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M
esenchymal stem cells (MSCs) iso-
lated from adult bone marrow are
multipotent progenitor cells noted

for their potential to differentiate into cell
lineages such as adipocytes, osteoblasts,
and chondrocytes.1 Bymanipulatingmateri-
al mechanics,2 substrate topography,3 and
applied growth factor inducers,4 MSCs can
be induced to differentiate into desired cell
types applicable in tissue engineering and
regenerative medicine. Many biochemists
and molecular biologists employ chemical
factors to induce differentiation in vitro, but
guided differentiation of stem cells using
these strategies is not efficient and often
requires weeks to months of cell culture for
maturation into distinct lineages.5 This has
limited the widespread use of stem cell
therapy. Therefore, there is a need to devel-
op efficient methods for enhancing MSC
differentiation.
There is a drive to search for biocompa-

tible and mechanically stable platforms for
in vivo implant technology for delivering
stem cells.6,7 Certain nanomaterials were
found to be able to enhance stem cell pro-
liferation and lineage specification, although
the chemical origins of these can be
complex.8�11 Aqueous suspensions of car-
bon nanotubes12 and gold nanoparticles13

have been demonstrated to enhance osteo-
genesis. A stress mechanism was suggested
to be operational, brought about by the
interaction of these nanomaterials with the
cell membrane as well as binding with pro-
teins in the cytoplasm, which activated
the p38 mitogen-activated protein kinase
(MAPK) signaling pathway responsible for
regulating the expression of genes inducing
osteogenic transcription.13 Glass substrates
coated with bionanoparticles such as turnip

yellow mosaic (TYMV) and tobacco mosaic
virus (TMV) have also been shown to stimu-
lateMSC osteogenic differentiation andbone
matrix mineralization, and factors such as the
nanoscale topography, serum protein ad-
sorptionbyviruses, or interactionwith certain
cellular receptors have been proposed.
Atomically thin graphene (G) and gra-

phene oxides (GO) sheets are biocompati-
ble platforms that have the potential to
mediate stem cell lineage specification for
tissue regeneration. G is characterized by a
purely carbon, aromatic network that pre-
sents an open surface for noncovalent inter-
action with biomolecules. G can now be
produced in large areas by chemical vapor
deposition (CVD) on copper foil.16 GO can
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ABSTRACT The culture of bone marrow derived mesenchymal stem cells (MSCs), as well as the

control of its differentiation toward different tissue lineage, is a very important part of tissue

engineering, where cells are combined with artificial scaffold to regenerate tissues. Graphene (G)

and graphene oxide (GO) sheets are soft membranes with high in-plane stiffness and can potentially

serve as a biocompatible, transferable, and implantable platform for stem cell culture. While the

healthy proliferation of stem cells on various carbon platforms has been demonstrated, the chemical

role of G and GO, if any, in guiding uncommitted stem cells toward differentiated cells is not known.

Herein, we report that the strong noncovalent binding abilities of G allow it to act as a

preconcentration platform for osteogenic inducers, which accelerate MSCs growing on it toward

the osteogenic lineage. The molecular origin of accelerated differentation is investigated by studying

the binding abilities of G and GO toward different growth agents. Interestingly, differentiation to

adipocytes is greatly suppressed on G because insulin, which is a key regulator for the synthesis of

fatty acids, is denatured upon π�π adsorption on G; in contrast, GO does not interfere with

adipogenesis due to electrostatic binding with insulin. The different binding interactions and their

subsequent influence on stem cell growth and differentiation are ascribed to different degrees of

π�π stacking and electrostatic and hydrogen bonding mediated by G and GO.
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be derived by the chemical oxidation and exfoliation of
graphite. Epoxide, carboxyl, and hydroxyl groups pre-
sent on the basal plane and edges of GO enable greater
interactions with proteins through covalent, electro-
static, and hydrogen bonding.
Recently, the ability of CVD grown G to promote the

adhesion and proliferation ofMSCs and osteoblasts has
been demonstrated.17 In the presence of osteogenic
chemical inducers, MSCs cultured on G substrates
exhibited early maturation and mineralization.18

