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Detection of *C-MWCNTSs by radioimaging

Few approaches are available to investigate the potential of carbon nanotubes (CNTs) to translocate to distant organs following lung exposure, although this needs
to be taken into account to evaluate potential CNT toxicity. Here, we report a method for quantitative analysis of the tissue biodistribution of multiwalled CNTs
(MWCNTs) as a function of time. The method relies on the use of in situ **C-radiolabeled MWCNTs and combines radioimaging of organ tissue sections to ex vivo
analysis of MWCNTs by electron microscopy. To illustrate the usefulness of this approach, mice were exposed to a single dose of 20 £.g of "*C-labeled MWCNTs by
pharyngeal aspiration and were subjected to a follow-up study over one year. After administration, MWCNT were cleared from the lungs, but there was a
concomitant relocation of these nanoparticles to distant organs starting throughout the follow-up period, with nanoparticle accumulation increasing with time.
After one year, accumulation of MWCNTs was documented in several organs, including notably the white pulp of the spleen and the bone marrow. This study shows
that the proposed method may be useful to complement other approaches to address unresolved toxicological issues associated with (NTs. These issues include
their persistence over long periods in extrapulmonary organs, the relationship between the dose and the extent of translocation, and the effects of “safety by
design” on those processes. The same approach could be used to study the translocation propensity of other nanoparticles containing carbon atoms.
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arbon nanotubes (CNTs) are very
C promising for a variety of industrial

and biomedical applications due to
their physicochemical properties."? As a
result, many different types of CNTs have
been produced on an industrial scale over
the last 20 years, raising the issue of their
safety.>* Most studies addressing their effects
on health have focused on the potential
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respiratory toxicity of CNTs in an occupa-
tional context, during their production and
processing.>® Early studies in animal models
demonstrated that CNTs can cause pulmon-
ary inflammation, lung and subpleural fibrosis,
alterations of the oxidant/antioxidant balance,
and cardiovascular and immunosuppressive
effects.”~'° Toxicological responses to CNTs
can differ according to the dose, route of
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exposure, and type of CNT (morphology, structure,
diameter, length, and surface chemistry).'" The pos-
sible formation of CNT agglomerates in tissue is also
thought to contribute to the toxicity outcomes, their
clearance by macrophages, and their interaction
with the biological environment (mucus, plasma,
protein corona).'?'® After deposition in the lungs,
nanoparticles can be cleared through several pro-
cesses or may be redistributed to other tissues if they
cross the air—blood barrier.'* Translocation of multi-
walled CNTs (MWCNTs) to lymph nodes''® and
pleural sites has been documented,’”'® and more
recently translocation to organs distant from lungs
has been reported.'®?° The latter study was based on
the direct observation of CNTs in tissue sections by
enhanced dark-field microscopy involving counting
CNTs per unit area and the extrapolation of CNT
quantity per organ using a morphometric method.
Although this approach allowed very high sensitivity
(@ single CNT is detected), it was extremely time-
consuming, as it required the processing and anal-
ysis of a huge number of tissue sections. As an
alternative, we have developed a method involving
"C-labeled MWCNT and radioimaging of tissue
sections to detect translocation of these nanoparti-
cles in organs distant from lungs. The main objective
of this project was to evaluate whether this approach
is feasible and sufficiently sensitive to detect trans-
location events. Toxicity was not an issue of this
study.

