Fig. 5.

Systemic distribution of singular fibers. Single micrometer-sized multi-wall carbon nanotube fibers are found in the choroid plexus in (a)

normal lighting and (b) polarized light (in a mouse from the high-dose group sampled on day 168), () lung as an aggiomerate within macro-
phages (polarized light) or (d) as singular fibers (polarized light) and (e) a renal glomerulus (polarized light) (in @ mouse from the high-dose
group sampled on day 197). Fibers were also found in hepatic sinusoids and mesenteric lymph nodes (not shown).

It is noted that the mesotheliomas of the low-dose group
were not accompanied by foreign body granulomas or fibrous
scars. The mesothelial atypical hyperplasia found 1 year after
the i.p. injection in the low-dose group mice were also devoid
of foreign body granulomas and fibrous scars. Instead, these
lesions were backed up by an accumulation of mononuclear
inflammatory cells. The macrophage-like cells in the accumu-
lation, negative to weakly positive for F8/40, were often posi-
tive for singular MWCNT in their cytoplasm. As the
mesothelial atypical hyperplasia is considered as precancerous
lesions, the essential background of mesotheliomagenesis
might be the inflammatory lesions without granulomas and
fibrous scars formed against MWCNT agglomerates. The
mesothelial atypical hyperplasia can be regarded as a lesion
driven by the frustrated phagocytosis against MWCNT.

In general, carcinogenesis is considered a multistage process.
In the case of chemical carcinogens with clear genotoxic prop-
erties, tumor onset occurs significantly earlier at higher
doses. as. 9 Presumably, an increasing number of hits to a tar-
get cell leads to faster progression of the carcinogenic stages.
Here, in contrast, the onset time of the mesotheliomas
was apparently dose independent. Onset estimates calculated
as x-intercepts of logarithmic approx1mat10n( were 126,
146, 148 and 138 days for the previous study data® and the
three doses of the present study, respectively (Fig. S1). Mecha-
nistically, a direct effect to a mesothelial cell, such as muta-
genic or clastogenic effect, would favor a dose-dependent
acceleration of the onset. If the granulomas are an important
promoting factor of mesotheliomagenesis,*> the highest dose
group should have had the earliest onset because the granu-
loma formation can take place within 7 days subsequent to the
i.p. injection.””™ In contrast, the humoral stimuli released from
the nearby macrophages in the condition of frustrated phagocy-
tosis® would match with this finding. As shown in Figures 3
and 4, the reactive mesothelial cells are accompanied by
mononuclear inflammatory cells with MWCNT fibers, but not
by epithelioid cell granulomas or fibrous scars. One could
speculate that each loci of frustrated phagocytosis could con-
tinuously stimulate the nearby mesothelial cells, that is, first to
induce reactive hyperplasia and then as the next step proceed

Takagi et al.

towards mesothelioma. If the dose is the determinant of the
number of such loci within a defined surface area of peritoneal
mesothelial membrane, then it is natural to predict that the ear-
liest day of tumor onset is dose independent, whereas the prob-
ability of tumor onset closer to the earliest day will increase in
a dose-dependent manner.

An additional finding was the distribution of singular fibers
to systemic organs such as the liver, mesenteric lymph nodes,
pulmohilar lymph nodes, choroid plexus of the brain, glome-
ruli of the kidney and lung alveoli (Fig. 5). Because the brain,
including the choroid plexus, lacks afferent lymphatics,!”1® it
is probable that the fibers were distributed systemically via the
blood stream. Its importance to human health could be closely
linked to the systermc distribution of asbestos reported in
humans,®**” that is, a possibility of increasing systemic dis-
eases such as cancer in various organs ® and autoimmune dis-
eases.® In vivo studies on the shorter fractions of MWCNT
for its systemic toxicity would be essential.

It is likely that the peritoneal cavity served as a filter to
segregate large agglomerates from the i.p. injected MWCNT
suspension by the formation of foreign body granulomas and
fibrous scars, leaving singular long MWCNT fibers for meso-
theliomagenesis (frustrated phagocytosis) and short singular
fibers for systemic distribution. The short fibers might have
passed through the stomata (pores) of the mesothelium™®
been transported by macrophages into lymphatics and to the
vascular systems. As a whole, the ip. injection model
appears to be a robust system for the hazard identification of
fiber carcinogenesis of asbestos-like fibrous particulate matter
and of systemic toxicity of fibrous and non-fibrous particulate
matter including nanoparticles that can enter the blood
stream.

In conclusion, pm-MWCNT was mesotheliomagenic in the
p53+/— mouse peritoneal cavity model in a dose- dependent
manner from as low as 3 pg per mouse or approximately 10°
fibers per mouse. Although the molecular mechanisms of fiber
mesotheliomagenesis are unknown, the minute lesions seen in
the lowest dose group and the dose-response characteristics
might be consistent with the concept of frustrated phagocytosis
and also with the observation in human asbestos epidemiology
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that there would be no practical threshold for fiber mesotheli-
omagenesis.
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Multi-walled carbon nanotubes have a fibrous structure similar
to asbestos and induce mesothelioma when injected into the
peritoneal cavity. In the present study, we investigated whether
carbon nanotubes administered into the lung through the tra-
chea induce mesothelial lesions. Male F344 rats were treated
with 0.5 mL of 500 pg/mL suspensions of multi-walled carbon na-
notubes or crocidolite five times over a 9-day period by intrapul-
monary spraying. Pleural cavity lavage fluid, lung and chest wall
were then collected. Multi-walled carbon nanotubes and crocido-
lite were found mainly in alveolar macrophages and mediastinal
lymph nodes. Importantly, the fibers were also found in the cell
pellets of the pleural cavity lavage, mostly in macrophages. Both
multi-walled carbon nanotube and crocidolite treatment induced
hyperplastic proliferative lesions of the visceral mesothelium,
with their proliferating cell nuclear antigen indices approximately
10-fold that of the vehicle control. The hyperplastic lesions were
associated with inflammatory cell infiltration and inflammation-
induced fibrotic lesions of the pleural tissues. The fibers were not
found in the mesothelial proliferative lesions themselves. In the
pleural cavity, abundant inflammatory cell infiltration, mainly
composed of macrophages, was observed. Conditioned cell cul-
ture media of macrophages treated with multi-walled carbon
nanotubes and crocidolite and the supernatants of pleural cavity
lavage fluid from the dosed rats increased mesothelial cell prolif-
eration in vitro, suggesting that mesothelial proliferative lesions
were induced by inflammatory events in the lung and pleural
cavity and likely mediated by macrophages. In conclusion, intra-
pulmonary administration of multi-walled carbon nanotubes, like
asbestos, induced mesothelial proliferation potentially associated
with mesothelioma development. (Cancer Sci 2012; 103: 2045~
2050)

M ulti-walled carbon nanotubes (MWCNT) are structur-
ally composed of cylinders rolled up from several lay-
ers of graphite sheets. They are several to tens of nanometers
in diameter and several to tens of micrometers in length. This
high length to diameter aspect ratio, a characteristic shared
with asbestos fibers, has led to concern that exposure to
MWCNT might cause asbestos-like lung diseases, such as lung
fibrosis, lun% cancer, pleural plaque and malignant
mesothelioma.

