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Carbon Nanotubes Induce Bone Calcification by
Bidirectional Interaction with Osteoblasts
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Carbon nanotubes (CNTs)M are a relatively new structural
and conductive material that is under development in various
fields.>% In the field of medicine, the development and utili-
zation of new biomaterials based on CNTs to aid treatment
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and diagnosis is an area of active research. Much research
is now underway to use CNTs for the treatment of cancer by
using them as drug delivery systems and to image cancer cells
in vivo.”-'l Researchers are also using CNTs in implanted
prostheses by combining them with existing biomaterials
and thereby improve their mechanical strength and endur-
ance.l'213] Furthermore, much attention is being focused on
the use of CNTs as scaffolds for regenerative medicine, an area
that has seen rapid developments in recent years.*8 [n par-
ticular, researchers have used CNTs to facilitate bone tissue
regeneration.

In 2008, we reported for the first time that bone formation
was promoted by using CNT-combined scaffolds in experiments
to regenerate bone tissue in vivo.'] Since then, other research
teams have shown similar results, confirming the validity of
our approach. Some research teams have also shown that CNTs
promote osteoblast function both in vitro and in vivo.20-24
Based on these findings, CNTs exert their bioactivities, at least
in part, via bone tissue and osteoblasts. However, the mecha-
nisms underlying these effects of CNTs on bone tissue regen-
eration are unknown because, while the phenomenon has been
reported, no studies have attempted to determine the mecha-
nisms involved. Therefore, the aim of this study was to inves-
tigate the mechanisms by which CNTs promote bone forma-
tion. Here, we focused on their unique effects on calcification
by osteoblasts and identified bidirectional interactions between
CNTs and cells.

We first investigated the effect of CNTs on calcification of
bone tissue in an experiment to test bone formation in vivo.
Multi-walled (MW) CNTs with a mean diameter and length of
80 nm and 10 pm, respectively, were used in this experiment.
Pellets were created by combining 2 mg of type I atelocollagen
with 500 pg of MWCNTs and then mixing it with 5 ug of recom-
binant human bone morphogenetic protein-2 (thBMP-2). As a
control, pellets were also created by mixing MWCNT-free col-
lagen with the same amount of thBMP-2. To test ectopic bone
formation, a pocket was made beneath the back muscle fascia
of 6-week-old male ddY mice, and a MWCNT or control pellet
was implanted into the pocket. The mice underwent micro-
computed tomography (1-CT) on Day 10 after implantation, at
which time calcification has started to occur in the first stage of
ectopic bone formation, and on Day 21, at which time calcifica-
tion is near complete.?”! On Day 10, slight bone formation was
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Figure 1. MWCNTs promote calcification during rhBMP-2-induced ectopic bone formation in mice. a) Pellets were created by combining 2 mg of type
| atelocollagen with 500 pig of MWCNTs or MWCNT-free collagen, followed by mixing with 5 g of rhBMP-2. The pellets were then implanted in a back
muscle pocket in ddY mice. The mice underwent -CT on Days 10 and 21 after implantation. On Day 10, some bone had formed in both groups of
mice, but there was no difference in the extent of calcification between the two groups. By contrast, on Day 21, greater bone formation was detected in
the MWCNT group than in the control group. Scale bars, 2 mm. b) 3D morphometric analysis of u-CT images was performed to determine the bone
volume (BY, mm?), tissue volume (TV, mm?), and trabecular thickness (Tb.Th, tm) on Days 10 and 21. The increments in three parameters (BV, BV/
TV and Tb.Th) were significantly greater in the MWCNT group than in the control group. #P < 0.05, *#P < 0.01 compared with control. Error bars are
standard deviation (s.d.) In the histological images acquired on Day 21, better new bone formation was observed in the MWCNT group than in the
control group. In the MWCNT group, MWCNT particles (blue arrows) were incorporated into new bone trabeculae. Haematoxylin and eosin staining.
Scale bars: 50 um. d) The body weight of mice was measured at implantation, and at Days 10 and 21. There was no difference between the MWCNT
and control groups in terms of changes in body weight at either Day 10 or 21 relative to that at implantation. Error bars are s.d.

observed in both groups of mice and there was no difference  volume (TV) and trabecular thickness (Tb.Th) on Days 10 and
between the groups. On Day 21, p-CT showed that bone forma-  21. The increments in three parameters (BV, BV/TV and Tb.Th)
tion was significantly greater in the MWCNT group than in the ~ were significantly greater in the MWCNT group than in the
control group (Figure 1a). control group (Figure 1b). In the histological images acquired

Three-dimensional morphometric analysis of the p-CT  on Day 21, new bone tissues consisted of normal-appearing
images was performed to determine bone volume (BV), tissue  trabeculae and haematopoietic marrow in both groups, but
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better bone formation was observed in the MWCNT group
than in the control group. In addition, the MWCNT particles
were incorporated entirely into new bones, directly contacting
the bone matrix in trabeculae (Figure 1c). There was no differ-
ence between the two groups of mice with respect to changes in
body weight during the experimental period (Figure 1d). These
results suggest that MWCNTs promote calcification during
ectopic bone formation induced by rhBMP-2.

