover, none of these studies have focused on
the fate of CNT inside macrophages, despite the central
role of macrophages in CNT-induced inflammatory response [3-8]. In the present study performed with pristine
SWCNT, isolated iron-based nanoparticles were observed
within exposed cells. Importantly, these isolated iron
nanoparticles, although similar in size to those initially attached to pristine CNT, were not organized following
CNT fiber shape. This individualization suggests that the
iron nanoparticles were either not anymore linked to the
CNT backbone, or that they were attached to a shorter
CNT backbone that could result from a concomitant
graphitic lattice oxidative biodegradation as previously described [24,28,30]. Although we cannot completely exclude a concomitant degradation of the backbone owing
to the methodologies used in the present study, the first
proposition is by far the most likely since the carbon shells
around nanoparticles are much more defective than the
backbone of pristine CNT themselves and will thus be
submitted first to degradation processes [28]. Indeed, defects or functionalized sites in the graphitic lattice of CNT
appear to be mandatory to initiate the enzyme-mediated
oxidative biodegradation of CNT backbone [28]. Notably,
enzyme-catalyzed biodegradation of pristine material was
only possible after introduction of oxidative defects in the
graphitic lattice [28]. Although further studies are needed
to fully characterize the mechanism of detachment observed here, our data strongly suggest a role for intracellular acidification in the detachment of iron nanoparticles,
since Concanamycin A treatment abolished almost completely this event. We can also speculate that such acidification may allow the activation of pH-sensitive enzymes
that could, in turn, attack the CNT backbone, but this hypothesis would need further investigations.
The presence of free and bioavailable iron nanoparticles in different cell compartments could have important pathophysiological consequences. The presence
of small iron nanoparticles in the nuclear compartment
suggests the possible penetration through ion channels

or diffusion through pores in the nuclear membrane
[31]. Such event could have severe consequences in case
of interaction with DNA [32], as suggested by the activation of p53 and H2AX pathways in our experimental settings, and could therefore explain the genotoxic effects
often associated with CNT exposure [33-37]. Interestingly,
iron oxide particles have been shown to dissolve inside
murine alveolar macrophages [38], suggesting a potential
additional mechanism of toxicity related to the interaction
of soluble iron with proteins. However, since the intracellular levels of the iron storage protein H-Ferritin were not
increased in SWCNT-exposed macrophages, the generation of ionic iron from the detached iron nanoparticles
seems unlikely, at least within the timeframe of exposure
used here. This was also further evidenced by the absence
of HO-1 induction, suggesting the absence of an iron ion
related oxidative stress-driven mechanism [39,40]. Consequently, our data strongly support the idea that
iron-based nanoparticles, and not solubilized iron, are
important determinants of the SWCNT-induced biological effects observed in the present study.

Conclusion
In conclusion, our study provides the first evidence of
biological transformation of SWCNT inside macrophages, as a result of an intracellular process governed by
pH acidification, leading to catalyst nanoparticles detachment from CNT backbones. Our findings therefore demonstrate that although iron catalyst residues are initially
isolated from biological media thanks to their surrounding
carbon shells, they become more accessible to the biological environment owing to modifications following
the uptake and residence of CNT bundles in acidic cell
compartments. The present results, while obtained with
pristine SWCNT, could likely be extended to other catalyst-containing nanomaterials and surely open new ways
in the interpretation and understanding of CNT toxicity.
Methods
Carbon nanotubes

SWCNT were produced by the HiPCO process (HiPCO
stands for ‘high pressure carbon monoxide’), which is a
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Chemical Vapor Deposition (CVD) process using continuous flowing carbon monoxide as the carbon feedstock and a small amount of iron pentacarbonyl as the
iron-containing catalyst precursor at high pressure. Two
batches of as-produced (raw grade) nanotubes were purchased from Carbon Nanotechnologies Incorporated
(CNI® Buckytubes, Houston-TX, USA). Our high resolution transmission electron microscopy (HR-TEM) analysis (Akashi Topcon EM-002B microscope) has showed
that iron is present in the form of nanoparticles on the
side-walls of nanotube bundles [17], encapsulated in carbon shells [14]. Pristine SWCNT used in the present
study were similar to those used in ref [17] [14] and
[15], but came from different batches.
Carbon nanotube suspension

