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T
he ambitious goal in the design of
biomimetic materials for application
to tissue engineering and repair is to

create biocompatible scaffolds with suit-

able physical and chemical properties and

to guarantee proper adhesion and sus-

tained cell growth. These biomaterials may

provide functional substitutes of native tis-

sues to serve not only as grafts for implan-

tation1 but also as physiologically relevant

models for controlled studies of cell func-

tion and bone development.2 However, the

identification of materials capable of pro-

moting the desired cellular and tissue be-

havior is still a major challenge facing the

field of tissue engineering. To alleviate this

problem, engineers and clinicians alike have

been pursuing the development of hybrid

or composite biomaterials to synergize the

beneficial properties of multiple materials in

a superior matrix.

Recently, carbon nanotubes (CNTs) have

emerged as a promising material for such

purposes, due to their tremendous

strength, ultralight weight, and high stabil-

ity and their ability to become very flexible

after suitable functionalization (f-CNTs).3,4

On the other hand, modern tissue engineer-

ing strategies tend to combine these scaf-

fold materials with living cells to develop

biological substitutes that can restore tis-

sue functions.5�7 Since tissue specific cell

types are not always available in sufficient

amounts to guarantee complete recovery of

damaged tissue, stem cells embody a strik-

ing alternative for tissue engineering. More

precisely, adult stem cells, such as human

mesenchymal stem cells (hMSCs), are con-

sidered the most promising multipotent

species, since they have a high-

differentiation potential into diversified lin-
eages without being tumorigenic.8

Until now, the combination of CNTs and
hMSCs has been very ineffective, primarily
because of CNTs’ impurities (mainly cata-
lysts and amorphous carbon) deriving from
their production and remaining even after
some purification processes.9 These con-
taminations are often responsible for cyto-
toxic effects and have thus hindered the ex-
tensive use of this material for any
biomedical application. In addition, one se-
vere limitation is the difficulty in creating a
uniform microenvironment for proper cell
growth with carbon nanotubes of variable
lengths. Only very recently, conductive
CNTs have been found to support neu-
ronal cell growth (although not necessarily
differentiation from their progenitor cells),
thus providing new insights for the applica-
tion of this material as a scaffold for
prostheses.10�12 Here we explore the ability
of a homogeneous thin film formed by
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ABSTRACT In the field of regenerative medicine, human mesenchymal stem cells envisage extremely

promising applications, due to their ability to differentiate into a wide range of connective tissue species on the

basis of the substrate on which they grow. For the first time ever reported, we investigated the effects of a thin

film of pegylated multiwalled carbon nanotubes spray dried onto preheated coverslips in terms of their ability to

influence human mesenchymal stem cells’ proliferation, morphology, and final differentiation into osteoblasts.

Results clearly indicated that the homogeneous layer of functionalized nanotubes did not show any cytotoxicity

and accelerated cell differentiation to a higher extent than carboxylated nanotubes or uncoated coverslips, by

creating a more viable microenvironment for stem cells. Interestingly, cell differentiation occurred even in the

absence of additional biochemical inducing agents, as evidenced by multiple independent criteria at the

transcriptional, protein expression, and functional levels. Taken together, these findings suggest that

functionalized carbon nanotubes represent a suitable scaffold toward a very selective differentiation into bone.

KEYWORDS: mesenchymal stem cells · carbon nanotubes · functionalization · cell
differentiation · bone · osteogenesis.
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well-dispersed, functionalized multiwalled carbon

nanotubes (f-MWCNTs) sprayed onto plain coverslips

to assist in the induction of hMSCs differentiation into

osteogenic lineages, even in the absence of any bio-

chemical inducer.

To that purpose, we selected and utilized polyethyl-

ene glycol-conjugated multiwalled carbon nanotubes

(MWCNT-PEG) as a composite biomaterial to promote

the osteogenic differentiation of hMSCs and simulta-

neous bone matrix mineralization. These functionalized

CNTs (f-CNTs) were uniformly dispersed at a concentra-

tion of 10 mg/mL (as determined from previous dispers-

ibility studies (Table S1 in Supporting Information) and

sprayed onto preheated coverslips to get a uniform

and smooth coating. We aimed to evaluate the suitabil-

ity of this matrix for further development by objec-

tively measuring its impact on cell viability as well as

the inheritance of osteogenic phenotype.