To elucidate the mechanism by which MWCNTs promote
calcification in vivo, we examined the effects of MWCNTs on
calcification by osteoblasts in vitro. Osteoblast-like stromal cells
were collected from the calvaria of 1-day-old mice and cultured.
After 2 days of culture, MWCNTs were added at concentrations
of 0.5, 5 or 50 pig mL™L. The cells were cultured for 3 weeks and
then stained with alizarin red S (alizarin). As a comparator, cells
were treated with 0.5, 5 or 50 pug mL™ of conventional carbon
black (CB), carbon nanoparticles with a mean diameter of
80 nm. To disperse the MWCNT or CB particles, carboxymeth-
ylcellulose (CMC) was added at a concentration (2 ug mL™Y),
which did not affect cell viability (data not shown). A culture
medium without carbon particles but containing CMC was
used as a control. After cell culture for 3 weeks, the degree of
calcification was negligible in both the control and CB-treated
groups, but was much higher in the 50 g mL~' MWCNT group.
When cells were cultured for 6 weeks and stained with alizarin,
calcification was observed in the control and CB groups, but
the degree of calcification was higher in the MWCNT groups
(Figure 2a).

When alizarin staining was quantified using imaging soft-
ware, the area of calcification was significantly greater in the
50 ug mL! MWCNT group than in the CB groups at Week 3.
In addition, the area of calcification increased in a concentra-
tion-dependent manner in both the MWCNT and CB groups
at Week 6. At this point, the area of calcification was signifi-
cantly greater in the 50 g mL™' MWCNT group than in the CB
groups (Figure 2b).

In the MWCNT-treated groups, scanning electron micros-
copy (SEM) showed the presence of small nodules and spherical
crystals around the MWCNTs that were located near osteoblasts
(Figure 2c). Transmission electron microscopy (TEM) showed
that needle-like crystals had precipitated around the MWCNTs.
Electron energy loss spectroscopy (EELS) showed the needle-
like crystals contained abundant calcium. The diffraction pat-
tern and its intensity profile in the area containing only needle-
like crystals without the MWCNTs were almost consistent with
the known peak of hydroxyapatite (HA), showing that the cal-
cified substance stained with alizarin was almost identical to
HA crystals (Figure 2d). Thus, MWCNTs promoted calcification
caused by HA formation in the presence of osteoblasts.

To test whether the calcification associated with MWCNTs
was dependent on osteoblasts, culture media containing
MWCNTs and CB but not osteoblasts were stained with alizarin
after incubation for 3 and 6 weeks, as described above. In this
experiment, no calcification was observed in any of the groups
(Figure 2e), indicating that the calcification-promoting effects
of MWCNTs required osteoblasts and that HA was not crystal-
lized by MWCNTS in the absence of osteoblasts.

Next, we investigated the effects of MWCNTs on osteoblast
proliferation and differentiation. Osteoblasts were incubated

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with 50 pg mL™! MWCNTs or CB for up to 8 days and prolifera-
tive activity was determined at 1, 3, 5, and 8 days by the Alamar
Blue assay. There were no differences between the MWCNT or
CB group and the control group, confirming that MWCNTs did
not influence the proliferation of osteoblasts (Figure 3a).

The effects of MWCNTs on the differentiation of osteoblast-
like stromal cells to mature osteoblasts were also investigated.
Primary cultured osteoblast-like stromal cells were incubated
with 50 g mL~! of MWCNTs or CB. After 1 and 5 days, total RNA
was extracted and the mRNA expression of two phenotypic oste-
oblast markers, osteocalcin (a bone matrix protein) and Runx 2
(an essential transcription factor for osteoblast differentia-
tion),25-28] was quantified by real-time RT-PCR. The expression
of Runx 2, an early marker of differentiation, was measured on
Day 1, and that of osteocalcin, a late marker of differentiation,
was measured on Day 5. The expression of Runx 2 tended to
be higher in the MWCNT group than in the control and CB
groups, although these differences were not statistically signifi-
cant. The expression of osteocalcin was significantly higher in the
MWCNT group than in the control and CB groups (Figure 3b).
Based on these findings, MWCNTs affected osteoblasts by pro-
moting the differentiation of undifferentiated osteoblasts to
mature osteoblasts.

