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With recent advances in nanotechnology, carbon nanotubes (CNTs) have been extensively studied as substrates for cell culture,
drug delivery systems, and medical implant materials. However, surprisingly little is known about the effect of CNTs on collective
cellular processes (e.g., adhesion, proliferation, and differentiation). This leads to the need for quantitative characterization of the
proliferation, differentiation, and mineralization of mesenchymal stem cells (MSCs) on multiwalled CNT-s (MWCNTs-) collagen
scaffolds. In here, a set of MWCNTs-collagen scaffolds where three different types of MWCNTs are, respectively, entrapped in
reconstituted type I collagen at four different concentrations less than 100 ppm are prepared; the MSC differentiation thereon is
investigated by monitoring the transcription factor RunX2 (RunX), transforming growth factor 𝛽 (TGF-𝛽), alkaline phosphatase
(AP), osteocalcin, and mineralized nodules of extracellular matrix (ECM). In short, the MWCNT-collagen scaffolds induced
significant increases in AP activity and ECMmineralization due to the increased stiffness and strength of the scaffold by entrapping
MWCNTs. This offers a potential for controlling MSC differentiation using MWCNT-collagen scaffolds.

1. Background

There have been significant advances in cell-based therapy
and tissue engineering for the repair and replacement of
damaged tissues and organs. Now, scientific investigations
in this area have been keeping observation upon nanotech-
nology that has great potential in creating next-generation
approaches. More recently, researches have begun to focus
on the role of nanostructures and nanomaterials for tissue
engineering applications [1]. For example, CNTs introduced
by Oberlin et al. in 1976 [2] have been regarded as promising
substrates for cell-based therapy and tissue engineering (e.g.,
cell cultures, drug delivery systems, medical implantable
materials, etc.) because of their unique material properties
[3–9]. Although nanomaterial-based scaffolds (e.g., CNTs)
are believed to provide many critical features of the microen-
vironments for cell adhesion, proliferation, and differenti-
ation [1], much still remains uncertain and controversial

about the effect of the nanomaterial-based scaffolds on the
collective cellular processes.

The recent advent of nanotechnology has stimulated an
interest in creating a variety of new nanotechnology-based
approaches for creating improved scaffolds with engineered
tissues.The first pioneering research using composites of syn-
thetic polymers and CNTs has demonstrated great promise
that the scaffolds made of the materials can be used for
orthopedic tissue engineering applications [10]. The rein-
forcement of naturally derived polymers (e.g., extracellular
matrix (ECM)) with CNTs has been effective to compensate
for the inherent limitations of ECM scaffolds such as weak
mechanical properties, lack of electrical conductivity, and
absence of adhesive and microenvironment-defining moi-
eties [11]. In detail, CNTs have diameters ranging from 0.7
to 2.0 nm (typically around 1.0 nm) and aspect ratios ranging
from 100 to 10000 [12], thus playing an important role in fiber-
reinforced composite materials for scaffolds [13]. Moreover,
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CNTs have a similar viscoelastic property to that observed
in soft tissue membranes, so they have been intensively used
to increase Young’s modulus and tensile strength of hybrid
biomaterials [11, 14, 15].

In this study, MWCNT-reinforced collagen scaffolds
were designed to investigate the osteogenic differentiation of
MSCs, with the ultimate aim to shed light on the development
of multifunctional scaffolds having enhanced mechanical
and functional properties for a variety of tissue engineer-
ing applications. Our study was spurred by the following
questions. (1) How do CNT-based materials affect collective
cellular processes of MSCs? (2) Does the addition of CNTs
into a naturally derived polymer result in creating a stiffer
microenvironment in which osteoprogenitor cells prefer to
differentiate into osteocytes? To address the above issues, we
prepared a set of MWCNTs-collagen scaffolds where three
different types of MWCNTs were entrapped in reconstituted
type I collagen at four different concentrations, respectively.
The collagen was intended to provide the MSCs with cell
binding sites for differentiation, while the MWCNTs were
designed to increase the stiffness and tensile strength of the
scaffolds. The levels of the proliferation, differentiation, and
mineralization of MSCs on the MWCNT-collagen scaffolds
were evaluated through measuring osteogenic differentiation
markers such as RunX, TGF-𝛽, AP, osteocalcin, and mineral-
ized nodules of ECM. Our approach is therefore believed to
be an exquisite technique for evaluating the effect of scaffolds
on MSC differentiation.