Recent advances have shown that besides cell sur-

face interactions, distinct nanopatterning of biomi-

metic surfaces13,14 contributes significantly to cell be-

havior and differentiation.15�17 More precisely, cell
adhesion, spreading, proliferation, and differentiation
seem to be influenced by the substrates on which stem
cells grow. In this article we have shown for the first
time that MWCNTs, once functionalized with hydro-
philic PEG chains, become biocompatible scaffolds to
support hMSCs’ growth and proliferation, since they do
not affect cell viability. Furthermore, we demonstrated
that a compact and uniform thin film of tubes present-
ing some nanometric irregularities can provide a suit-
able environment to enable stem cells to differentiate
into osteogenic lineage. Indeed we speculated that the
combination of the mechanical properties of CNTs, to-
gether with the efficient differentiation of stem cells
into bone, could pave the way toward the extensive
use of this material for the regeneration of functional
tissues.

RESULTS AND DISCUSSION
The first challenge in this work consisted of the sur-

face modification to achieve biocompatible MWCNT
materials. MWCNTs were functionalized following the
procedure reported elsewhere,18 and they were con-
firmed by thermogravimetric analysis (TGA) measure-
ments (Figure 1). In agreement with the work per-
formed by Zhao and collaborators,18 the TGA graphs
showed distinct derivative curves of pristine MWCNTs,
oxidized nanotubes (MWCNT-COOH) and MWCNT-PEG
complexes (MWCNT-PEG). The weight percentage of
metal residue was 2.4% for MWCNT-COOH (990 °C) and
1.7% for MWCNT-PEG (990 °C). On the basis of these
measurements, we estimated the loading of MWCNTs
in MWCNT-PEG to be about 70.8%. From these graphs,
the extent of PEG (MW 600) complexed with MWCNTs
was determined to be [(100 � 70.8)/600]/ (70.8/12) �

0.8%.
Further characterization through transmission elec-

tron microscopy (Figure S1 in Supporting Information)
showed that acidic treatment and sonication for 6 h
shortened MWCNTs (lengths of oxidized MWCNT-COOH
ranged between 400 and 800 nm) in comparison to
pristine tubes, while their diameters remained intact.
The additional presence of PEG helped in the forma-
tion of more uniform suspensions and resulted in a dis-
persed network of interconnected MWCNT-PEGs. An
additional aspect to consider is that PEG, in form of hy-
drogel, was found to enhance cell viability of hMSCs,19

and stem cells photoencapsulated with PEG hydrogels
promoted homogeneous deposition of neocartilage
when induced for chondrogenic differentiation.20 More-
over optical images of f-CNTs sprayed onto coated cov-
erslips presented some irregularities and uneven layers
(i.e., breaks of coverslips without CNTs) in the case of
MWCNT-COOH, while they showed a full and compact
film with MWCNT-PEG (Figure S3 in Supporting Infor-
mation). Since it is known that surface regularity is an
important factor in cell proliferation and

Figure 1. TGA graphs and derivative curves of MWCNT samples. TGA
graphs are labeled with the wt % of metal residue after ramping the
sample to 1000 °C.
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differentiation,21,22 therefore these results predicted a
better cell growth in case of MWCNT-PEGs.

Furthermore it has been previously shown that a
certain type of topography, specifically the roughness
of the underlying substrates (in our case CNT-PEG thin
film), influences spatial distribution and cell
differentiation,23,24 since it affects the specific adsorp-
tion of proteins at the surface and the subsequent cell
reactions. Therefore the atomic force microscopy (AFM)
(Veeco dimension 3100, United States) measurements
were taken to determine the roughness of coverslips
coated with different f-CNTs (Figure 2).

Table 1 shows the analysis of the surface roughness
of different coatings as determined by AFM. Although
all coatings formed a rough surface, MWCNT-PEG thin
films, with an average roughness of 18.3 nm, showed
comparatively smoother surfaces than MWCNT-COOH
coatings, with an average roughness of 41.4 nm. Like-
wise, peak-to-peak deviation of roughness was also
higher for MWCNT-COOH-coated surfaces than the
MWCNT-PEG-coated surfaces. Our results indicated that
the roughness obtained in the coated samples con-
sisted of nanometric irregularities in the form of either
randomized (as in MWCNT-COOH, Figure 2a) or slightly
parallel (as in MWCNT-PEG, Figure 2b) grooves and
ridges. We hypothesized that these parallel grooves
helped in the proper growth of stem cells over the
whole period of incubation and eventually favored
their further differentiation into bone lineage. In fact it
has been shown that stem cells’ fate can be selectively
guided by regulating nanometric dimensions of the
substrates,25 although further investigations are re-
quired to fully understand the mechano-sensing phe-
nomenon behind such observation.

