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f the many interesting nanomateri-

als that are being explored in bio-

technology research, carbon nano-
tubes (CNTs) may be the most versatile for
medical applications.”? However, it has
been recently shown that certain formula-
tions of multiwalled carbon nanotubes
(MWNTSs) can induce mesothelioma, a
deadly cancer, in p53= mice following in-
traperitoneal (i.p.) injection® and in Fisher
344 rats, following intrascrotal administra-
tion.* Early lesions, known as granulomas,
observed in mice following the i.p. adminis-
tration of MWNTSs are similar to those that
appear on the outer lining of the lungs af-
ter the inhalation of asbestos.>* These find-
ings, considered specific for this subclass of
long, unfunctionalized MWNTs, are difficult
to extrapolate to other nanotube types.>”
Moreover, MWNTSs have also been dissoci-
ated from carcinogenic potential in a very
recent two-year bioassay study which used
i.p. administration.® Fiber-length and bio-
persistence have been identified as the key
physical properties of MWNTSs that may be
relevant for potential toxicity.” Together
these considerations suggest that short
and/or chemically functionalized CNTs may
be preferred for future biomedical product
development.® In this regard, ultrashort
single-walled carbon nanotubes (US-tubes,
less than 80 nm in length)® derived from
full-length HiPco single-walled carbon nano-
tubes (SWNTs) are of special interest as po-
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ABSTRACT (Carbon nanotube (CNT) materials are of special interest as potential tools for biomedical
applications. However, available toxicological data concerning single-walled carbon nanotubes (SWNTs) and
multiwalled carbon nanotubes (MWNTs) remain contradictory. Here, we compared the effects of SWNTs as a
function of dose, length, and surface chemistry in Swiss mice. Transmission electron microscopy (TEM), Raman,
near-infrared (NIR), and X-ray photoelectron spectroscopies have been used to characterize the tested materials.
The dose of SWNT materials used in this study is considerably higher than that proposed for most biomedical
applications, but it was deemed necessary to administer such large doses to accurately assess the toxicological
impact of the materials. In an acute toxicity test, SWNTs were administered orally at a dose level of 1000 mg/kg
bodyweight (b.w.). Neither death nor growth or behavioral troubles were observed. After intraperitoneal
administration, SWNTs, irrespective of their length or dose (50—1000 mg/kg b.w.), can coalesce inside the body
to form fiberlike structures. When structure lengths exceeded 10 pum, they irremediably induced granuloma
formation. Smaller aggregates did not induce granuloma formation, but they persisted inside cells for up to 5
months after administration. Short (<300 nm) well-individualized SWNTs can escape the reticuloendothelial
system to be excreted through the kidneys and bile ducts. These findings suggest that if the potential of SWNTs
for medical applications is to be realized, they should be engineered into discrete, individual “molecule-like”

species.

KEYWORDS: single-walled carbon nanotubes (SWNTs) - toxicity -
in vivo - granuloma - elimination - transmission electron microscopy (TEM)

tential MRI contrast,'®"" CT contrast,'? and
radiotherapeutic agent materials."'
Available toxicological data concerning
SWNTs, the form of carbon-based nanoma-
terials that has perhaps received the most
attention for its potential applications in
medicine,'? are still fragmentary and sub-
ject to criticism. This is notably due to the
lack of appropriate methods of character-
ization of nanomaterials prior to and after
exposure to living cells or animals, as well as
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TABLE 1. Characterization of the CNT Materials

source

raw SWNTs?

Carbon Nanotechnologies, Inc.

diameter a.1.0 nm
length >1—2 pm
Fe content (from ICP-OES analysis) . 25%

BET surface area (m?/g) (correlation coefficient)® ND
Langmuir surface area (m%g) (correlation coefficient) ND

carbon content (atomic %, n = 3)° ND

oxygen content (atomic %, n = 3)° ND

purified SWNTs

prepared from the raw SWNTs by
a non acidic treatment®®

a.1.0 nm

@.1—2 pm

. < 4%

574 (0.999056)°

870 (0.998647)°

97.85 = 0.05¢

2.85 + 0.05¢

US-tubes

prepared from the raw SWNTs by
fluorination and pyrolysis®

a.1.0 nm

ca.20—80 nm

@. <15%

980 (0.998694)°

1478 (0.999072)°

91.7 £ 0.7

83 0.7

ND = no data. *Data were collected using an Autosorb-3B instruments, Quantachrome Instruments, at 77 K with nitrogen gas as adsorbate. ‘Data from X-ray photoelec-
tron spectroscopy (XPS) analysis. The oxygen spectrum of P-SWNTs is a single peak which falls within the region for the hydroxyl group (binding energy, 531—>533 eV). The
oxygen spectrum of US-tubes showed two peaks with one of them in the —OH (531—533 eV) region whereas the second peak has its maximum intensity (2415 au) at
530.46 eV which is around 1.5 eV lower than that of the — OH peak. The second peak can be attributed to —COOH groups, further corroborating the increased oxygen atomic

9% observed for the US-tubes.

to appropriate exposure protocols.' Initial in vitro stud-
ies showed evidence of cytotoxicity induced by carbon
nanotubes.” According to some authors the toxicity of
carbon nanotubes could be due to their “surface chem-
istry”'® and their degree of aggregation.” In contrast,
other authors observed that chemical functionalization
of different types of carbon nanotubes clearly reduced
their cytotoxic effects.'®'® While some reports on pul-
monary' toxicity showed that SWNTs can also induce
granuloma formation and mutagenesis,® other in vivo
studies showed no sign of toxicity after intravenous (i.v.)
administration of low doses (20—850 wg/kg body-
weight (b.w.)) of these nanomaterials.?’ ~2® Thus, the sys-
temic toxicity as a function of dose, length, and sur-
face chemistry of these materials remains unknown.

