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O
ne of the strategies for improv-
ing bone tissue engineering is to
stimulate the osteogenic differen-

tiation and bone forming properties of
osteo-progenitor cells. Mesenchymal stem
cells (MSCs) have been considered the pro-
genitor cells for the skeletal tissues, and
they can differentiate along multiple lin-
eages such as osteoblasts, chondrocytes,
and adipocytes.1�6 Because of their ability
to be cultured for successive passages and
multilineage differentiation, MSCs have at-
tracted particular attention in the field of re-
generative medicine. Recently, there is ac-
cumulating evidence that nanoscale
materials can facilitate stem cell therapy
and bone tissue engineering.7�15 Synthetic
polymer materials have been fabricated
into nanoscale structures in order to stimu-
late the matrix environment in which
seeded cells could be accommodated to
proliferate and differentiate toward desired
lineages.7�10 Well-ordered SrTiO3 nanotube
arrays capable of releasing strontium (Sr)
have been demonstrated to enhance osteo-
genesis.11 MSCs cultured on glass substrates
coated with bionanoparticles, such as tur-
nip yellow mosaic virus (TYMV) and tobacco
mosaic virus (TMV), showed an early matu-
ration and mineralization when differentiat-
ing into osteoblasts-like cells.12,13 Further
modification of TMV with phosphate re-
sulted in a significantly higher up-
regulation of osteo-specific genes as com-
pared to unmodified TMV particles.14 Aque-
ous suspensions of nanoparticles have also
been demonstrated to promote the differ-
entiation of MSCs toward osteoblasts.15�17

Davis and co-workers showed that it was
sufficient to stimulate MSC differentiation
and bone matrix production in the absence
of osteogenic media by modifying human

MSCs directly in aqueous suspension with
amino acid-functionalized calcium phos-
phate nanoparticles.17 Although the poten-
tial use of nanomaterials in modulating MSC
differentiation is evident, the interactions
between nanoparticles and MSCs have not
been studied in detail, and the molecular
mechanisms governing MSC self-renewal
and differentiation in the presence of nano-
particles remain largely unknown.

In this study, we investigated the ef-
fects of gold nanoparticles (AuNPs) on the
differentiation of MSC and the associated
molecular mechanisms. The cellular effects
of AuNPs on the proliferation, osteogenic
differentiation, adipogenic differentiation,
and mineralization of MSCs were evaluated
by MTT assay, alkaline phosphatase (ALP)
activity assay, Oil red O staining assay, and
Alizarin red S staining assay, respectively. In
addition, scanning electron microscopy
(SEM) and transmission electron micros-
copy (TEM) were used to characterize the
morphology and ultrastructural change of
MSCs during osteogenic differentiation in
the presence of AuNPs, respectively.
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ABSTRACT Understanding the interaction mechanisms between nanomaterials and biological cells is

important for the control and manipulation of these interactions for biomedical applications. In this study, we

investigated the cellular effects of gold nanoparticles (AuNPs) on the differentiation of mesenchymal stem cells

(MSCs) and the associated molecular mechanisms. The results showed that AuNPs promoted the differentiation of

MSCs toward osteoblast cells over adipocyte cells by inducing an enhanced osteogenic transcriptional profile and

an attenuated adipogenic transcriptional profile. AuNPs exerted the effects by interacting with the cell membrane

and binding with proteins in the cytoplasm, causing mechanical stress on the MSCs to activate p38 mitogen-

activated protein kinase pathway (MAPK) signaling pathway, which regulates the expression of relevant genes

to induce osteogenic differentiation and inhibit adipogenic differentiation.
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Cellular assay results demonstrated that AuNPs pro-
moted the differentiation of MSCs toward osteoblasts
over adipocytes with increasing ALP activity and miner-
alization of the extra-cellular matrix. On the basis of
the observed cellular effects and previous reports,18�20