To elucidate the mechanism by which the MWCNTs pro-
moted osteoblast differentiation, we investigated the effects of
MWCNTs on Ca accumulation around the osteoblasts. First,
0.5, 5, or 50 pg mL! of MWCNTs or 50 pg mL™! of CB was
added to a culture medium without osteoblasts. After 1 week,
the culture medium was removed and the bottom surface of
each plate was scraped. Ca that accumulated on the bottom of
the plate was extracted using formic acid and quantified. The Ca
content on the bottom of the plate increased in a concentration-
dependent manner in the MWCNT groups. Furthermore, the
Ca content was significantly greater in the 50 pg mL™! MWCNT
group than in the 50 pg mL™ CB and control groups (CMC
alone) (Figure 4a). This suggests that MWCNTTs attracted Ca in
the culture media and increased the Ca content on the bottom
of the plate.

Next, we determined whether osteoblast differentiation
was influenced by the accumulation of Ca. Osteoblasts were
cultured for 5 days in culture media containing 100 mg L7,
200 mg L' or 400 mg L™! Ca, and were stained for alkaline
phosphatase (ALP). ALP staining intensity increased in a Ca
concentration-dependent manner (Figure 4b).

Next, osteoblasts were cultured in culture media containing
different Ca concentrations, and total RNA was extracted on
Days 1 and 5 to determine the expression of Runx 2 (Day 1) and
osteocalcin (Day 5) by real-time RT-PCR. The expression of Runx
2 and osteocalcin increased in a Ca concentration-dependent
manner and was significantly greater in cells exposed to
200 mg L' Ca and 400 mg L Ca than in cells exposed to
100 mg L' Ca (Figure 4c), indicating that osteoblast differen-
tiation was promoted by increasing Ca concentration. Taken
together, these results suggest that MWCNTs enhance Ca accu-
mulation around osteoblasts and induce their differentiation.

Of the many enzymes produced by osteoblasts, ALP is the
most widely used marker for osteoblast activation. ALP plays an
important role in calcification during bone formation and our
findings indicate that osteoblasts are responsible for calcification

Adv. Mater. 2012, 24, 2176-2185



ADVANCED
MATERIALS

www.advmat.de

'a.\
M“‘{';-,i,»;

www.MaterialsViews.com

Control

MWCNT |

cB ||

200 4 w 200 4 i
— — *
S 150 2 150 1
£ 100 £ 100 A
= X
2 50~ o 50-
’ 0° 0.5 5 50 0 L?
35 “\6& X 0.5 5 50 (ugmL™)
S § MWCNT cB
= EELS
| £ 300
a A cald
= 2501/ \ 1
B / Ny ’."
200+ /
é RN AN

150 N\\\

100290 340 390
Energy Loss (eV)

Diffraction pattern

3w 6W g 1993.34 RAg
AR 279\ E 1594.68 Sample )
Control § g - Hydroxyapatite
NS e /::1/ > 1196.01 s
mwenT [ R0 )] | ) ) £ 7or.33 3
:7" Z = \/\(’S N ’;Z—.’/ /\ //‘/ _E ) ‘ .
Y (<= 398.669 \ RS
OO0 OOQ)] AN (e
N s o et/ ~’ = g " i \ 5“,’ R
05 5 5 05 5 50 = 0 20 40 60 80
(ng mL") Scattering vector(=2Pi/d) (nm™)

Figure 2. MWCNTs promote calcification during HA formation by osteoblasts. a) Primary cultured osteoblasts were incubated with 0.5, 5, or
50 ug mL™' MWCNTSs or CB. After culture for 3 weeks, the degree of calcification was very low in the control (no carbon particles) and CB groups, and
high in the 50 pg mL™" MWCNT group. By Week 6, calcification was observed in the control and CB groups, but the degree of calcification was higher
in the MWCNT groups (alizarin staining). b) The area of calcification determined by image analysis was significantly greater in the 50 ug mL™" MWCNT
group than in the CB groups at Week 3. Although the area of calcification increased in a concentration-dependent manner in both the MWCNT and CB
groups at Week 6, the area of calcification was significantly greater in the 50 ig mL™" MWCNT-treated group than in the CB-treated groups. *P < 0.01
compared with CB at the same concentration. Error bars are s.d. c) SEM showed small nodules and spherical crystals around the MWCNTs located
near osteoblasts (OB). Scale bars, 5 pm. d) TEM showed needle-like crystals (*) around the MWCNTs. The localization of Ca was determined by energy
filtering TEM. EELS enabled obtainment of high-resolution Ca-sensitive images using ionization edge loss electrons. The edge of electron energy loss
spectra indicated Ca-L3 localization. We then investigated the diffraction patterns of samples (samples from the area containing only crystals without
the MWCNTs). A selected area diffraction pattern and its intensity profile revealed that the peak of the crystals almost coincided with the known peak
of HA. Scale bars, 100 nm. e) No calcification occurred when MWCNTSs or CB were added to culture media lacking osteoblasts (alizarin staining).
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Figure 3. Effects of MWCNTs on osteoblast proliferation and differentiation. a) 50 pg mL™ MWCNTs or CB were added to the osteoblast culture
media and the cells were cultured for up to 8 days. There was no difference in proliferative capacity between the two groups and the control group on
Days 1, 3, 5, or 8 (Alamar blue assay). b) Primary cultured osteoblast-like stromal cells were incubated with 50 pg mL™ MWCNTs for up to 5 days.
Real-time RT-PCR was used to detect the expression of Runx 2, an early marker of differentiation, on Day 1, and the expression of osteocalcin, a late
marker of differentiation, on Day 5. The expression of Runx 2 tended to be higher in the MWCNT group than in the control and CB groups, while that
of osteocalcin was significantly higher in the MWCNT group than in the control and CB groups. *P < 0.01 compared with control and CB. *P < 0.01.