Pleural plaque and malignant mesothelioma are characteristic
lesions in asbestos-exposed humans. Although fiber dimensions,
bloper51stence, oxidative stress and inflammation have all been
implicated,”'? the exact mechanisms of pleural pathogenesis

doi: 10.1111/cas.12005
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are unclear. Accordmg to a pathogenesis paradigm suggested by
Donaldson et al.,®) asbestos fibers penetrate into the pleural cav-
ity from the alveoli and deposit in the pleural tissue. Unlike spher-
ical particles, fibrous materials such as asbestos are not cleared
effectively from the pleural cavity, resulting in deposition of the
fibers in the parietal pleura. This deposition, in turn, causes frus-
trated phagocytosis-induced pro-inflammatory, genotoxic and
mitogenic responses in the deposition sites.”

Administration of MWCNT into the peritoneal cavity or
scrotum in animals has been reported to induce mesothehal
lesions, similar to those observed in asbestos cases."*>'> The
induction of mesothelioma in the peritonum is dose dependent,
and is observed with as low as 3 pg/mouse in p53 heterozy-
gous mice."® These studies suggest a potential risk that
inhaled MWCNT might lead to pleural mesothelioma. How-
ever, actual experimental evidence demonstrating induction of
pleural mesothelioma by inhaled MWCNT fibers has not yet
been shown. It has been shown that inhaled MWCNT induced
subpleural fibrosis with macrophage aggregates on the surface
of the visceral pleura.!”’ Notably, some of these macrophages
contained MWCNT fibers. In addition, penetration of MWCNT
administrated b¥ pharyngeal aspiration into the pleural cavity
was observed,"™ and intrapleural injection of 5 pg/mouse of
MWCNT has been shown to lead to sustained inflammation
and length dependent retention of MWCNT in the pleural cav-
ity.C Accordmgly, direct interaction of MWCNT with the
mesothelial tissue is postulated as an early pathogenic event.

In the present study, to examine whether MWCNT translocate
into the pleural cavity and cause inflammation leading to prolifera-
tive change of the mesothelial tissue, we administered relatively
high doses (five doses at 250 pg/rat) of two MWCNT samples
(MWCNT-N and MWCNT-M) to the rat lung by intrapulmonary
spraying (IPS)/intratracheal instillation; crocidolite (CRO; one
kind of asbestos fiber) was used as a positive control. Intrapulmo-
nary spraying has been shown to be an efﬁc:lent method to deliver
particle materials deep into the lung.®®>* Our results demon-
strated that MWCNT, like asbestos, translocated from the lung
into the pleural cavity and induced inflammatory responses in the
pleural cavity and, importantly, hyperplastic visceral mesothelial
proliferation. These findings are important in understanding
whether MWCNT have the potential to cause asbestos-like pleural
lesions.

®To whom correspondence should be addressed.
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Materials and Methods

Animals. Eight-week-old male F344 rats were purchased
from Charles River Japan Inc. (Kanagawa, Japan). The animals
were housed in the Animal Center of Nagoya City University
Medical School and maintained on a 12 h light/12 h dark
cycle, and received Oriental MF basal diet (Oriental Yeast Co.
Ltd, Tokyo, Japan) and water ad libitum. The study was con-
ducted according to the Guidelines for the Care and Use of
Laboratory Animals of Nagoya City University Medical
School and the experimental protocol was approved by the
Institutional Animal Care and Use Committee (H22M-19).

Preparation of MWCNT and CRO suspensions. The MWCNT
investigated were MWOCNT-N (Nikkiso Co., Ltd, Tokyo,
Japan) and MWCNT-7 (Mitsui Chemicals Inc., Tokyo, Japan;
designated as MWCNT-M). Crocidolite (Union for Interna-
tional Cancer Control grade) was from the National Institute
of Health Sciences of Japan stocks. Ten milligrams of
MWCNT-N or MWCNT-M were suspended in 20 mL of sal-
ine containing 0.1% Tween 20 and homogenized for 1 min
four times at 3000 r.p.m. in a Polytron PT1600E benchtop
homogenizer (Kinematika AG, Littau, Switzerland). The sus-
pensions were sonicated for 30 min shortly before use to mini-
mize aggregation. The CRO suspension was prepared
similarly, but without homogenization. The concentration of
the MWCNT and CRO suspensions was 500 pg/mL. The
lengths of MWCNT and CRO in the suspensions were deter-
mined using a digital map meter (Comcureve-9 Junior; Koizumi
Sokki MFG. Co., Ltd, Nigata, Japan) on scanning electron
microscope (SEM) photos. The SEM observation and length dis-
tributions of MWCNT and CRO are shown in Fig. S1A,B. To
count the fiber number, 500 pg/mL suspensions of MWCNT-N,
MWCNT-M and CRO were diluted 1:1000 with deionized water
and 0.5 pL of the diluted suspensions was loaded onto clean
glass slides and dried in a micro oven at 480°C for I min. The
fiber number on the slides was counted under a polarized light
microscope (PLM) (Olympus BXS5IN-31P-O PLM, Tokyo,
Japan) (PLM detects all fibers longer than 200 nm). The results
are shown in Fig. S1C.

Intrapulmonary spraying of MWCNT and CRO into the lung
and pleural cavity lavage (PCL). We used the intrapulmonar
spraying technique that was developed in our laboratory.®®
Briefly, rats were anaesthetized using isoflurane; the mouth
was fully opened with the tongue gently held and the nozzle
of a microsprayer (series 1A-1B Intratracheal Aerosolizer;
Penn-century, Philadelphia, PA, USA) was inserted into the
trachea through the larynx and 0.5 mL suspension was sprayed
into the lungs synchronizing with spontaneous respiratory inha-
lation. We confirmed that the dosed materials were distributed
deep into the lung tissue and reached most of the terminal
alveoli without causing obvious respiratory distress.

Ten-week-old male Fisher 344 rats were divided into four
groups of six animals each and given 0.5 mL of saline con-
taining 0.1% Tween 20 or 500 pg/mL MWCNT-N, MWCNT-
M or CRO suspension by IPS once every other day five times
over a 9-day period. The total amount of fibers administered
was 1.25 mg/rat. Six hours after the last IPS, the rats were
placed under deep isoflurane anesthesia; a small incision was
made in the abdominal wall, the pleural cavity was injected
with 10 mL of ice cold RPMI 1640 through the diaphragm,
and the lavage fluid was collected by syringe. The rats were
then killed by exsanguination from the inferior vena cava and
the major organs, including the lung, chest wall, brain, liver,
kidney, spleen and mediastinal lymph nodes, were fixed in 4%
paraformaldehyde and processed for histological examination.