RESULTS AND DISCUSSION

CNTs have previously been labeled with '*C by
attaching a radioactive tag onto their surface.?’ This
approach suffers from the potential instability of the
tagging and also the possible alteration of the physi-
cochemical properties of CNTs. These drawbacks may
change both CNT bioactivity and in vivo biodistribu-
tion. To avoid these problems, in situ radiolabeling of
MWCNT with '*C by a catalytic chemical vapor deposi-
tion (CCVD) method, using methane as carbon source,
has been described. However, this first attempt re-
sulted in 'C-labeling of MWCNTs at a low specific
activity (4.5 x 10° Bg/mg).>? To increase the specific
radioactivity substantially, we used '*C-labeled ben-
zene as the carbon source rather than the *C-labeled
methane used previously, together with the aerosol-
assisted CCVD process.”>* Using these conditions, the
specific activity of the resulting "*C-MWCNTSs (10 x 10°
Bg/mg) was more than a thousand times higher and
corresponded to a "*C/'2C ratio of approximately 1/17.
Consequently, with this unprecedentedly high specific
activity, as little as 0.2 pg of MWCNTSs can be detected
with a sensitive radioimager, corresponding to a detec-
tion threshold of approximately 22 CNTs (Figure 1a,b)
(The weight of an MWCNT of 3.9 um length and
41 nm diameter (density measured = 1.8) is around
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9 x 107'° g.) Similar detection thresholds were ob-
tained when CNTs were spotted either directly on a
glass support (Figure 1a) or onto tissue sections
(Figure 1b). Transmission electron microscopy (TEM)
of bulk "C-labeled MWCNTs showed an average ex-
ternal diameter of 40 nm (Figure 1¢; see Materials and
Methods section for additional characterization of
MW(CNTSs). These bulk MWCNTSs were used for animal
studies without postsynthesis treatment such as pur-
ification in acidic media, which strongly affects the
surface chemistry of CNTs. The administration proce-
dure of CNTs in animals necessitates the preparation of
suspensions, which was performed in a biocompatible
medium as previously reported.>® Optical microscopy
and TEM revealed that the MWCNTs were well dis-
persed in this medium, with only a few agglomerates
(Figure 1d). After dispersion, CNT lengths vary from
500 nm to 12 um (mean length 3.9 um) and diameters
from 10 to 150 nm, centered on 40 nm (Figure Te).

Female Balb/c mice were exposed to a single dose of
pristine *C-labeled MWCNTSs by pharyngeal aspiration;
the dose administered was the same as one of the
lower doses previously used by Porter et al. in mice
(20 ug, 196 x 10° Bg).2 Compared to inhalation, this
protocol involves a rapid bolus deposition of MWCNTs
in the lung,®® but it was chosen because the applied
dose is more easily controlled. Also, the amount of
radioactive MWCNT available for this first study was too
limited to use inhalation for animal exposure. Mice
were sacrificed at 1 and 7 days and 1, 3, 6, 9, and 12
months (4 animals/time point) after exposure, and
tissue sections of lung, liver, spleen, kidney, brain,
heart, thymus, and bone marrow were processed for
analysis. The tissue sections were analyzed by quanti-
tative radioimaging to observe changes in radioactivity
as a function of time (lymph nodes were not included
in this study, as the translocation of MWCNT from lung
to these organs has already been documented). Blood
and urine samples were collected at the same time
points and analyzed for radioactivity content. No radio-
active signal was detected in urine and in blood at day
1 after exposure (Figure 2a and b). Thus, radioactive
signals in tissue sections after day 1 cannot be ac-
counted for by blood contamination. Radioimaging
data indicated a decrease of the radioactive signal in
lung tissue sections from day 1 to day 90 (Figure 2c)
and an increase in spleen and liver from day 7 to day
360 (Figure 2d). In kidney and bone marrow, a radio-
activity increase was also observed but to a lesser
extent as compared to liver and spleen (Figure 2d
and Figure S1, Supporting Information). In spleen and
liver, at a higher sensitivity scale, a radioactive signal
was detected at day 1 (Figure 2e). Radioimaging of
spleen and bone tissue sections at higher resolution
revealed that MWCNTSs were concentrated in the white
pulp of spleen (Figure 2f, left) and in bone marrow
(Figure 2f, right).
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Figure 1. (a) Detection threshold of '*C MWCNTSs by radioimaging; 20, 10, 2, 1, and 0.2 pg of '*C-MWCNTSs were spotted on a
glass support. (b) Upper panel: optical images of liver tissue sections on which were spotted **C-MWCNTs (white arrow), lower
panel: corresponding radioimaging analysis (numbers corresponds to pg of '*C-MWCNTs). (c) TEM images of '*C-MWCNTSs as
produced and (d) as suspended in dispersion medium (upper panel optical image, lower panel TEM image. (e) Diameter and

length distribution of *C-MWCNTs in dispersion medium.