Although the ability of G in modulating osteogenic
differentiation is evident, the origin of how it can
accelerate stem cell renewal and differentiation is not
known. To investigate if this is correlated to the
chemical properties of G, we investigated the effects
of G and GO substrates on the adipogenic and osteo-
genic differentiation of MSCs. The chemical interac-
tions between the substrates and the chemical
inducers were also examined using optical spectros-
copy techniques to derive molecular insights into the
enhancement mechanism. Of central interest in this
study is whether G and GO, throughmolecular binding
interactions, can act as preconcentrating platforms for
the soluble factors required for stem cell growth and
differentiation. If so, G and GO could become ideal
substrates for the effective specification of stem cell
fate in the presence of multiple chemical stimuli.

RESULTS AND DISCUSSION

Characterization of Substrates. The G films employed in
this study were grown by chemical vapor deposition
using a reported procedure.19 GO was synthesized
using Hummers' method.20,21 Polydimethylsiloxane
(PDMS) was used as a reference material and a support
for G andGO [detailed experimental procedures can be
found in the Supporting Information]. Raman spectros-
copy was used to verify the quality of CVD graphene
film (see Supporting Information Figure S1). The neg-
ligible defect-related peak at around 1350 cm�1 in-
dicates the high crystallinity of the G film. However, the
oxygen functionalities on GO disrupt the extensive sp2

conjugation, giving rise to an ID/IG ratio of 1.07. The
chemical environments of G and GO were also ana-
lyzed by X-ray photoelectron spectroscopy (XPS), as
shown in Figure S1. The symmetrical C1s peak col-
lected from G is situated at 284.6 eV and corresponds
to emission from the sp2-hybridized carbon. On the
other hand, the C1s peak of GO was found to be highly
asymmetrical and shows chemically shifted compo-
nents at higher binding energies of 1.2, 2.3, and 3.9 eV
relative to the bulk peak, which can be assigned to the
hydroxyl, ether, and carboxylic groups, respectively. A
tappingmode atomic forcemicroscopy (AFM) image of
CVD G on PDMS revealed the typical wrinkled topo-
graphy, while GO films on PDMS exhibited a more
planar surface. The substrate elasticity of G and GO

films was also measured by AFM (refer to Figure 1d).
Our measurement showed that the Young's modulus
values of G and GO were ∼5 and 7 MPa, respectively,
which were higher than that of the PDMS (∼3 MPa).
The apparently higher Young's modulus value of GO
compared to G is due to the stacking of multiple layers
of GO. In addition, G and GO have higher surface
roughness (37.73 and 35.75 nm, respectively) than
PDMS (1.39 nm). Contact angle measurement revealed
the highly hydrophobic nature of G andPDMS,while, in
contrast, GO is hydrophilic (see Figure 1b).

Figure 1. Surface characterization of substrates. (a) AFM
topography images of (i) PDMS, (ii) G on PDMS, and (iii) GO
onPDMS. (b) Contact angle images of (i) PDMS, (ii) G, and (iii)
GO. (c) Table summarizing the contact angle and roughness
(rms) of PDMS, G, and GO. (d) Young's modulus bar chart of
PDMS, G, and GO. (e) Young'smodulus bar chart of SiO2 and
G on SiO2. Inset: white scale bar indicates 1 μm length.

Figure 2. Fluorescent images of actin cytoskeleton of MSCs
cultured on PDMS, G, and GO stained with rhodamine�
phalloidin at day 1, 3, 7, and 10. Scale bars are 100 μm.
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Cell Proliferation. In order to determine how G and
GO would play a role in the cellular response and
differentiation, we plated human bone marrow de-
rived MSCs on G and GO film and used PDMS as a
control substrate. Cellular morphology was evaluated
by staining the F-actin fibers with phalloidin. Fluores-
cent images of MSCs showed that the shapes of MSCs
cultured on G, GO, and PDMS were distinctively differ-
ent (Figure 2). At day 1, MSCs on PDMS appeared
rounder and lacked the filopodia extensions and cel-
lular protrusions observed for cells cultured on G and
GO. It can also be concluded from the number of blue-
stained nuclei that there is a higher density of cells onG
and GO than on the PDMS substrate. MSCs cultured on
G films were homogenously dispersed on the surface
and showed spindle-shape morphology, whereas
those cultivated on GO films were larger and more
widespread (Figure 2). However, the differences in cell
morphology became less pronounced from day 7
onward.