In this study, we have designed a protocol to inves-
tigate the acute oral toxicity as well as the acute and
subchronic effects after single bolus i.p. administration
of different doses of well-characterized US-tubes (con-
taining less than 1.5% iron catalyst).” To address the po-
tential effects of nanotube length, surface area, surface
chemistry, and metal catalyst contamination, the effects
of US-tubes were compared to those of two samples
of well-characterized full-length HiPco SWNTSs: raw and
purified (R- and P-SWNTs, up to 2 wm in length and con-
taining ca. 25% and 4% residual iron catalyst by weight,
respectively).?2® In the following report, these three
kinds of carbon nanotube materials collectively will be
referred to as CNTs.

The dose of SWNT material used in this study is con-
siderably higher than that proposed for most biomedi-
cal applications. Obviously, the exposure to such ex-
tremely high doses is unlikely to occur in the clinic or
otherwise, even accidentally. Since low doses showed
no acute toxicity, it was deemed necessary to adminis-
ter much larger doses to accurately assess the toxico-
logical impact of the materials.

RESULTS

CNT Characterization. Table 1 summarizes the com-
plete characterization of the CNTs used in this study.
Compared with R-SWNTs or P-SWNTs, US-tubes have a
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> 50% increase in surface area, presumably due to the
accessibility of the US-tube interior walls. The US-tubes
are 20—80 nm long and have many defects in the side-
walls, a consequence of the chemical cutting proce-
dure.® The US-tube ends and sidewall defects are likely
capped with carboxyl and/or hydroxyl groups, since
X-ray photoelectron spectroscopy (XPS) indicated a
large increase in oxygen content compared to full-
length tubes. Such chemically induced defects are com-
monly used to functionalize SWNTs via an oxidation/
amidation protocol.>® Consequently, the surface
interaction of US-tubes is judged to be considerably
higher than that of the full-length SWNTs. Analysis by
Raman spectroscopy (Figure 1) also indicated signifi-
cant sp® character for the US-tubes compared to
R-SWNTSs or P-SWNTs. The ratio of the tangential mode
intensity (~1590 cm™") to the disorder mode intensity
(~1290 cm™") was 17.15 for the P-SWNT, but only 3.89
for the US-tubes. Additionally, there was a significant
decrease in the radial breathing modes (~230 cm™’) for
the US-tube sample.

Aqueous suspensions of CNTs (20 mL/kg b.w. and
10 mL/kg b.w. for SWNTs) for oral administration were
prepared by alternatively stirring and sonicating (in 15
min intervals, about three times daily) the mixtures in
purified water for 1 month. CNTs for i.p. administration
were suspended in 0.9% aqueous NaCl solution contain-
ing 0.1% Tween 60 (polyoxyethylene sorbitan monostear-
ate, Acros Organics, Noisy-Le-Grand, France) and were
stirred and sonicated for 2 months, until administrable-
sized aggregates were obtained (typically less than 5 um
in diameter). As prolonged stirring/sonication could spon-
taneously modify the surface of CNTs (e.g., hydroxylation
of surface groups),3' Raman spectroscopy was used to
analyze for any possible surface modifications on the sus-
pended tubes due to prolonged sonication and stirring.
Under our conditions, Raman spectroscopy showed no
evidence of surface modification.

Oral Toxicity. CNT aqueous suspensions were adminis-
tered once orally at a dose level of 1000 mg/kg b.w. to
mice. Neither animal death nor behavioral abnormali-
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Figure 1. Raman spectrum of P-SWNTs (middle) and US-tubes (upper). The ratio of the tangential mode intensity (~1590
cm™") to the disorder mode intensity (~1290 cm™") is 17.15 for the P-SWNTSs and 3.89 for the US-tubes, indicative of signifi-
cantly greater sp® carbon character for the US-tubes. The spectrum of R-SWNTs (lower) is similar to that of P-SWNTs.

ties were observed in the control, R-SWNT, P-SWNT, or
US-tube groups. Body weights of the treated animals
were statistically identical to the control group (Figure
2). Compound-colored stool was found at 24 h postad-
ministration in all treated groups. At Dy, irrespective
of the length or of the iron content, the three CNT ma-
terials did not induce any abnormalities in the patho-
logical examination. Thus, under these conditions, the
lowest lethal dose (LD,,) is greater than 1000 mg/kg
b.w. in Swiss mice.

Effects after Intraperitoneal Administration. No spontane-
ous animal death occurred in either experiment, con-
firming that the LDy, is above 1000 mg/kg b.w. in mice
for US-tubes and at least above 500 mg/kg b.w. for
R-SWNTs and P-SWNTs. The growth of all CNT-treated
mice was identical to that of the control group (Figure
2).

Acute Effects. All mice treated with R- and P-SWNTs, ir-
respective of the dose, or with the lowest US-tube doses
(50 and 300 mg/kg b.w.), showed no overt clinical signs
or behavioral trouble. Nevertheless, the mice treated
with the highest dose (1000 mg/kg b.w.) of US-tubes ex-
hibited inactivity, lethargy, and pilo-erection until D1,.