The subsequent growth of human mesenchymal
stem cells on different substrates was evaluated by in-
cubating hMSCs onto f-MWCNT-coated coverslips. To
prove that MWCNTs did not affect normal cell growth,
our group has previously reported enhanced biocom-
patibility of these ultrapure MWCNTs,26 where no cyto-
toxicity was observed until a concentration of 150
�g/mL in the cell culture medium. Unlike that study
where breast cancer cells (MCF-7) were exposed to dif-
ferent nanotubes, including ultrapure MWCNTs, in this
investigation we incubated hMSCs with ultrapure
MWCNTs over periods of 24, 48, and 72 h. This change
enables us to directly assess the effect on a clinically rel-
evant cell type, as cell viability is likely to differ be-
tween cell lines of cancerous and noncancerous origin.
As seen in Figure 3, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay of hMSCs
did not reveal any cytotoxicity in the case of ultrapure
MWCNTs at concentrations up to 100 �g/mL (Figure 3a)
and incubation periods up to 72 h (Figure 3b); a statis-
tically negligible difference (p � 1) was detected in such
a range. To exclude the possibility that black carbon
nanotubes interfered with the result of the MTT assay,

we also performed a CyQUANT assay of ultrapure
MWCNTs for hMSCs at the same range of concentra-
tions used for the above-reported MTT assays. As ex-
pected, the result was comparable to that of the MTT
assay, as no cytotoxicity was observed until 100 �g/mL.
Notably, although the concentration used in airbrushed
MWCNTs (10 mg/mL) is much higher than the one
tested for cytotoxicity assays, the thin films of nano-
tubes obtained in this study were expected to remain
compact over the time, and only a minimal concentra-
tion (determined as equal or inferior to 10 �g/mL)
would be released from the MWCNT-PEG thin film over
the whole time of the experiments.

Moreover, these ultrapure tubes were pristine, not
functionalized CNTs, which are known to display lower
cell viability in comparison to f-CNTs. Therefore, we ex-
pected even better profiles with functionalized
MWCNT-PEG samples; indeed this was confirmed by a
calcein acetoxymethyl ester (AM) cell viability assay per-
formed on all the samples following a previously re-
ported procedure.27 Images under a fluorescence
microscope (Figure 4a�d) showed that cell morphol-
ogy was, in general, similar across PEG alone, CNTs
samples, and coverslips after 15 days of incubation in
normal stem cell media. More precisely, stem cells
grown on PEG alone (Figure 4b) and on MWCNT-PEG
(Figure 4d) presented an elongated, fibroblast-like mor-
phology comparable to those on coverslips (Figure

Figure 2. AFM images including the topography of the surfaces of
MWCNT- and MWCNT-PEG-coated coverslips.

TABLE 1. AFM Data Showing Average, Root-Mean Square
and Peak-to-Peak Deviation of Surface Roughness
between Surfaces of Coverslips Coated with MWCNT-
COOH and MWCNT-PEG

samples average (nm) rms (nm) peak to peak (nm)

MWCNT-COOH 41.4 54.6 433
MWCNT-PEG 18.3 23.9 270

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 12 ▪ 7717–7725 ▪ 2010 7719



4a), while in the case of MWCNT-COOH substrates,
cells showed slightly irregular shapes, suggesting poor
adherence to the substrate and thus lower cell growth
(Figure 4c). To reiterate, cell viability in case of MWCNT-
PEG-coated coverslips showed no significant differ-
ence (p � 0.05) when compared with cell viability on
plain or only PEG-coated coverslips (Graph 4e). This is
in agreement with some articles indicating that cytotox-
icity is inversely correlated to the extent of CNTs’
functionalization,26,28,29 and it supports the promising
role of these ultrapure, functionalized MWCNTs as bio-
compatible scaffolds. The only exception was repre-
sented by the MWCNT-COOH samples, for which cell vi-
ability was about 75%. This result conformed to the
study performed by Liu et al.,30 where cell proliferation
and osteogenic differentiation of hMSCs were inhibited
by carboxylated single-walled and MWCNTs.