Since serum proteins directly mediate cellular ad-
hesion and morphology, there is a direct correlation
between the adsorption capacity of the substrate for
serum proteins and the subsequent cell growth. It was
found that G and GO adsorbed up to 8% and 25% of
the serum proteins, respectively, compared to only
<1% adsorption on PDMS on day 1. It has been
reported in previous studies that G and GO have
remarkable loading capacities for DNA and cyto-
chrome c via intermolecular interactions.22 Serum is
known to contain many extracellular matrix globular
proteins and glycoproteins such as albumin and
fibronectin.23 Fibronectin is frequently used to coat

polymeric substrates for cell culture, as it plays a major
role in facilitating cell adhesion. The higher adsorption
capacity of G and GO (mg/g) for serum proteins
resulted in a higher density of adhesion molecules
available for cell attachment and growth (Figure 3). The
MSCs seeded on PDMS were round and poorly at-
tached as compared to G and GO (Figure 2). It is known
that hydrophobic substrates such as PDMS exhibit
poor aqueous sample loading24 and high resistance
to protein adsorption.25 Although G and PDMS have
similar hydrophobicity, as judged from contact angle
measurements (Figure 1), the π-electron cloud in G is
capable of interacting with the inner hydrophobic core
of proteins. Due to the presence of oxygenated groups,
the hydrophilic GO can bind to serum proteins via

electrostatic interactions.

Osteogenic Differentiation. MSCs can be induced to
differentiate to osteoblasts at low density of cells of
ca. 3000 cells per cm2 in media supplemented with
dexamethasone (10�8 M), ascorbate (0.2 mM), and β-
glycerolphosphate (10 mM). After 12 days of osteo-
genic induction, the extent of mineralization of MSCs
cultured on G, as assessed via Alizarin Red S staining,
was found to be greater than that cultured on GO and
the polydimethylsiloxane control (Figure 4). Spectro-
photometric quantification confirmed these observa-
tions, with significantly higher absorbance at 450 nm
(λmax) for MSCs on G as compared to that on GO and
PDMS (p < 0.05). This represents a 7-fold increase in the
extent of mineralization in the MSCs cultured on G
compared to the identical culture conditions for those
cultured on PDMS. Using ultraviolet spectrophotome-
try, the loading capacities of the G, GO, and PDMS for

Figure 3. Loading capacity of (a) serum and (b) insulin on PDMS, G, on GO at day 1 and 3. (c) Schematic illustration of insulin
adsorption on G (top panel) and GO (bottom panel). (d) Far UV absorption CD spectra of insulin in PBS with G and GO.
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the various osteogenic chemical inducers were deter-
mined. From the adsorption isotherms obtained
(Figure 5), it was found that G adsorbed the highest
amount of dexamethasone (400 mg) and β-glycerol-
phosphate (8 g) per gramof G after 1 day of incubation.

Our experimental results indicated that MSCs cul-
tured on G were more osteogenic and deposited more
minerals under chemical induction compared to other
substrates. We found that G has the ability to precon-
centrate dexamethasone and β-glycerolphosphate,
which are typical osteogenic inducers. The exceptionally
high adsorption capacity of G for dexamethasone can
be attributed to π�π stacking between the aromatic
rings in the biomolecules and the G basal plane. Dex-
amethasone is a synthetic glucocorticoid that is known
to alter the expression levels of many proteins and
enzymes required during bone differentiation.26�28 Ele-
vated levels of dexamethasone have been found to
increase mineral deposition.29 Therefore, the enhanced
osteogenic differentiation of MSCs on G can be attrib-
uted to the increased local concentration of adsorbed
dexamethasone. This echoes a previous study showing
that the extent of osteogenic differentiation is enhanced
with increasing concentration of dexamethasone in
solution, with a saturation limit of 1000 nM, beyond
which cell layers start to delaminate.29 It is also worth
noting that dexamethasone is not the sole chemical that
is responsible for directingMSCs to osteogenic lineages.
It has to act synergistically with β-glycerolphosphate
alongwith intracellular alkaline phosphatase enzyme to
synthesize new mineralized bone matrices. From the
adsorption isotherms of β-glycerolphosphate obtained,
G also has the highest loading capacity followed by