Pathological Examination. After anesthesia and abdomen
incision at D4, several small black deposits of the in-
jected materials were observed on most of the serosal
surfaces of the organs (Figure 3). The organs of all R-
and P-SWNT-treated mice, as well as those treated with
the lowest dose of US-tubes (50 mg/kg b.w.), exhibited
normal morphology (Figure 3b). In contrast, the organs
of the animals treated with the higher US-tube doses
showed different abnormalities as a function of dose.
Most of the mice (4/6) treated with 300 mg/kg b.w. of
US-tubes had adherent liver lobes (Figure 3c). The or-
gans (liver, spleen, stomach, and intestine) of all animals
treated with the highest dose (1000 mg/kg b.w.) were
strongly adherent and covered with several large
clumps of the injected material. In two cases, the depos-
its of the injected material were covered by a thin film
of cell infiltrate (Figure 3d). In contrast to R-and P-SWNT
deposits, which could be easily removed from the or-
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gan surfaces with tweezers, the clumps of US-tubes
could not to be physically removed from the adherent
organ surfaces.

Optical Microscopy. After hematoxylin-eosin staining,
most of the organ sections of the treated animals re-
vealed several foreign-body reactions characterized by
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Figure 2. Animal growth (D = days). (Top) After single-dose oral administra-
tion (1000 mg/kg b.w. of nanotubes). C (control group, white bars), R-SWNT
(raw SWNTSs: black bars), P-SWNT (purified SWNTs, gray bars), and US-tubes
(stripes). (Bottom) After single-dose intraperitoneal administration (300
mg/kg b.w. of nanotubes). The animals of the control groups (C: white) re-
ceived only the vehicle. Mean and standard deviation are represented. No sta-
tistically significant changes were observed between groups.
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Figure 3. Peritoneal cavities of SWNT- and US-tube-treated mice, 14 and 150 days after i.p. injection. At day 14 (D14): (a)
vehicle control; (b) SWNTs (50 mg/kg b.w.) with no obvious changes except black deposits (arrowheads); (c) US-tubes (300
mg/kg b.w.) inducing liver lobe adhesion; however, there were neither fibrinous deposits nor ascite retention; and (d) US-
tubes (1000 mg/kg b.w.) with organ adhesion and a grayish film of cell infiltrate (arrows). At D150 (300 mg/kg b.w.): (e) SWNTs
with no obvious changes except black deposits; and (f) US-tubes inducing liver lobe adhesion and slightly edematous intes-

tinal loops.

multifocal epitheloid granulomatous lesions (Figure 4).
The granulomas observed herein are similar to those al-
ready reported by others for SWNTs, both in lungs'
and in subcutaneous tissues,?? as well as more recently
for MWNTSs.>*8 The severity and the localization of the
granulomatous reactions were dependent on the type
and the dose of the injected material.

In the animals treated with the lowest doses (50
mg/kg b.w.) of R- and P-SWNTs, only one and two out
of six mice of each group, respectively, exhibited very
small granulomas (less than 1 mm in diameter) exclu-
sively located on the liver surface. In the animals treated
with the highest doses (300 and 500 mg/kg b.w.), larger
granulomas (2 to 5 mm in diameter) were observed on
the surface of the organs. In 3 mice out of 12 treated
with 500 mg/kg b.w. (1/6 and 2/6 for R- and P-SWNTs,
respectively), very small granulomas were also observed
inside the liver sinusoids (Figure 4a).

In the animals treated with the US-tubes, the granu-
lomas were located both on the surface and inside the
organs, irrespective of the dose. In the group treated
with the lowest dose (50 mg/kg b.w.), the granulomas
were very small and rare both on and inside the liver si-
nusoids. In the group treated with the median dose
(300 mg/kg b.w.), the granulomas on the surface of the
organs were more numerous and larger, while several
multifocal granulomas were observed inside the livers
and spleens. In this group, US-tube aggregates were fre-
quently observed inside portal lymphatic vessels closely

@NTA!N[() VOL. 4 = NO.3 = KOLOSNJAJ-TABI ET AL.

adjacent to hepatocytes of the limiting plate (Figure
4b). In most cases, the lymphatic vessels were con-
nected to some large granulomas which are likely re-
sulting from the accumulation and self-assembly of the
flowing US-tube aggregates (Figure 4b,c). For the group
treated with the highest dose (1000 mg/kg b.w.), a se-
vere granulomatous reaction was observed inside the
organs (Figure 4d,e). In contrast to the granulomas in-
duced by SWNTs, which could stick out of the organ sur-
faces (Figure 4f), the granulomas induced by the US-
tubes were strongly adherent (Figure 4g). When the
granulomas were located between the liver lobes or be-
tween the organs and the surrounding tissues, they
acted as “glue” leading to adherence (Figure 4d).

The increased interaction of US-tubes with organ
surfaces and their strong adhesion (possibly strength-
ened by some intermolecular hydrogen bonding or
ionic interaction) may be explained by their surface in-
teraction. The adherence of the liver lobes, as well as
the presence of confocal granulomas inside the organs
in the case of US-tubes, may be explained by the rapid
diffusion between the organs and inside the liver of
small aggregates of US-tubes.