Cell proliferation was confirmed by SEM imaging.
Figure 4f clearly showed the distribution of hMSCs
growing on a uniform substrate, while a zoomed area
(Figure 4g) enabled the identification of a typical cell

with its reticular fibrils on a homogeneous lattice of
CNTs. In contrast, the growth of hMSCs on MWCNT-
COOH-coated coverslips could not be visualized by
SEM, as the coating was unstable during the process
of critical point drying.

Furthermore, since a prerequisite for a successful im-
plant is its stability over the time, additional samples
of f-MWCNT coatings were shaken in Petri dishes con-
taining distilled water using a Stuart gyro-rocker at 30
rpm for a time corresponding to the whole duration of
the experiments. As expected, the MWCNT-COOH coat-
ing was destroyed within the first two hours of shak-
ing, while the MWCNT-PEG coating remained intact for
one week, after which it detached from the coverslip,
but it did not undergo destruction (figure not shown).
Due to the fact that in real implants these thin films
would be embedded inside the damaged tissue rather
than freely suspended in solution, this result suggests
that the use of thin films made up of PEG-functionalized
carbon nanotubes could provide a solid and stable
structure for the growth of cells.

Although mesenchymal stem cells are known to rep-
resent a heterogeneous population of cells, in the
present study we speculated that, once grown onto
MWCNT-PEG substrates, they were capable of osteo-
genic differentiation. To substantiate such hypothesis,
we characterized the transcriptional upregulation of os-
teopontin (OPN), an early biomarker for osteogenesis
(Figure 5a)31 in hMSCs grown onto different substrates
and cultured for 14 days in osteogenic media with or
without additional growth factor (e.g., recombinant
bone morphogenetic protein, BMP-2, at a concentra-
tion of 150 ng/mL). Expression changes in various
samples were measured as fold change with respect to
control cells (i.e., positive control in form of hMSCs
grown on coverslip in the presence of BMP-2 with os-
teoinduction media and negative control consisting of
coverslips without BMP-2 and cultured in normal stem
cell media). Reverse transcription polymerase chain re-
action (RT-PCR) measurements showed that BMP-2 me-
diated greater than two-fold elevation of OPN expres-
sion for hMSCs grown on either coverslip or PEG-coated
layer. Strikingly, MWCNT-PEG, even in the absence of
BMP-2, demonstrated an elevated OPN transcript level
that was indistinguishable from the cells undergoing
BMP-2 stimulation. The extent of OPN expression for
MWCNT-PEG alone was in fact similar to that for PEG
(�BMP-2) cells, confirming that the combination of
nanotubes and PEG successfully guided cell differentia-
tion toward bone formation. Interestingly, Briggs et
al.,32 observed that, while OPN is a gene up regulated
during the initial mineralization phases of osteogene-
sis, other marker genes are critically up-regulated along
with downstream programs for osteogenesis, as dem-
onstrated by alkaline phosphatase activity and osteo-
calcin (OCN) expression. This effect was also observed
when hMSCs were grown on polycarbonates copoly-