2. Methods

2.1. Materials and Reagents. Three different types of
MWCNTs (HiPCO-derived MWCNT, MWCNT-OH, and
MWCNT-COOH) were purchased from Cheap Tubes
Inc. (Brattleboro, VT, USA). Rat tail collagen type I was
obtained from BD Biosciences (Rockville, MD, USA).The
AlamarBlue, Quant-iT PicoGreen dsDNA detection kit,
and rat interleukin 6 (IL-6) CytoSet were prepared from
Invitrogen Corporation (Carlsbad, CA, USA).

2.2. Proliferation and Differentiation of MSCs. Rat MSCs
were obtained from Invitrogen (Carlsbad, CA, USA). The
MSCs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with other supplements: 10% fetal bovine serum
(FBS), 1%penicillin/streptomycin, and 0.25𝜇g/mLof ampho-
tericin B. The MSCs were seeded at a density of 4 × 104
cells/cm2 on theMWCNT-collagen scaffolds in 48-well plates
and incubated at 37∘C and 5%CO

2
in DMEMwith other sup-

plements mentioned above. When the MSCs reached conflu-
ence, the cell culturemedia were replaced with differentiating
media. The MSCs were differentiated to osteoblastic pheno-
type by adding 10mM of 𝛽-glycerophosphate, 50 𝜇g/mL of
ascorbic acid, and 10 nM of dexamethasone.

2.3. Preparation of MWCNT-Collagen Scaffolds. Three dif-
ferent types of MWCNTs having a diameter of 20–30 nm
and two different lengths of 10–20𝜇m (long) and 0.5–2.0 𝜇m
(short) were added to distilled water and sonicated for

10 minutes with a 10-second cooling time per minute on
ice using a Sonicator 3000 (Misonix, Farmingdale). After
sonication, 0.1% polyvinylpyrrolidone (Fisher Scientific) was
added to the MWCNT solution to inhibit the aggregation of
the MWCNTs in the solution. Four kinds of concentrations
(10, 50, 100, and 855 ppm) of MWCNTs were formulated
into a fixed concentration (1mg/mL) of collagen type I with
10% NaHCO

3
. 1000 𝜇L of MWCNT-collagen mixture was

transferred to each well plate, followed by incubation for 30
minutes at 37∘C.

2.4. Cell Viability Assay. Theviability ofMSCswas quantified
through the AlamarBlue assay (AB, BioSource International,
Camarillo), changing its color from blue and nonfluorescent
to red and highly fluorescent under reduction conditions [16].
To examine cell viability, ABwas added in an amount equal to
10% of theMSC culture volume. For each experiment, the flu-
orescence ofABwasmeasured from three separate cellmono-
layers at an excitation wavelength of 545 nm and an emission
wavelength of 590 nm using a fluorescence microplate reader
(Synergy HT Multi-Mode Microplate Reader, Bio-Tek). The
cell viability was calculated as the fluorescence intensity ratio
of treated cells to untreated cells. As a negative control,
AB was loaded to cell culture medium without MSCs. The
fluorescence intensity of the plate was measured after 1 hour
incubation at 37.0∘C.