TEM. Although the images are not necessarily rep-
resentative of the suspended CNT materials before
administration to mice because of solvent evapora-
tion and subsequent aggregation on the TEM grid,
TEM micrographs show that the SWNT suspensions
used in this study were mainly composed of tangled

www.acsnano.org
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Figure 4. Light micrographs after hematoxylin-eosin staining of spleen and liver sections from mice intraperitoneally in-
jected with a single dose of full-length SWNTSs or US-tubes at 14 days postadministration. The arrows indicate (a) small SWNT
aggregates inside hepatic sinusoids; (b and c) confocal granulomas and the course of US-tube aggregates inside lymphatic
vessels of the liver; (d) a granuloma loaded with US-tube aggregates inducing adherence between the liver (right) and the
surrounding connective tissue (left); () a granuloma loaded with US-tube aggregates inside the spleen; (f) a granuloma with
SWNT aggregates sticking out from the spleen surface; (g) a granuloma with US-tube aggregates strongly adherent to the se-
rosal surface of the spleen; and (h) high magnification of an US-tube-laden foreign-body-giant cell inside a granuloma. (Mag-
nification = 40X for panels a, b, ¢, and f; 10X for panels d, e and g; and 100X for panel h.)

flexible bundles of nanotubes (Figure 5a,b), while short, compact bundles of aggregated US-tubes (Fig-
the US-tube suspensions were mainly composed of  ure 5c¢). However, it is worth noting that the granu-

www.acsnano.org VOL. 4 = NO.3 = 1481-1492 = 2010 A@NM)

11DI1Ld

1485



ARTICLE

1486

Figure 5. TEM micrographs of SWNTs and US-tubes suspended in 0.1% Tween 60, 0.9% NaCl aqueous solution: (a) R-SWNTs
with large amounts of iron catalyst; (b) P-SWNTs (most of iron particles have been removed); (c) US-tubes. While the R-SWNT
and P-SWNT suspensions were mainly composed of well-individualized flexible bundles of SWNTs (a, b), the US-tube suspen-
sions were mainly composed of short, compact bundles of US-tubes that are difficult to disperse even in presence of high
concentration of suspension agent (c). This is probably due to increased interactions between the US-tubes (possibly
strengthened by hydrogen bonding from —OH and /or —COOH substituents). (d—i) TEM micrographs of organ sections of
CNT-treated mice at D,4; the arrows indicate the CNT aggregates: (d) SWNT and (e) US-tube aggregates forming long fiber-
like structures (mostly >10 um) inside multimononucleate giant cells; small CNT aggregates (mostly <2 pm) without
foreign-body-cell reaction inside (f) a liver macrophage, (g) a spleen macrophage, and (h) an Ito cel; (i) very small US-tube ag-

gregates inside a renal tubule epithelial cell. (N = nucleus).

lomas were mainly formed by phagocytic cells and
foreign-body-giant-cells (FBGCs)* loaded with large
CNT aggregates (mostly >10 um length). While the
maximum length of US-tube bundles in the adminis-
tered suspension was less than 300 nm (Figure 5c),
most of the US-tube aggregates inside the granulo-
mas are several micrometers long (>10 wm) and
they exhibit fiberlike structures (Figure 5d). This is
particularly true for SWNT aggregates inside the
granulomas on the organ surfaces (Figure 5e). How-
ever, in contrast to short, compact bundles of US-
tubes, large SWNT bundles cannot diffuse inside the
organs. This explains the scarcity of granulomas in-
side the organs in the case of SWNTs.

The stronger aggregation of the US-tubes, as well
as their increased interactions with organ surfaces may
also explain why toxicological studies previously per-

L ) - - -
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formed with CNTs, purified by a strong acidic treat-
ment, showed harmful effects’® since it is well-known
that strong acidic treatment of R-SWNTSs results in sur-
face modification.?83°

In parallel with granuloma formation, numerous US-
tubes and SWNT aggregates smaller than 2 pm in
length were observed within phagocytic cells of liver
and spleen without subsequent granulomatous reac-
tion (Figure 5f—i). In some cases, small CNT aggregates
were observed inside Ito cells like what occurs for
[60]fullerene.3*3> In very rare cases, small US-tube ag-
gregates were observed inside renal tubule epithelium
cells (Figure 5i). Microscopic examinations of all other
organs (heart, lungs, and brain) did not reveal any de-
posit of the injected material, indicating that under
these conditions most of the injected material was cap-
tured by the liver and spleen.

www.acsnano.org



TABLE 2. Serum Laboratory Values 14 Days and 5 Months after Intraperitoneal Injection of Vehicle (Control), P-SWNTs,

or US-Tubes®

control R-SWNTs P-SWNTs US-tubes
14 Days Postadministration [SWNTs: 500 mg/kg b.w.; US-Tubes (1000 mg/kg b.w.)]
ALT 27 (10) 48 (9) 0.03 28(5)0.26 70(17) 0.02
creatinine 13.7(22) 11.9(2.7) 0.31 12.7(2.8) 0.29 10.2 (2.4) 0.08
5 Months Postadministration (300 mg/kg b.w.)

glucose 6.8(1.7) 7.6 (1.1) 0.40 5.7 (1.4) 0.30
total proteins 44 (1) 42 (2) 0.06 34 (4) 0.00
albumin 23(2) 23(1) 0.61 18(3) 0.018
cholesterol 2.50(0.29) 2.62(0.39) 0.59 2.14(0.63) 0.14
creatinine 15(9) 45 (15) 0.007 17 (10) 0.69
AP 64 (14) 74 (16) 0.34 52(12) 0.06
total bilirubin 3.6(1.7) 4.0 (1.3) 0.69 3.2(0.98) 0.69
ALT 30(10) 21(11) 033 19 (10) 0.15
Na 155 (2) 154 (1) 0.37 155(1) 0.85
a 116 (2) 117 (4) 0.45 120 (4) 0.01
vitamin A 192 (163—223) 279 (245—363) 0.003 255 (218—400) 0.05
vitamin E 1.5(0.8—24) 1.8(1.1-23) 05 1.4(0.4—2.0) 0.85

“Mean values (standard deviation), or median (limits), and p-values as compared to the control group. Units are [U/L (alanine aminotransferase (ALT) and alkaline phos-

phatase (AP)), umol/L (creatinine and total bilirubin), mmol/L (glucose, cholesterol, sodium, chloride), pug/L (vitamin A), mg/L (vitamin E), and g/L (total proteins, albumin).