we hypothesized that AuNPs may interact with the cells
by membrane adsorption and subsequent internaliza-
tion through endocytosis, possibly serving as mechani-
cal stimuli on MSCs to activate mechanosensitive sig-
naling pathway in the cells and thus induce osteogenic
differentiation. Real-time reverse transcriptase poly-
merase chain reaction (RT-PCR) and Western blotting
assays were designed to verify the hypothesis at the
molecular level by determining the expression of genes
and proteins related to pathways stimulated by me-
chanical stress and the expression of osteogenic and
adipogenic biomarkers of MSCs upon interaction with
AuNPs. The results showed that the interaction of MSCs
with AuNPs may lead to the activation of the p38
mitogen-activated protein kinase pathway (MAPK) sig-
naling pathway and the up-regulation of osteogenic
genes and the down-regulation of adipogenesis spe-
cific genes.

RESULTS AND DISCUSSIONS
An aqueous dispersion of AuNPs was prepared by ci-

trate reduction.21 According to the model by Chow and
Zukoski,22 an increase in the concentration of citrate
ions would decrease the final size of colloidally stable
particles and increase the zeta potential of particles. As
shown in the TEM images (Figure 1A), the as-prepared
AuNPs are rather monodisperse and spherical in shape,
with an estimated average diameter of 20 nm. Dy-
namic light scattering (DLS) measurements confirmed
that the average diameter of AuNPs is 20 � 2 nm (Fig-
ure 1B), and the zeta potential is �58.76 mV. Energy-
dispersive X-ray (EDX) spectra confirmed that the only
composition of nanoparticles was gold (Supporting In-
formation, Figure S1).

Differentiation of pluripotent progenitor MSCs into
osteoblasts is a crucial step of osteogenesis. The ap-
pearance of ALP activity is an early phenotypic marker

for osteogenic differentiation of MSCs, and mineralized
nodule formation is a phenotypic marker for the last
stage of mature osteoblasts.23 Generally, ALP activities
were expressed after in vitro osteogenic induction for 7
days, while later positive ALP staining was seen after
14 days of osteogenic induction.24 The effects of AuNPs
on osteogenic differentiation of MSCs cultured for 7,
10, and 14 days in the presence of osteogenetic supple-
ment (OS) were assessed by measuring their ALP activ-
ity normalized to total protein content. The results
showed that the higher the concentration of AuNPs
was, the stronger was the promotion of osteogenic dif-
ferentiation of MSCs. On day 14, ALP activity of MSCs
treated by all concentrations of AuNPs was dramatically
increased compared with that of day 7 and day 10 (Fig-
ure 2A). These results indicated a substantial increase
of ALP activity in MSCs upon treatment of AuNPs in
dose- and time- dependent manners.

Since osteoblast nodes formed and reached a peak
when osteoblasts mineralized after 2�3 weeks cul-
ture,25 the mineralized function of the MSCs upon treat-
ment with AuNPs and OS for 9, 15, and 21 days were in-
vestigated using Alizarin red S (ARS) staining assay
(Figure S2A-2C). NaF at 1.0 �M was used as positive
control, which promoted mineralization of MSCs by
12%, 35%, and 42% on day 9, day 15, and day 21, re-
spectively. AuNPs showed a similar promotive effect on
the mineralization of MSCs. The formation of mineral-
ized nodules in MSCs upon AuNPs treatment was evalu-
ated by coupling the number count of node formation
with quantitation of ARS deposition, which increased in
dose- and time-dependent manners. A greater than
45% increase in the formation of mineralized nodules
in MSCs upon AuNPs treatment at the dosage of 1.0 nM
AuNPs was observed on day 21 (Figure 2B).

The morphological change of MSCs during osteo-
genic differentiation was investigated using SEM. MSCs
adhered to substrates by means of thin cytoplasmic
digitations or filopodia, and the cells flattened and ex-
panded cytoplasmic extensions over the entire
surface.10,12 When cultured in basal medium without
the addition of OS and AuNPs, the cells displayed a spin-

Figure 1. TEM image (A) and size distribution histogram (B) of AuNPs.
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dly, fibroblast-like morphology and formed clusters,

which is the normal phenotype behavior of MSCs (Fig-

ure 3A�C). As the cells differentiated into osteoblasts in

the presence of OS with and without the treatment of

AuNPs, they started depositing matrix on the surface.