2.5. Quantification of Deoxyribonucleic Acid (DNA) Contents.
The Quant-iT PicoGreen assay was used to quantify the
total amount of DNA present rather than the presence of a
specific gene. Briefly, cells were washed once with phosphate-
buffered saline (PBS) after removal of culture medium and
lysed in 200mL solution of 25mM Tris/0.5% Triton X-100
(pH 8) followed by three freeze/thaw cycles. Quantification of
DNA contents was conducted according the manufacturer’s
instructions (Molecular Probes). Fluorescence intensity was
measured at an excitation wavelength of 480 nm and an
emission wavelength of 520 nm by a fluorescence microplate
reader (Synergy HTMultimodeMicroplate Reader, Bio-Tek).

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). Ribonucleic Acid (RNA) was extracted from the
samples using the RNeasy Plus Micro Kit (Qiagen) as per
manufacturer’s protocol with slight modifications. Cell lysate
was obtained by crushing the scaffolds while they were
submerged in lysis buffer, followed by centrifugation. Because
initial RNA concentrations were very low, the process was
modified by adding RNase-free water to the scaffold debris
and mixing (to dissolve the RNA that had bound to the silica
particles from the scaffold) and then centrifuging and adding
this supernatant to the cell lysate.The last step of the protocol
was modified to elute a total of 20𝜇L of RNA by adding 12𝜇L
of RNase-free water twice to a spin column membrane and
then centrifuging. qRT-PCR was performed using the Rotor-
Gene SYBR Green RT-PCR Kit with a Rotor-Gene qRT-PCR
cycler.The genes of interest were glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, control), osteocalcin (BGLAP),
transcription factor RunX2 (RunX), alkaline phosphatase
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Table 1: List of qRT-PCR primers.

Gene Description Primer 𝑇
𝑚

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Forward: 5 TCGGTGTGAACGGATTTGG 3
Reverse: 5 TCTCCACTTTGCCACTGCA 3

55.1∘C
57.4∘C

BGLAP Osteocalcin Forward: 5 CTGACAAAGCCTTCATGTCCAA 3
Reverse: 5 GCCGGAGTCTGTTCACTACCTT 3

55.2∘C
58.3∘C

RunX Transcription factor RunX2 Forward: 5 CTTCAAGGTTGTAGCCCTCGGA 3
Reverse: 5 ATGACGGTAACCACAGTCCCA 3

58.4∘C
58.5∘C

AP Alkaline phosphatase Forward: 5 AAGGATATCGACGTGATCATGG 3
Reverse: 5 GGCCTTCTCATCCAGTTCGTA 3

54.1∘C
56.7∘C

Smad4 SMAD family member 4 Forward: 5 CACAAGTCAGCCGGCCAGTATT 3
Reverse: 5 TTCCAGTCCAGGTGGTAGT 3

59.4∘C
59.0∘C

(AP), and SMAD family member 4 (SMAD4) (Table 1). The
primers used in this study are listed in Table 1. Analysis of the
cycle data was assessed using the double ΔCt method with
a threshold value of 20% above the background. Efficiency
values were empirically derived from 3 plates of differentiated
cells (grown in the same media as a positive control) for
the purposes of this analysis. Fold changes were determined
through Ct value comparison to the negative control. All data
was subject to normalization to the value of a housekeeping
gene (GAPDH) for each experimental condition and speci-
men. All data was analyzed by analysis of variance (ANOVA)
technique.

2.7. Alkaline Phosphatase Activity. The AP detection was
detected by calf intestinal alkaline phosphatase (CIAP,
Promega) to measured cell differentiation. For AP detection,
a substrate (0.4mM of CSPD with Sapphire II, CD100RX,
Applied Biosystems) was used. A preparation method of cell
lysates was the same as a quantification method of DNA
contents. Chemiluminescence of AP activity in each sample
was measured by a chemiluminescence microplate reader
(Synergy HT Multimode Microplate Reader, Bio-Tek). The
light output from each sample was integrated for 10 seconds
after a delay of 2 seconds. The chemiluminescence data were
calibrated with a CIAP standard curve to present AP activity.
All AP activity data were normalized by DNA contents.