PDMS and GO. GO, which possesses a high density of
oxygen functionalities, will experience larger electro-
static repulsion from the phosphate ions compared to G
and PDMS. On the other hand, the differential adsorp-
tion of ascorbic acid on these platforms (Figure 5d) can
be rationalized by the degree of hydrogen bonding that
is formed between the �OH moieties of the acid and
the substrates. Since G has no available groups to
participate in H-bonding, it adsorbs the least amount
of ascorbic acid compared to GO and PDMS. PDMS has
more polar groups thanGO and shows a greater degree
of H-binding with ascorbic acid. Although the adsorp-
tion of ascorbic acid onG is not as high compared to GO
and PDMS, it has been reported that ascorbic acid was
found to affect mainly postdifferentiated, mature
osteoblasts.30

It is noteworthy that G affords accelerated differ-
entiation of MSCs toward osteogenic differentiation.
Typically, chemically induced osteogenic differentia-
tion on polystyrene tissue culture dishes takes 21 days
to complete.4 In this case, by day 12, the MSCs on G
already exhibited extensive mineralization, which
points to the unique capability of G to act as a
preconcentrating platform for accelerated bone differ-
entiation. Besides considering the chemical interac-
tions between the substrates and soluble factors
involved in osteogenic specification, we consider
whether the mechanical properties of the substrates
have a significant role in influencing the fate of the
stem cell. It has been reported by Engler et al. that stiff
substrates (>100 kPa) promote bone differentiation.2

However, since the elasticity of G, GO, and PDMS (1:10)
were found to be in the same order of magnitude
(∼3�7 MPa), this suggests that the differences in cell
differentiation were unlikely to be due to substrate
stiffness. In addition, due to the thinness of G, the
substrate supporting G has a dominant influence of the
overall stiffness. For example, the elastic modulus of G
measured on silicon is approximately 600MPa,which is
2 orders higher than on PDMS (refer to Figure 1e).
Therefore, stiffness is not a differentiating factor in this
case since the stiffness is dominated by the substrate
supporting G.

It is well established that when stem cells are
subjected to physical stresses exerted by topographic
features on the substrate, stem cell differentiation into
specific cell lineages can be enhanced.2,31�33 Dalby et

al.3 reported that MSCs cultured on randomized poly-
(methylmethacrylate) nanopatterns exhibited MSC os-
teoblastic morphologies after 21 days of incubation in
standard cell culture media in the absence of chemical
inducers. Although we cannot rule out the possibility
that the corrugated structure of G, arising from its
surface ripples and folds, can have some role inmediat-
ing osteogenesis, the fact that extensive mineralization
was observed only on MSCs cultured in osteogenic
induction media suggests that the chemical binding

Figure 4. (a) Osteogenic differentiation visualized by Ali-
zarin Red staining after 12 days of incubation, on PDMS (i)
with induction and (ii) without induction, on G (iii) with
induction and (iv) without induction, and on GO (v) with
induction (vi) and without induction. Scale bars are 200 μm.
(b) Quantification demonstrated a significantly higher
amount of Alizarin Red staining in the MSCs differentiated
on G (*p < 0.05; n = 4 for each group).
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effect of G toward the growth agent is the key in
accelerating MSC bone differentiation.