Analysis of inflammatory reaction in the pleural cavity. Cells
in the lavage fluid were counted using a hemocytometer (Erma
Co., Ltd, Tokyo, Japan), and the cellular fraction was then
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isolated by centrifugation at 200g for 5 min at 4°C. Cell pel-
lets collected from three rats were combined (generating a total
of two cell pellets per group), fixed in 4% paraformaldehyde
and processed for histological examination. Total protein in
the supernatants of each of the lavage fluids was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA) and the supernatants were then concen-
trated by centrifugation in Vivaspin 15 concentrators (Sartorius
Stedium Biotech, Goettingen, Germany) at 1500g for 30 min
at 4°C and used for in vitro cell proliferation assays.

Light microscopy and PLM. Haematoxylin—eosin (H&E)-
stained slides of the lung tissues and cellular pellets of the
PCL were used to observe MWCNT-N, MWCNT-M and CRO
fibers with PLM at x 1000 magnification. The exact localiza-
tion of the illuminated fibers was confirmed in the same H&E-
stained sections after removing the polarizing filter.

Scanning electron microscopy. The H&E-stained slides of the
lung tissue and PCL pellets were immersed in xylene for
3 days to remove the cover glass, then immersed in 100% eth-
ano] for 10 min to remove the xylene and air-dried for 2 h at
room temperature. The slides were then coated with platinum
for viewing using a scanning electronic microscope (SEM)
(Model S-4700 Field Emission SEM; Hitachi High Technolo-
gies Corporation, Tokyo, Japan) at 5-10 kV.

Immunohistochemistry and Azan-Mallory staining. CD68,
proliferating cell nuclear antigen (PCNA) and mesothelin/Erc
were detected using antirat CD68 antibodies (BMA Biomedi-
cals, Augst, Switzerland), anti-PCNA monoclonal antibodies
(Clone PCI10; Dako Japan Inc., Tokyo, Japan) and antirat
C-ERC/mesothelin polyclonal antibodies (Immuno-Biological
Laboratories Co., Ltd, Gunma, Japan). The CD68, PCNA and
C-ERC/mesothelin antibodies were diluted 1:100, 1:200 and
1:1000, respectively, in blocking solution and applied to depa-
raffinized slides. The slides were incubated at 4°C overnight and
then incubated for 1 h with biotinylated species-specific second-
ary antibodies diluted 1:500 (Vector Laboratories, Burlingame,
CA, USA) and visualized using avidin-conjugated horseradish
peroxidase complex (ABC kit; Vector Laboratories). Azan—
Mallory staining was used to visualize collagen fibers.

In vitro exposure and preparation of conditioned macrophage
culture media. The induction and preparation of primary alveo-
lar macrophages (PAM) has been described previously.?*
PAM were seeded into 6 cm culture dishes at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation,
the culture media was refreshed and MWCNT-N, MWCNT-M
or CRO suspensions were added to the cells to a final concen-
tration of 10 pg/mL. The cells were then incubated for another
24 h. The conditioned macrophage culture media was then
collected for in vitro cell proliferation assays.

In vitro cell proliferation assay. Human mesothelioma cells,
TCC-MESO], derived from a patient in the Tochigi Cancer Cen-
ter,® were seeded into 96-well culture plates at 2 x 10° cells
per well in 10% FBS RPMI 1640. After overnight incubation, the
cells were serum-starved for 24 h. The media was changed to
100 pL of the concentrated supernatants of the PCL or condi-
tioned macrophage culture media and incubated for 72 h. The rel-
ative cell number was then determined using the Cell Counting
Kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA)
according to the manufacturer’s instruction.

Statistical analysis. Statistical analysis was performed using
aNovA. The statistical significance was analyzed using a two-
tailed Student’s #-test. A P-value of <0.05 was considered to
be significant.

Results

Translocation of MWCNT and CRO fibers into the pleural cav-
ity. The cell pellets of the PCL were used to examine whether

doi: 10.1111/cas.12005
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the MWCNT or CRO fibers were present in the pleural cavity.
We first screened the H&E-stained PCL cell pellet slides using
PLM. The exact localization of the fibers was confirmed using
SEM of the same slide sections. MWCNT-N, MWCNT-M and
CRO fibers were present in PCL cell pellets, with most of the
fibers in macrophage-like cells (Fig. la—c) with very few fibers
located in the intercellular space or on cell surfaces (data not
shown). Immunohistochemistry with CD68, a macrophage
marker, showed that MWCNT and CRO fibers were mainly
found in macrophages (Fig. 1d.e).

In tissue sections, MWCNT and CRO fibers were mainly
detected in focal granulomatous lesions in the alveoli and in
alveolar macrophages. Fibers were also found in the mediasti-
nal lymph nodes, and a few fibers were detected in liver sinu-
soid cells, blood vessel wall cells in the brain, renal tubular
cells and spleen sinus and macrophages (data not shown). We
detected only a few fibers penetrating directly from the lung to
the pleural cavity through the visceral pleura (Fig. S2) and did
not find any fibers in the parietal pleura.

CRO

MWCNT-N

MWCNT-M

(c)

Fig. 1. Existence of multi-walled carbon nanotubes (MWCNT)-N,
MWCNT-M and crocidolite (CRO) fibers in the cell pellets of the pleu-
ral cavity lavage (PCL). (a) Images of H&E-stained slides of the cell pel-
lets of the PCL treated with MWCNT-N, MWCNT-M and CRO fibers. (b)
Polarized light microscope (PLM) images of the same view areas
shown in (a). (c) Scanning electron microscope observation showed
the existence of the MWCNT and CRO fibers in the cell pellets of the
PCL. (d) CD68 immunostaining of the PCL cell pellet slides. (¢) PLM
observation of the same view areas shown in (d) indicate that MWCNT
and CRO fibers were present in the CD68-positive macrophages.
Arrows indicate MWCNT-N, MWCNT-M and CRO fibers.

Xu et al.

Induction of visceral mesothelial proliferation. Hyperplastic
visceral mesothelial proliferation (HVMP) was clearly
observed in all of the MWCNT and CRO treated groups. The
HVMP lesions were composed of mesothelial cells with cuboi-
dal appearance and increased size and density lining the vis-
ceral pleural tissue. Various degrees of lung inflammation and
fibrous thickening were observed underneath the HVMP
lesions (Fig. 2a, panel A). The PCNA immunostaining showed
proliferating mesothelial cells within the HVMP lesions
(Fig. 2a, panel B). The PCNA indices of the visceral mesothe-
lium were increased approximately 10-fold in all the MWCNT
and CRO treated groups compared with the control group