2.8. Von Kossa Staining. The mineralized nodules on MSC
layers were quantified by the Von Kossa stain method. The
cell layers were washed twice with PBS, fixed in phosphate
buffered formalin for 10min, washed once with deionized
(DI) water, and serially dehydrated in 70%, 95%, and 100%
ethanol two times and dried. The cell layers were then
rehydrated in 100%, 95%, and 80% ethanol and DI water
sequentially. After addition of 5% silver nitrate solution, the
cell layers were exposed to sunlight for 20 minutes after
which the plate was rinsed with DI water. After addition of
sodium thiosulfate (5%) for 3 minutes, the cell layers were
then rinsed in DI water. Acid fuchsin counterstain (5mL of
1% acid fuchsin + 95mL of picric acid + 0.25mL of 12N
hydrochloric acid) was added to the cell layers for 5 minutes.
The cells were washed with DI water, twice with 95% ethanol,
twice with 100% ethanol, and dried for image analysis.

2.9. Measurement of Mechanical and Surface Property of
MWCNT-Collagen Scaffolds. The surface hydrophobicity of
the MWCNT-collagen scaffolds was determined from mea-
suring static contact angles. A 2 𝜇L water droplet was dripped
on the dried surface of the MWCNT-collagen scaffolds. The
image was captured immediately after inoculation. Contact
angles were measured by a VCA-Optima digital contact
angle instrument (VCA Optima, AST Products Inc.). The
contact angle data were obtained by averaging those of
four droplets. Compressive testing was performed on the
MWCNT-collagen scaffolds located on a 24-well plate. The
height of each sample, from the bottom of the well plate,
was approximately 5mm and the surface area was 1.9 cm2,
whereas the diameter of the probe was 10mm. The test
was performed at extension rate of 10mm/min until total
extension of 2mm using an Instron 5542 apparatus (Instron,
Norwood). Young modulus was determined from the elastic
regime slope of stress-strain curves (<40% strain).

2.10. Statistical Analysis. Statistically significant difference
was set at 𝑃 ≤ 0.05. Statistical analyses were carried out using
one-wayANOVA followed byDunnett’smultiple comparison
test.

3. Results

3.1. Messenger RNA (mRNA) Expression for RunX, SMAD4,
AP, and BGLAP. The mRNA expression of markers associ-
ated with osteogenesis in MSCs was analyzed 3 weeks after
the replacement of differentiating media. The mRNA level
of markers used in this study included RunX, SMAD4, AP,
and BGLAP (osteocalcin). The data was presented as a fold
change over the negative control of proliferating MSCs on
MWCNT-collagen scaffolds having different concentrations
of MWCNTs (Figure 1).ThemRNA level of AP onMWCNT-
collagen having high concentrations of MWCNTs (50 and
100 ppm)was significantly increasing, compared to that of the
collagen scaffold without MWCNTs (i.e., collagen only). The
mRNA levels of the other threemarkers were not significantly
changed.

3.2. Effects of MWCNT-Collagen Scaffolds with Varying
MWCNT Concentrations on MSC Differentiation. Different
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Figure 1: qRT-PCR analysis. Data are analyzed by the double ΔCt
method using the GAPDH as a control gene and the BIO specimens
(cells grown on bioactive glass in standard proliferation media) as
the reference sample. All data are presented as upregulation over the
reference specimen, corrected for GAPDH expression. ∗ denotes a
significantly higher difference than the control (day 0) (𝑃 < 0.05).