SEM images showed that the whole surface was cov-

ered with a network of well-spread cells which acquired

a more polygonal morphology (Figure 3D,G). The cellu-

lar aggregation resulted in the formation of nodular

structures (Figure 3E,H). High magnification SEM im-

ages showed the long pseudopodia and multilayered

cells with various sizes and shapes (Figure 3F,I). The

cells formed a dense network, suggesting that AuNPs

promoted osteoblast functionality with increasing ALP

activity and matrix production.26 Both the SEM and the

cellular assay results demonstrated a substantial pro-

motion of osteogenic differentiation of MSCs upon their

interactions with AuNPs.

Because of the reciprocal relationship between os-

teogenic and adipogenic differentiation of MSCs, it is

possible that the promotion of MSC osteogenic differ-

entiation by AuNPs occurs concurrently with the inhibi-

Figure 2. (A) Effects of AuNPs on the ALP activity of MSCs. Results are mean � SD of the triplicate experiments: (�) p � 0.01.
NaF at 1.0 �M was used as a positive control. (B) Effects of AuNPs on the mineralized nodule formation of MSCs. Mineraliza-
tion quantitated by elution of alizarin red S from stained mineral deposits. Results are mean �SD of the triplicate experi-
ments, (�) p � 0.05, (��) p � 0.01; 1.0 �M NaF was used as positive control.

Figure 3. SEM images of MSCs after 7 days culture. (A�C) MSCs were cultured in the absence of AuNPs and OS; (D�F) MSCs
were treated with OS only; (G�I) MSCs were treated with OS and 1.0 nM AuNPs. The images are representative of three in-
dependent experiments.
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tion of adipogenic differentiation. The effects of AuNPs

on adipocytic differentiation of MSCs in the presence of

adipogenic supplement (AS) were determined by

specifically staining intracytoplasmic lipids with oil red

O (Supporting Information, Figure S3A�3C). The results

demonstrated a substantial inhibition effect on MSC ad-

ipocytic differentiation by AuNPs in time- and dose-

dependent manners, where up to 35% inhibition was

observed at the dosage of 1.0 nM AuNPs on day 14 and

the inhibition rate decreased on day 16 and day 18 (Fig-

ure 4).

Osteogenic differentiation is a sequential event that

follows initial cell proliferation. It is also possible that

an increase in the rate of cell growth induced by AuNPs

may result in the increasing level of MSC osteogenic dif-

ferentiation. However, MTT assays revealed only a slight

positive effect of AuNPs on MSC proliferation, where the

cell viability was increased by 12 to 22% with no obvi-

ous dose- or time-dependent tendency (Figure 5A).

Similarly, after 5 days of culture with the AuNPs, acri-

dine orange staining of the live MSCs showed that cell

number only slightly increased upon interactions with

AuNPs (Figure 5B,C). The above results suggested that

the cellular effects of AuNPs on MSCs were mainly

through activating osteogenic differentiation and inhib-

iting adipogenic differentiation.

The interaction between MSCs and nanomaterials

has been previously investigated.27�30 It is commonly

accepted that cells maintain their homeostasis through

a comprehensive signaling network,31 and any pertur-

bation of this system by nanomaterials will influence

cell function and behavior.32,33 Incubation of nanomate-

rials with cells in culture media results in adsorption of

serum proteins on the material surface, which induces

the entry of nanomaterials into cells by receptor-

mediated endocytosis.34�36 Our TEM images confirmed

that most of the AuNPs were grouped in intracellular

compartments of cells (Figure 6E�H). Cells treated with

OS in the absence of AuNPs displayed their typical ultra-

structure characterized by a well-preserved plasma

membrane, a nucleus with uniformly dispersed chroma-

tin and clear nucleolus, and a cytoplasm containing ran-

domly distributed organelles and electron-dense gran-

ules (Figure 6A�D). Cells exposed to AuNPs, on the

other hand, seemed to incorporate the nanoparticles in-

side the cells in perinuclear compartments and vesicu-

lar structures close to the cell nucleus. The TEM images

suggested that AuNPs may interact with proteins lo-

cated in the cytoplasm, thus interfering with certain cel-

lular signaling pathways.