Figure 3. (A) Percentage of cell viability as obtained by MTT
and CyQUANT assays of hMSCs after 24 h exposure to Ultra-
pure MWCNTs at the following concentrations: 20, 40, 60,
80, and 100 �g/mL (p � 1). (B) MTT assay at different time
frames (24, 48, and 72 h) of hMSCs incubated at the highest
dose (100 �g/mL.). No cytotoxicity was observed in the
range of incubation time periods used for the purpose (p �
1).
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merized with 0�5% PEG. Therefore, we evaluated the
influence of MWCNT-PEG on hMSC differentiation into
osteogenic lineages by immunofluorescent staining of
two common protein markers: CD44 for hMSCs and
OCN for osteoblasts (Figure 5b�g). This investigation
was performed after two weeks of incubation of hMSCs
onto different substrates in the presence of osteogenic
media. The immunofluorescence results clearly showed
that cells growing on plain (Figure 5b) and only PEG-
coated (Figure 5d) coverslips bound to the fluorescent
antibody specific for CD44 expression, confirming the
fact that hMSCs maintained significant features of
“stemness” character (i.e., lack of complete differentia-
tion into osteogenic lineage). At the same time, these
cells did not immunostain for OCN (Figure 5e and g) be-
cause they were not differentiated into osteoblast-like
cells. Conversely, MWCNT-PEG samples did not express
CD44 (Figure 5c), and instead they showed high fluores-
cence in correspondence of OCN immunostaining (Fig-
ure 5f), confirming a successful differentiation of hMSCs
into osteoblasts even in absence of BMP-2. Moreover,
since OCN is normally expressed after 21 days of in vitro
osteogenesis of MSCs,33 we theorized that MWCNT-
PEG samples acted as a biochemical enhancer, acceler-
ating the process of hMSCs differentiation into osteo-
cyte phenotype. Such attributes may help to strengthen
the bone structure and the eventual implants, e.g., the
area of defect could be quickly covered and bridged to
surrounding bone by the thin film of nanotubes, which
are strong enough to support and anchor the initial
monolayer of cells over the whole period, from prolif-
eration to differentiation, for the deposition of new
bone. Indeed, numerous preclinical studies have shown
that BMPs play a critical role in bone healing by stimu-
lating the differentiation of mesenchymal cells to an os-
teogenic lineage.34 Similarly Rawadi et al.35 have re-
ported the control of osteogenic induction and
mineralization by BMP-2 in pluripotent mesenchymal
cell lines C3H10T1/2, C2C12, and ST2 and in the osteo-
blast cell line MC3T3-E1. In our case, hMSCs were cul-
tured in osteogenic medium with and without BMP-2.
An additional sample consisted of BMP-2 covalently at-
tached to MWCNT-COOH via carbodiimide chemistry
(Scheme S1, Supporting Information).36 Due to the coat-
ing procedures that require heating the coverslips at
160 °C (which would have hampered the activity of any
protein, including BMP-2), we used the coverslips al-
ready coated with MWCNT-COOH for the subsequent
covalent immobilization of BMP-2. After repeated
washes to remove unspecific adsorption of inducer,
the amount of BMP-2 covalently attached onto the
MWCNT-COOH coating was analyzed by bovine car-
bonic anhydrase (BCA) protein assay using a previously
prepared BMP-2 standard curve, and it was found to
be 70 ng. This was comparable to the amount of BMP-2
(75 ng/well) added to the osteogenic media in case of
osteoinduction experiments with hMSCs. Post conflu-

ence (12�14 days), cells cultured on different sub-

strates [i.e., (a) plain coverslips with and without BMP-2;

(b) PEG alone; (c) MWCNT-PEG with and without BMP-2;

and (d) MWCNT-COOH with BMP-2 covalently bound]

were subjected to alizarin red quantification which, by

staining calcium depositions as part of matrix mineral-

ization, represents a functional proof of the terminal dif-

ferentiation into osteocyte phenotype (Figure 5h).

Figure 5h shows that hMSCs grown on uncoated or

PEG-only coated coverslips were not able to form cal-

cium deposits, suggesting that osteogenic medium or

PEG alone were not sufficient to induce proper differen-

Figure 4. Cells growing on: (a) normal coverslip; (b) PEG-coated
coverslip; (c) MWCNT-COOH-coated coverslip; (d) MWCNT-PEG-
coated coverslips. Scale bars are 100 �m. (e) Graph showing per-
centage of cell viability of different substrates for hMSCs. (f and g)
SEM images of hMSCs growing in normal medium on MWCNT-
PEG-coated coverslips at day four of incubation. (f) Large field of
view showing growth of lots of cells. Scale bar is 100 �m. (g) Small
field of view showing a single cell. Scale bar is 10 �m.
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Figure 5. (a) qPCR analysis of relative expression levels of OPN for hMSCs cultured on different types of substrates and os-
teoinduced with osteogenic media with or without BMP-2 for 14 days. **Negative control consists of a coverslip without
BMP-2 and without induction with osteogenic media. (b�g) Immunofluorescence image of cells subjected to osteoinduc-
tion without BMP-2. Cells growing on (b, e) plain coverslips showing the presence of CD44 and absence of OCN; (c, f) MWCNT-
PEG-coated coverslips showing the absence of CD44 and presence of OCN; (d, g) only PEG-coated coverslips showing the
presence of CD44 and absence of OCN. Scale bars are 100 �m. (h) Graph showing normalized alizarin red quantity in cells
growing on different scaffold surfaces with or without BMP-2.
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tiation of hMSCs into osteoblasts. Notably, although cal-
cium can be deposited on some scaffolds, we did not
observe any nonspecific staining from CNTs alone
(without cells) based on alizarin red staining. Con-
versely, all the substrates with hMSCs treated with
70�75 ng/well of BMP-2 clearly showed abundant cal-
cium deposition as indicated by a high normalized al-
izarin red quantity. Only the sample of MWCNT-COOH
covalently bound to BMP-2 presented fewer calcium
deposits, most probably due to a less uniform coating
with MWCNT-COOH or to a partial denaturation of
BMP-2 immobilized onto CNTs. With regards to this
last aspect, it had already been demonstrated that im-
mobilization of enzymes and proteins onto substrates
sometimes affects their secondary structures and often
decreases their activity.37 Interestingly, both BMP-2
treated substrates and MWNT-PEG-coated (without
BMP-2) coverslips showed comparable (p � 0.05) cell
differentiation into bone cells. In other words, the uni-
form coating of MWCNT-PEG provided a suitable mi-
croenvironment for hMSCs proliferation and differentia-
tion even in the absence of the standard biochemical
inducer.