Radioactivity counting cannot distinguish between
radioactive signals corresponding to MWCNTs and
those from potential metabolites. The slow redistribu-
tion of radioactivity from lung to spleen and liver over a
one-year period does not argue for small metabolite
occurrence, as such potential metabolites would be
expected to relocate rapidly and be rapidly and com-
pletely cleared after exposure.?” Furthermore, the ab-
sence of radioactive signals in urine does not support
the in vivo metabolite formation from MWCNTs, as
most polar compounds resulting from MWCNT oxida-
tion would be cleared and observed in urine. It is worth
noting that degradation products were reported under
in vitro conditions and only for single-walled nano-
tubes.?®2° To further check for the absence of meta-
bolites, tissue extracts were analyzed by thin-layer
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chromatography (TLC) and radioimaging. MWCNTSs
did not migrate on the TLC plate; they were thus
detected at the deposit point. In contrast, metabolites
if present should migrate on the TLC plate, as shown
for the 'C 2,4-dimethoxybenzoic acid compound
(Figure S2, Supporting Information), which was se-
lected as one potential MWCNT degradation product.
No signal of radioactivity was detected above the
tissue extract signals of spleen and liver (12 months
postinjection). Given the detection threshold of radio-
imaging, 1% degradation of MWCNTs would have
generated detectable metabolites. However, keeping
in mind the ratio in "*C-MWCNTSs of one '*C-carbon for
17 2C-carbons, we cannot totally exclude the forma-
tion of '>C metabolites, not observable under our
analytical experiments. Nonetheless, an estimation of
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Figure 2. (a and b) Blood and urine samples taken from mice at day 1 after "*C-MWCNT lung exposure, optical images of
spotted samples are shown on the left and the corresponding radioimaging is reported on the right: no radioactivity was
detected in these samples. (c and d) After "*C-MWCNT lung exposure, four to six pieces of tissue sections from mice were
placed on a glass support (optical images on the left) and were analyzed by radioimaging from day 1 to day 360 postexposure.
While the radioactive signal decreased in lung, it increased in spleen, liver, kidney, and bone marrow. (e) radioimaging of
spleen and liver tissue sections at day 1 postexposure, at the highest detection sensitivty. (f) High-resolution radioimaging of
spleen and bone tissue sections at day 360 postexposure revealed the presence of radioactivity in the white pulp of spleen
(white arrow) and in bone marrow; upper panel optic image, middle panel radioimaging, and lower superimposition of both
images. White bars 1 cm, except for (f) 0.5 cm; color bar under radioimaging codes for the radioactive intensity scale.

the MWCNT quantities that have translocated to spleen
and liver was performed considering that metabolite
formation was unlikely (see paragraph on the ex vivo
characterization of MWCNTSs).

The total quantity of MWCNT present in organs
was estimated by summing the signal obtained for
50 tissue sections chosen to sample the organ and
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extrapolating this signal to the whole organ. The
resulting value for the total radioactivity per organ
was then converted to a quantity of MWCNT using the
specific radioactivity. This approach assumes a homo-
geneous distribution of MWCNTs throughout the
whole organ. However, the aspiration protocol used
to administer the MWCNTs does not result in a
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Figure 3. Percentage of the administered dose (100%, 10 ug) at various times after lung exposure of mice to "*C MWCNTs in
(a) lung, (b) spleen, and (c) liver; in (b) and (c), the upper panel reports the quantity of MWCNTs in «g/g of tissue; the lower
panel reports % of the injected dose. Data are mean + SEM, n = 4 mice.

homogeneous distribution in the lung. Thus, for this
organ, MWCNTSs were extracted and the radioactivity in
the extracts was counted by the liquid scintillation
method (see Materials and Methods). For spleen and
liver, half of the organ was analyzed by radioimaging
and the other half by liquid scintillation counting,
allowing for comparison of the two procedures. For
an MWCNT quantity up to 5 ng/g of tissue, the two
methods gave similar results with an uncertainty of
+10%. These quantification procedures indicated that
the lung burden on day 1 was about 10 ug of MWCNTSs.
As only half of the administered MWCNTSs were found
in the lung on day 1, it is likely that, in addition to
MWCNT clearance from the lung by mucociliary trans-
port, most probably a significant proportion of the
applied dose has been swallowed, ending up in the
stomach/gastrointestinal tract. The applied dose in the
lung was thus set to 10 u«g (100%), and this value was
used to normalize all data. In month 3 and latter up to
month 12, about 10% of the dose applied remained in
the lung (1 ug) (Figure 3a). On a gram basis, the spleen
accumulated more MWCNTSs than the liver, with 200 ng
and 75 ng of MWCNTSs detected at month 12 in these
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tissues (Figure 3b and c upper), corresponding respec-
tively to 0.2% and 0.75% of the administered dose
(Figure 3b and ¢, bottom). Twelve months postexpo-
sure, substantially less radioactivity was detected in
heart and none was detected in brain and thymus
(Figure S3, Supporting Information).