Recent evidence showed that mechanical stimuli

can regulate the direction of stem cell

differentiation,18�20 and several signaling molecules

have been demonstrated to play significant roles in me-

chanical stimuli-initiated signal transduction.37 Among

them are the MAP kinases (MAPKs), which can be acti-

vated by mechanical stresses. Activation of MAPKs may

link the effects of mechanical stress to the biochemical

responses and gene expression.18,38�40 There are also re-

ports suggesting that MAPK pathways played critical

roles in directing MSC commitment to the osteogenic

Figure 4. Dose-dependence of AuNPs on the adipogenic
differentiation inhibition of MSCs. Results are mean � SD
of the triplicate experiments: (�) p � 0.01; 1.0 �M NaF was
used as positive control.

Figure 5. (A) Proliferation and viability of MSCs in the presence of 20 nm AuNPs. Results are mean � SD of the triplicate ex-
periments: (�) p � 0.01. The images of acridine orange staining show the MSCs without (B) and with (C) AuNPs treatment. The
images are representative of three independent experiments.
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lineage.41�43 Therefore, we hypothesized that AuNPs

may serve as mechanical stimuli on MSCs to activate

MAPK signaling pathway in the cells and thus induce

their preferential differentiation. Western blotting as-

says and RT-PCR experiments were thus carried out to

verify the involvement of the MAPK pathways during

AuNP�MSC interaction.

Three parallel pathways of MAPK have been de-

scribed, including extracellular signal related kinases

(ERK1/2), protein kinase 38 (p38), and c-Jun-N-terminal

kinases (JNKs) pathways. JNK and p38 are often referred

to as stress-activated protein kinases (SAPK1/JNK and

SAPK2/p38), and ERK1/2 are often described as the ki-

nases involved in growth factor stimulation.44 The ex-

pression levels of key proteins involved in MAPK signal-

ing pathway, including ERK1/2, p38, and JNK, were

measured, and the results revealed that p38 protein

was significantly up-regulated (Figure 7A). No substan-

tial enhancement was observed for the expression of

ERK1/2 and JNK proteins, suggesting that only p38

MAPK signaling pathway was activated in MSCs upon

interaction with AuNPs (Figure 7A). Previous reports

also demonstrated that p38 MAPK can positively regu-

late osteogenic differentiation.45,46 It is known that

phosphorylated p38 proteins can translocate into

nucleus, bind to promoters of target genes, and regu-

late their transcription. The Western blotting results

showed that MSCs exhibited an increase in the p38

phosphorylation level upon the treatment of AuNPs

(Figure 7B).

Interconversion of MSCs among phenotypes, as

well as the commitment to a particular lineage with

suppression of alternative phenotypes, is governed by

specific transcription factors. It has been established

Figure 6. TEM images of the internalization of AuNPs. (A�D): Cells were treated with OS as control; (E�H): cells were treated with
OS and 1.0 nM AuNPs. Arrows indicate AuNPs. The images are representative of three independent experiments.

Figure 7. (A) Activation of p38 MAPK signaling induced by 1.0 nM AuNPs. (B) Phosphorylation of p38 MAPK after exposure
to 1.0 nM AuNPs. (C) Western blot analysis for Runx2, BMP2, and PPAR�2 protein expression after exposure to 1.0 nM AuNPs.
The blot shown is representative of three independent experiments.
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that Runx2 determines the osteoblast lineage from the
pluripotent MSCs,47 while PPAR� destines cells to adipo-
cyte differentiation.48 BMP2 is a member of the TGF-�
super family and plays a key regulatory role as a
cell�cell signaling molecule during bone formation
and repair.49 Recent evidence has also shown that BMP2
played a crucial role in the regulation of osteogenic dif-
ferentiation of MSCs on nanotopographic substrates.13