Error bars are s.d.

around MWCNTs. Therefore, we investigated whether it was
possible to induce calcification around MWCNTs using ALP
produced by other cells. NIH 3T3 and ST2 cell lines are fibrob-
last-like cells, but only ST2 cells are able to induce calcification
when stimulated with thBMP-2.21 Therefore, NIH3T3 and
ST2 cells were incubated with 50 pug mL™ of MWCNTs or CB.
We also treated MC3T3-E1 cells, an osteoblast-like cell line, in
a similar manner. After 5 weeks, alizarin staining showed cal-
cification of MC3T3-E1 cells treated with MWCNTs, whereas
NIH3T3 and ST2 treated with MWCNTs or CB did not show
calcification (Figure 5a). Meanwhile, ST2 cells treated with
100 ng mL™* of thBMP-2 plus MWCNTE for 3 weeks exhibited
calcification, whereas those treated with rhBMP-2 plus CB did
not. In contrast, calcification was not observed in NIH3T3 cells
treated with 100 ng mL~! of thBMP-2, irrespective of the carbon
treatment (Figure 5b).

Based on these findings, we investigated whether calcifica-
tion induced by thBMP-2 plus MWCNTS was due to the expres-
sion of ALP by ST2 cells.? To test this possibility, ST2 cells
were cultured for 1 week with thBMP-2 plus 0, 0.5, or 1.0 mm
3,4-dehydro-L-proline (DHP), an ALP inhibitor, in the absence of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MWCNTs. ALP staining at 1 week showed a decrease in staining
that was dependent on the DHP concentration (Figure 5c).
Next, ST2 cells were incubated with 50 pg mL MWCNTs,
rhBMP-2 and 0, 0.5, and 1.0 mm DHP. After culture for 3 weeks,
ALP activity and alizarin staining decreased in a DHP concen-
tration-dependent manner, indicating that calcification of ST2
cells in the presence of MWCNTs and thBMP-2 is due to the
production of ALP by ST2 cells (Figure 5d). Overall, the results
of this series of studies indicate that ALP-producing cells, not
just osteoblasts, can induce calcification around MWCNTS, sug-
gesting that ALP is an important factor that induces calcifica-
tion around MWCNTs.

In this study, we showed that chemically unmodified
MWCNTs promote bone formation by interacting with oste-
oblasts. We found that MWCNTs increase the concentration
of Ca around osteoblasts by accumulating Ca and, when the
undifferentiated osteoblasts detect the increase in Ca, they dif-
ferentiate to mature osteoblasts and promote calcification. Ca
adsorption on MWCNTs is thought to be due to their nega-
tive zeta potentiall'32 which attracts Ca ions. Recently, it has
become evident that osteoblasts express a calcium-sensing

Adv. Mater. 2012, 24, 2176-2185
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Figure 4 MWCNTs cause Ca accumulation, which promotes osteoblast differentiation. a) MWCNTs (0.5, 5, and 50 pug mL™"), CB (50 pg mL™), or
CMC alone (control) were added to culture media without osteoblasts. After 1 week, the amount of Ca on the bottom of the plate had increased in a
concentration-dependent manner in the MWCNT groups and was significantly greater in the 50 ig mL™' MWCNT group than in the CB and control
groups. *P < 0.01 compared with control and CB at the same concentration. Error bars are s.d. b) Osteoblasts were cultured in osteogenic medium
containing various concentrations of Ca for 5 days. ALP staining increased in a Ca concentration-dependent manner. Scale bar, 100 um. c) Using real-
time RT-PCR, the expression of Runx 2 was measured on Day 1 of cell culture and the expression of osteocalcin was measured on Day 5. The expression
of both Runx 2 and osteocalcin increased in a Ca concentration-dependent manner and was significantly higher in cells cultured with 200 mg L™ Ca and
400 mg L™ Ca than in cells cultured with 100 mg L™ Ca. #P < 0.05 compared with 100 mg L™' Ca. Error bars are s.d.

receptor (CaSR) and that osteoblast differentiation is stimu-
lated by high extracellular Ca concentrations.3*-3% Unfor-
tunately, many of the functions of the CaSR in osteoblasts
remain unknown and further studies are needed. Meanwhile,
it is known that, during bone formation, a large amount of
ALP is released from osteoblasts. We also found that high
ALP concentrations induce calcification around MWCNTs. It
has been suggested that, when MWCNTs interact with osteob-
lasts, calcification rapidly progresses and hence so does bone
formation.