Panel B

Panel C

Vehicie

MWCNT-N

MWCNT-M

*kE

EEE

i
[

PCNA index (%)
23

4 4
1.10
Vehicle MWCNT-N MWCNT-M CRO
Fig. 2. Induction of visceral mesothelial cell proliferation lesions by

treatment with multi-walled carbon nanotubes (MWCNT)-N, MWCNT-
M or crocidolite (CRO). (a) Serial sections were prepared and stained
with H&E, proliferating cell nuclear antigen (PCNA), Erc¢/mesothelin
and Azan-Mallory's collagen staining. Panel A: increase in enlarged
visceral mesothelial cells with cuboidal shapes in the MWCNT-N,
MWCNT-M and CRO treated groups. Panel B: PCNA-positive cells are
clearly increased in the dosed groups. The inserts are immunostained
with Erdmesothelin and show the lining of the mesothelium. Panel C:
Azan-Mallory’s staining; sub-pleural collagenous fibrosis is present
under the mesothelial cell proliferation lesions. (b) PCNA index,
expressed as the percentage of PCNA-positive cells of the total num-
ber of visceral mesothelial cells per slide. ***P < 0.001.
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(Fig. 2b). Azan—Mallory staining showed increases in collagen
fibers underneath the HVMP lesions (Fig. 2a, panel C). Fibers
were not found within the HVMP lesions themselves. Alveolar
macrophages with phagocytosed MWCNT or CRO fibers were
frequently observed near the HVMP lesions (Fig. S3). Prolifer-
ation and other lesions of the parietal mesothelium were not
observed.

Inflammatory cell infiltration in the pleural cavity. Both
MWCNT and CRO treatment resulted in inflammatory reac-
tions in the pleural cavity. The total number of cells, com-
posed mostly of macrophages, neutrophils and lymphocytes, in
the PCL in the MWCNT and CRO treated groups was signifi-
cantly increased compared with the control group (Fig. 3a). As
can be calculated from Fig. 3(a,b), macrophages accounted for
a large part of the increase of the total cell number in the
PCL, although the number of neutrophils and lymphocytes also
increased. Overall, the proportion of macrophages in the cell
pellets of the PCL was increased, while those of neutrophils
and lymphocytes were decreased (Fig. 3b). MWCNT or CRO
treatment also significantly increased the total protein level in
the PLC (Fig. 3c). The proportion of cells in the PCL pellets

(a) 20
s
5 £ 15 ek
25
22
ﬁ X
g 104
£5 T
w Z
82 5|
e g 7.35
=3
" -

Vehicle MWCNT-N  MWCNT-M CRO

(b) 70

o Macrophage @ Meutrophil & Lymphocyte

o
b
M

£
=
"

g
o

Inftammatory cells (%)
E din
k<3 o

e
k=]
5.

E’ 3
Vehicle MWCNT-M

(c)
& 260
E
s+
== 150
o
e
% g 100
2=
S g 0 120.9
o
gs
& Wehicle MWCNT-N MWCNT-M CRO

Fig. 3. Inflammatory reaction in the pleural cavity. (a) The number
of leukocytes in the pleural cavity lavage (PCL) of rats treated with
multi-walled carbon nanotubes (MWCNT) and crocidolite (CRO). (b)
The proportion of macrophages, neutrophils and lymphocytes in the
cell pellets of the PCL. Total cell number and cell numbers of macro-
phages, neutrophils and lymphocytes in 10 randomly chosen fields
(x400) were counted. (c) Protein concentration in the supernatants of
the PCL. **P < 0.01; ***P < 0.001.
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positive for Mesothelin/Erc, a mesothelial cell marker, was
0.53-1.02%, and no intergroup difference was observed (data
not shown). These data indicate that the increased cell number
in the pleural cavity of the rats treated with MWCNT or CRO
resulted from inflammatory cell effusion, not from mesothelial
cell shedding of the pleural tissue. Many macrophages in the
PCL contained MWCNT or CRO fibers.

Mesothelial cell proliferation assay in vitro. To examine
whether inflammatory reactions, especially those mediated by
macrophages, exert proliferative effects on mesothelial cells,
we examined the effects of conditioned macrophage culture
medium on mesothelial cell proliferation in vitro. The condi-
tioned culture media of macrophages exposed to MWCNT-N,
MWCNT-M or CRO significantly increased the proliferation
of the human mesothelioma cell line TCC-MESO1. The con-
centrated supernatants of the PCL taken from the rats treated
with MWCNT-N, MWCNT-M or CRO exhibited similar
effects (Fig. 4). These results indicate that factors in the PCL,
possibly secreted by alveolar and pleural macrophages, are
able to cause mesothelial cell proliferation.

Discussion

In the present study, we compared the pleural translocation of
MWCNT and CRO and examined the mesothelial lesions they
induced. Our data demonstrate that after deposition in the lung,
MWCNT, like CRO, translocated into the pleural cavity,
mainly in pleural macrophages. Both MWCNT and CRO treat-
ment also caused hyperplastic visceral mesothelial proliferation
and marked pleural inflammation.

This is the first report to show that MWCNT administered
into the rat lung causes mesothelial proliferative lesions. Ad-
amson et al.®® reported that intratracheal instillation of asbes-
tos in mice induced pleural mesothelial cell proliferation
within several days; the degree of pleural mesothelial cell pro-
liferation did not appear to correlate with the localization of
asbestos fibers in the pleura.*” Similarly, we did not find
fibers within the HVMP lesions. Thus, our findings suggest
that HVMP lesions do not appear to be directly induced by the
deposited MWCNT or CRO fibers. Also, in vitro exposure to
MWCNT and CRO fibers did not lead to proliferation of TCC-
MESOI1 cells, but rather to cell death (Fig. S4). It has been
reported that macrophages play a significant role in mesothelial
cell proliferation caused by asbestos exposure and surgical
injury,?*>" and that the conditioned medium of macrophages
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Fig. 4. Effect of conditioned macrophage culture media and the su-

pernatants of the pleural cavity lavage (PCL) on mesothelial cell prolif-
eration in vitro. The conditioned culture media of macrophages
treated with multi-walled carbon nanotubes (MWOCNT)-N, MWCNT-M
or crocidolite (CRO) significantly increased the cell proliferation of
TCC-MESO1. The concentrated supernatants of the PCL from the rats
treated with MWCNT-N, MWCNT-M or CRO had similar effects. n = 6.
**%P < 0.001.
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exposed to MWCNT promotes mesothelial cell proliferation
in vitro.”’ Activated macrophages secrete a panel of growth
factors and cytokines to regulate cell proliferation,- which can
augment transformation of mesothelial cells.?%*%*%3%) Our
observations that mesothelial cell proliferation is enhanced by
conditioned macrophage culture media and by the supernatants
of pleural cavity lavage are consistent with these results,
although the factors that are 1nvolved need to be identified.
Translocation of asbestos®**> and MWCNT!® fibers from
the lung to the pleural cavity has been found in rodents. This
translocation also probably occurs in humans smce asbestos fibers
have been detected in human pleural lesions.®® However, the
mechanism and route of translocation are unclear. It has been sug-
gested that penetration through the visceral pleura, possibly dri-
ven by increased pulmonary interstitial pressure and assisted by
enhanced permeability of the visceral pleura due to asbestos-
induced inflammation might be a major route.®” In the present
study, only a few MWCNT and CRO fibers were observed pene-
trating through the visceral pleura, and a large number of the
fibers in the pleural cavity was observed in macrophages. We also
observed frequent deposition of MWCNT and CRO in the medi-
astinal lymph nodes, mostly phagocytosed by macrophages.
These results suggest that a probable route of translocation of the
fibers is lymphatic flow. Inflammation in the pleural cavity is
probably a defense response against translocated fibers. Murphy
et al."? reported that intrapleural injection of 5 pg/mouse of
long MWCNT or asbestos initiated sustained inflammation,
including increased granulocyte number and protein level, in the
pleural cavity. Thus, the observed proliferation of visceral meso-
thelial cells in the present study is probably caused by inflamma-
tory reactions both in the lung and in the pleural cavity. In the

present study, no MWCNT or crosidolite fibers or lesions were -

observed in the parietal pleura. This is possibly due to the short
experimental period and limited amount of fibers in the pleural
cavity, which would result in little inflammation in the parietal
pleura.