SWCNT were suspended at 250 μg/ml in serum-free
cell culture medium (DMEM GlutaMAX™, Gibco
LifeTechnologies). CNT suspensions were then rotated for 30 s, sonicated (RLI 275 sonication bath, LIREC,
France) for 20 minutes under temperature-controlled conditions (+4°C), with 15 seconds interruption every 5
minutes for rotating steps. At the end of sonication, CNT
suspensions were diluted at dedicated concentrations in
serum-free cell culture medium, just before cell exposure.
Scanning transmission electron microscopy (STEM) images (VG-HB501 microscope) were obtained on CNT before and after their gentle sonication and revealed no
modification between the two samples.
Cell culture conditions

Murine macrophages (RAW 264.7 cell line, LGC
Promochem/ ATCC) were cultured for 3 or 24 hours
in cell culture medium (DMEM GlutaMAX™, Gibco
LifeTechnologies) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin and 10% heat-inactivated
foetal bovine serum (PAA Laboratories GmbH) under
standard cell culture conditions (humidified incubator at
37°C under 5% CO2). In a subset of experiments, cells
were pretreated for 1 hour with 10 nM Concanamycin A
(Sigma-Aldrich, France) before CNT exposure. In all experiments, the volume of culture medium was calculated
to be 200 μl/cm2 of cell surface. (i.e. 5 ml for a 25 cm2
culture flask).
X-ray diffraction

X-ray diffraction (XRD) experiments were performed
using a rotating molybdenium anode generator (Rigaku).
The MoKα wavelength (λ = 0.711 Å) was chosen to
minimize iron fluorescence (as compared to CuKα wavelength). It is selected using a doubly-bent graphite
monochromator, ensuring high flux. Scattering by air
being non negligible compared to that by CNT, experiments were performed under vacuum to optimize the
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signal/background ratio. CNT powder was placed in a
glass capillary and studied in transmission. The data
were recorded on planar imaging plates.
Thermogravimetric analysis

Thermogravimetric (TGA) analyses were performed
under flowing air up to 1000°C (SETARAM apparatus)
to determine the iron content in CNT powders by measuring the remaining weight corresponding to iron oxide
after oxidative treatment.
Electron microscopy and spectroscopy

For ultrastructural observations, cells were seeded at 250
000 cells/ml on 60 mm diameter cell culture Petri dishes
(TPP, ATGC biotechnologie, France) and cultured for
24 hours in serum condition before exposure. After 3 or
24 hours exposure to 10 μg/ml serum-free CNT suspensions or to serum-free cell culture medium, macrophages monolayer were fixed with 2% glutaraldehyde /
2% paraformaldehyde in cacodilate buffer, dehydrated,
embedded in epoxy Resin (Epon 812) and then sectioned
using an ultramicrotome at 40–50 nm on 400-mesh
copper TEM grids for high resolution imaging by High
Angle Annular Dark Field-Scanning TEM (HAADFSTEM). HAADF-STEM images were performed on a
VG-HB501 microscope equipped with a tungsten cold
field-emission gun operated at 100 keV with a subnanometer incident probe (0.5-1 nm). Electron Energy
Loss Spectroscopy (EELS) spectra were recorded with a
modified Gatan spectrometer. Spectra were recorded so
as to cover a large energy range, with an energy resolution of about 1 eV. To highlight the presence of
nanoparticles for their quantification, images were further processed using the ‘differentials’ tool named directional gradient (angle degree 0.0°) in Gatan digital
micrograph software. Pixel intensities in each STEM
pictures are related to the atomic number of the material imaged. Using this software tool, nanoparticles with
high atomic number were thus highlighted compared to
the background (biological material or resin with low
atomic numbers). Quantitative evaluation of the minimal distance measurable between two catalyst particles
(2–4 nm each) was performed using ImageJ software
(National Institutes of Health, USA), on STEM images
with the highest magnifications (see Figure 2f as an
example), where resolution allows the clear identification
of nanoparticles (40 images analyzed for each time
points, 2 independent investigators). Two main compartments were considered for distance calculation: vesicles
(with clearly identifiable SWCNT) and the rest of the
cell (cytoplasm and nucleus). Particles that were on the
edges of these compartments were excluded. Data are
represented as individual points and median ± quartile.
Quantitative evaluation of the number of isolated particles
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was realized manually by separating the distribution in
two compartments (either cytoplasm, or nucleus). Only
clearly individualized particles were numerated. The minimum distance between isolated nanoparticles was taken
at 40 nm, which is the maximal distance observed for
nanoparticles attached to SWCNT. The number of isolated nanoparticles was then normalized to the surface
area of the different compartments, in μm2, where they
were identified. Data are presented as mean ± SEM.
Synchotron-based microfluorescence experiments