In summary, MWCNTs and osteoblasts interact bidirection-
ally as follows: MWCNTs promote osteoblast differentiation
by attracting Ca, and differentiated osteoblasts promote calci-
fication around MWCNTs by releasing ALP. This is the first to
report bidirectional interactions between MWCNTs and cells
and the advantages of these interactions conferred to living
tissue. However, it must be considered that other factors may
also contribute to the bone-promoting effects of MWCNTS.
For example, the adhesion of cells to MWCNTs,1*®! invasion
of blood vessels around MWCNTs,?”l and the relationship
between MWCNT molecules and collagen molecules®¥ need to
be studied. Nevertheless, the effects of MWCNTs on osteoblasts
and the reciprocal effects of osteoblasts on MWCNTs observed
in the present study are likely to contribute to bone formation
by promoting calcification, an essential stage of de novo bone
formation.

Adv. Mater. 2012, 24, 21762185
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One of the stages of bone formation, calcification, is a key
target for bone regenerative medicine and there is a need to
speed up bone formation by increasing the rate of early cal-
cification. However, there is still uncertainty about the mech-
anisms involved in initial calcification in bone formation,
even though this has been a focus of many studies conducted
over the years. Historically, the following three theories have
been proposed: the booster mechanism theory,?¥! the epi-
taxy theory,*”] and the matrix vesicle theory.[*!#2 The present
study revealed that elevated ALP induces calcification around
MWCNTS, supporting the booster mechanism theory, which
advocates the important role of ALP elevation. Our study also
revealed that calcification occurs in the presence of MWCNTS,
supporting the epitaxy theory, which advocates that calcifica-
tion requires a substance that serves as a core. The matrix
vesicle theory is a combination of these two theories, advo-
cating that the matrix vesicles themselves serve as cores for
calcification (epitaxy) when the Ca concentration in the matrix
vesicles produced by osteoblasts is increased and the phos-
phate concentration is increased by the metabolism of pyro-
phosphate by ALP. MWCNTs may play a role similar to that
of matrix vesicles. That is, HA crystals are formed more easily
when MWCNTs cause Ca accumulation while the phosphate
concentration is increased by an increase in ALP activity and
the resultant degradation of fS-glycerophosphate in culture
media. Calcification may then occur when MWCNTs as small
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Figure 5. Role of ALP expressed in non-osteoblast cells on calcification around MWCNTs. a) Fibroblast-like cell lines (NIH3T3 and ST2) and an
osteoblast-like cell line (MC3T3-E1) were cultured with 50 pg mL™" MWCNTs or CB. After 5 weeks, MC3T3-E1 cells treated with MWCNT, but not
those treated with CB, exhibited calcification. By contrast, calcification was not observed in the NIH3T3 or ST2 cell lines, irrespective of the culture
conditions (alizarin staining). b) NIH3T3 and ST2 cells were treated with 100 ng mL~' rhBMP-2 as well as MWCNTs or CB. After 3 weeks, ST2 cells
treated with rhBMP-2 plus MWCNTs exhibited calcification, whereas those treated with rhBMP-2 plus CB did not. None of the groups of NIH3T3 cells
exhibited calcification. c) ST2 cells were treated with rhBMP-2 plus 0, 0.5 or 1.0 mm DHP, an ALP inhibitor. After 1 week, DHP decreased ALP staining
and activity in a concentration-dependent manner. #P < 0.05 compared with 0 mm DHP. Error bars are s.d. d) ST2 cells were treated with 50 pg mL™
MWCNT, rhBMP-2 and 0, 0.5, or 1.0 mm DHP. After 3 weeks, DHP decreased ALP staining and calcification (alizarin staining) in a concentration-

dependent manner.

as matrix vesicles (diameter: 40-200 nm) serve as an epitaxy.
We believe that further research into the interactions between
MWCNTs and osteoblasts will lead to the identification of the,
still unknown, mechanisms underscoring bone calcification,
the discovery of methods to enhance bone formation and,
ultimately, significant breakthroughs in bone regenerative
medicine.

