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M
ultipotent mesenchymal stem
cells (MSCs) have attracted par-
ticular attention in stem cell

therapy and tissue engineering because
they can be readily isolated and expanded
ex vivo and induced either in vitro or in vivo
to terminally differentiate into osteoblasts,
chondrocytes, adipocytes, tenoctyes, and
neural cells.1�3 In parallel, developments of
nanotechnology in the past few years have
demonstrated great potential for the appli-
cation of carbon nanotubes (CNTs) in bio-
sensors, tissue engineering, and biomedi-
cal devices due to their unique electronic,
chemical, and mechanical properties.4�7

When CNTs are employed as biomaterials
such as implants for fracture and scaffolds
for bone tissue regeneration, where they
are in direct contact with the bone, the re-
action of the MSCs to CNTs is critical for
functional maintenance of the biomaterials
over time in the tissues.8 However, the po-
tential effect of CNTs on stem cell response
and the mechanisms of stem cell�
nanomaterial interactions are not
well-understood.9,10

Osteoblasts and adipocytes all originate
from MSCs and can transform mutually.
There is a reciprocal relationship between
the differentiation of adipocytic and osteo-
genic cells in MSC culture. An ideal bone re-
generative material would inhibit adipo-
cytic differentiation of MSCs and promote
the production of mature osteoblasts. Since
water-soluble CNTs will likely be used in
biomedical applications, their cellular ef-
fects on MSC proliferation and differentia-
tion and the associated molecular mecha-
nisms were investigated in this study. We
reported that carboxylated single-walled
carbon nanotubes (SWCNTs) and carboxy-
lated multiwalled carbon nanotubes

(MWCNTs) inhibited the proliferation, os-
teogenic differentiation, adipogenic differ-
entiation, and mineralization of MSCs. Oxi-
dative stress assay indicated that reactive
oxygen species (ROS) may not be respon-
sible for the observed cytotoxicity of car-
boxylated CNTs. Quantitative polymerase
chain reaction (Q-PCR) results and Western
blot analysis together provided evidence
that the inhibition of proliferation and os-
teogenic differentiation of MSCs may be
modulated through a Smad-dependent
bone morphogenetic protein (BMP) signal-
ing pathway.

RESULTS
Preparation and Characterization of

Carboxylated Carbon Nanotubes. SWCNTs (diam-
eter � 2 nm) and MWCNTs (diameter � 5
nm) with the same mean length of 5�15
�m were obtained from Nanotech Port
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ABSTRACT Multipotent mesenchymal stem cells (MSCs) have attracted substantial attention in stem cell

therapy and tissue engineering due to their ability to be cultured for successive passages and multilineage

differentiation. Carbon nanotubes (CNTs) have been proposed to be used as potential biomedical structures for

bone formation. Therefore, it is important to study the mechanisms of interaction between MSCs and CNTs. We

demonstrated that carboxylated single-walled carbon nanotubes (SWCNTs) and carboxylated multiwalled carbon

nanotubes (MWCNTs) inhibited the proliferation, osteogenic differentiation, adipogenic differentiation, and

mineralization of MSCs. Oxidative stress assay indicated that reactive oxygen species (ROS) may not be responsible

for the observed cytotoxicity of carboxylated CNTs. Quantitative real-time polymerase chain reaction (Q-PCR)

experiments confirmed that the expression of osteoblast specific genes and adipocyte differentiation specific

genes was greatly attenuated during the differentiation of MSCs in the presence of carboxylated CNTs. TEM images

revealed that CNTs might interact with proteins located on the cell membrane or in the cytoplasm, which have a

further impact on subsequent cellular signaling pathways. Q-PCR results and Western blot analysis together

verified that the inhibition of proliferation and osteogenic differentiation of MSCs may be modulated through a

Smad-dependent bone morphogenetic protein (BMP) signaling pathway.

KEYWORDS: mesenchymal stem cells · carbon nanotubes · adipogenic
differentiation · osteogenic differentiation · Smad-dependent BMP signaling pathway
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(Shenzhen, China). Carboxylated CNTs were generated

by refluxing in a mixture of concentrated sulfuric and ni-

tric acids.11�13 Carboxylated CNTs were washed several

times with distilled water by ultracentrifugation

(10 000g � 30 min) until the pH reached 7.0, which

could not affect the pH of the buffered cellular me-

dium. The CNT suspensions used in the experiments

(3, 6, and 30 �g mL�1) were prepared by suspending

CNTs with minimum essential medium alpha (�-MEM)

supplemented with 10% fetal bovine serum (Gibco

Invitrogen, USA). Figure 1A,B shows the transmission

electron microscope (TEM) images of SWCNTs and

MWCNTs, respectively (obtained with a Phillips Tecnai

12 instrument). X-ray photoelectron spectroscopy (XPS)

measurements confirmed the presence of carboxylic

groups on CNTs, where the peaks at 288.6 and 286.3

eV of C 1s spectra were ascribed to CAO and C�O (Fig-

ure 1C), respectively.