For microfluorescence studies, murine cells were seeded at 250 000 cells/ml directly on thin window films
used for micro X-ray fluorescence (XRF) studies [17]
(Ultralene®, 4 μm thick, SPEX SamplePrep) and cultured
for 24 hours as described above. These films were previously glued on specifically designed sample holders and
sterilized by successive baths in 70° alcohol and antibiotics (penicillin/streptomycin). This biocompatible cell
culture experimental system was put in 40 mm diameter
cell culture Petri dishes and covered with cell suspension
and cell culture medium. Twenty-four hours later, the
cell culture medium was removed and the adherent cells
monolayer was exposed for 3 to 24 hours to serum-free
CNT suspensions (50 μg/ml), or to serum-free cell culture medium for unexposed samples, in presence or absence of 10 nM Concanamycin A.
At the end of exposure, cells were gently washed with
1× phosphate buffer saline (PBS, Gibco LifeTechnologies).
Then, a quick wash with ultra-pure water (Sigma,
Chromasolv® plus) was performed to remove salts coming
from the culture medium. Immediately after, cells were
further cryo-fixed and freeze-dried. Cryo-fixation was realized by rapid plunge of the cell culture system (cells
on Ultralene film glued on sample holder) into an
isopentane bath cooled with liquid nitrogen. Lyophilization was performed on a Christ Alpha 1–4 apparatus
(ThermoFisher Scientific, Bioblock).
Synchrotron-based XRF microscopy experiments were
performed on the ID21 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France).
A fixed exit double crystal Si < 111 > monochromator
(Kohzu) ensures a spectral resolution of 0.8 eV at
7.1 keV. Beam focalisation was assured by Kirkpatrick
Baez (KB) mirrors allowing a beam size of 0.4*0.9 μm2.
A silicon drift detector (Rontek) was used for fluorescence detection. An incident X-ray energy of 7.2 keV
was chosen in order to excite the K-lines of elements of
atomic number up to 26 (iron). All elements ranging
from sodium (Z = 11) to iron (Z = 26) were detectable.
Raster scans were performed across a chosen area of the
sample preparation. From the analysis of the X-ray fluorescence spectrum for each pixel, a spatial image can be
obtained for each element separately. Such an image
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represents a two-dimensional projection of the volumetric distribution of the elements. The vertical and horizontal pixel size was 0.5 μm each and data collection
time for each pixel was about 0.5 s. Analysis of the fluorescence data has been performed in batch processing
using the PyMca software [41].
Acridine orange stain