Currently, the exposure level to MWCNT in the workplace is
unknown and there are no administrational regulations for the
occupational exposure limit for MWCNT. In November 2010, the
National Institute of Occupational Safety and Health (NIOSH)
released a non-official carbon nanotube exposure limit for peer
review. The recommended exposure limit in the air was set at
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ABSTRACT - Possible teratogenicity of 3 different asbestos (crocidolite, chrysotile and amosite) was
assessed in CDI(JCR) mice. Dams on day 9 of gestation were given a single intraperitoneal administra-
tion at dose of 40 mg/kg body weight of asbestos suspended in 2% sodium carboxymethyl cellulose solu-
tion in phosphate buffered saline, while dams in the control group were given vehicle (10 ml/kg body
weight). Dams and fetuses were examined on day 18 of gestation. To compare with the control group, the
mean percentage of live fetuses in implantations in the group given crocidolite and the incidence of dams
with early dead fetuses in the groups given chrysotile or amosite were increased. While no external or
skeletal malformation was observed in the control group, the incidence of external malformation (main-
ly reduction deformity of Himb) in the group given amosite, and the incidences of skeletal malformation
(mainly fusion of vertebrae) in the all dosed groups were significantly increased. The result indicated that
asbestos (crocidolite, chrysotile and amosite) have fetotoxicity and teratogenicity in mice.

Key words: Teratogenicity, Asbestos, Crocidolite, Chrysotile, Amosite, Mice

INTRODUCTION

In the 20" century, asbestos had been widely utilized
as a heat-proofing, fire-proofing and insulating material
for inner coating of buildings and ships or in the electrical
products. From late 1960°s, hazards of asbestos became
evident in humans (Selikoff and Hammond, 1968; Sheers
and Templeton, 1968; Knox ef al., 1968) and experimen-
tal animals (Shin and Firminger, 1973; Pott ef al., 1974).
The asbestos exposure induced lung fibrosis, lung can-
cer and, especially, delayed malignant mesothelioma
not only in the workers of industries dealing with asbes-
tos by the occupational exposure but also in the fam-
ily members of such workers by the domestic exposure
(Wasserman ef al., 1980; Miller, 1979). In Japan, the
manufacture of asbestos fibers and of products used
asbestos was prohibited, with some special exceptions,
in 2006 and was completely prohibited in 2011 by the
Ministry of Health, Labor and Welfare of Japan. Howev-
er, the sufferers from asbestosis may increase even in the
future, because the malignant mesothelioma development

by asbestos exposure has a long latency (20-55 years) in
humans. And the great attention should be paid regarding
on hazards of asbestos in the dust that will be released
during the demolition of buildings and ships lined by
asbestos in the past.

Recently, the induction of mesothelioma by multi-wall
carbon nanotubes (MWCNT), a non-mineral asbestos-
like fiber, has been reported in mice (Takagi ef al., 2008)
and rats (Sakamoto ef al., 2009). Since then, the similari-
ty and difference of carcinogenic events induced by those
exogenous fibers have been enthusiastically discussed
(Donaldson et al., 2010; Schinwald ef al., 2012). On
the other hand, during the course of toxicological eval-
uation for MWOCNT, we have revealed the teratogenici-
ty of MWCNT given intraperitoneally or intratracheally
to mice (Fujitani ef a/., 2012). And we are strongly inter-
ested in the possible teratogenicity of other fibrous mate-
rials, especially of asbestos, because the transplacen-
tal transfer of asbestos fibers into embryos were cvident
in humans and experimental animals (Cunningham and
Pontefract, 1974; Haque ef al., 1992, 1998 and 2001;
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Haque and Vrazel, 1998). To the best of our knowl-
edge, there arc no data available so far-in the literature 1o
describe either the presence or absence of the teratogenic-
ity of asbestos. In this context, the present study was car-
ried out to asscss possible teratogenicity of asbestos, cro-
cidolite, chrysotile and amosite, in mice.

MATERIALS AND METHODS

Ethical consideration of the experiment

An experimental protocol was approved by the Experi-
ments Regulation Committee and the Animal Experiment
Committee of the Tokyo Metropolitan Institute of Pub-
lic Health prior to its execution and monitored at every
step during the experimentation for its scientific and ethi-
cal appropriateness, including concern for animal welfare,
with strict obedience to the National Institutes of Health
Guideline for the Care and Use of Laboratory Animals,
Japanese Government Animal Protection and Manage-
ment Law, Japanese Government Notification on Feed-
ing and Safekeeping of Animals and other similar laws,
guidelines, rules es cetera provided domestically and
internationally.

Test chemicals

Crocidolite, chrysotile and amosite (all chemical-
ly pure and pretreated Union Internationale Centre le
Cancer (UICC)). were autoclaved (120°C, 30 min) for
the sterility and were suspended in sterilized 2% sodium
carboxymethyl cellulose (Tokyo Chemical Industry Co.,
11d., Tokyo, Japan) /phosphate buffered saline by vigor-
ous stirring and sonication, to gain the uniform suspen-
sion.

Animals

Specific pathogen free female Crlj: CDI(ICR) mice,
on gestational days 3, 4, 7 or 8 (the day with vaginal plug
at the morning after housing with male was regarded as
day 0), were purchased from Charles River Japan Inc.
(Kanagawa, Japan) and were housed individually in plas-
tic cages with cedar chip bedding and allowed free access
to the standard diet CE2 (Nihon Clea, Inc., Tokyo, Japan)
and water. The animal room was maintained at 23-25°C
with a relative humidity of 30-60%, with 10 ventila-
tions per hour {drawing fresh air through an HEPA-filter,
0.3 um, 99.9% efficiency) and on a 12 hr light/dark cycle.