concentrations of MWCNTs were added to the collagen scaf-
folds to prepare the MWCNT-collagen scaffolds. MSCs were
seeded onto the MWCNT-collagen scaffolds. When MSCs
reached confluence, the cell culture media were replaced
with differentiating media. AP activity was measured at
four-day intervals. A collagen itself enhanced MSCs differ-
entiation; the addition of the MWCNTs to collagen scaf-
folds induced an additional increase in MSC differentiation.
In detail, MWCNT-collagen scaffolds induced significantly
higher level of AP activity than the “control” (i.e., treated
plastic surfaces for cell culture) 12 days after replacement with
differentiating media. There was no significant difference
in AP activity of MSCs on scaffolds with different con-
centrations of MWCNTs between 10 and 100 ppm, showing
that MWCNT-collagen scaffold-induced AP activity did not
have dose dependency (Figure 2). Although AP levels were
higher in the MWCNT-collagen scaffolds at all MWCNT
concentrations, the transparency of the scaffolds was reduced
as the concentrations of MWCNTs increased (Figure 2).
The transparency of the MWCNT-collagen scaffolds was
appropriate for microscopic observation at lower MWCNT
concentrations (<100 ppm) but was significantly reduced at
higher MWCNT concentrations (>100 ppm). In terms of
transparency andAPactivity, theMWCNT-collagen scaffolds
having 10 ppm MWCNT were believed to be the optimal
ones.

3.3. Effects of MWCNT Type on MSC Differentiation. Three
different types of MWCNTs (i.e., HiPCO-derived MWCNT,
MWCNT-OH, and MWCNT-COOH) having two different
lengths (i.e., short and long) were added to the collagen
scaffolds at a concentration of 10 ppm. When MSCs reached
confluence, the cell culture media were replaced with dif-
ferentiating media. AP activity was measured at four-day
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Figure 2: Effects of the MWCNT-collagen scaffolds with different
MWCNT concentrations on MSC differentiation. AP activity is
measured at four-day intervals from the differentiating media in
which MSCs are differentiated on the MWCNT-collagen scaffolds
with different MWCNT concentrations. ∗ denotes a significantly
higher difference than the control (0 hour) (𝑃 < 0.05) and # denotes
a significantly higher difference than both the control group and
collagen only group at the same time point (𝑃 < 0.05). “Control”
represents the surface of a regular cell culture-treated dish. All AP
activity data are normalized by DNA contents.

intervals. The level of AP activity was higher on all different
types of MWCNT-collagen scaffolds than on two groups
(i.e., control and collagen only). At day 12, all types of
MWCNT-collagen scaffolds induced higher levels of MSC
differentiation compared to the control and collagen only
(𝑃 < 0.05) (Figure 3). However, different types of MWCNTs
did not show significant differences in AP activity.

3.4. Effects of MWCNT Type on the Formation of Mineralized
Matrix Nodules. The dependency of the formation of miner-
alized matrix nodules on MWCNT type entrapped in colla-
gen was also verified. All experiments for this purpose were
made at the same conditions as the previous section (effects
of MWCNT type on MSCs differentiation). As the days
increased, MSCs induced the increased mineralized nodules.
The area of mineralized matrix nodules was significantly
higher at day 15 (Figure 3). MSCs on bothMWCNT-collagen
and MWCNT-OH-collagen scaffolds with short length (0.5–
2.0 𝜇m) induced significant increase in mineralization of
matrix nodules (Figure 4).

3.5. Effects ofMWCNTs onCell Viability andCell Proliferation.
There was no significant change in cell viability among differ-
ent types of MWCNT-collagen scaffolds although significant
decrease in cell viability on MWCNT-collagen scaffolds was
observed at day 4 (Figure 5(a)). All types of MWCNT-
collagen scaffolds did not induce a detrimental effect on cell
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Figure 3: Effects of MWCNT types on MSC differentiation. ∗
denotes a significantly higher difference than the control (0 hour)
(𝑃 < 0.05). # denotes a significantly higher difference than the con-
trol and collagen only at the same time point (𝑃 < 0.05). MWCNT
(L) and MWCNT-OH (S) mean MWCNT-collagen scaffold (long)
and MWCNT-OH-collagen scaffold (short), respectively.
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Figure 4: Effects ofMWCNT types on the formation ofmineralized
matrix nodules. Mineralized nodule formation of MSC monolayers
is analyzed at five-day intervals on MWCNT-collagen scaffold
having aMWCNTconcentration of 10 ppm.∗denotes a significantly
higher difference than the control (day 5) (𝑃 < 0.05) and # denotes
a significantly higher difference than the control at the same time
point (𝑃 < 0.05).

proliferation (Figure 5(b)). In most cases, cell proliferation
increased during this period.