Effects of CNTs on the Viability and Proliferation of MSCs.

MTT assay was employed to measure the metabolic ac-

tivity of the mitochondria of cells based on the prin-

ciple that living cells are capable of reducing light color

tetrazolium salts into an intense color formazan deriva-

tive.14 Figure 2 shows the viability of MSCs upon treat-

ment with SWCNTs and MWCNTs. The results revealed

that CNTs exhibited cytotoxicity on MSCs, where the

treatment of MSCs with a series of dilutions (3, 6, and

30 �g mL�1) of CNTs resulted in a decrease in cell viabil-

ity with the maximum inhibition effect observed after

72 h CNT treatment at the concentration of 30 �g mL�1.

Even at the lowest dosage (3 �g mL�1), SWCNTs and

MWCNTs decreased the cell viability by 21% and 17%

in 72 h, respectively.

Effects of CNTs on the Osteogenic Differentiation of MSCs. Dif-

ferentiation of pluripotent progenitor MSCs into osteo-

blasts is a crucial step of osteogenesis. ALP is an ectoen-

zyme which acts as a marker for cells undergoing

differentiation to form preosteoblasts and osteoblasts.15

Generally, ALP activities were expressed after in vitro os-

teogenic induction for 7 days, while later ALP staining

was seen after 14 days of osteogenic induction.16 Poten-

tial effects of CNTs on osteogenic differentiation of

MSCs cultured for 7 and 14 days were thus assessed

by measuring the ALP activity normalized to total pro-

tein content. Figure 3 shows the ALP activity in MSCs

cultured with different concentrations of CNTs, with

NaF treatment as a positive control.15 Inhibition of os-

teogenic differentiation of MSCs was observed for all

doses of CNTs on day 7. ALP activity of MSCs was signifi-

cantly decreased on day 14, as well. CNTs inhibited the

ALP activity of MSCs in a time-dependent manner with-

out evident dose dependence.

Effects of CNTs on the Formation of Mineralized Matrix

Nodules. An essential sign for the osteogenic differentia-

tion of MSCs is bone matrix maturation and mineraliza-

tion. After cultured for 2�3 weeks, osteoblast nodes

formed and reached peak quantity when osteoblasts

started to mineralize.17 MSCs from bone marrow exhib-

ited mineralization upon treatment with CNTs for 18

and 21 days. The mineralized nodules were counted by

staining the fixed cultures with Alizarin Red S (ARS),

and the amount of mineralization was quantitated by

elution of ARS from stained mineral deposits (Figures 4).

MSCs treated with osteogenic supplement (OS) were

Figure 1. TEM images of carboxylated MWCNTs (A) and carboxylated SWCNTs (B), and XPS spectra (C) of CNTs with carboxylic groups.

Figure 2. Cytotoxicity in MSCs exposed to carboxylated
SWCNTs and carboxylated MWCNTs for 48 and 72 h. Results
are mean � SD of the triplicate experiments, *p � 0.05, **p �
0.01. The cytotoxicity was determined by MTT reduction
method.
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used as normal control, and 1.0 �M NaF was used as

the positive control, which promoted mineralization of

MSCs by 30% and 50% on day 18 and day 21, respec-

tively. Coupling the number count with quantitation of

ARS deposition revealed a dose-dependent decrease in

the formation of mineralized nodules
upon CNT treatment. Greater than 70%
and 50% decreases in the formation of
mineralized nodules upon CNT treat-
ment were observed at the dosage of
30 �g mL�1 SWCNTs and MWCNTs, re-
spectively. SWCNTs appeared to exhibit
slightly greater inhibitory effects at all
concentrations (3, 6, and 30 �g mL�1)
than MWCNTs.

Effects of CNTs on the Adipocytic
Differentiation of MSCs. Adipocytes and os-
teoblasts all originate from MSCs and
have an inversely proportional relation-
ship.18 Therefore, it is also important to
investigate the effects of CNTs on the
adipocytic differentiation of MSCs. The
adipocytic differentiation rates of MSCs
in the absence and presence of CNTs
were herein determined by specifically
staining intracytoplasmic lipids with Oil
Red O.19 Figure 5A�D shows adipo-

cytic differentiation of MSCs in the ab-

sence and presence of CNTs stained by Oil Red O. The

results indicated that CNTs also strongly inhibited the

adipocytic differentiation of MSCs, where up to 77%

and 66% inhibition was observed on day 14 at the dos-

Figure 3. Effects of carboxylated CNTs on the ALP activity of MSCs. Results
are mean � SD of the triplicate experiments, **p � 0.01; 1.0 �M NaF was used
as a positive control.