So far, some biomaterials have been shown to interact with
and activate living tissues, and induce reactions that are advan-
tageous to living organisms. These biomaterials have unidi-
rectional activity and most of them are used because of their
biodegradable nature.*3] Of interest, the interactions between
MWCNTs and cells shown in the present study were not due
to their biodegradability. The main limitation of conventional
bioactive materials is that their characteristics change over
time because of their biodegradability, leading to the loss of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mechanical strength, for example. MWCNTs have the poten-
tial to offer a completely new biomaterial that shows prolonged
bioactivity coupled with their original characteristics. A major
reason for the bidirectional activity of MWCNTs is that they
are nanosized structures with a similar size to intracellular
organelles. In terms of bone formation, MWCNTs have a sim-
ilar size to the matrix vesicles released from osteoblasts. The
reaction between nanosized materials and living organisms
at the cellular and molecular levels is a rapidly evolving area
of research.**l Many previously unknown phenomena have
been reported and more are expected to be discovered.l*7#8 A
search for reactions that are advantageous to living organisms,
such as the bidirectional interactions between nanomaterials
and cells shown in the present study, will allow us to develop
innovative biomaterials that will have a major impact on future
medicine.
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Experimental Section

Carbon Materials: Carbon nanotubes used in the study were
commercial multi-walled carbon nanotubes (MWCNTs) (VGCF-S;
Showa Denko, Tokyo, Japan) manufactured by chemical vapour
deposition. The mean diameter and length of the MWCNTs were 80 nm
and 10 pm, while carbon content was 299.9 wt%. Carbon black (CB),
with a mean diameter of 80 nm, was a product for general industrial
use (Asahi#50; Asahi Carbon, Niigata, Japan). Both MWCNTs and CB
were autoclaved and dissolved in physiological saline containing 0.1%
carboxymethylcellulose (CMC, a surfactant) for in vitro experiments or in
physiological saline containing 0.1% polysorbate for in vivo experiments,
and were homogenized by ultrasonication for 30 min.

Preparation of MWCNT/collagen/rhBMP-2 Pellets and Collagen/
rhBMP-2 Pellets: Recombinant human bone morphogenetic protein-2
(rhBMP-2) provided by Astellas Pharmaceutical (Tokyo, Japan) was
mixed, to a final concentration of 1 jig UL, with a solution containing
5 mm glutamic acid, 2.5% glycine, 0.5% sucrose, 5 mm NaCl and
0.01% Tween 80. Next, 500 pg of MWCNTs was mixed with a solution
containing 2 mg of type-l atelocollagen (atelopeptide type | collagen)
(Cellmatrix; Nitta Gelatin Inc., Osaka, Japan), to which 5 pL of the above
rhBMP-2 solution was added. This mixture was lyophilized to prepare
MWCNT/collagen/rhBMP-2 implants and stored at -20°C until used.
As a control, lyophilized collagen/rhBMP-2 implants were prepared by
adding 5 pL of the rhBMP-2 solution to 2 mg of type-l atelocollagen
containing polysorbate alone (without MWCNTSs).

In vivo Implantation of the Pellets, p-CT Analysis of Ectopic Bone
Formation, and Histological Assessment of Ectopic Bone: Six-week-old
male ddY mice were anesthetized with diethyl ether. A pocket was made
beneath the left back muscle fascia and a MWCNT/collagen/rhBMP-2
implant or collagen/rhBMP-2 implant was inserted aseptically into the
pocket in 17 mice per group. On Days 10 and 21 after implantation,
the mice were anesthetized with sodium pentobarbital (25 mg kg™,
intramuscular), and serial p-CT images of the implantation site were
acquired (R_mCT; Rigaku Corp., Tokyo, Japan) to assess new bone
formation. W-CT images were reconstructed using i-View software
(). Morita MFG. Corp., Kyoto, Japan). Then, bone volume (BV), tissue
volume (TV) and trabecular thickness (Tb.Th) were determined by 3D
bone morphometric analysis using TRI/3D-BON software (Ratoc System
Engineering, Tokyo, Japan). New bone formation was assessed, as was
calcification, by determining the increments in these parameters from
Day 10 to Day 21. Mice were allowed to recover after each scan. On
Day 21, the ectopic bone was removed, fixed, defatted, embedded,
cut, stained with haematoxylin and eosin, and examined under a light
microscope. All mice were weighed on Days 0, 10, and 21. None of the
mice died during this period. Since all mice were from the same litter
with identical genetic background, and were used in the experiments
around the same time, the individual variation among the animals
was ignorable. All procedures for animal experiments were carried
out in compliance with the guidelines of the Institutional Animal Care
Committee of Shinshu University.

Collagen Coating: A 48-well plate was coated with collagen to prevent
the cells from shearing off from the bottom of the well during staining,
as follows. First, 100 pL of acetic acid solution was added to 40 mL of
Milli-Q water and sterile-filtered, followed by the addition of 4 mL of type
| atelocollagen (atelopeptide type | collagen solution) (Cellmatrix; Nitta
Gelatin Inc.). Next, 250 pL of this solution was added to each well of
the culture plate and incubated for 5 min, and was then aspirated. The
following experiments were performed using collagen-coated culture
plates.