Biochemical Tests. At D14, circulating alanine aminotrans-
ferase activity (ALT), a classical biochemical marker of
hepatholysis, of the P-SWNT-treated groups (irrespec-
tive of the dose) and of the groups treated with the low-
est doses of R-SWNTs or US-tubes (<1000 mg/kg b.w.)
were not significantly different from the control group
(Table 2). Thus, CNTs have no acute toxic effects on liver
parenchymal cells. The increase of ALT activity ob-
served with the highest dose of R-SWNT (500 mg/kg
b.w., Table 2) can be exclusively attributed to the metal
catalyst. The increase of ALT activity in the case of the
highest dose of US-tubes (1000 mg/kg b.w., Table 2)
may be due to a vessel compression linked to the dif-
fuse patterns of granulomas.

Elimination. After observing that some US-tube aggre-
gates can reach the kidneys, we systematically investi-
gated the presence of CNTs in the excreted urine and
feces. TEM and high-resolution transmission electron
microscopy (HRTEM) analyses of urine and feces
samples from the groups treated with the highest doses
of CNTs indicated the abundant presence of nano-
tubes, mainly SWNTs (Figure 6a). While the TEM im-
ages of urines and feces are all highly suggestive of
CNT structures, they do not provide definitive proof of
CNTs in the samples. To gain additional information, we
have used near-infrared (NIR) fluorescence microscopy
to scan urine samples from SWNT-treated mice (Figure
6g,h). NIR microscopy confirmed the presence of indi-
vidualized SWNTs in the urine samples (Figure 6).
SWNTs were detected in all urine samples of the mice
treated with the highest doses (>300 mg/kg b.w.)
until Dq4. The maximum amount eliminated via the
urine was observed at Ds. For US-tube samples, the ex-
tent of elimination was smaller and the period of elimi-
nation was shorter, ranging from D, to D; after admin-
istration. Although they are shorter, US-tubes were
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eliminated to a lesser extent than SWNTSs. This is likely
due to the rapid aggregation of the short, compact
bundles of US-tubes and their enhanced surface inter-
action, which results in increased interactions with cell
membranes.

When compared to the administered suspensions
(Figure 5) or to the aggregated material observed in-
side the organs (Figure 4 and 5), the SWNTSs eliminated
in the urine were well-dispersed and relatively short
(less than 300 nm in length) (Figure 6a). Thus, although
parts of the administered aggregates were trapped in-
side the granulomas, a large number of short individu-
alized SWNTs managed to reach the circulation, as con-
firmed by NIR microscopy. Indeed, SWNTs do not
fluoresce when they are aggregated.? Similarly, the US-
tubes eliminated in the urine correspond to the frac-
tion of well-dispersed US-tubes present in the adminis-
tered suspensions (Figure 6b). In feces, both well-
dispersed individual and small compact bundles of rela-
tively longer US-tubes were observed (Figure 6d).

Subchronic Effects. Pathological Examination. After abdomen
incision at D;s, all treated mice (300 mg/kg b.w.)
showed persistence of some black deposits. All the
P-SWNT-treated mice exhibited normal organ morphol-
ogy (Figure 3e). In contrast, the lobes of the livers of all
the animals treated with US-tubes were adherent (Fig-
ure 3f).

Microscopy. At D50, microscopic examination of organ
sections of the P-SWNT-treated mice showed normal
features associated with some well-circumscribed
granulomas surrounded by a thin membrane, which
could be easily removed from the organs (Figure 7a).
In two cases out of six, relatively small, well-
circumscribed granulomas were observed inside the or-
gans (Figure 7c). In contrast, the US-tube-treated ani-
mals exhibited large and diffuse granulomas inside
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Figure 6. (a—d) TEM and (e, f) HRTEM micrographs showing CNTs in mouse urine and fecal samples 3 days postadministration.
(a) Urine from P-SWNT treated mice (500 mg/kg b.w.); (b) urine and (c, d) fecal samples from the US-tube treated groups (1000
mg/kg b.w.); (e, f) HRTEM of urine samples (a, b). (g) Urine sample revealing NIR emissive spots, after 785 nm fluorescence exci-
tation and (h) spectra of these emission features similar to that of pristine SWNTs.