Figure 4. Mineralized nodule formation stained by Alizarin Red S. (A) Cells treated with 30 �g mL�1 carboxylated SWCNTs
� osteogenic supplement (OS). (B) Cells treated with 30 �g mL�1 carboxylated MWCNTs � OS. (C) Cells treated with OS only.
(D) Cells treated with 1.0 �M NaF � OS. Original magnification � 100�. (E) Effects of CNTs on the mineralized nodule for-
mation of MSCs. Mineralization quantitated by elution of Alizarin Red S from stained mineral deposits. Results are mean �
SD of the triplicate experiments, *p � 0.05, **p � 0.01.
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age of 30 �g mL�1 of SWCNTs and MWCNTs, respec-
tively. In addition, compared with day 14, the inhibi-
tion on adipogenic differentiation was less prominent
on day 18.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). The morphology change of MSCs dur-
ing the differentiation was investigated using SEM. Fig-
ure 6 shows SEM images of MSCs after 7 days of cul-
ture in the absence and presence of CNTs. MSCs
adhered to substrates by means of thin cytoplasmic
digitations or filopodia, and cytoplasmic extensions
were flattened and expanded over the entire surface.
After 7 days of culture in basal medium without the ad-
dition of OS and CNTs, the cells displayed a spindly,
fibroblast-like morphology and have formed clusters,
which is normal phenotypic behavior of MSCs (Figure
6A�C). As the cells differentiated into osteoblasts in the
presence of OS without the treatment of CNTs, they
started depositing matrix on the surface. SEM images
showed that the whole surface was covered with a net-
work of well spread cells, which acquired a more po-
lygonal morphology (Figure 6D�F). High-magnification
SEM images showed the long pseudopodia and cells
had multilayered various sizes and shapes (Figure 6F).
When treated with CNTs, most of the cells still displayed
a spindly, fibroblast-like morphology for both MWCNTs
(Figure 6G�I) and SWCNTs (Figure 6J�L), suggesting
that the cells did not successfully differentiate to osteo-
blasts in the presence of CNTs. These results correlated

well with the results of the previous cell assays, where
osteogenic differentiation and mineralization of MSCs
were inhibited by both SWCNTs and MWCNTs.

Cellular signaling pathways may be affected when
CNTs interact with cell surface receptors or with intra-
cellular proteins. The evaluation of cell uptake and intra-
cellular localization of CNTs is crucial for mechanistic
understanding of their biological impact.10 The TEM im-
ages clearly showed that, although most of the CNTs
did remain in the extracellular space, there were some
CNTs taken up by MSCs and grouped in intracellular
compartments of cells (Figure 7A�F). Our finding corre-
lates well with the confocal microscopy results that flu-
orescently labeled derivatized CNTs localized primarily
within the cytoplasm20�22 and the perinuclear region of
the cell.23

Q-PCR Analysis of Osteogenic and Adipocytic Differentiation
Specific Genes. Q-PCR analysis was used to measure the
expression of mRNA transcripts of tissue specific mol-
ecules in order to reveal the involvement of specific sig-
naling pathways in CNT-modulated inhibition of MSC
differentiation. The GAPDH gene was used as the cali-
brator gene (control), and the relative expression levels
of specific genes, including Id1, Id2, Id3, Runx2, BMP-2,
Col I, ALP, OCN, PPAR�2, C/EBP�, C/EBP�, and C/EBP�,
were determined by Q-PCR. The results are presented as
an increase or decrease (fold change) in the values of
cellular expression of various genes compared to the
control. The results showed that several genes that

Figure 5. Adipogenic differentiation of MSCs stained by Oil Red O. (A) Cells with adipogenic supplement (AS). (B) Cells treated
with AS � 1.0 �M NaF. (C) Cells treated with AS �30 �g mL�1 carboxylated SWCNTs. (D) Cells treated with AS � 30 �g
mL�1 carboxylated MWCNTs. Original magnification � 100�. (E) Dose dependence of CNTs on the adipogenic differentia-
tion of MSCs. Results are mean � SD of the triplicate experiments, **p � 0.01; 1.0 �M NaF was used as a positive control.
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were supposed to be activated during osteogenic dif-

ferentiation and adipocytic differentiation were signifi-

cantly down-regulated in the MSCs treated with CNTs

as compared to untreated MSCs (Figure 8A,B).

Western Blot Analysis of Key Proteins Involved in the BMP

Signaling Pathway. Western blot can be used to detect

the expression of a specific protein in a given sample.

To demonstrate the suppression of the BMP signaling

Figure 6. SEM images of MSCs after 7 day culture. (A�C) MSCs were cultured in the absence of CNTs and OS. (D�F) MSCs were treated
with OS only. (G�I) MSCs were treated with OS and 30 �g mL�1 carboxylated MWCNTs. (J�L) MSCs were treated with OS and 30 �g mL�1

carboxylated SWCNTs.

Figure 7. TEM characterization of cell uptake of carboxylated SWCNTs (A�C) and carboxylated MWCNTs (D�F) and
their cellular locations in MSCs. MSCs were incubated with carboxylated CNTs (30 �g mL�1) for 7 days. Arrows indi-
cate the CNTs.
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pathway and subsequent inhibition of MSC differentia-
tion, the expression levels of key proteins involved in
the BMP signaling pathway, such as Smad protein and
phosphorylated Smad proteins (pSmad1/5/8), and the
master transcription factors proteins, such as Runx2 and
PPAR� proteins, were measured. Western blotting re-
sults showed that the expression of Smad1, pSmad1/
5/8, Runx2, and PPAR� proteins was significantly re-
duced in MSCs treated with CNTs (Figure 8C).