Experiment

On day 9 of gestation, dams were randomly allocat-
ed to 4 groups by body weights and were given a single
intraperitoneal administration of asbestos at the dose of

Vol. 39 No. 2

40 mg/10 ml/kg body weight. The control mice were giv-
en vehicle. Body weights and food consumptions were
measured daily and clinical observations were record-
ed. Relative food consumptions were calculated by divid-
ing the absolute food consumption by the body weight
(g/kg body weight/day). On day 18 of gestation, dams
were anesthetized by diethyl ether and blood samples
were collected in EDTA2K-anticoagulant tubes from the
femoral vein. The white blood cell counts were exam-
ined by an auto-blood analyzer SYSMEX KX21-NV
(SYSMEX, Kobe, Japan). Blood films were made, stained
by Diff-Quik (SYSMEX) and counted for the subtypes of
white blood cells under the light microscopy. Livers, kid-
neys, spleens and adrenals of dams were weighed. Uteri
were opened, and the numbers and positions of implan-
tation sites, early dead fetuses (defined as a case showing
the implanted site and amorphous mass), late dead fetuses
(defined as a case showing head and limbs) and live fetuses
were examined. The numbers of corpora lutea in ovaries
were also examined. Each live fetus was weighed and
examined for external anomalies. Fetuses, of which inter-
nal organs in the peritoneal and thoracic cavities were
carefully removed, were fixed in 95% ethanol for more
than 1 week, soaked in 0.5% KOH for 24 hr, in 0.002%
Alizarin Red S/ 0.5% KOH for 24 hr, in 0.4% KOH/20%
Gilycerin for 24 hr, in 50% Glycerin for more than 24 hr
and examined for skeletal anomalies.

Statistical analysis

Scheffe’s multiple comparison was applied for body
weight of dam, food consumption of dam, number of
implantations, number of early or late dead fetuses,
number of live fetuses, and mean fetal body weights in
each dam. The incidence of dams with early dead fetus-
es, late dead fetuses or malformed fetuses in dams in the
groups and the incidence of malformed fetuses in the
fetuses in the group were analyzed using the Chi square
test.

RESULT

Dams did not die from the administration of asbestos
in the current experimental conditions. Body weights of
dams on 1 to 2 days after the administration of crosido-
lite, on 1 to 5 days after the administration of chrysotile,
on 1 day after administration of amosite were significant-
ly lower than that of the control group (Fig. 1). Absolute
and relative food consumptions on 1 day after the admin-
istration of crocidolite, chrysotile and amosite were sig-
nificantly lower than that of the control group (data not
shown). Immediately after the administration to about 1
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Fig. 1. Body weight gains of dams.

day after, dams given asbestos scemed less active than
those of the control group. Effects of asbestos on dams are
summarized in Table 1. Liver and spleen weight of dams
in the group given crocidolite or amosite were significant-
ly higher than those of the control group, while weights
of kidneys and adrenals were not changed by administra-
tion of asbestos. The total white blood cell counts and the
nentrocyte counts of dams in the group given crocidolite
or amosite were significantly higher than that of the con-

Table 1. Effects of intraperitoneal dose of asbestos on dams.

trol group. In addition, monocyte counts of dams in the
group given amosite was also significantly higher than
that of the control group.

Pregnant statuses of dams are presented in Table 2.
Most of the mated mice were gestated and had living
fetuses regardless to the administration of asbestos. There
was no statistical difference between control and dosed
groups on the numbers of corpora lutea, implantation
sites, early or late fetal death and live fetuses. However,
the incidence of dams with early dead fetuses in groups
given chrysotile or amosite was significantly increased to
compare with that of the control group. Also, the percent-
age of live fetuses in the implantation sites of the group
given crocidolite was significantly lower than that of the
control group. The incidence of dams with late dead fetus-
es was not changed by administration of asbestos. Body
weight of live fetuses (male and female) was not changed
by administration of asbestos.

Incidences of malformation are presented in Table 3.
The incidences of dams with fetuses having external
malformations and the incidences of fetuses with exter-
nal malformations were both significantly increased in
the group given amosite. Observed external malforma-
tions included cleft face (Fig. 2), reduction deformity of
limb (absence of finger or of forelimb) (Fig. 3), ompha-
locele, absent genital tubercule and absent il (Fig. 4).
Among those malformations, the incidence of the reduc-
tion deformity of limb significantly increased in the group

Control Asbestos dosed (40 makg bow.)
(CMCNa) Crocidolite Chrysotile Amosite
Number of dams g 10 9 10
Body weight (g) on day 9 of gestation 37.48 +2.07 37.89 % 1.06 36.64 % 1.75 37.64 + 1.97
on day 18 of gestation 67.04 & 6.02 3954 £ 8.73 60.02 £ 6.92 65.14 4 823
Organ weight
Liver (2) 3.00+0.24 3.83 & 0.53%== 341+ 0.18 3.90 % 0.32%*
Kidney (mg) 458 + 54 490 = 51 441 + 61 500 + 21
Spleen {mg) 137 4 20 422 & 206%%* 266 + 72 418 & J26%%*
White blood cell count (10%ul)
Total 425% 111 85.5 4 31.4% 74.9 £ 19.5 101.5 & 31.0%%=
Lymphocyte 317+ 88 295+ 101 302+63 280467
Neutrocyte 96+34 479 & 21.7%% 331 +122 64.0 & 25 8FFF
Eosinocyte 0.4+04 3.6+3.0 74265 38+ 2.1
Monocyte 0.84 02 45434 42430 5.6 3 3%

Values are the means + standard deviations for numbers of dams in each group. Asterisks represent that the values are significantly
different from the corresponding control values (¥, ** or **¥ indicating p < 0.05, 0.01 or 0.001, respectively).
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Table 2. Pregnant status of mice given Asbestos intraperitoneally on day 9 of the gestation

Reproductive parameters Control Asbestos dosed (40 mg/kg b.w.)
(CMCNa) Crocidolite Chrysotile Amosite
Females mated? 10 10 10 10
Females gestated® 9 10 9 10
Females with >1 live fetus 9 10 9 10
Corpora lutea/litter” 179+ 1.8 193414 187+ 1.3 185414
Implantations/litter® 14625 14316 14212 149+ 1.4
Death of fetuses™
Number of carly dead fetuses 0.1 %03 S51+55 39£43 3.2+33
% of implantations) (0.9 +2.8) (36.2 £ 38.9) (26.5+ 28.6) (22.0 £ 23.2)
Females with carly dead fetuses/examined 179 5/10 8/9%x 8/10%*
Number of late dead fetuses 0 02404 0 01403
(% of implantations) 0.0y (1.4+3.0) (0.0) (0.7 +2.1)
Females with late dead fetuses/examined 0/9 2/10 0/9 1710
Live fetuses/litter” 14.4£27 92+353 10339 11.6 3.7
(% of implantations) (99 £ 3) (64 + 36%) (74 £ 29) (77 +23)
Body weight of live fetuses ()
Male 1.47 + 0.08 142+ 0,12 1.43 % 0.04 139+ 0.08
Female 1.39 £ 0.08 1.33£0.09 1.35 £ 0.06 1.33£0.08

U Number of animals with vaginal plug.
2 Number of animals with implantation sites.