TEM can be used to visualize CNTs in tissue sections,
but this approach would suffer from the extremely
low concentration of CNTs in the sectioned organs,
as indicated by radioactivity counting. Therefore,
MWCNTs were extracted from tissue samples and
concentrated before TEM imaging. MWCNTs were
successfully isolated from lung 12 months postexpo-
sure and analyzed by TEM, revealing MWCNTSs of various
diameters and lengths (0.2—10 um; Figure 4a,). High-
resolution TEM allowed visualizing the different layers
of CNTs and the determination of their diameters
(Figure 4a, and az). In spleen extracts from animals
12 months after MWCNT exposure, measurements
indicated the presence of particles with a diameter of
40 nm (Figure 4b), similar to the administered bulk
MWCNTs. Black contrast observed inside the hollow
core of nanotubes was attributed to iron-based
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Figure 4. TEM images of "*C-MWCNTSs 12 months postexposure in (a) lung, (b) spleen, and (c) liver at different resolution from
low (subscript 1) to high resolution (subscript 3). In the lung, MWCNTs with different diameters (from 25 to 60 nm) and lengths
(from 300 nm to 1 xm) were observed. In spleen (b), several MWCNTSs with 40 nm diameter were observed, and in the liver (c), a
4 ym length MWCNT was observed. Dashed arrows indicate carbon walls; bold arrows indicate iron clusters.

particles by EDX elemental mapping (Figure 4b,c).
Given the "*C/'2C ratio of approximately 1/17 in these
MW(CNTs, the isolated MWCNTs are necessarily radio-
active nanotubes and accounted thus for the presence
of a radioactive signal in the tissue sections. Long
MWCNTs were found to have translocated, as revealed
by the observation of a nanotube of 4 um length in liver
extracts (Figure 4c). As calculated from the mean mass
of individual MWCNTSs (9 x 10™ '°g) and the percentage
of the injected dose found in organs after 12 months,
each mouse spleen retained about 20 ng and liver
75 ng of CNTs, corresponding to ~2 x 10° and ~8 x
10° of individual nanotubes, respectively.

As mentioned before, part of the MWCNTs have
been cleared by the gastrointestinal tract, so transloca-
tion processes may have taken place across intestinal
barriers. To rule out this possibility, oral ingestion
of MWCNTs through intraesophageal instillation has
been performed, using a higher dose of MWCNTs
(50 ug) to detect low levels of translocation across
the intestinal barriers. After 24 h, 95 £ 15% of ingested
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MWCNT dose was found in the gastrointestinal tract
and feces (Figure S4, Supporting Information). After 4
days, no more radioactivity was evidenced in the
gastrointestinal tract and feces (data not shown). At
the highest scale of sensitivity, no radioactive signal
was observed by radioimaging in spleen and liver
tissue sections 1, 7, and 30 days after MWCNT gavage
(Figure S4, Supporting Information). These observa-
tions are in contrast with the presence of radioactive
signals in spleen and liver tissue sections after lung
exposure to MWCNTSs at a lower dose (10 versus 50 ug).
These results thus validated the proposal that the
translocation observed after lung exposure is due only
to a translocation of MWCNTSs through the air—blood
barrier and not across intestinal barriers. Over the
whole experimental period, the 10% of MWCNTSs re-
maining in the lung should act as a reservoir for the
translocation process to distant organs.

To reach blood and lymph circulation, MWCNTSs
must cross the epithelial layer of the airways or the
alveoli, an event that can be regulated by the relative
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size of the pores at this barrier. The maximum pore
radius estimated for the alveolar epithelium is on the
order of 1 to 5 nm and radii from 7 to 12 nm for
airways.>® However, the occurrence of large-sized
pores (400 nm pores radius) and medium-sized pores
(40 nm) has been suggested, explaining the fast pas-
sage through the alveolar-airway barrier of proteins
with a mean radius greater than 50 nm.*' These pores
may explain the fast translocation to the bloodstream
of spherical gold nanoparticles of 80 nm diameter to
lung-distant organs 1 h after intratracheal instillation.>?
Translocation of MWCNTs at day 1 postexposure may
take place through these functional pores. After these
initial events, at later times postexposure, alteration of
the air—blood barrier may facilitate further passage of
MWCNTs in the blood.