Detection of ROS Production and the Metal Impurities Trapped
Inside the CNTs. One possible mechanism of CNT-induced
cytotoxicity is that ROS generated by CNTs could suppress
proliferation and differentiation of MSCs.25 Intracellular
levels of ROS were thus measured with the fluorescent
dye 2=,7=-dichlorofluorescein diacetate (DCFH-DA).
DCFH-DA is diffused into cells and deacetylated by cellu-
lar esterases to nonfluorescent 2=,7=-dichlorodihydro-
fluorescein (DCFH), which is rapidly oxidized to highly

fluorescent 2=,7=-dichlorodihydrofluorescein (DCF) by
ROS.24 As shown in Table 1, no fluorescent signals from
DCF can be detected in MSCs cultured in the presence
of CNTs, suggesting that no ROS were generated by car-
boxylated CNTs. Inductively coupled plasma mass spec-
troscopy (ICP-MS) experiments revealed that 34.8 ppm of
Fe and 70.7 ppm of Co existed in the pristine CNTs. After
strong acid treatment to produce carboxylated CNTs, the
concentrations of Fe and Co were decreased to 5.6 and
9.4 ppb, respectively. The ICP-MS results indicated that no
ROS were able to be generated by the carboxylated CNTs
used in this study.

DISCUSSIONS
Nanomaterials interacting with cells establish a se-

ries of nanomaterial�biological interfaces that could
lead to intracellular uptake and have biocompatible or
bioadverse outcomes.25 TEM images clearly showed

Figure 8. Q-PCR analysis for the expression of osteogenic differentiation specific genes (A) and adipocytic differentiation specific genes
(B) under the induced conditions. Results are mean � SD of the triplicate experiments, *p � 0.05. (C) Western blot analysis for Smad1, pS-
mad1/5/8, Runx2, and PPAR� proteins in MSCs treated with carboxylated CNTs after 7 day incubation. �-Actin protein expression was
used as a loading control. Proteins from each lysate were separated in SDS-PAGE.

TABLE 1. ROS in MSCs Treated with CNTsa

MWCNTs (�g mL�1) SWCNTs (�g mL�1)

control positive control 3 6 30 3 6 30

48 h 1.71 	 0.06 3.87 	 0.06b 1.71 	 0.12 1.71 	 0.12 1.72 	 0.09 1.71 	 0.04 1.71 	 0.07 1.73 	 0.02
72 h 1.57 	 0.08 3.88 	 0.16b 1.58 	 0.12 1.58 	 0.12 1.59 	 0.31 1.58 	 0.13 1.58 	 0.06 1.59 	 0.21

aData are mean 	 SD of the triplicate experiments. b**p � 0.01. Unit for fluorescence intensity is arbitrary unit.
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that CNTs were internalized and localized primarily
within the cytoplasm and the perinuclear region of
MSCs (Figure 7A�F). MTT results revealed a significant
cytotoxicity of CNTs on MSCs (Figure 2). SEM character-
ization also provided substantial evidence that cell
number decreased after the treatment with CNTs and
most of the MSCs did not successfully differentiate to
osteoblasts in the presence of CNTs (Figure 6). Toxico-
logical activity of CNTs depends on the interactions
with the cell surface and mechanisms of transmission
into the cytosol and nucleus.26 The main characteristics
of CNTs, such as small size and large surface area, may
be responsible for the material interactions that could
result in their toxicological effects. The properties of
CNTs also resulted in a catalytic activity which may con-
tribute to a new aggressive form of long-term toxic-
ity.27 The nanomaterial size is an important factor in
their cytotoxicity assessment, where the cytotoxicity of
CNTs on macrophages is apparently based on SWCNTs

 MWCNTs 
 C60

28 and/or graphite 
 SWCNTs 
 C60.29

We have also reported that CNTs reduced the viability
of primary osteoblasts in time- and dose-dependent
manners in the order of SWCNTs 
 DWCNTs 


MWCNTs.30 Although in this study we did not observed
a definite correlation between the inhibition of MSC
and the size of CNTs in several cellular assays, SWCNTs
seem to exhibit stronger effects than MWCNTs.