Osteoblast Culture and Detection of Calcification: Osteoblast-like
stromal cells were collected from the calvaria of 1-day-old mice. All
procedures for animal experiments were carried out in compliance with
the guidelines of the Animal Management Committee of Matsumoto
Dental University. Osteoblast-like stromal cells were cultured for 2 days
in o-modified Eagle’s minimum essential medium (0-MEM) (Sigma-
Aldrich, Inc., St. Louis, MO, USA) containing 10% fetal bovine serum
(FBS; JRH Biosciences, Lenexa, KS, USA). On Day 2, the medium was
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changed to 0-MEM containing 100 pg mL™" ascorbic acid (Nacalai
Tesque, Kyoto, Japan) and 5 mm B-glycerol phosphate (Wako Pure
Chemical Industries, Osaka, Japan) (osteogenic medium). MWCNTs or
CB was added at concentrations of 0.5, 5, or 50 pg mL™". To disperse
the carbon particles, 0.1% carboxymethylcellulose (CMC) was added. A
culture medium containing CMC but no carbon materials was used as a
control. To minimize the loss of carbon materials, the culture medium
was replaced 3 times each week by aspirating half of the supernatant
and adding the same amount of osteogenic medium. At Weeks 3 and
6, cells were fixed in 10% formalin and stained with 1% alizarin red S
(alizarin) (Sigma-Aldrich, Inc. St. Louis, MO, USA) at room temperature
for 5 min to detect calcified nodules. Calcified sections were quantified
using Image | software (National Institute of Health, Bethesda, MD,
USA).

Scanning Electron Microscopy: For SEM observation, the cultured cells
were fixed in 2.5% glutaraldehyde in phosphate buffer (pH 7.4), at 4 °C
for 2 h and postfixed in 2% OsO, in the same buffer at 4 °C for 1 h. Then,
the tissues were dehydrated with an ethanol gradient, substituted with
t-butyl alcohol (2-methyl-2-propanol) (Nacalai Tesque), cooled at 4 °C
for 2 h, and frozen at -20 °C for 2 h. The samples were then prepared by
critical-point drying with a freezing drier (JFD-310; JEOL, Tokyo, Japan).
Finally, the samples were coated with OsO, to a thickness of 5 nm
by an osmium plasma coater (OPC-40; Fligen, Nagoya, Japan). The
samples were observed by field-emission SEM (JSM-7001F; JEOL) with
accelerating voltages of 10 and 15 kV. The working distance (WD) was
10 mm and samples were observed in the secondary electrons (SE) mode.

Transmission  Electron ~ Microscopy: Cells were fixed in 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4), and then postfixed in 1% OsO, in 0.1 M cacodylate
buffer (pH 7.4) for 2 h at 4 °C. The specimens were dehydrated in an
ethanol gradient and embedded in resin (Epon 812; TAAB Laboratories
Equipment Ltd., Berkshire, UK). Ultrathin sections were cut using an
ultramicrotome (Ultracut UCT; Leica Microsystems, Vienna, Austria) and
were observed by TEM (H-7600; Hitachi High-Technologies Co., Tokyo,
Japan) at an accelerating voltage of 80 kV.

Diffraction: The localization of Ca was determined by energy filtering
TEM (LEO912; Carl Zeiss, Oberkochen, Germany) at an accelerating
voltage of 120 kV.¥°l EELS enabled obtainment of high-resolution
Ca-sensitive images using ionization edge loss electrons.’% We then
investigated the diffraction patterns of samples (samples from the
area containing only crystals without the carbon nanotubes) and
evaluated whether the Ca in samples constituted HA. Diffraction data
were analysed using Process Diffraction software (Research Institute
for Technical Physics and Materials Science, Head of Thin Film Physics
Laboratory, Budapest, Hungary). The diffraction patterns of the samples
were compared with the known pattern of HA.

Cell Proliferation Assay: Cell proliferation was assessed using an
Alamar Blue assay kit (Invitrogen Corp., Carlsbad, CA, USA). Osteoblast-
like stromal cells were cultured for 2 days in a-MEM containing 10%
FBS. On Day 2, the culture medium was changed to osteogenic medium
containing 50 pg mL™' MWCNTs or CB, or with CMC alone (without
carbon materials) as a control. Alamar Blue assays were performed
on Days 1, 3, 5, and 8. Resazurin dye was added to a volume of 1/10
of the culture medium 4 h before measuring fluorescence intensity.
To remove carbon materials, the culture media were centrifuged at
14 000 rpm for 10 min at 4 °C. The fluorescence intensity (excitation/
emission, 560/590 nm) of the supernatant was measured using a
spectrophotometer (SpectraMax Gemini XS; Molecular Devices, Inc.,
Sunnyvale, CA, USA).