As shown in Figure 7C, significant increase in Runx2 and
BMP2 expression and substantial attenuation of PPAR�

expression were observed, which is consistent with the
observations in cellular assays that AuNPs preferen-
tially promoted MSCs to differentiate into the osteo-
blastic phenotype rather than the adipocytic pheno-
type. A previous report has demonstrated that
mechanical stress down-regulated PPAR� in MSCs and
favored osteogenesis at the expense of adipogenesis.50

The above results indicated that AuNPs might serve as
mechanical stimuli to activate the p38 MAPK signaling
pathway, thus triggering the expression of osteogenic
genes underlying the phenotype of terminally differen-
tiated osteocytes.

Real-time RT-PCR experiments were carried out to
measure the transcriptional profile of osteospecific
genes, and the up-regulation of 74 osteogenic marker
genes was observed in MSCs treated with AuNPs (Fig-
ure 8, also see Supporting Information, Figure S4 and
Table S1 for descriptions of all genes and their func-
tions). Integrins, which are receptors of extracellular ma-
trix, have been demonstrated to play a critical role in
mechanical stress-induced p38 MAPK activation.51 RT-
PCR results showed substantial increase in the expres-
sion of integrin family genes (2.07, 1.83, 6.20, 4.52, and
4.25 fold increase for integrin �2, integrin �2b, integrin
�3, integrin �M, and integrin �V, respectively), suggest-
ing that integrins might also play a significant role in
transmitting nanoparticle-induced mechanical stress

across the plasma membrane. Matrix metallopro-
teases (Mmps) represent a family of endoprotein-
ases which are able to cleave virtually all compo-
nents of the extracellular matrix and other
substrates such as growth factor binding proteins
or latent growth factors, thus regulating their bio-
availability.52 A recent study showed that Mmps
played an essential role in transferring environ-
mental mechanical stimuli into MSCs.53 Therefore,
the significant increase in the expression of Mmp
genes (5.59, 4.37, and 15.67-fold increase for
Mmp2, Mmp8, and Mmp9, respectively) provided
other evidence that AuNPs exert their effect
through mechanical stress. The lineage commit-
ment gene Runx2, which determines the osteo-
blast lineage from the pluripotent MSCs, showed
a 3.06-fold increase when MSCs were treated with
AuNPs. This is consistent with the Western blot-
ting result (Figure 7C) and previous studies that
mechanical stress could directly up-regulate the
expression of Runx2.40,43 The up-regulation of

Runx2 is believed to be modulated by distinct MAPK
cascades,41 which subsequently up-regulates osteo-
blasts marker genes.47 The osteogenic specific gene,
ALPL, which plays vital roles in bone formation and min-
eralization, was up-regulated by 15.05 folds. As men-
tioned above, BMPs are responsible for enhancing os-
teoblastic differentiation, including stimulation of the
expression of bone structural proteins such as Col-I and
OCN, and the mineralization of bone matrix.33,49 Dur-
ing the proliferation period, the genes associated with
the formation of ECM components (such as type-I col-
lagen and fibronectin) are activated. Type-I collagen is
the most abundant protein found in the organic bone
matrix and plays an essential role in influencing cellular
behavior.33 When the MSCs were exposed to AuNPs,
the expression of BMP1, BMP2, BMP4, and Col1a2 were
up-regulated by 7.26, 7.43, 15.21, and 17.48 folds, re-
spectively. These results provided the molecular basis
for our SEM observations that AuNPs induced MSCs to
produce extracellular matrix and form modular struc-
tures (Figure 3). OCN which is expressed during the
postproliferative period and reaches its maximum ex-
pression during mineralization and accumulates in the
mineralized bone, showed a 8.60-fold increase when
MSCs were treated with AuNPs.24,33 Furthermore, the ex-
pression of cell�cell adhesion related genes (Cd36,
Cdh11, and Vcam1) showed 4.04, 4.74, and 3.05-fold up-
regulation, respectively. Overall, the transcriptional pro-
file of osteogenic specific genes clearly illustrated the
genetic events during the promotion of MSC osteo-
genic differentiation by AuNPs as observed in enhanced
ALP activity (Figure 2A) and mineralized matrix nod-
ules formation (Figure 2B).