Altogether, MWCNT-PEG successfully transformed
hMSC into bone-like cells even in the absence of any ad-

ditional growth factor, as evidenced by multiple inde-

pendent criteria at the transcript (e.g. OPN), protein (e.g.,

OCN), and functional (e.g., calcium deposition) levels.

CONCLUSIONS
It is widely known that extracellular matrix can ex-

ert highly complex biochemical effects in a similar way

that growth factors can (e.g., BMP-2),38 resulting in dra-

matic changes to cell phenotypes. This study clearly il-

lustrates that, by subjecting mesenchymal stem cells to

an appropriately selected biomaterial, it is possible to

propel the cells to differentiate into a targeted tissue

type like osteoblasts. As this finding presents the next

challenge of understanding the mechanistic basis for

the differentiating pressure of MWCNT-PEG, it also un-

derlies the promise of the ability that such material can

differentiate into other tissue types (such as chondro-

cytes and myocytes) through subtle modification of the

matrix and induction with specific media. Taken to-

gether, these results suggest a promising role for func-

tionalized CNTs as reinforcing agents due to their high

mechanical strength as well as their use as biocompati-

ble scaffolds for applications in tissue engineering and

bone repair.

MATERIALS AND METHODS
Functionalization of MWCNTs and Characterization. Ultrapure

MWCNTs were functionalized following the procedure reported
elsewhere18 and illustrated in Scheme S1, Supporting Informa-
tion. The extent of oxidation of MWCNTs, loading with PEG and
dispersibility were determined by transmission electron micros-
copy (TEM), TGA, and dispersibility study, respectively (Support-
ing Information). While TEM was done using JEOL JEM 2010F HR-
TEM (200KV Field Emission Gun), TGA data were recorded on a
TA Instruments-SDT 2960 Simultaneous DTA-TGA (differential
thermal/thermogravimetric analyzer), with a heating rate of 5 °C/
min in air.

Coating of Coverslips and Their Characterization. Lyophilized samples
of PEG-functionalized (MWCNT-PEG) and oxidized nanotubes
(MWCNT-COOH), along with only PEG samples, were individu-
ally sonicated in Milli-Q water (produced using Millipore’s Syn-
ergy water purification system with cartridge Simpak2) to obtain
a 10 mg/mL suspension. The suspension was sprayed with an air-
brush (Badger 100LG model) onto round glass coverslips (12
mm diameter, Electron Microscopy Sciences), which had been
previously heated up to 160 °C to allow the fabrication of uni-
form films11 (Figure S2, Supporting Information). Coated cover-
slips were allowed to dry in air and were used for cell culture
after sterilization with UV irradiation overnight.

Some of the sterile MWCNT-COOH-coated coverslips were
subjected to covalent attachment of the osteogenic inducer
(bone morphogenetic protein or BMP-2), following the proce-
dure mentioned elsewhere.36 The amount of BMP-2 covalently
immobilized onto MWCNT-COOH was determined by BCA pro-
tein assay (Pierce, Thermo Scientific), as mentioned in Support-
ing Information (paragraph 3d).

Optical pictures (Figure S3, Supporting Information) of cover-
slips coated with f-CNTs were taken to visualize any cracks in
the coating visible under microscope (Nikon AZ-100). Similarly,
AFM (Veeco dimension 3100, United States) was done to deter-
mine the roughness of coverslips coated with different f-CNTs.
The scanning was done in tapping mode using a silicon nitride
probe. The roughness was calculated in terms of the average de-

viation (three images for each sample) from the mean plain of
surface. Root-mean square (rms) values and peak-to-peak ratios
were also calculated to compare the roughness between differ-
ent surfaces. AFM images of the samples were obtained by
spraying the dispersions of f-MWCNTs (10 mg/mL) with an air-
brush onto round coverslips (12 mm in diameter) heated to 160
°C.