Cells were seeded at 50 000 cells/well in 8-well cell
culture chamber slide (Lab Tek, Nunc, ATGC Biotechnology, France), and cultured for 24 hours in serum condition before exposure. They were further exposed to
50 μg/ml SWCNT in presence or in absence of 10 nM
Concanamycin A for 3 to 24 hours in serum-free conditions. At the end of the exposure, cells were washed
twice in PBS and further incubated with a 5 μg/ml solution of Acridine Orange (Sigma-Aldrich, France) for
15 min at 37°C. They were then rinsed three times in PBS,
mounted with a DAPI-containing anti-fading solution
(Vectashield H1200, Vector, France) and immediately observed under a confocal microscope (Zeiss LSM 510 Meta
coupled to Zeiss AxioObserver Z1 inversed microscope).
Excitation was at 488 nm, and emission was at 610 nm
(lysosomes in red) and at 530 nm (DNA/RNA in green).
Cathepsin activity measurement

Cathepsin activity was measured using the cathepsin
fluorogenic peptide substrate VII (R&D Systems, France),
as previously described [19]. Cells were seeded at 80 000
cells/well on 96-well plates (TPP, ATGC Biotechnology,
France) and cultured as described above. They were exposed to 10 or 50 μg/ml SWCNT for 3 hours or 24 hours
in presence or in absence of 10 nM Concanamycin A. At
the end of exposure, 50 μl of cell supernatant was
harvested and incubated for 1 h at 37°C with 27 μM of
Cathepsin fluorogenic substrate. The activity was then
measured using a fluorimeter (Infinite M200 Pro, TECAN,
France), with an excitation set-up at 380 nm and emission
at 460 nm. Results are represented as box and whisker
plots of at least 3 repeated experiments.
Western-blot analysis

LAMP-1 and Cathepsin B protein expression were evaluated on cell lysates obtained after exposure of macrophages to SWCNT for 3 to 24 hours, in presence or in
absence of 10 nM Concanamycin A. Samples were separated by SDS-PAGE and were transferred onto PVDF
membranes. Blots were incubated with goat anti mouse
LAMP-1 (AF965, R&D Systems, France), mouse anti
mouse Cathepsin B (AF4320, R&D Systems), rabbit anti
Phospho-p53 (Ser-15, CST 9284S, Cell Signaling), mouse
anti γH2AX (phospho S139, Abcam, France), goat anti
H-Ferritin (sc-14416, Santa Cruz, France), or rabbit
anti HO-1 (3001, Biomol, France). ß-actin was used as
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internal standard. Quantification of the expression of
each protein was obtained using the ratio over ß-Actin
expression. Results are represented as box and whisker
plots of at least 3 repeated experiments.
Statistical analysis

Statistical evaluations were performed using GraphPad
Prism software. As most of the data measured had a
non-Gaussian distribution, the non-parametric KruskallWallis test was used, with a Dunn’s Multiple Comparison post-hoc test when appropriated, or a Chi-square
test. Significance was set at p < 0.05.

Additional files
Additional file 1: Figure S1. EELS spectrum of catalyst nanoparticle.
Typical EELS spectrum taken on a CNT-attached iron-based nanoparticle,
zoomed around the Fe2p edge.
Additional file 2: Figure S2. HAADF-STEM images of unexposed and
SWCNT-exposed cells. Panel a: representative HAADF-STEM images of
unexposed macrophages. Panel b: representative HAADF-STEM images of
SWCNT-exposed macrophages (higher magnification on cytoplasmic
region). Panel c: representative HAADF-STEM images of the nucleus of
SWCNT-exposed macrophages.
Additional file 3: Figure S3. H-Ferritin and HO-1 expression. Panel a:
typical western Blot image of H-Ferritin (23 kDa) and HO-1 (32 kDa)
expression in macrophages exposed for 24 hours to SWCNT. ß-Actin is
given as internal standard. Panel b: quantification of H-Ferritin and HO-1
expression in Western Blot, normalized to ß-Actin expression.
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