While this paper was in preparation, Mercer et al.
reported translocation of MWCNTs in mice after ex-
posure by inhalation.?® The mice were exposed in a
whole-body inhalation system to a 5 mg/m® MWCNT
aerosol for 5 h/day during 12 days (lung burden
28.1 ug/lung) and were analyzed at only two time
points, 1 and 336 days after the 12-day exposure
period. Although the exposure protocols and the
source of MWCNTSs were very different, both our study
and that by Mercer et al. led to similar qualitative
conclusions: MWCNTs are translocated from the lung
to several distant organs. Nonetheless, differences
between the two studies should be highlighted. In
the study by Mercer et al, the extent of MWCNT
translocation was much lower: they found 0.03% of
the lung burden in the liver on day 336, whereas in our
study after one year almost 0.75% of the dose applied
was observed in the liver. For the spleen, a major site of
accumulation in our study, their results were very
different, as no MWCNTSs were detected in this organ.
As mentioned above, these divergences can be ex-
plained on the basis of the differences between the
MW(CNTSs used in the two studies. In addition the larger
extent of MWCNT translocation to distant organs in our
study could be due to our exposure protocol involving
a bolus injection of MWCNT, resulting in a different
distribution of nanoparticles within the lung, as com-
pared to inhalation. Different routes by which MWCNTs
are transported to distant organs have been discussed
in the paper of Mercer et al, but the exact scenario
cannot be determined with current data. Future ex-
periments will have to determine if CNTSs are traveling
into blood circulation as single particles or by macro-
phage-mediated transport. Analysis of tissue sections
by different imaging methods will be necessary to give
a precise description of the location of MWCNTS in lung
and distant organs. If easily feasible for lung tissues,
these experiments will be much more difficult to per-
form in the spleen and liver given the extremely low
number of MWCNTs in these organs. It is worth noting
that when MWCNTs were iv injected, at day 1 after
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administration, MWCNTs were observed to target pre-
ferentially the liver, then the spleen and to a lesser
extent the lung (Figure S5, Supporting Information).
This biodistribution is different from that reported after
lung exposure (Figure 3c and d). Similar results were
previously reported for other nanoparticles, and to
explain these differences it has been proposed that
the administration mode may determine the content
of proteins at the MWCNT surface and that this “protein
corona” may govern biodistribution.>®

The main focus of our study was not to draw
toxicological conclusions, but to demonstrate that
combining radiolabeling and radioimaging is a feasible
alternative or complementary approach to that used
by Mercer et al.?° Due to the straightforward tissue
handling and biodistribution analysis by quantitative
radioimaging, our approach can be used for follow-up
studies, sampling animals at numerous time points
over a long period, rather than at only two time points
(d 1 and d 336 after 12 days of exposure in the study by
Mercer et al.), and to obtain quantitative data without
laborious work. With some adaptations, to reduce the
amount of MWCNTSs required, study of inhaled radio-
labeled MWCNTs seems possible. Our data confirm
that translocation can be observed even 1 day after
the exposure and, in addition, that accumulation of
MW(CNTs in distant tissues increased for up to one year
after exposure, with no decrease in spleen or liver. It
will be important in future studies to investigate
whether a clearance of these particles after this period
can take place in these distant organs and on what
time scale, or if they persist. The sensitivity of our
approach, 22 MWCNTSs rather than 1 in Mercer's study,
is sufficient to detect a few nanograms of MWCNT in a
whole organ or a few picograms in a tissue section.
Radioimaging at high resolution of spleen tissue sec-
tions revealed preferential localization of the MWCNTSs
in the white pulp (Figure 2f), a key tissue structure for
immune surveillance. It has been reported that expo-
sure of mouse lungs to MWCNTSs can alter the immune
system 30 days postexposure, through molecular sig-
nals from the lung that turn on signals directly in the
spleen.® We reported on the presence of MWCNTS in
spleen on day 1 postexposure (Figure 2e) and their
steady bioaccumulation in this organ up to month 12; it
is therefore possible that the presence of MWCNTSs in
the white pulp of spleen may have a direct role in long-
term immunosuppressive effects.

A similar approach could be used to determine how
the size (length and diameter) of MWCNTSs influences
the efficiency and kinetics of their translocation. Such
experiments could be used to screen many different
MWCNTs, as translocation is rapid and our approach
is sufficiently sensitive to detect early translocation events.
Similarly, for nanomedicine applications, the effect of the
surface chemistry, and particularly its consequences for
translocation properties, could be assessed.? The same
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approach could be applied to graphene, to assess its
suitability for biomedical applications,®* and to other
nanoparticles containing carbon atoms.