The cellular assay results indicated that AuNPs also
inhibited the adipogenesis of MSCs (Figure 4). Adipo-
genesis begins with the transient expression of CCAAT/

Figure 8. Real time RT-PCR analysis of osteogenic and adipogenic specific gene
expression in MSCs upon treatment with 1.0 nM AuNPs.
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enhancer binding protein � (C/EBP�) and C/EBP�,
which activate C/EBP� and PPAR�. C/EBP� and PPAR�

together coordinate the expression of adipogenic
genes underlying the phenotype of terminally differen-
tiated adipocytes.48 The expression of adipogenic spe-
cific genes and proteins is expected to be attenuated in
MSCs upon AuNP treatment. RT-PCR and Western blot
results clearly showed that MSCs cultured with AuNPs
had significantly lower expression of these adipogene-
sis lineage commitment genes at both RNA (Figure 8)
and protein level (Figure 7C). Previous reports also
showed that mechanical stress can inhibit adipogene-
sis, which is associated with the down-regulation of re-
lated marker genes with a distinct expression
profile.54,55 The observed adipogenic transcriptional
profile is thus consistent with our hypothesis, that
AuNPs exert their effects on MSCs through mechanical
stress.

On the basis of the above findings, a schematic
model was proposed to describe the modulation of os-
teogenic differentiation of MSCs by AuNPs (Figure 9).
AuNPs interact with the membrane of MSCs and bind
with proteins in the cytoplasm after internalization
through endocytosis, causing mechanical stress on the
cells. The activation of p38 MAPK signaling pathway
leads to the up-regulation of the osteogenic master
transcription factor, Runx2,40�43 and the down-
regulation of the adipocytic master transcription fac-
tor, PPAR�.50 Runx2 subsequently up-regulates osteo-
blast marker genes, Col I and BMP2 at early stages and
ALP and OCN at later stages of differentiation,33 thus
driving MSCs to differentiate toward osteoblast cells.

CONCLUSION
Our study showed that AuNPs promoted the osteo-

genic differentiation and inhibited the adipogenic dif-

ferentiation of MSCs. TEM images suggested that AuNPs

may interact with proteins located in the cytoplasm,

thus interfering with certain cellular signaling pathways.

The up-regulation of integrins indicated the interac-

tion of AuNPs with the extracellular matrix. Both pro-

cesses serve as mechanical stress on the MSCs, leading

to the activation of the p38 MAPK signaling pathway,

which in turn causes the up-regulation of osteogenic

genes and the down-regulation of adipogenesis spe-

cific genes. The results described in this study revealed

how AuNPs impact cellular events and the fate of stem

cells, which will be important for the rational design of

new nanomaterials for tissue engineering and other

biomedical applications.

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

old specific pathogen free (SPF) Kunming mice (Southern Medi-
cal University, China) following the Kelly method.56,57 In brief,
6-week-old mice were executed by cervical vertebra. Femora and
tibiae were aseptically harvested, and the whole bone marrow
was flushed using supplemented DMEM in a 10-cc syringe and
a 25-gauge needle. MSCs were collected and cultured in DMEM
with 10% heat-inactivated fetal bovine serum, 100 U mL�1 peni-
cillin (BBI, Canada), and 100 �g mL�1 streptomycin (BBI, Canada),
for 3 days in a humidified atmosphere of 5% CO2 in air at 37 °C
(Sanyo, model MCO-18AIC), then replaced with fresh medium.
The culture medium was changed every 3 days during the
experiments.