Stem Cell Growth and Culture. The hMSCs of passage 1 were ob-
tained courtesy of Dr. Rachel Ee of the Department of Phar-
macy, National University of Singapore. The hMSCs were cul-
tured in T75 culture flasks using Dulbecco’s modified Eagle’s
medium (DMEM) prepared in Milli-Q water and added with es-
sential ingredients (paragraph four in Supporting Information).
The medium was refreshed every 3�4 days until the cells
reached 80�90% confluence (12�14 days). Trypan blue dye ex-
clusion assay was used to count viable cells for all experimental
purpose.

Cytotoxicity Assays. To determine the cytotoxicity of ultrapure
MWCNTs toward hMSCs, MTT and CyQUANT (Invitrogen) assays
were performed according to the known procedures.39,40

Scanning Electron Microscopy. Cells (hMSCs) growing on MWCNT-
PEG-coated coverslips were subjected to critical point drying41

(BAL-TEC CPD 030) and dried for about 1 h. The pressure was re-
leased slowly after drying to avoid disturbing the coating on
the coverslips. Finally cells on these MWCNT-PEG-coated cover-
slips were observed under field-emission scanning electron
microscope (SEM) (JEOL JSM-6701F, Tokyo, Japan). The growth
of hMSCs on MWCNT-COOH-coated coverslips could not be visu-
alized by SEM as the coating was unstable during the process
of critical point drying.

Fluorescence Microscopy. Coverslips coated with different sub-
strates (MWCNT-COOH, MWCNT-PEG, and only PEG) along with
uncoated (used as control) coverslips were put individually into
wells of a 24 well plate (Greiner bio-one, Germany). The hMSCs
were seeded (5000 cells/well) onto these wells and cultured as
mentioned above. Post confluence, the medium was aspirated
out of the wells, and all the coverslips having cells growing on
them were transferred into a new 24 well plate. Cells in each cov-
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erslip were washed carefully with 1 mL PBS for three times. Fur-
ther 1 mL of PBS was added to each well followed by 5 �L of cal-
cein AM (1 mM). The well plates were incubated for 30 min at
room temperature in the dark. Finally all the coverslips were
washed 3�4 times with PBS and were inverted onto glass slides
mounted with 70% glycerol and visualized under fluorescence
microscope (Nikon AZ-100 multipurpose microscope).

Calcein AM Cell Viability Assay. Similar procedure as mentioned
above was followed with respect to staining of cells with cal-
cein acetoxymethyl ester (AM). After washing all the coverslips
3�4 times with PBS, 1 mL of PBS was left on each well along with
the wells having no cells as control. Fluorescence signal pertain-
ing to excitation wavelength of 490 nm and emission wave-
length of 520 nm was read using a microwell plate reader (Infi-
nite 200). The number of viable cells was obtained for all the
coverslips by comparing the fluorescence signals with a previ-
ously prepared calcein AM cell viability standard curve obtained
using a known number of viable cells (2000�20 000) and utiliz-
ing the same procedure.

Osteogenic Induction and Differentiation. The osteogenic medium
was prepared following known procedure42 (Table S2, Support-
ing Information). The hMSCs at 5000 cells per well were seeded
into a 24 well plate having both uncoated and MWCNT-coated
coverslips. The well plate was left overnight inside the incubator
at 37 °C for cells to adhere to the surface of tissue culture plates.
After 24 h, osteogenesis was induced by replacing original me-
dium in selected wells with osteogenic medium. BMP-2 (150 ng/
mL) was added to osteogenic medium depending upon the pur-
pose of the experiments. The osteogenic medium was replaced
every 3 days until confluence (12�14 days) was reached. Os-
teoinduced cells were compared with noninduced cells on both
uncoated and coated coverslips. Post confluence alizarin red
quantification, immunofluorescence, and qPCR were performed
on the cell samples.