There are also reports suggesting low cytotoxicity
or no signs of cytotoxicity of CNTs.20�22,31�39 Especially,
if CNTs are bound to a surface, no toxicity has been re-
ported at all.7,33�35 CNT-based substrates have been
demonstrated to support dendrite elongation and cell
adhesion7 and improve neural signal transfer,33 as well
as support other cell types such as fibroblasts34 and os-
teoblasts.35 The surface chemistry also plays a vital role
in determining the cytotoxic potential of CNTs.27 Thus,
surface functionalization of CNTs with specific
chemical8,9,20,21 and/or biological species22,36,37 may be
a feasible route to develop biocompatible CNTs. Re-
cently, CNT scaffolds have also been demonstrated to
modulate stem cell lineage commitment toward neuro-
genesis when coupled with soluble chemical
factors.38,39

Cells maintain their homeostasis through a compre-
hensive signaling network. Any perturbation of this sys-
tem by nanomaterials will influence cell function and
behavior.40 The results from ALP activity assay sug-
gested a substantial decrease of ALP activity upon CNT
treatment. About 30% and 20% ALP activity decrease
was observed at the dosage of 30 �g mL�1 SWCNTs and
MWCNTs, respectively (Figure 3). CNTs inhibited the
ALP activity of MSCs in a time-dependent manner with-
out evident dose dependence, which may be caused
by the different differentiation states of the MSCs. It has
been recognized that ALP activity rises during the pro-
liferation period and reaches a maximum level as the
culture progresses into the mineralization stage. How-

ever, the cellular levels of ALP decline in heavily miner-
alized cultures.41 The appearance of ALP activity is an
early phenotypic marker for osteogenic differentiation
of MSCs, while mineralized nodule formation is a phe-
notypic marker for the last stage of mature osteoblasts.
Coupling the number count with quantitation of ARS
deposition revealed a greater than 70% and 50% de-
crease in the formation of mineralized nodules upon
CNT treatment at the dosage of 30 �g mL�1 SWCNTs
and MWCNTs, respectively (Figure 4). These data
strongly suggested that carboxylated CNTs inhibited
the proliferation and osteogenic differentiation of
MSCs.

Currently, there are two established cytotoxicity
mechanisms: oxidative stress and disruption of intracel-
lular metabolic pathways.25,27 Pristine CNTs have been
shown to generate ROS and cause cell apoptosis via tje
NF-�B signaling pathway.42 In order to verify that ROS
generated by CNTs could suppress proliferation and dif-
ferentiation of MSCs, intracellular levels of ROS were
measured with the fluorescent dye 2=,7=-
dichlorofluorescein diacetate (DCFH-DA). However, the
results revealed no detectable fluorescent signals from
DCF (Table 1), suggesting that no ROS were generated
by carboxylated CNTs. It has been recognized that the
metal impurities trapped inside the CNTs may be par-
tially responsible for ROS generation.25,43 We used
ICP-MS to measure the concentration of metal cata-
lysts and showed that concentration of metals de-
creased from 106 ppm to 15 ppb after strong acid treat-
ment of pristine CNTs to produce carboxylated CNTs,
indicating that no ROS were able to be generated by
carboxylated CNTs.25 All of these data strongly sug-
gested that oxidative stress might not be responsible
for the observed decreased proliferation and differen-
tiation of MSCs upon their interaction with carboxylated
CNTs.

Recent study demonstrated that carboxylated
SWCNTs inhibited cell proliferation by suppressing the
BMP signaling pathway.10 It is well-known that the
Smad1-dependent BMP signaling pathway plays an im-
portant role in osteogenic differentiation of MSCs.44

Therefore, we hypothesized that the inhibition of prolif-
eration and osteogenic differentiation of MSCs is modu-
lated through a Smad-dependent BMP signaling path-
way. Western blotting results demonstrated the
suppression of the BMP signaling pathway during the
inhibition of osteogenic differentiation by CNTs. The ex-
pression levels of key proteins involved in the BMP sig-
naling pathway, such as Smad protein and phosphory-
lated Smad proteins (pSmad1/5/8), and the osteogenic
master transcription factors, such as Runx2 protein,
were significantly reduced (Figure 8C). Phosphorylated
Smad proteins translocate into the nucleus, bind pro-
moters of target genes, and regulate the transcription.
The inhibition of Smad phosphorylation by CNTs may
cause a decrease in nucleus translation.10 The data indi-
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cated that the Smad1-dependent BMP signaling was
suppressed by carboxylated CNTs, leading to subse-
quent down-regulation of the expression of osteogenic
genes underlying the phenotype of terminally differen-
tiated osteocytes.

Id genes are known to be the direct targets of the
BMP signaling pathway, whose transcription is acti-
vated by BMP receptor signaling through Smad-
dependent pathways.45 The lineage commitment gene
Runx2 belongs to the Runx family and plays a vital role
in determining the osteoblast lineage from the pluripo-
tent MSCs. It has been demonstrated that in the ab-
sence of Runx2 no osteoblast differentiation can be ob-
served.46 BMPs are responsible for enhancing
osteoblastic differentiation, including stimulation of
the expression of bone structural proteins such as Col-I
and OCN, and the mineralization of bone matrix.47 Dur-
ing the proliferation period, the genes associated with
the formation of ECM components (such as type-I col-
lagen and fibronectin) are activated. Type-I collagen is
the most abundant protein found in the organic bone
matrix and plays an essential role in influencing cellular
behavior.48 ALP is responsible for removing phosphate
groups from many types of molecules, including nucle-
otides, proteins, and alkaloids. ALP is considered to be
important in producing bone mineral and is a marker
for cells that are undergoing differentiation forming
preosteoblasts and osteoblasts.15 Osteocalcin (OCN) is
the most specific gene for the osteoblast differentiation
and mineralization. OCN is expressed during the post-
proliferative period and reaches its maximum expres-
sion during mineralization and accumulates in the min-
eralized bone.16 MSCs cultured in medium conducive
for osteogenic differentiation in the presence of CNTs
exhibited the down-regulation of all these osteoblast
specific genes (Figure 8A), which is consistent with the
observed inhibitory effects of CNTs on ALP activity (Fig-
ure 3) and mineralized matrix nodule formation of MSCs
(Figure 4).