Adipogenic Differentiation. Adipogenic differentiation
is usually observed at a high density of ca. 20 000 cells
per cm2 with supplements of dexamethasone (10�6

M), indomethacin (0.6� 10�4M), and insulin (4 μg/mL).
The adipogenic differentiation rate of MSCs was de-
termined by specifically staining intracytoplasmic li-
pids with Oil Red O34 and its amount quantified in situ

(see Methods). Figure 6 shows adipogenic differentia-
tion of MSCs cultured on the different substrates
investigated in this study. Interestingly, the situation

is reversed when MSCs were chemically induced to
differentiate into adipocytes on G and GO. The results
indicated that G suppressed adipogenesis with 6.29
μm2/cell of lipid accumulation, while GO strongly
enhanced adipogenesis with 32.3 μm2/cell relative to
MSCs differentiated on PDMS. It was noted that no lipid
globules were detected on all three control, non-
induced substrates. As insulin is the main mediator
for fatty acid synthesis,35 we measured the adsorption
isotherms of insulin on G and GO. Figure 3 shows that
GO exhibited the highest adsorption capacity of ca.
4800 mg of insulin per gram of GO as compared to

Figure 5. (a) Three-dimensional chemical structure of (i) dexamethasone, (ii) beta glycerol phosphate anion, and (iii) ascorbic
acid and loading capacity of (i), (ii), and (iii) in (b), (c), and (d), respectively, in osteogenic inductionmedia on PDMS, G, and GO.

Figure 6. Extent of cytoplasmic lipid accumulation assessed by Oil Red O staining after 14 days of induction on (a) PDMS (i)
with induction and (ii) without induction, on (b) G (i) with induction and (ii) without induction, and on (c) GO (i) with induction
and (ii) without induction. Scale bars are 50 μm. (d) A higher propensity for adipogenic differentiation was observed for the
MSCs differentiated on GO, with a significantly larger amount of fat accumulation than theMSCs differentiated on G (b(i)) and
PDMS (a(i)) (*p < 0.05; n = 4 for each group). In negative controls without any adipogenic induction chemicals, no lipid
deposits were observed.
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1900 mg of insulin per gram of G and 1580 mg of
insulin per gram of PDMS.

Since any alteration to the configuration of ad-
sorbed insulin might interfere with its function to
regulate fatty acid synthesis, the 3D conformation of
the adsorbed insulin was investigated via circular
dichroism (CD). Our measurements revealed that the
immobilized insulin on G was denatured, which can be
judged from the attenuated negative absorption peaks
at 209.0 and 222.0 nm corresponding to the R-helix
and β-pleated sheets, respectively at day 1 and 3 (see
Figure 3d). To ascertain that any discrepancy observed
in the absorption profile is not due to self-aggregation
of insulin, its high tension voltage curves were re-
corded (Figure S2). Upon incubation with G for one
day, the peak representative of R-helix diminished by
13.4% and is unobservable by day 3, while the β-
pleated sheets peak was found to decrease merely
by 17.0%. From these data obtained, it can be con-
cluded that denaturation of insulin occurs due to the
unravelling of its R-helix domains, while the effect on
the β-pleated sheet component was less pronounced.

Adipogenesis is enhanced on GO due to its high
affinity for insulin, which is the main mediator for fatty
acid synthesis. The ability of GO to undergo H-bonding
and electrostatic interactions enhances its binding
capacity for insulin by more than twice compared to
G on day 3. This explains the occurrence of higher lipid
accumulation for the MSCs differentiated on GO. De-
spite the higher affinity of GO for insulin, the electro-
static binding interaction with the protein allows the
latter to maintain its three-dimensional conformation,
thereby enhancing adipogenic differentiation on GO.
Since no fat globules were observed on the non-
induced GO substrate, it is unlikely that adipogenesis
is mediated by the substrate nanotopography alone.
Although the adsorption of insulin on G is higher than

on PDMS, less fat globules were observed (Figure 6).
This can be attributed to the denaturation of insulin
brought about by strong π�π stacking on G. Our CD
measurements revealed that the immobilized insulin
on Gwas denatured, which is evident from changes in
the negative absorption peaks of the R-helix at
209.0 nm and β-pleated sheets at 222.0 nm. Essen-
tially, the different chemical structure of G and GO
differentiates their binding interactions with biomo-
lecules in terms of immobilization with or without
denaturation.