1488

both liver and spleen, tightly bound to the surround-
ing tissues (Figure 7b,d). Compared to D14, except for a
slight thickening of the membranes, the granulomas re-
mained unchanged for both kinds of materials. The sur-
rounding tissues remained normal without any signs
of fibrosis or necrosis. In all instances, the granulomas,
irrespective of their localization, only contained phago-
cytic cells and FBGCs, without any evidence of mesothe-
lial lesions. However, it is highly unusual for rodents to
develop mesotheliomas after such a short time
period.3®

Blood Analysis. At D50, blood chemistries of the US-
tube-treated group were within normal ranges and did
not differ significantly from other groups, with the ex-
ception that total protein and albumin levels were
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slightly depressed (Table 2). At the end point, blood
chemistries of the SWNT-treated group were within
normal ranges, except for elevated creatinine levels
which indicated a disturbance of the glomerular filtra-
tion (Table 2). This finding is particularly intriguing be-
cause microscopic examination showed neither granu-
lomas inside the kidneys nor SWNT aggregates inside
the glomerules. While small US-tube aggregates were
observed inside the kidneys of the Gs group (Figure 5i),
the creatinine levels of the mice remained within nor-
mal ranges (Table 2).

In contrast to previous reports, total blood counts
did not differ significantly between groups at the end
of the study. Normal blood counts and the absence of
vitamins E and A deficiency at D;so showed the absence
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Figure 7. Light micrographs after hematoxylin-eosin staining of spleen and liver sections from treated-mice at D150 post-
administration: (a) a representative granuloma sticking out from the liver surface of a SWNT-treated mouse; (b) a granuloma
tightly bonded to the spleen surface of an US-tube treated mouse; (c) a well circumscribed granuloma inside a liver lobe
from a SWNT-treated mouse; (d) a diffuse granuloma inside an hepatic lobe of an US-tube treated mouse. (magnification =

10X) (note the fiberlike structure of CNT aggregates).

of chronic inflammation or oxidative stress (Table 2). Vi-
tamin E deficiency is widely used as a marker of oxida-
tive stress,?” while vitamin A deficiency is frequently as-
sociated with liver fibrosis.3® However, additional
studies with more animals are needed to confirm these
blood-chemistry findings.

DISCUSSION

The results of the present study show, for the first
time, that CNTs, irrespective of length, surface area, sur-
face interaction, or iron content, have no acute oral tox-
icity after single bolus administration of up to 1000
mg/kg b.w. in mice. However, in the case of rodents, at
least one route of administration should ensure full ac-
cess of the unchanged substance to the circulation (Eu-
ropean Medicines Agency, Evaluation of Medicines for
Human Use, 2004). Nevertheless, a test compound
should be administered to animals to identify doses
causing no adverse effects and doses causing major
(life-threatening) toxicity (European Medicines Agency,
Evaluation of Medicines for Human Use, 2004). While
initial in vivo studies?'~2® have shown that the i.v. injec-
tion of low doses of SWNTs (=0.85 mg/kg b.w.) had no
adverse effects, the doses causing major (life-
threatening) toxicity remained unknown.

Because CNTs are insoluble in water, the i.v. admin-
istration of doses equal to or greater than 5 mg/kg b.w.,
which is the beginning dose for drug toxicity studies
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specified by the applied test guideline,* can lead to
mechanical blockage of the vasculature system. To en-
sure access to the circulation for high doses of CNTs, we
i.p. injected the CNTs suspended in a biocompatible
medium. We anticipated that well-individualized nano-
tubes, as well as small aggregates present in the admin-
istered suspensions, should be cleared through lym-
phatics to reach the circulation via the thoracic duct*
and thus target tissues. We have previously used this
route to administer up to 5 g/kg b.w. of [60] fullerene
(Ceo) to mice and rats without evidence of toxicity.3*3*
Tween is widely used as a human medicine biocompat-
ible suspension agent, and we have previously used
this formulation without occurrence of toxicity.3*
Coating the CNTs with a dispersion agent could attenu-
ate the difference in surface interaction between the
three kinds of CNT materials used in this study. On the
other hand, the dispersion agent might be rapidly dis-
placed by blood proteins, as previously observed.?' The
dose of SWNT material used in this study is consider-
ably higher than that proposed for most biomedical
applications.?’ "2 Obviously, the exposure to such ex-
tremely high doses is unlikely to occur in the clinic or
otherwise, even accidentally. Besides, large bolus dos-
ing can overwhelm clearance mechanisms. However,
this approach is the only way to assess the systemic tox-
icity and its underlying mechanism as a function of the
dose of water-insoluble materials such as pristine CNTs.
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Indeed, i.p. administration of high doses of CNTs al-
lowed a large dose of small aggregates and well-
individualized nanotubes to reach the systemic circula-
tion and subsequently tissues (and a variety of cells),
through the lymphatic system, as evidenced by elec-
tron microscopy (Figure 5) and the presence of nano-
tubes in urine and feces (Figure 6).

Carbon nanotube toxicity is likely linked to several
parameters, including catalyst contamination, particle
size, surface area, surface chemistry, and interaction
(also depending on the purification method), and ag-
gregation state.'**! The three kinds of well-
characterized CNTs(Table 1) used herein allowed us to
address the effects of most of these parameters. The re-
sults obtained after i.p. administration show, for the
first time, that high doses of even US-tubes can induce
a granulomatous reaction because small compact
bundles of US-tubes can coalesce inside the body to
form large fiberlike structures. The FBGC reaction ob-
served for US-tubes can be thus explained by the same
frustrated-phagocytosis mechanism observed for long
MWNTSs.3* This mechanism is supported by the observa-
tion that in parallel with granuloma formation, numer-
ous US-tubes and SWNT aggregates smaller than 2 um
in length were observed within parenchymal cells of
liver and spleen without subsequent granulomatous re-
action (Figure 5f—i). This finding also explains why in
previous studies, after i.v. administration of low doses
of SWNTs, granulomatous reactions were not
detected.?'%6