3.6. Mechanical Properties of MWCNT-Collagen Scaffolds.
Contact angles of collagen scaffolds were higher than that
of the control, but the difference was not significant. In
addition, there was also no significant difference in contact
angles among different types of MWCNT-collagen scaf-
folds (Figure 6). The elastic modulus and stiffness, however,
increased as the MWCNT concentration in collagen scaf-
folds increased. Different types of MWCNTs at the same
concentration did not affect the changes in stiffness of
MWCNT-scaffolds (data not shown here). Ten to 100 ppm
of MWCNTs in the MWCNT-collagen scaffolds induced
significantly higher stiffness than others (Figure 7).

4. Discussion

Cell functions in tissue are influenced by the microenviron-
ment that is generated locally at micro- or nanoscale level
by cell-cell or cell-soluble factors or cell-ECM interactions.
Each cell is specifically modulated by themicroenvironments
in which it resides. For example, brain tissues on a highly
compliantmatrix are softer than bone tissues on a highly non-
compliant one. Consequently, neural cell growth, survival,
and differentiation are favored by highly compliant matrices
whereas osteoblast differentiation and survival occur pref-
erentially on stiffer extracellular matrices whose material
properties are very similar to a newly formed bone [17]. ECM
or ECM-like structures can create cellular microenvironment
for specific cells or tissues. Although ECM scaffolds yield
good cellular microenvironment, the scaffolds are known to
be reinforced by some stiff nanomaterials to overcome their
inherent limitations (e.g., weak mechanical properties, lack
of electrical conductivity, and absence of microenvironment-
defining moieties) [11].

We hypothesized that augmenting the properties of
naturally derived polymers (collagen here) through incor-
poration of MWCNTs might enhance in vitro osteogenic
differentiation and mineralization of MSCs. In this study a
set of MWCNTs-collagen scaffolds, in which three different
types of MWCNTs were entrapped in reconstituted type I
collagen at four different concentrations, were fabricated.The
proliferation, differentiation,mineralization, and cell viability
ofMSCs on theMWCNT-collagen scaffoldswere evaluated as
a function of the entrapped amount of MWCNTs. Although
MWCNTs were strongly entrapped in collagen (1mg/mL) at
high concentrations (below 100 ppm), the MWCNT-collagen
scaffolds showed excellent transparency, which is essential
to cell characterization through microscopic observation
(Figure 2). In here, MSCs were used to mimic the subsequent
stages of osteoblastic differentiation in vitro and the MSCs
were observed to mature into osteoblasts after cell culture
media were exchanged for differentiating media. During
this process, AP activity (Figures 1, 2, and 3) increased.
Subsequently, cells started to mature the extracellular matrix
and mineralized matrix nodules appeared (Figure 4). Higher
level of AP activity was observed from the MSCs on
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Figure 5: Effects of MWCNTs on cell viability and cell proliferation. (a) Cell viability and (b) cell proliferation are measured after media
replacement with differentiatingmedia.∗ denotes a significantly higher difference than the control (day 0) (𝑃 < 0.05). # denotes a significantly
higher difference than the control at the same time point (𝑃 < 0.05).
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Surface hydrophobicity of the MWCNT-collagen scaffolds is deter-
mined by measuring the static contact angle of a water droplet of
2 𝜇L. Each contact angle data is the average of four droplets.