CONCLUSIONS

This study elucidates the origin of accelerated me-
senchymal stem cell adhesion, proliferation, and differ-
entiation on G and GO substrates. The origin of the
osteogenic differentiation is traced to the ability of G to
act as a preconcentration platform for osteogenic
inducers, namely, dexamethasone and β-glycerolpho-
sphate. We also demonstrate that insulin, which is a
main mediator for fatty acid synthesis, is denatured
upon adsorption on G through strong π�π interaction
and unravelling of its three-dimensional configuration.
Conversely, insulin is not denatured onGO, and its high
affinity for insulin greatly enhances adipogenic differ-
entiation. Therefore, besides the specific binding inter-
actions, the denaturation, or not, of the inducers is an
important factor in determining the fate of the stem
cell. In summary, G and GO are demonstrated to be
effective preconcentration platforms for accelerated
stem cell growth and differentiation through molecu-
lar interactions. It is highly possible that interactions
with various chemical inducers could facilitate stem
cell differentiation toward other lineages. The ability of
G and GO to accelerate stem cell differentiation should
find diverse applications in tissue engineering and
regenerative medicine.

METHODS

G and GO Film Preparation. The transfer technique employed in
this study to transfer the G or GO films to PDMS (DowCorning) is
similar to previously reported methods.36 GO film was prepared
through the use of a Langmuir�Blodgett (LB) trough (Nima
Technologies). GO was dispersed in water�methanol (1:5)
solution at a concentration of 1 mg/mL. The surface of the
water-filled LB trough was cleaned several times by aspiration.
Then 100 μL of the GO solution was deposited on the water-
filled LB trough. After 30 min of equilibration, the film was
compressed to a surface pressure value of 20 mN/m. The GO
film was formed by dip-coating the PDMS substrate several
times.

Characterization. Raman spectra of G and GO film were
obtained with a WITEC CRM200 Raman spectrometer at room
temperature, with an excitation laser source of 532 nm. The
laser power was kept below 0.1 mW to prevent heating of the
sample. The hydrophilicity of the samples was investigated
using contact angle measurements (VCA Optima, AST Products
Inc.). XPS was performed using an unmonochromated Al KR

X-ray source at 1486.6 eV (Thermo VG Scientific, UK) with a
Phobios 100 electron analyzer (SPECS GmbH, Germany)
equipped with 5 channeltrons. The pass energy of the analyzer
was fixed at 50 eV for wide scan and 20 eV for narrow scan, and
the takeoff angle was normal to the sample.

Spectrophotometry for Determination of Loading Capacities. Dexa-
methasone, β-glycerolphosphate, ascorbic acid, and insulin
(obtained from Sigma-Aldrich and used without further
purification) with concentrations ranging from 10�4 to
10�1Mwere prepared in phosphate buffer. Fetal bovine serum
(Gibco) was reconstituted in DMEM at 1, 2, 5, and 10% (v/v)
for spectrophotometric measurement. PDMS, G, and GO
(1 mg/mL) in PBS were sonicated for 1 h prior to usage, to
ensure the formation of a homogeneous dispersion. The
chemical agents (0.5 mL) were mixed with PDMS, G, or GO
(0.5mL) and vortexed in a shaker for equilibration. After which,
the mixture was centrifuged (14 000 rpm, 10 min), the super-
natant was collected, and spectrophotometric measurements
were conducted on day 1 and 3. The adsorption isotherm of
the respective chemical agent was obtained using UV�vis
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spectroscopy. The amount of chemical agent adsorbed was
determined from the change in protein adsorption before and
after the addition of PDMS, G, and GO using a UV�vis spectro-
photometer (NanoDrop 2000, Thermo Scientific).

Circular Dichroism Spectroscopy. Each CD spectrum and its cor-
responding high tension voltage curvewere recorded on a Jasco
J-810 spectropolarimeter using a quartz cell with an optical path
length of 1 mm. The scanning speed was set at 50 nm/min,
and the wavelength range was set at 190�260 nm. All samples
were prepared in phosphate-buffered saline (PBS) adjusted to
∼pH 7.4. By considering the specific areas of G and GO to be
2630 m2/g,20,37 0.3125 mg/mL of insulin and 0.025 mg/mL of G
and GO were used to simulate the conditions of the cell culture
environment. All spectra collected were obtained from an
average of three consecutive scans.