Taken together, these results suggest that the key
physical property of CNTs that may be relevant for po-
tential granuloma induction is not only their length but
also their ability to form fiberlike structures through ag-
gregation. This could explain why the in vivo toxicity of
these materials obeys the fiber-toxicity paradigm.3>1532
Large aggregates of [60]fullerene did not induce granu-
loma formation after i.p. administration to mice and
rats,3*3° as reconfirmed recently.3*2 The difference in
biological behavior between [60]fullerene and SWNT
aggregates can be attributed to the fact that a fullerene
material, a so-called “plastic crystal”, is not rigid and fi-

MATERIALS AND METHODS

Carbon Nanotube Materials: Preparation and Characterization. HiPco-
produced, raw, full-length, SWNTs (R-SWNTs) were obtained
from Carbon Nanotechnologies, Inc. (Houston, TX). As produced,
R-SWNTs have diameters of ca. 1.0 nm and average lengths of
ca. 1—2 pm, though some may be as short as several hundred
nanometers or as long as 4 pm. R-SWNTs contain ca. 25% re-
sidual iron catalyst by weight.

Purification of R-SWNTs was achieved through a nonacidic
(liquid Br,) treatment, thus preserving the integrity of the
P-SWNT sidewall and resulting in less than 4% residual iron cata-
lyst by weight.?® The SWNTs were chemically cut into ultrashort
SWNTs (US-tubes) via fluorination and pyrolysis.” The US-tubes
were then bath-sonicated in concentrated HCl for 30 min, fol-
lowed by filtration and a DI water wash to remove amorphous
carbon and iron catalyst impurities. US-tubes are 20—80 nm in
length with less than 1.5% residual iron catalyst by weight.’
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brous like SWNT materials. Fullerene clusters are formed
by the aggregation of lipophilic molecules, and such ag-
gregates are basically soft and mechanically less ag-
gressive than CNT materials.

Three main conclusions can be drawn concerning
the effects of pristine CNTs after i.p. administration.
The first conclusion is that, irrespective of the adminis-
tered dose (50—1000 mg/kg b.w.), length, or surface in-
teraction of the administered material, large aggre-
gates of CNTs (>10 wm) irremediably induce
granuloma formation. Even when formed by the self-
assembly of US-tubes in situ, such aggregates exhibit fi-
berlike structures sufficiently large to trigger granu-
loma formation likely through a frustrated-
phagocytosis mechanism.” To conclusively determine
whether CNT-induced granuloma formation may result
in tumor formation, we are now studying the effects of
CNTs in Swiss mice for their full lifespan.

The second conclusion (as a corollary to the first) is
that small aggregates of SWNTs (<10 wm) can be en-
gulfed by phagocytes without granuloma formation.
Small aggregates can be taken up by several kinds of
cells with no apparent sign of toxicity. Considered to-
gether with previous findings, showing the persistence
of some PEGylated-SWNTs after i.v. administration of
low doses (850 wg/kg b.w.),?® our results suggest that
exposure to phagocytable-sized CNT aggregates at re-
peated low doses over a long period of time may lead
to a granulomatous reaction through further aggrega-
tion. Thus, a toxicity study at repeated doses should be
performed.

The third and final conclusion is that when CNTs
are well-individualized and sufficiently short (<300
nm), they can be eliminated through the kidney and
bile ducts, which has been previously observed with
functionalized SWNTs?22> but not for the unfunctional-
ized SWNTs.

Finally, our studies suggest that if the potential of
SWNT materials for medical applications is to be real-
ized, they should be engineered into discrete, individual
“molecule-like” species.

Raman and NIR microscopy have been performed as de-
scribed previously.>? Iron content of the CNT samples was de-
termined by inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis. Langmuir surface area (m%g) of the
nanotubes was determined by using an Autosorb-3B instru-
ments (Quantachrome Instruments) at 77 K with nitrogen gas
as adsorbate. Carbon and oxygen content (atomic %, n = 3) were
determined by X-ray photoelectron spectroscopy (XPS) analysis
using a PHI Quantera XPS microprobe.

Preparation of the aqueous suspensions are described in
the Results Section

In vivo Tests. Animals received humane care, and the study pro-
tocols complied with Paris-Sud University guidelines for the care
and use of laboratory animals. Pathogen-free male Swiss mice
(22 = 2 g, Charles River, Arbresle, France) were housed in groups
of three in individual polypropylene metabolic cages enabling
urine and excrement collection at constant temperature (22 °C)
and humidity (60%) and with a 12 h light/dark cycle. The mice
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were fed a standard diet ad libitum. All mice were allowed to ac-
climate to this facility for at least one week before being used
in the experiments.

Oral Toxicity. The oral toxicity study was conducted according
to the European Community’s directive.?® After sterilization by
autoclaving for 2 h at 120 °C, the resulting suspensions (1 mL/20
g b.w.) were administered orally to mice in four fractions over a
period of 4 h using an intubation canula.

A total of 40 pathogen-free male Swiss mice (weighing 20
*+ 2 g) were randomly divided into four groups of 10 mice each.
Groups 1, 2, and 3 received the R-SWNT, P-SWNT and US-tube
suspensions, respectively, and a control group received only the
vehicle. The mice fasted for approximately 4 h prior to oral ad-
ministration. Following the second CNT administration, the ani-
mals were provided with food and water. All animals were ob-
served at 10 and 30 min, and 1, 2, and 4 h postdose on day 0 (Dy).
The animals were then caged in metabolic cages and observed
daily for 14 days, with regular monitoring of body weight.