Because of the reciprocal relationship between the
differentiation of adipocytic and osteogenic cells in the
MSC culture, it is expected that the inhibition of osteo-
genic differentiation of MSCs may result in the promo-
tion of adipocytic differentiation of MSCs. Howerver,
our results showed that CNTs also strongly inhibited the
adipocytic differentiation of MSCs, where up to 77%
and 66% inhibition was observed at the dosage of 30
�g mL�1 of SWCNTs and MWCNTs, respectively. Adipo-
genesis is a highly regulated process in which a coordi-
nated cascade of transcription factors leads to the for-
mation of mature adipocytes. This cascade begins with
the transient expression of CCAAT/enhancer binding
protein � (C/EBP�) and C/EBP�, which activate C/EBP�

and peroxisome proliferator-activated receptor �

(PPAR�).49 C/EBP� and PPAR� together coordinate the
expression of adipogenic genes underlying the pheno-
type of terminally differentiated adipocytes.49 The ex-

pression of adipocytic differentiation specific genes
and protein was also down-regulated when MSCs were
cultured in the presence of adipogenic supplement
and CNTs (Figure 8B,C), which is consistent with the ob-
served dose-dependent inhibitory effects of CNTs on
adipogenic differentiation of MSCs (Figure 5).

On the basis of the above findings, a schematic
model was proposed to describe the modulation of pro-
liferation and osteogenic differentiation of MSCs
through the Smad-dependent BMP signaling pathway
(Figure 9). CNTs likely suppress the BMP signaling path-
way by interacting with proteins at the cell membrane
or in the cytoplasm. The blockage of the BMP signaling
pathway leads to down-regulation of the osteogenic
master transcription factor, Runx2, which subsequently
down-regulates osteoblast marker genes Col I and
BMP2 at early stages and ALP and OCN at later stages
of differentiation.44 Although a number of genes in-
volved in adipocytic differentiation were shown to be
down-regulated upon CNT treatment, the molecular
mechanism involved in the inhibition of adipocytic dif-
ferentiation of MSCs upon their exposure to CNTs re-
quires further study.

CONCLUSIONS
In conclusion, the results showed that CNTs inhib-

ited the proliferation, osteogenic differentiation, adipo-
genic differentiation, and mineralization of MSCs dur-
ing short- and long-term osseointegration in vitro. The
results from the oxidative stress assay indicated that
ROS may not be responsible for the observed cytotox-
icity of carboxylated CNTs. The expression of a panel of
osteoblast specific genes and adipocyte specific genes
was significantly attenuated during the differentiation
of MSCs in the presence of CNTs. Q-PCR results and
Western blot analysis together confirmed that the inhi-

Figure 9. Plausible mechanism of the modulation of prolif-
eration and osteogenic differentiation of MSCs through the
Smad-dependent BMP signaling pathway.
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bition of proliferation and osteogenic differentiation of
MSCs is related to the Smad-dependent BMP signaling
pathway. The study suggests that the safety profile of

CNTs should be more thoroughly investigated in order
to provide better understanding for their design and
applications as biocompatible nanomaterials.

EXPERIMENTAL METHODS
Isolation and Culture of MSCs. MSCs were prepared from 6 week

old specific pathogen free (SPF) Kunming mice (Southern Medi-
cal University, China) following the Kelly method.50 In brief, the
mice were executed by cervical vertebra. Femora and tibiae were
aseptically harvested, and the whole bone marrow was flushed
using supplemented �-MEM in a 10 mL syringe and a 25 gauge
needle. Suspended whole bone marrow was washed by �-MEM.
The cells were collected and cultured in �-MEM with 10% heat-
inactivated fetal bovine serum, 100 U/mL penicillin (BBI, Canada),
and 100 �g mL�1 streptomycin (BBI, Canada), for 3 days in a hu-
midified atmosphere of 5% CO2 in air at 37 °C, then replaced
with fresh medium. The culture medium was changed every 3
days during the experiments.