MWCNT-collagen scaffolds and collagen in comparison to
the cells on the control (Figures 1 and 2). Different types of
MWCNTs did not make significant differences in AP activity
on MWCNT-collagen scaffolds (Figure 3). However, MSCs
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Figure 7:Measurements of elastic modulus in the collagen scaffolds
with different MWCNT concentrations. Compressive testing is
performed on the MWCNT-collagen scaffolds located on a 24-well
plate. Youngmodulus is determined from the elastic regime slope of
stress-strain curves (<40% strain). ∗ denotes a significant difference
in elastic modulus from the collagen only group.

on both MWCNT-collagen andMWCNT-OH-collagen scaf-
folds with short length (0.5–2.0 𝜇m) induced significant
increase in mineralization of matrix nodules (Figure 4).

In terms of structure, collagen provides tensile strength
to tissues via its hierarchical assembly of subunits. In
addition to biologic signaling and macroscopic mechanical
properties, collagen also possesses nanoscale features that
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are mediators of cell activity. Previous studies have shown
that the changes made by certain features (e.g., structural
curvature of collagen fibrils) can regulate the activities of
adherent cells. Nanostructures and nanoscale materials play
important roles in tissue engineering applications. As a strong
candidate, CNTs have been used to modulate cell behavior
through mechanically reinforcing or tailoring the structural
properties of tissue engineered scaffolds. Furthermore, CNTs
have been used to increase the surface roughness and surface
area of scaffolds for cell adhesion [1]. In this study, collagen
itself enhanced MSCs differentiation and mineralization due
to its nanoscale features. That is, the presence of MWCNTs
in the collagen scaffolds yielded a further increase in MSC
differentiation and mineralization. This additional increase
in MSC differentiation and mineralization is thought to
be due to a heightened stiffness and tensile strength of
the MWCNT-collagen scaffolds (Figure 7). Although no
significant difference in contact angles among the MWCNT-
reinforced collagen scaffolds is observed (Figure 6), it is still
not clear that the surface properties (e.g., topography) of
MWCNT-collagen scaffolds affect MSC differentiation and
mineralization in this study. Moreover, although the effect of
the functional groups (–OH or –COOH) attached to both
ends of MWCNTs was partially verified in this study, full
analysis (using different methods) for other functionalized
MWCNTs (e.g., –NH

2
) will be required to determinewhether

surface properties of nanocomposite scaffolds increase cell
differentiation. In away, the results obtained fromhere give us
a hint for understanding the inflammatory response of MSCs
because in vivo MSCs are known to migrate to the sites of
inflammation. They engraft in a variety of tissues and appear
to play an active role in tissue repair and regeneration by
secreting chemokines as well as differentiating into mature
cell types [18–20]. This differentiation is likely to be initiated
and directed as soon as the MSCs sense the changes in their
local microenvironment including mechanical properties.
MSCs can also produce matrix metalloprotease (MMP) dur-
ing cell proliferation and differentiation, whichmay affect the
mechanical properties of the scaffolds. Despite the secretion
of active forms of MMPs by MSCs, MMP enzyme activity is
not detected in MSC-conditioned medium (MSC-CM) due
to tissue inhibitors ofmetalloproteinases- (TIMPs-)mediated
inhibition [21]. Thus, the degradation rate of the scaffold in
this study is thought to be very low and also the degradation
effect of the scaffold on cell proliferation, differentiation, and
mineralization might be negligible.

Ongoing work is focusing on incorporating nanoscale
materials into the inside or outer surfaces of three-
dimensional (3D) scaffolds to gather an in-depth understand-
ing of the dependence of collective cellular processes on
the mechanical stiffness of the scaffolds. Further studies will
be also made to characterize how the mechanical property
changes trigger MSC differentiation to a specific lineage in
complexmicroenvironments where inducers formultiple cell
types are present. The findings of this study, together with
ongoing work, will lead to better understanding of cellular
biomechanics in MSC proliferation and differentiation that
is a critical element for the development of functional tissues
in vitro.
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