CONCLUSION

The present study describes how radioimaging of
tissue sections can be used to rapidly determine the
biodistribution of C-MWCNTs. After pharyngeal as-
piration of "*C-MWCNTSs to mice, a small amount of the

MATERIALS AND METHODS

"4C-Labeled Multiwalled Carbon Nanotube Synthesis. '“Carbon-
labeled carbon nanotubes were synthesized by a chemical
vapor deposition process specifically developed for the use of
4C benzene as carbon source. The standard experimental setup
involves an aerosol generator,>** a quartz reactor placed in a
furnace, and traps for the exhaust gases and was appropriately
modified to be used with small amounts of radioactive liquid
carbon precursor. A mixture of 0.5 mL of '*C-benzene (4.63 GBq/
mmol, radiochemical and chemical purity >99.9%, from Quo-
tient Bioresearch Radiochemicals Ltd.) and 1.5 mL of benzene
(Sigma) containing 4% (w/w) ferrocene was placed in a reservoir
and injected over 18 min as an aerosol carried by argon (argon
flow = 1 L/min) into the quartz reactor in a furnace at 850 °C.
After cooling, the black powder covering the internal surface of
the reactor was collected to obtain 25 mg of carpet pieces in the
isothermal zone of the reactor. These carpet pieces were
analyzed by scanning electron microscopy (SEM) (JEOL 5400)
and transmission electron microscopy (TEM) (Philips CM 30; CEA
Saclay, DEN-LM2E, France) and found to be mainly composed of
vertically aligned MWCNTs, 50 um thick, with almost no by-
products (such as amorphous carbon). From these observations,
iron-based particles were mostly observed at the base and
inside the hollow core of the MWCNTs. Thermogravimetric
analysis (TGA 92-16, 18 SETARAM apparatus) was used to
determine the global iron content in the samples by measuring
the remaining iron oxide weight resulting from the oxidation of
iron during TGA treatment under air. Thermogravimetric anal-
ysis of nonradioactive MWCNT samples (synthesized in similar
conditions to those for the '“C-labeled MWNTSs) under flowing
air at a temperature up to 1000 °C (10 °C min~" heating ramp)
was used to determine the initial iron content of the samples by
measuring the remaining iron oxide weight. The iron concen-
tration was ca. 7.4 wt %. The chemical composition of the
nonradiolabeled MWCNT surface was evaluated by XPS (X-ray-
induced photoelectron spectroscopy) analysis using a Kratos
Analytical Axis Ultra DLD spectrometer with monochromatic
Al Kau X-ray radiation (hv = 1486.6 eV). Quantitative analysis
indicated that the C content was ca. 98.36 at. % and the O
content was ca. 1.64 at. %, with a major contribution of C sp? and
minor contributions of C sp*> and C-OOH groups. Their specific
surface area was 42 + 2 m%/g.

Preparation and Characterization of '“C-MWCNT Suspensions. Two
milligrams of '*C-MWCNT was added to 5 mL of disper-
sion medium (calcium- and magnesium-free phosphate-
buffered saline, pH 7.4, supplemented with 5.5 mM p-glucose,
0.6 mg/mL mouse serum albumin, and 0.01 mg/mL 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine).>® The suspension was dispersed by
high-energy ultrasound (Autotune 750 W, Bioblock Scientific) at
4°Cfor 1 h, in pulsed mode (1 s on, 1 s off, 28% of the maximal
amplitude). This protocol was chosen to adjust MWCNT length
in the final suspension, as high-energy ultrasound treatment
induces CNT breaking. Optical microscopy and high-resolution
TEM were used to characterize the length and diameter dis-
tribution of MWCNTs when suspended in dispersion medium
and their dispersion state. A droplet of the MWCNT suspen-
sion was deposited on a TEM grid, allowed to evaporate for
1 min, and then washed three times with ultrapure water. For
optical microscopy (Olympus BX60 microscope), a droplet of the
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applied MWCNT dose was observed to translocate to
distant organs, showing the capacity of MWCNTs to
cross the air—blood barrier. MWCNTSs were observed to
increasingly accumulate in these peripheral organs
such as spleen and bone marrow over the whole
period of this study, from day 1 to month 12, with no
decrease observed, leading us to conclude that a
biopersistence of these nanoparticles in these second-
ary organs exists.

MWCNT suspension was deposited on a glass slide, allowed to
dry for 5 min, and then protected with a coverslip. The length
and diameter of 150—200 randomly chosen MWCNTs were
measured by both techniques. In addition to individualized
MWCNTs, a few agglomerates of longer nanotubes were ob-
served. Endotoxin concentrations in these samples were below
the threshold of detection, using the Limulus amebocyte lysate
assay (Kinetic-QCL, BioWhittaker).