MSCs Viability and Proliferation Assay. MTT assay was used to de-
termine viability and proliferation of MSCs upon treatment with
CNTs, as described in detail elsewhere.14,30 MSCs were seeded in
96-well tissue culture plates at the density of 4 � 106 cells per
well and incubated for 3 days. After the treatment with CNTs for
48 and 72 h, the plates were washed twice with culture me-
dium, and then MTT was added and incubated for another 4 h.
Cells without CNT treatment were used as a control. The relative
cytotoxicity was expressed as percentage of [ODsample � ODblank]/
[ODcontrol � ODblank] � 100. Each experiment was performed in
triplicate.

Alkaline Phosphatase (ALP) Activity Assay for Osteogenic Differentiation
of MSCs. Alkaline phosphatase (ALP) is an early marker of the
MSCs’ osteogenic differentiation. Therefore, an ALP activity as-
say was used to evaluate the osteogenic differentiation of MSCs,
as described in detail elsewhere.30 MSCs were seeded in 48-well
tissue culture plates at the density of 5 � 106 cells per well with
the osteogenetic induction supplement. A series of dilutions (3,
6, and 30 �g mL�1) of CNTs were added to the culture medium
with osteogenic induced supplement for 7 and 14 days. NaF
(Sigma, St Louis, MO), which can promote osteogenetic differen-
tiation of MSCs, was used as a positive control and dispersed in
�-MEM. All results were normalized by protein content.

Oil Red O Staining Assay for Adipogenic Differentiation of MSCs. Oil
Red O staining assay was used to evaluate adipogenic differen-
tiation of MSCs, as described in detail elsewhere.19,30 MSCs (1�
107 cells per well) were seeded in 48-well tissue culture plates
and cultured for 14 and 18 days. The adipogenetic induced
supplements (10 mg L�1 insulin, 1.0 � 10�7 mol L�1 dexametha-
sone) and CNTs of different concentrations (final concentrations
of 3, 6, and 30 �g mL�1) were added to the culture medium. Fat
droplets within differentiated adipocytes from MSCs were evalu-
ated by the Oil Red O staining method. The adipogenetic differ-
entiation inhibition was expressed as a percentage of [ODsample �
ODblank]/[ODcontrol � ODblank] � 100.

Assay for Mineralized Matrix Formation. Alizarin Red S staining as-
say was used to evaluate mineralized matrix formation, as de-
scribed in detail elsewhere.30,51 MSCs (5 � 106 cells per well) were
seeded in 48-well tissue culture plates and cultured for 3 days.
The medium was then changed to medium containing osteoge-
netic induced supplements in the presence of 3, 6, and 30 �g
mL�1 of CNTs or NaF for 18 and 21 days. The formation of min-
eralized matrix nodules was determined by ARS staining. The
mineralization inhibition rate was expressed as a percentage of
[ODsample � ODblank]/[ODcontrol � ODblank] � 100.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). Cell morphology with and without the treat-
ment of CNTs was observed by SEM after 7 days of culture, as de-
scribed in detail elsewhere.52,53 In brief, MSCs were harvested
and rinsed twice in PBS and subsequently soaked in the primary
fixative of 2% glutaraldehyde for 1 h and postfixed for 1 h at
4 °C with 1% osmium tetroxide before dehydration with increas-
ing concentrations of ethanol and finally with hexamethyldisila-

zane (HMDS) to further extract water. The dehydrated MSCs
were maintained in desiccators for overnight air drying. After
sputter-coating with carbon, SEM imaging was conducted on
FEI Nova SEM system at an accelerating voltage of 10 kV. For TEM
imaging, MSCs were prefixed in modified Karnovsky fixative
(2% glutaraldehyde � 2% paraformaldehyde) in 0.1 M cacody-
late buffer (pH 7.4) with 0.05% CaCl2 solution at 4 °C for 2 h af-
ter a 7 day incubation in the presence of 30 �g mL�1 CNTs. The
cells were then postfixed in 1% osmium tetroxide and subse-
quently dehydrated in a graded series of ethanol and acetone so-
lution and embedded in resin. Semi-thin sections were cut per-
pendicularly to the cells layers with a diamond knife, mounted
on glass slides, stained with methylene blue, and then examined
under light microscopy for orientation purposes. Ultrathin sec-
tions were performed, collected on copper grids, and stained
with 5% uranyl acetate in water for 4 min and lead citrate for 2
min. The ultrastructural alterations and internalization of CNTs
were observed with a Phillips Tecnai 12 instrument operating at
80 kV. All SEM and TEM microscopic related reagents were ob-
tained from Electron Microscopy Sciences, USA.