Cell Culture. Human bone marrow derived MSCs were ob-
tained from commercial sources (Lonza). Cells were cultured in a
humidity-controlled environment under 5% CO2 and fed every
3 days with Dulbecco's modified Eagle's medium (Gibco),
supplemented with 10% fetal bovine serum (Invitrogen) and
1% penicillin/streptomycin (Invitrogen). Cells were received at
passage 1, expanded at ∼5000 cells/cm2, and subcultured at
70�80% confluence. Passage 4 cells were used in the experi-
ments. MSCs were applied at 1000 cells per cm2 for time course
study of cell morphology. Cells were fixed in 4% paraformalde-
hyde (Sigma-Aldrich), stained with rhodamin phalloidin
(Invitrogen), costained with 40 ,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich), and imaged under an epi-fluorescence
microscope (Olympus IX81, Olympus Inc.) at day 1, 4, 7, and 10.

Osteogenic Differentiation. MSCs were seeded at 2500 cells/
cm2 and cultured for two weeks in DMEMwith 10% FBS, 10 mM
β-glycerophosphate (Sigma-Aldrich), 10�8 M dexamethasone
(Sigma-Aldrich), and 0.2mMascorbate (Sigma-Aldrich) andwith
medium changes every 3 days. Noninduced control MSCs were
fed only basal medium with 10% FBS and 1% penicillin/strep-
tomycin on the same schedule. After 12 days of induction, cells
were stained with Alizarin Red (Sigma-Aldrich) and extracted
with 20%methanol and 10% acetic acid for spectrophotometric
quantification at 450 nm using a Nanodrop UV�vis spectro-
photometer (Thermo Scientific).

Adipogenic Differentiation. MSCs were plated at 2 � 104 cells/
cm2 and induced to differentiate for 14 days in DMEMwith 10%
FBS, 10�6 M dexamethasone (Sigma-Aldrich), 5 μg/mL insulin
(Sigma-Aldrich), and 0.6 � 10�4 M indomethacin (Sigma-
Aldrich). Non-induced control MSCs were fed only basal
medium with 10% FBS and 1% penicillin/streptomycin on the
same schedule. After 14 days of induction, cells were rinsedwith
PBS, fixed in 4% methanol-free formaldehyde (Sigma-Aldrich),
then stained with Oil Red O (Sigma-Aldrich), and costained with
DAPI for 30 min. The stained cells were observed under an epi-
fluorescence microscope (Olympus IX81, Olympus Inc.). Quan-
tification of adipogenic differentiation byMetaMorph 6.3v3was
based on measuring the total number of Oil Red O red pixels,
then normalizing to nuclei count based on detected DAPI
fluorescence. The end data correspond to the total area of lipid
droplets present per cell (μm2). The area measurements were
imported into Microsoft Excel, and the mean ( SD of the areas
was calculated.

AFM Imaging and Indentation. All data were acquired in PBS at
room temperature on a NanoWizard II AFM (JPK Instruments)
coupled with an inverted microscope (Olympus). For images
captured in contact mode, HYDRA2R-100NG probes (Applied
NanoStructures) were used. HSC 20 probes with a defined
hemispherical tip shape of ∼20 nm in radius (∼0.4 N/m)
(Nanoscience Instruments) were used for indentation experi-
ments. Indentation was carried out at the clean spots immedi-
ately after scanning the same area using the same probe. The
ramp size in this study was 1 μm, and the loading speed was 1
μm/s. An indentation force of 3 to 30 nNwas applied during the
tests in order to ensure that the indentation depth is less than
20 nm. The Young's modulus was subsequently determined
using Hertz's contact model using JPK Data Processing software
(JPK Instruments).

Statistical Analysis. The statistical differences were analyzed
(n = 4) by a paired Student's t test; p values less than 0.05 were

considered to indicate statistical differences (95% confidence
interval).
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