General Procedure for in Vivo Experiments. Animals. Pathogen-
free, 6-week-old, female Balb/c mice weighing 20 g (Charles
River Laboratories, L'Arbresle, France) were individually housed
in polycarbonate cages in a conventional animal facility and had
access ad libitum to food and drink. The local ethics committee
for animal experimentation approved the experimental protocol.

Dosing and Biodistribution Analyses. Lung Exposure. Seven
groups of mice (n =4) were exposed by pharyngeal aspiration to
20 ug of *C- MWCNTSs (285 x 10 Bq), suspended in disper-
sion medium (50 ul). The suspension was prepared immedi-
ately before administration. Mice were anesthetized with
2% isoflurane and suspended by their upper incisors from a
rubber band on a board inclined at 60°. The tongue was gently
extended and the MWCNT solution (50 ul) was delivered into
the distal part of the oropharynx, such that the liquid was drawn
into the lower respiratory tract by aspiration. Mice were sacri-
ficed 1 and 7 days and 1, 3, 6, 9, and 12 months after lung
exposure to MWCNTs. Blood was collected by exsanguina-
tion; then all organs were collected and immediately frozen
at —80 °C by immersion in a mixture of dry ice and isopentane to
prevent redistribution of the MWCNTs. Half of the analyzed
organs were maintained in mounting medium, and tissue
sections (20 um thick) were cut at —20 °C with a slicing
microtome (LEICA Microsystems, France). The microtome was
carefully cleaned by water—ethanol solution between treat-
ment of each sample to remove any trace of radioactivity and
avoid contamination between different organs. The absence of
radioactive contaminants in the rinsing solution was controlled
by radioimaging of drop samples. The tissue sections were
placed on glass slides and were either stored in a freezer for
optical study or kept at room temperature for 1 day in the
presence of silica gel to ensure complete drying for proper
radioimaging analysis. A high-performance autoradiography
imager (B-imager 2000, Biospace Lab, Paris, France) allowing
real-time radioactive imaging through direct -particle count-
ing and absolute radioactivity quantification®® (detection
threshold of 0.01 cpm/mm? for '*C) was used for quantitative
determination of the radioactivity in dried tissue sections.
Correct calibration of the apparatus was verified between each
sample analysis by counting the radioactivity of a reference
sample (blood with known quantity of '*C-MWCNT). For super-
position of microscope and autoradiographic images, the tissue
sections of interest were analyzed with a u-imager (Biospace
Lab, Paris, France) to determine the tissue distribution of the
radioactivity with a resolution down to 15 um.

Gavage. Three groups of mice (n = 6) were exposed by
gavage to 50 ug of '*C- MWCNTs (714 x 10° Bq), suspended in
dispersion medium (100 uL). After administration of the CNT
suspensions, mice were kept individually in metabolism cages
for separate collection of urine and feces. Feces and urine was
collected each day. Six mice were sacrificed at 1, 7, and 30 days
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after exposure to MWCNTs. Blood was collected by exsanguina-
tion; then all organs were collected and frozen. Tissue sections
were prepared and analyzed by radioimaging. For gastrointest-
inal tract and feces analyses, scintillation liquid counting was
applied to determine the quantity of radioactivity. Organs of the
gastrointestinal tract (esophagus, stomach, small and large
intestine) were solubilized with a ratio of 100 mg of sample to
1 mL of tetramethylammonium hydroxide (TMAH, 25% in H,0O) for
3 hat60 °C and for feces with a ratio of 100 mg of sample to 2 mL
of TMAH. Once the solution became completely clear and homo-
geneous, 10 to 50 uL of sample was added to 5 mL of Ultima Gold
Cocktail from PerkinElmer, and the radioactivity was counted in a
liquid scintillation counter (TRI-CARB 2100TR, Packard).

Intravenous Injection. Mice (n = 4) were exposed by intra-
venous injection to 1 ug of '*C- MWCNTs (14.8 x 10° Bq)
suspended in dispersion medium (50 uL) and sacrificed 4 days
after exposure. Organs were processed and analyzed as de-
scribed for the pharyngeal aspiration study.

Quantification of MWCNTs in Organs. Radioimaging Count-
ing. Fifty tissue sections were used for each organ to ensure
sufficient sampling. These sections were analyzed by radio-
imaging to determine the Bg/per tissue section volume, which
was converted to total radioactivity per organ on the basis of the
total volume of each organ (determined by organ weighing).