Quantitative Real-Time Polymerase Chain Reaction (Q-PCR). Total RNA
from MSCs, which were treated by CNTs for 7 days, was ex-
tracted using Trizol Plus RNA purification kit (Invitrogen) and
were reverse transcribed to first-strand cDNA according to the
TaKaRa protocol (TaKaRa, Tokyo). Q-PCR was performed in a to-
tal volume of 25 �L with 1 �L of cDNA, 1 �L gene specific 10 �M
PCR primer pair stock, and 12.5 �L RT2 SYBR Green/ROX Q-PCR
Master Mix (SABiosciences, USA) using ABI 7000 Sequence De-
tection System (Applied Biosystems, USA). The PCR profile began
with 10 min at 95 °C to activate Hotstart TaqDNA polymerase
and then followed by 40 cycles of 15 s at 95 °C and 1 min at
60 °C, and later followed by the melting curve test. The relative
amount of mRNA expression normalized to GAPDH was ex-
pressed as fold change, which was calculated by the compara-
tive CT (2�CT) relative to the control group as a reference: 2�CT

� 1. The primer sequences are listed in Table 2.
Western Immunoblotting. MSCs were washed with cold PBS and

lysed in cold 50 mM Tris-HCl (pH 7.4), 10 mM EDTA, 4.3 M urea,
and 1% Triton X-100 (USB Corporation, Japan). Proteins were
subjected to SDS-PAGE using 10% gel for detection of Smad1,
pSmad1/5/8, Runx2, and PPAR� and transferred onto a nitrocel-
lulose membrane (Amersham Biosciences, UK). The membrane
was blocked overnight at 4 °C with 5% bovine serum albumin
(Sigma, St Louis, MO) in TBST solution (10 mM Tris HCl pH 8.0, 150

TABLE 2. Primer Pair Sequences for the Q-PCR Study

genea forward primer sequence (5=�3=) reverse primer sequence (5=�3=)

ALP GTTGCCAAGCTGGGAAGAACAC CCCACCCCGCTATTCCAAAC
BMP-2 TGGCCCATTTAGAGGAGAACC AGGCATGATAGCCCGGAGG
Col I AACATGACCAAAAACCAAAAGTG CATTGTTTCCTGTGTCTTCTGG
ER�-1 GAATCCACATGCCTATTGC AGAACCCACTGACCCATT
OCN GAACAGACTCCGGCGCTA AGGGAGGATCAAGTCCCG
Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT
GAPDH GACTTCAACAGCAACTCCCAC TCCACCACCCTGTTGCTGTA
PPAR�2 TGTGGGGATAAAGCATCAGGC CCGGCAGTTAAGATCACACCTAT
C/EBP� GTGCTTCATGGAGCAAGCCAA TGTCGATGGAGTGCTCGTTCT
C/EBP� GCGCGAGCGCAACAACATCG CAGCACAGGCTGTTGACCATCATA
C/EBP� GAGCGTCCTACGCGCCAGTAC GATCACGGAGCTGTGCCGGTC

aALP, alkaline phosphatase; BMP-2, bone morphogenetic protein 2; Col I, collagen
type-I; ER�-1, estrogen receptor � 1; OCN, osteocalcin; Runx2, runt related tran-
scription factor 2; PPAR�2, peroxisome proliferator activated receptor � 2; C/EBP�,
CCAAT enhancer binding protein �; C/EBP�, CCAAT enhancer binding protein �;
C/EBP�, CCAAT enhancer binding protein �.
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mM NaCl, 0.05% Tween-20). Then, the blots were incubated
with anti-Smad1, anti-pSmad1/5/8, anti-Runx2, anti-PPAR�, or
anti-�-actin primary antibodies (Santa Cruz Biotechnology, Inc.)
in the TBST solution at a 1:1000 dilution for 2 h at room temper-
ature, followed by 1 h incubation with antirabbit, antigoat anti-
bodies conjugated with horseradish peroxidase, and visualized
with an enhanced chemiluminescence (ECL) kit (Amersham Bio-
sciences, UK).

Detection of ROS production and the metal impurities trapped inside the
CNTs. Intracellular levels of ROS were assessed using reactive oxy-
gen species assay kit (Beyotime, China) which detects hydrogen
peroxide, peroxyl radicals, and peroxynitrite anions. The assay
employs the cell-permeable fluorogenic probe 2=,7=-
dichlorodihydrofluorescein diacetate (DCFH-DA). In brief, MSCs
were seeded in 96-well tissue culture plates at the density of 4 �
106 cells per well and incubated for 3 days. After the addition of
CNT suspensions, 48 and 72 h further incubation was performed.
Cells incubated with ROSUP (5.0 mg mL�1) for 20 min were used
as a positive control, and cells without CNT treatment were used
as a negative control. Then, cells were incubated with 10 �M
DCFH-DA in the dark for 30 min. Data were collected using a fluo-
rescence microplate reader. DCFH excitation and emission wave-
lengths were at 488 and 525 nm, respectively. ICP-MS was em-
ployed to determine the metal impurities trapped inside the
CNTs. In brief, 0.21 g of pristine CNTs or carboxylated CNTs was
dissolved in 10 mL of concentrated HNO3 and filtered using a
0.22 �m filter. The solution was diluted 25 times for ICP-MS de-
tection. Concentrated HNO3 was set as a blank.

Statistical Analysis. Data were collected from three separate ex-
periments and expressed as means 	 standard deviation (SD).
The statistical differences were analyzed by a paired student’s
t-test. P values less than 0.05 were considered to indicate statis-
tical differences.
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