3 ‘Early’ was defined as a case showing the implanted sites and amorphous mass, while ‘Late’ was defined as a case showing the

head and limbs.
# Values are the means + standard deviations.

The percent resorption (early or late dead fetus) and fetal body weight were obtained by averaging the value for each litter.
Asterisks represent that the values are significantly different from the corresponding control values (¥, ** or *** indicating p < 0.05,

0.01 or 0.001, respectively).

given amosite. One reduction deformity (lack of a finger)
in the group given crocidolite and one open eyelid in the
group given chrysotile were observed but there was no
statistical significance in the increase of those incidences.
The incidences of dams with fetuses having skeletal mal-
formations in the group given chrysotile and amosite were
significantly increased compared with the control group.
The incidences of fetuses with skeletal malformations in
the all groups given asbestos were significantly increased
compared with that of the control group. Among the
observed skeletal malformations, the incidence of fusion
of vertebral bodies and arches (Fig. 5) in the all groups
given asbestos were significantly increased. Also, the
incidence of reduction deformity of limb (abscnce of fin-
ger bones, absence of arm bone and so on) in the group
given amosite was statistically significant.

Vol. 39 No. 2

DISCUSSION

The intraperitoneal administration of crocidolite, chry-
sotile and amosite had teratogenic effects in mice. We
conducted the experiment of administration in intraperi-
toneal cavity to avoid the stress to the dam in the intrat-
racheal administration. However, the fact that intraperito-
neal administration of MWCNT had equal teratogenicity
to that of the intratracheal administration (Fujitani ef al.,
2012) led to the potential teratogenicity of those asbestos
in the intratracheal exposure. The dose level in the present
experiment on asbestos was over 10-fold higher compared
with that on MWCNT (Fujitani ef a/., 2012) as based on
the weight of substance tested. The asbestos are miner-
al fibers having density at 2.4 10 3.25 g/cm?. In contrast,
MWCOCNT, having inner diameter of 2-10 nm as a cylin-
der form of graphene sheet having vacant inner space, has
a bulk density at 0.14 to 0.28 g/cm?®. So, the bulk of 4 mg
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Table 3. Incidences of malformations in mice given asbestos on day 9 of sestation

Control Asbestos dosed (40 mg/kg bow.)
(CMCNa) Crocidolite Chrysotile Amosite
External malformation
Number of litters with malformed fetus/examined (percentages in the parentheses)
0/9 () 1710 (10) 19U 4/10 (40y*
Percent incidence of malformations? 0 20463 09«28 41455
Numbers of malformed fetuses/examined 0/130 1/92 1/93 5/116%
Numbers of fetuses with
open eyelid 0 0 1 0
cleft face 1] 0 0 1
reduction deformity of limb 0 i 0 4%
omphalocele 0 0 0 I
absent genital tuberele 0 0 0 1
absent tail 0 0 0 1
Skeletal malformation
Number of litters with malformed fetuses/examined (percentages in the parentheses)
0/9 (0) 310 GO 4/9 (44 7410 (70y**
Percent ineidence of malformations® 0 74+ 12.0 11.2% 18.1 105+ 8.6
Numbers of malformed fetuses/examined /130 6/92%* 5/93%* 13/116%%*
Numbers of fetuses with
gnatho-dysplasia 0 0 0 1
fusion of vertebral body and arch 0 SE% Sk gxx
fusion of rib 0 2 1 1
reduction deformity of limb 0 1 0 6¥*
kinked or absent tail 0 ¢ 2 1

# Values are the means + standard deviations obtained by averaging the value for each dam.
Asterisks represent that the values are significantly different from the corresponding control values (¥, ** or #*¥ indicating p < 0.05,

0.01 or 0.001, respectively).

MWCNT was shown to be equal to the bulk of 40 mg
asbestos fibers (Fig. 6). In the preliminary study on ter-
atogenicity of asbestos, we did not observe any adverse
effects of asbestos on dam and fetus in the dose level of
4 mg/kg body weight and the bulk of 4 mg of asbestos
seems very little to compare with the 4 mg MWCNT (Fig.
7). The detailed dose-dependent profile of the teratogenic-
ity of asbestos is now being assessed in our laboratories.
Winkler and Riittner (1982) reported that numer-
ous phagocytes were mobilized on the surface of the
mesenteric tissue to engulf asbestos fibers given intra-
peritoneal cavity within 24 hr. We observed the gray-
ish-colored and/or swollen lymph nodes beside the thy-
mus in thoracic cavity of dams given asbestos (data not
shown) in the same way observed in dams given MWC-

NT. It is thus likely to speculate that intraperitoneally
administered asbestos fibers in the present study might at
least partly be carried by lymphatic or blood flow from
peritoneal cavity. Some literature indicates that trans-
placental distribution of asbestos from dam to fetus
(Cunnibgham and Pontecraft, 1974; Haque ef al., 1992,
1998 and 2001; Haque and Vrazel 1998). So, asbes-
tos fibers might penetrate past the placenta to embry-
os in the present study. As asbestos have cytotoxicity
(Lipkin, 1980; Lock and Chamberlain, 1983) and genoto-
xicity (Libbus e al., 1989; Marczynski et al., 1994; Dopp
et al., 1997, Dopp and Schiffimann, 1998) on mammalian
cells, rapidly proliferating embryonic cells may become
an essential target of the asbestos toxicity. The result that
the administration of chrysotile and amosite increased the

Vol. 39 No. 2
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Fig. 2. Cleft face and reduction deformity of right forelimb

shown in a fetus of the group given amosite.

Fig. 3. Reduction deformity of right and left forelimbs shown
in a fetus of the group given amosite.

incidence of dams with carly dead fetus and the admin-
istration of crosidolite decreased the percentages of
live fetuses in the implantation sites indicated the lethal
damage(s) by asbestos on whole embryos. And, in the
surviving fetuses, external and/or skeletal malformations
were evident in the groups given asbestos. Gestational
day 9 is the specific narrow window to cause the reduc-
tion deformity of limbs and tail in fetuses of mice giv-
en teratogenic chemicals (Ogata ef al., 1984). Although
asbestos fibers were still observed macroscopically in

Vol. 39 No. 2

Fig. 4. Absence of tail shown in a fetus of the group given

amosite.

Fusion of vertebrac and ribs shown in a fetus of the
group given crocidolite.

Fig. 5.

the peritoneal cavity on day 18 of gestation, the adverse
effect of asbestos on fetuses appeared to be restricted in
the early stage of the organogenesis period, because late
fetal death and weight of fetuses were not changed in the
groups given asbestos. Another possible pathogenesis of
exogenous fibers may be immuno-modulating and inflam-

" matory effects. Pleural inflammation was targeted regard-

ing on induction of mesothelioma by carbon nanotubes
(Murphy et al., 2012) and asbestos (Schinwald ef a/.,
2012). Yamaguchi ef al. (2012) reported the stimulated
immune and inflammatory responses from 1 to 20 weeks
after intraperitoneal administration of MWCNT in female
mice. In that study, effects of crocidolite were also exam-
ined to compare with those of MWCNT and the admin-
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Fig. 6. Macroscopic appearance of Asbestos (40 mg) and
MWOCNT (4 mg).