Liquid Scintillation Counting. This method involved extract-
ing MWCNTSs from organs and radioactivity counting by liquid
scintillation. The quantitative recovery of the procedure was
first validated by spiking samples of each organ (lung, liver, and
spleen) with a known amount of "*C MWCNTSs and evaluating
recovery. The quantities of MWCNTs for these tests (1 to 20 ng
per 100 mg of spleen and liver and 1 to 20 ug for lung) were
selected according to estimates deduced from the radioima-
ging signals observed in corresponding tissue sections. Samples
of 100 mg of organs containing MWCNTSs were mixed with 1 mL
of TMAH (25 wt % in H,0) for 3 h at 60 °C. Once the solution
became completely clear and homogeneous, 10 uL of sample
was added to 5 mL of Ultima Gold Cocktail from PerkinElmer,
and the radioactivity was counted in a liquid scintillation
counter (TRI-CARB 2100TR, Packard). Extraction was quantita-
tive for each sample, as shown by the slope of 1 when experi-
mental recovered quantities of MWCNTSs were plotted against
theoretical values (S6, Supporting Information). These tests
demonstrated that determination of MWCNT quantity was re-
liable for samples containing 5 to 100 ng of MWCNTSs per 100 mg
of organ. Below 5 ng, only radioimaging allowed satisfactory
analysis of the amounts of MWCNTSs in organs. For liver and
spleen, radioimaging and liquid scintillation methods provided
very similar results, with an uncertainty of +10%. In contrast, for
lung, radioactivity counting systematically gave lower values
than the scintillation method for the amounts of radioactivity
present; this was probably due to the nonhomogeneous dis-
tribution of the labeled MWCNTs.

Thin-Layer Chromatograms. TLC was performed on silica gel
aluminum support (Sigma-Aldrich, 91835-50EA) using chloroform—
ethyl acetate—acetic acid (80/20/1) as migration solvent.

Blood Analysis. Blood samples (whole blood cells included)
were collected from the abdominal aortic vein from each
animal. Aliquots of 1 uL were deposited on glass slides, and
the radioactivity was quantitatively counted by radioimaging
(detection threshold, 0.2 pg/ulL).

Urine Analysis. One day before sacrifice, animals (4 animals/
time point) were housed in metabolic cages for 24 h and urine
was collected. Aliquots of 1 uL of urine were deposited on glass
slides, and the radioactivity was counted by radioimaging.

Histopathology. Animals were healthy during this study,
with normal weight evolution. Five histological sections of
lungs, two sections of liver, and two sections of spleen from
mice at day 30, 180, and 360 after lung exposure were mounted
on glass slides and submitted to a pathologist. The sections
were stained with hematoxylin and eosin. The quality of the
histological sections was considered adequate for the purposes
of the study. There were no treatment-related histological
findings. The microscopic findings were those commonly seen
in the laboratory mouse. There was no evidence of test item
related inflammatory process.
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HRTEM Analyses of MWCNTs Extracted from Organs. Organ extracts
were prepared with TMAH as described above, and the
MWCNTs were concentrated by centrifugation for 2 h at
55000 rpm/186000g in an Optima MAX-XP Ultracentrifuge from
Beckman Coulter. The pellets were suspended in TMAH at 70 °C
and centrifuged again in similar conditions. The pellets were
then washed twice with a denaturating solution of 8 M urea in
100 mM Tris pH 8.5 to remove traces of biological components
and centrifuged again. The supernatant was discarded, and the
solid phase was resuspended in a small volume of the denatur-
ing solution and analyzed by TEM. Radioactivity counting by
radioimaging was used to confirm the presence of MWCNTSs at
each step of the extraction protocol. Aliquots of resuspended
MWCNTs were mounted on copper grids (Formvar 400 Mesh,
ELOISE, France) and dried, and remaining traces of crystallized
urea were sublimated at 180 °C (in an oil bath) under vacuum.
The grids were checked by optical microscopy and radioactivity
counting to verify the presence of MWCNTs. TEM images were
obtained on a Jeol 2200FS microscope working at an accelerat-
ing voltage of 200 keV and equipped with an ultra-high resolu-
tion (UHR) pole-piece, allowing a resolution of 0.19 nm (point to
point) in the HRTEM mode, and with a Gatan US1000 slow-scan
CCD camera and an EDX system.
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