At the end of the experiment, the animals were sacrificed for
blood and organ collection after sodium pentobarbital
anesthesia.

Intraperitoneal Administration. A total of 78 mice (weighing 20
+ 2 g) were randomly divided into 13 groups of six mice each
(Gy to Gy3). Groups G;—Gg received an i.p. injection of a T mL
single bolus dose of US-tubes (G;—Gs), R-SWNTs (G4—Gg), or
P-SWNTs (G;—Go) at increasing doses (50, 300, and 1000 mg/kg
b.w. for US-tubes and 50, 300, and 500 mg/kg b.w. for SWNTs).
Groups Gyp and Gy, received 1 mL of the vehicle (control groups),
while groups Gy, and Gy; received 1 mL bolus (300 mg/kg b.w.)
of US-tubes and P-SWNTs, respectively. The animals were kept
under observation until D4 for G;—G;o and until D5, for
G11—Gy3, under the same conditions as for the oral toxicity study.

At the end of the experiment, the animals were sacrificed
for blood and organ collection after sodium pentobarbital
anesthesia.

Microscopy. Optical Microscopy. Small, fresh pieces of the stomach,
intestines, lungs, heart, brain, kidneys, spleen, and the right lobe
of livers were fixed with pH 7.4 phosphate-buffered 10% forma-
lin and were processed by embedding in paraffin. Organ histol-
ogy was evaluated using hematoxylin and eosin or Masson's
trichrome staining (Sigma-Aldrich, Steinheim, Germany).

Transmission Electron Microscopy (TEM). All the materials for the
TEM; glutaraldechyde, sodium cacodylate, osmium tetraoxide,
hydroxypropyl methacrylate (HMPA), Epon 812, dodecenyl suc-
cinic anhydride, methyl nadic anhydride, bensyldimethylamine
(BDMA), and microscopy grids) were from EMS (Washington, DC).

Administered Suspensions. TEM samples were prepared by evapo-
rating a drop of the CNT suspension onto a Formvar-carbon-
coated (FC) copper grid. The images are not necessarily repre-
sentative of the suspended CNT species before administration to
mice because of solvent evaporation and subsequent aggrega-
tion on the TEM grid.

Organs. Small pieces (approximately 1 mm?3) of organs (brain,
kidneys, spleen, and the right lobe of livers) were taken from
the animals of each group, rinsed in physiological saline and
fixed in 2% glutaraldehyde and 0.1 M sodium cacodylate buffer,
pH 7.4, postfixed in 1% osmium tetroxide in buffered 0.1 M so-
dium cacodylate, rinsed, and dehydrated in ascending grades of
ethanol and HMPA and embedded in EPON 97% (dodecenyl suc-
cinic anhydride, 22%; methyl nadic anhydride, 30%; Epon 812,
48%) and BDMA 3%. Ultrathin sections (70 nm) were cut with an
Ultra-microtome. The sections were not stained prior to the
observation.

Urine. A 2 mL portion of urine was mixed with 2 mL of 5 M sac-
charose aqueous solution. The mixture was first vortexed for 2
min and then stirred for 12 h. Afterward, the mixture was sub-
jected to alternative sonication (15 min) and vortexing (2 min)
five times. The resulting mixture was then centrifuged at 1000g
for 10 min and the supernatant was recentrifuged at 3000g for
30 min. The pellet was then rinsed twice with distilled water by
alternating redispersion and centrifugation at 3000g for 30 min.
The final pellet was prepared for TEM by redispersion in 200 pL
of water (sonication during 10 min). A 3 p.L portion of the result-
ing suspension was deposed onto an ionized 400 mesh FC-
coated copper grid. After 5 min, the excess of the suspension
was absorbed by a slow filtration filter paper.

Feces. About 0.5 g of feces was rinsed with 2 mL of water and
soaked in 3 mL of water. After adding 10 mL of a 0.1 M Tween

www.acsnano.org

60 aqueous solution, the mixture was homogenized by stirring
in an Ultra Turax. The final mixture was then treated twice by al-
ternating sonication (30 min) and stirring (24 h). After decant-
ing (30 min), the supernatant was further centrifuged at 3000g
for 30 min. The pellet was then rinsed twice with distilled water
by redispersion and centrifugation at 3000g (30 min). The final
pellet was prepared by redispersion in 500 L of water (sonica-
tion during 10 min). A 3 p.L portion of the mixture was deposed
onto an ionized 400 mesh FC-coated copper grid. After 5 min,
the excess of the suspension was absorbed by a slow filtration fil-
ter paper.

NIR Microscopy. The pellets that were prepared for TEM were re-
dispersed in 500 L of water (sonication during 10 min). A 3 uL
portion of the mixture was deposited onto an ionized 400 mesh
Formvar-carbon coated copper grid. After 5 min, the excess of
the suspension was absorbed by a slow filtration filter paper.

Biochemical Tests and Blood Counts. Serum biochemical tests were
performed with a Hitachi 911 analyzer and complete blood
counts with a XS1000i Analyzer (Roche Diagnostics, Meylan,
France).

Statistics. The normality of data distribution was tested by
Shapiro-Wilk test. Data are presented as the mean and standard
deviation in the case of normal distributions or as the median
and the range. Comparisons with control were performed by us-
ing Student test, according to the homogeneity of variances de-
termined by Fisher test, or by Mann—Whitney test. A value of P
< 0.05 was considered statistically significant.
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