Fig. 7. Macroscopic appearance of Asbestos (4 mg) and
MWCNT (4 mg).

istration of crocidolite fibers significantly increased the
white blood cell counts, granulocyte counts and monocy-
to counts in peripheral blood at 1 week after the admin-
istration. In the present study, white blood cell counts
were tended to increase in all the groups given asbestos,
even though statistical significance was not apparent in
the group given chrysotile. And the result of the present
study indicated that the increase of white blood cell
counts in dosed groups were due to the increase of neu-
trocyte counts. There was a tendency (0 increase cosino-
cyte counts and monocyte counts in the dosed groups but
statistical significance was evident only in the monocyte
counts in the amosite group. So, most striking change in
white blood cell counts of dam given asbestos was the
increase of neutrocytes. The relation between the immu-
nological changes in dam and the defects of embryonal

development is unclear at present. However, the splenom-
cgaly shown in dams given asbestos in the present study
and MWONT (Fujitani ef al., 2012) indicated the distur-
bance of immunological and/or hematological system(s)
in those dams. We weighed the main organ weight (liv-
er, kidney and spleen) to monitor the general damages in
dams given asbestos. The increase of liver weight, having
significance in the groups given crocidolite and amosite
or tendency in the group given chrysotile, possibly indi-
cated acute effects on the liver by asbestos. The patholog-
ical examination on livers and spleens of those dams is
under progress in our laboratory.

Further study might be required, including experiments
by other administration routes, for example, intratracheal
or oral which may be valuable to clarify the non-hazard-
ous dose of teratogenic effects of asbestos in humans.
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Synthesis of fullerene nanofibers by liquid-liquid interfacial
precipitation method and their growth mechanism

Various forms of fullerene nanofibers have been synthesized since the discovery of C¢ nanowhiskers
(CeoNWs) in 2001. Among them, CeN'Ws have been most minutely investigated for their physicochemical
properties and applications for transistors and sensors. In 2011, we succeeded in the synthesis of
superconducting CeoNWs by doping potassium. The investigation of growth mechanism is a key theme for
the practical applications of fullerene nanofibers including the superconductivity. This paper reviews the
recent growth study of C¢oNWs and discusses the growth mechanism of CeoNWs.
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Fig.1. Fullerene nanofibers synthesized till today.
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Table.1. Combinations of good solvents and poor
solvents used for the synthesis of various fullerene
nanofibers.

Fullerene Good
Poor solvent

nanofibers solvent

toluene | IPAJ3,8, 43]
Cgo nanowhisker benzene | IPA[25,26,27]

m-xylene | IPA[28]

. toluene IPA[29]

C7 nanowhisker mxylene | IPA[28]

pyridine | IPA[30]
C nanotube pyridine | isobutyl alcohol

[31]
.o IPA[32,33,34,35,

Cso(nano)tube pyridine 43]

benzene | 1-butanol [36]
Ceso-Cro
two-component pyridine | IPA[30]
nanotube
CaolCCOOCHsR] | | rene IPA[37]
nanowhisker
ScsN@Cso toluene,
nanowhisker CS, IPA38]
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Fig.2. (a) Optical micrograph of as-prepared
CgNTs and (b) magnified image of the CgNTs.
(c)Cross-sectional TEM (200 kV) image for the
CeoNTs. Reprinted with permission from [35].

Fig2 i, Coo B THBRBPLERT F—1L
+/ 77/(/§_=C60 + 7 '3::1“—‘7(06()NT)®
BRBITH D, Fig2)DWEEiREFEYSE
& (Wi TEM ) (TR 3 K 512, CeoNT Dt
EERIIEE LTARAETH D SMER 300nm
D CeoNT D RERIZEL 10nm 2254 150nm &
DRBENTNB LS THEND, TOPLER
K2 e E A RESED - L NTRETH S,

Fig. 2@)TF T &L 2T, CeofBRIE Y O L IR
& IPA DHABIZ L D, CoNT (38 mm Bl LD
RIZESTRET 5, Fig2)IZr™"dT & 21z,
CoNT LRGP TS Z &< BVWE
BHEZFESTHEELTWS,

Ceo B0l V= /TPA DFTIE, CeoNW D
BROERIE R AVF—L 52.8 kI/mol Téh -
72[39], TDMEIX. A=V ETFER=FUA
BABETIZEIT 5 ConiBoFEEL 2L
F—13.1 kifmol {ZH~_TH 4 RE W, EHED
HBISE LV, CoNW REOBE W EM LT
FNF—E, K& R RBERN T XX — S S%E
RI=DTHD LHEREND,

LLIP i3, — R mEERE, +oEx
BEL7S— VB ERESEDHIEBE
W — e R mAT . Static LLIP 35) &, #—i#&
FEZERE. BEERN. 2R IBREOER
HERSECIVERNNCRAEZIALTTZS—
LR DBAER AR SR BHFEERK
— IR R EHT I, Modified LLIP ¥£)728 & 5 [40],

Coo BERIA Z X U VIR L BB —RAE

BIZE D, RERIC CoNW B ED X S IZRE
TEPERELE, SCL 10°CDEETIL, &
— IR EERKE 5 BRERBT S & REINH
Rt A ENBREIN, REHEE 1~100
H& LT CoNW DEHEOEER~- L&
A, BREIIERICEMT 50Tk, #BiEE
BORLENLEMT B EBHLMIR-
e

Fig3 IX, ARIREDN 5C& 10CIizBIT 5
CooNW DEHROEILEZERAKOERKE L
Ty PLELDTH B[4, WTHORY,
FBAIZE~T2 BERREAELRY. 388
TR ARY, LIEbLEBTH LER
HEVI LS BRIOEREBRYIEL SO
BLTIAKEI>TERLTEY., CoNW DFR
RS BRREBHTHERYE LN SETTS
ZERSMB, £, SCOBRAITH~T 20C
DEREBDORERERKENT LB 5B,
ERBENRBEVISREERENRE N LT,
CeoNW £F0 P VT U FIR & TPA 2 W -ER
BN THRED SR TN H([39],

CeoNW DRI, BE & EORF oz,
BEMR E Kb RESEETHZ LBHS
A1 T2[40, 42], Ce fFN ML B L
IPA DFRIZEBNT, IPAICTRINT B KOES,
2.5mass% E COEHMBTHMIES L, #NE

“1(a)

204

y=10.35log(x}+11.4

80 4

length (m)
s

$

1 T 3 45678M0 26 B 2 100
growth period (days)

™1 (b) y=21.6log()+5.4

8
:

3

length (um)
s

; 2 3 45 87Q9|'(3 . 2 2 & I:ﬁ
growth period (days)

Fig.3. The length of CsNWs plotted as a function

of growth period. The growth temperature is (a) 5

°C and (b) 20 °C, respectively. Reprinted with

permission from [41].
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