Preparation of RNA and Real-Time RT-PCR: As described above,
osteoblast-like stromal cells were cultured, and treated with carbon
materials for 1 or 5 days. Total cellular RNA was extracted from
osteoblasts using the method of Yamamoto et all’l cDNA was
synthesized from total RNA using a reverse transcription kit (ReverTraAce,
Toyobo Co., Ltd., Osaka, Japan), and two-step PCR was performed using
a real-time PCR detection system (DNA Engine Opticon system; M]
Japan, Tokyo, Japan) with specific primers for Runx 2, osteocalcin, or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Takara Bio Inc.,
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Shiga, Japan). The fold-change ratios between test and control samples
were calculated.

Determination of Ca Concentrations on the Bottom of Plates: A 48-well
plate was coated with collagen as described above, and each well was
filled with 250 plL of o-MEM with 10% FBS. After 2 days, the medium
was changed to osteogenic medium containing MWCNTs or CB, or CMC
alone. Five days later, the culture medium was carefully aspirated, and
250 mm sucrose in 10 mm Tris-HCl (pH 7.0) was added. The bottom of
the plate was scraped to completely recover the precipitate, including
the carbon material. The precipitate was centrifuged twice at 14 000 rpm
for 10 min at 4 °C and the supernatant was discarded after both
centrifugations. Ca was extracted from the precipitate using 20% formic
acid by the method of Nakamura et al.F2l Calcium E test reagent (Wako
Pure Chemical Industries) was added to the extract and Ca content was
measured using a spectrophotometer (SpectraMax Plus384; Molecular
Devices, Inc.).

Effects of Ca Concentration on Osteoblast Function: Ca-modified Eagle's
MEM containing 100, 200, or 400 mg L~' Ca was purchased from Nissui
Pharmaceutical Co., Ltd. (Tokyo, Japan) and supplemented with 10%
FBS, 100 ng mL™" ascorbic acid and 5 mwm B-glycerol phosphate for use
as the osteogenic medium. Osteoblast-like stromal cells were cultured
in standard o-MEM containing 10% FBS and, after 2 days, the medium
was switched to the Ca-modified Eagle’s MEM osteogenic medium.
Three times per week, the culture medium was replaced by aspirating
half of the supernatant and adding the same amount of new osteogenic
medium. Five days after replacing the culture medium, the cells were
stained for alkaline phosphatase (ALP) by the method of Yamamoto
et al.’' On Days 1 and 5 after replacing the culture medium, total RNA
was collected to synthesise cDNA and real-time RT-PCR was performed
as described above.

Evaluation of Calcification in Osteoblast-like and Fibroblast-like Cell
Lines: The osteoblast-like cell line MC3T3-E1 (Riken, Ibaraki, Japan) and
fibroblast-like cell lines NIH3T3 (Riken) and ST2 (Riken) were cultured as
described for osteoblast-like stromal cells and, after 5 weeks of culture,
were stained with alizarin to assess calcification.

Next, NIH3T3 and ST2 were cultured in 0o-MEM containing 10%
FBS for 2 days. The medium was replaced with osteogenic medium
containing 100 ng mL™' rhBMP-2 (R&D Systems, Inc., Minneapolis,
MN, USA) followed by the addition of MWCNTs or CB, or no carbon as
a control. The cells were cultured for 3 weeks and stained with alizarin to
assess calcification.

To investigate whether calcification in ST2 cells involved ALP, ALP
activity was stimulated by culturing the cells with rhBMP-2 plus 0, 0.5, or
1.0 mm 3,4-dehydro-L-proline (DHP) (Sigma, St. Louis, MO, USA), an ALP
inhibitor. First, ST2 cells were cultured in a-MEM containing 10% FBS
for 2 days, and the medium was replaced with an osteogenic medium
containing 100 ng mL™" of rhBMP-2 plus the indicated concentration of
DHP. Half of the medium was replaced 3 times per week. After culture
for 1 week, ALP activity was quantified colourimetrically using a TRACP
& ALP Assay Kit (Takara Bio Inc.) and ImmunoMini NJ-2300 (Nalge
Nunc International, Tokyo, Japan).

Another set of cells were prepared as described above and
50 pg mL~! of MWCNTSs was added on Day 2 of culture. Cells were cultured
for 3 weeks and stained with alizarin to assess calcification. The inhibitory
effect of DHP on ALP was also determined by staining cells for ALP.

Statistical Analysis: All values are expressed as means * s.d. Statistical
analysis was performed using the Student’s ¢ test or analysis of variance
followed by Tukey's post hoc test, as appropriate. Values of P < 0.05
were considered statistically significant. Each experiment was repeated
at least three times, and similar results were obtained. SPSS software
(version 14.0; SPSS Inc., Chicago, IL, USA) was used for all statistical
analyses.
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