Alizarin Red Quantification. Alizarin red quantification was per-
formed to assess ECM mineralization after 14 days in osteo-
genic media with or without BMP-2. This was done by fixing
cells with 100% ethanol for 15 min and then staining with 0.2%
alizarin red solution with a pH between 6.36 and 6.4 at room
temperature for 1 h. After 1 h, unbound alizarin red was aspi-
rated, and bound alizarin red was quantified using 20% metha-
nol (Tedia) and 10% acetic acid in water. After 15 min, the meth-
anolic mixture for each sample was transferred to a 96 well plate
(200 �L/well) and performed in triplicates. The quantity of al-
izarin red was read on the microplate reader at 450 nm and nor-
malized to protein content using BCA protein assay (Pierce,
Thermo Scientific).33

Immunofluorescence. Osteoinduction without BMP-2 was done
for hMSCs growing on coverslips coated with different sub-
strates (plain coverslips, coverslips coated with MWCNT-PEG
and PEG alone), according to the procedure already mentioned
before.

Post confluence, cells growing on coverslips were taken out
from the wells and put into a newly marked 24 well plate. The
cells on all the coverslips were fixed by treating with ice cold
50%/50% methanol/acetone. After 5 min, methanol/acetone so-
lution was removed, and the coverslips were left open inside the
laminar hood to be air-dried. After the coverslips were com-
pletely dried, the fixed cells were treated with 10% FBS in PBS
(blocking agent) for 20 min. The blocking agent was aspirated,
and 5 �L of different primary antibodies to cellular markers
(CD44 for hMSCs and OCN for osteoblasts) were put onto differ-
ent coverslips coated with each type of substrates (including
plain coverslips used as a control) and incubated at room tem-
perature. After 1 h, the cells on the coverslips were extensively
washed with Milli-Q water for 5 min and then rinsed in PBS for 5
min. After that, 100 �L of diluted (1/100) secondary antibody
(goat antimouse antibody) conjugated with a fluorescent dye
(FITC) was added onto each coverslip (both coated and un-
coated) and incubated at room temperature. After 30 min the
coverslips having cells were washed with Milli-Q water and were
inverted onto glass slides mounted with Vectashield with the
fluorescent dye 4=,6-diamidino-2-phenylindole (DAPI, H 1200,
Vector laboratories) and visualized under fluorescence micro-
scope (Nikon AZ-100 multipurpose microscope). The pictures

were taken separately at the same positions using both green
fluorescent protein (GFP) and DAPI filter to capture both the fluo-
rescence due to FITC conjugated secondary antibody staining
the marker proteins and to DAPI staining the nucleus of each cell.
Subsequently, images were merged using Nikon elements BR
3.1 image processing software.

Quantitative RT-PCR. Approximately 1 million cells from each
BMP-2-treated and control experiment were harvested for RNA
isolation using mirVana miRNA isolation kit (Ambion, Austin, TX),
according to manufacturer’s instructions. Total RNA was quanti-
fied, and the quality was ascertained (OD260/280 within 1.9�2.1)
using NanoDrop (Thermo, Wilmington, DE). cDNAs of respec-
tive samples were synthesized from 0.3�1 �g of total RNA us-
ing SuperScript III reverse transcriptase (Invitrogen, Carlsbad,
CA), according to manufacturer’s instructions. Quantitative real-
time-PCR was performed using Applied Biosystems 7500 Fast
Real-Time PCR System with Fast SYBR Green master mix and
primers for OPN (NM_001040058; F: 5=-ACG CCG ACC AAG GAA
AAC TC-3=; R: 5=-GTC CAT AAA CCA CAC TAT CAC CTC G-3=). 18S
RNA (NR_003286; F: 5=-CGG CTT AAT TTG ACT CAA CAC G-3=; R:
5=-TTA GCA TGC CAG AGT CTC GTT C-3=) were quantified as
housekeeping control. The thermal cycling condition comprised
an initial denaturation at 95 °C (20 s), followed by 40 cycles at 95
°C (3 s) and 60 °C (30 s). Melting curves were generated at the
end of 40 cycles to verify the purity of the PCR product. The
samples were prepared in triplicates with 4 �L of 10-fold-
prediluted cDNA. Data were obtained as average CT values and
normalized against housekeeping control as �CT. Expression
changes in OPN transcripts in various samples were measured
as fold change with respect to cells grown on coverslip in the ab-
sence of BMP-2 stimulation using 2��CT (��CT � �CT of test
sample � �CT of control cells) (Table S3, Supporting Informa-
tion).

Statistical Analysis of the Data. All the data from cell viability as-
says, alizarin red quantification, and qPCR were subjected to stu-
dent t-test to calculate p-value. If the p-value was found to be
less than the threshold (0.05) chosen for statistical significance,
then the null hypothesis (which states that the two groups do
not differ) was rejected in favor of an alternative hypothesis,
which indicates that the groups do differ significantly.
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