Cellular Assays for MSC Proliferation and Differentiation. MSCs prolif-
eration was determined using MTT assay, as described in detail
previously.58 Briefly, MSCs were seeded in 96-well tissue culture
plates at the density of 4 	 106 cells per well and incubated for
3 days. After the addition of AuNPs at different concentrations (fi-
nal concentration 0.1, 0.2, and 1.0 nM), 24, 48, and 72 h further in-
cubations were performed. Then, the adherent cells were har-
vested for MTT assay. Briefly, 20 �L of MTT (5.0 mg mL�1 in 1	
phosphate buffered saline (PBS)) was added and incubated for
another 4 h at 37 °C. The supernatant was removed, and DMSO

was added to each well for 10 min to dissolve any resulting for-
mazan crystals. The absorbance was read at 550 nm using a mi-
croplate spectrophotometer (Biorad model 680, USA). Cells with-
out AuNPs treatment were used as control. The relative
cytotoxicity was expressed as a percentage: [ODsample � ODcon-

trol]/[ODcontrol] 	 100.
ALP activity assay and ARS staining assay were employed to

evaluate the osteogenic differentiation of MSCs.33 For ALP as-
say, MSCs were seeded in 48-well tissue culture plates at the den-
sity of 5 	 106 cells per well with the osteogenetic induction
supplement (OS) containing 5.0 mM �-glycerophosphate (BBI,
Canada) and 50 �g mL�1 ascorbic acid (Sigma, USA) and 0.1 �M
dexamethasone (Sigma, USA). A series of dilutions of AuNPs (fi-
nal concentration 0.1, 0.2, and 1.0 nM) were added to the culture
medium with OS in 48-well plates for 7, 10, and 14 days. NaF
(Sigma, USA), which can promote osteogenetic differentiation
of MSCs, was used as a positive control and dispersed in
�-MEM.59 After incubation, MSCs were washed twice with ice-
cold D-Hank’s and lysed by two cycles of freezing and thaw. Ali-
quots of supernatants were subjected to ALP activity and protein
content measurement by an ALP activity kit (Nanjing Jiancheng
Biological Engineering Institute, China) and a micro-Bradford as-
say kit (Beyotime Biotechnology, China).57 For ARS staining assay,
MSCs (5 	 106 cells per well) were seeded in 48-well tissue cul-

Figure 9. Molecular mechanism of the modulation of osteogenic and
adipocytic differentiation of MSCs by AuNPs through p38 MAPK sig-
naling pathway.
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ture plates and cultured for 3 days. The medium was then
changed to medium containing OS and AuNPs (final concentra-
tion 0.1, 0.2, and 1.0 nM) or 1.0 �M NaF for 9, 15, and 21 days. The
formation of mineralized matrix nodules was determined by
ARS staining.60 In brief, MSCs were fixed in 70% ethanol for 1 h
and then stained with 40 mM ARS (pH 4.2, Sigma, USA) for 30
min at room temperature. Quantification of alizarin red S stain-
ing was performed by elution with 10% (w/v) cetylpyridium chlo-
ride (Sigma, USA) for 10 min and measurement of the absor-
bance at 570 nm.57 The mineralization inhibition rate was
expressed as a percentage: [ODsample � ODcontrol]/[ODcontrol] 	
100.

The adipocytic differentiation rates of MSCs in the absence
and presence of AuNPs were determined by specifically stain-
ing intracytoplasmic lipids with oil red O.61 MSCs (1 	 107 cells
per well) were seeded in 48-well tissue culture plates and cul-
tured for 14, 16, and 18 days. The adipogenetic induction supple-
ments (10 mg L�1 insulin, 0.1 �M dexamethasone) and AuNPs (fi-
nal concentration 0.1, 0.2, and 1.0 nM) were added to the culture
medium. After incubation, MSCs were washed by D-Hank’s twice
and then stained by 0.6% (w/v) oil red O (Sigma, USA) solution
(60% isopropyl alcohol, 40% water) for 15 min. For quantification
of oil red O content, MSCs were washed with D-Hank’s three
times to remove background staining and isopropyl alcohol was
added to resolve oil red O. Absorbance at 510 nm was mea-
sured on a microplate spectrophotometer (Biorad model 680,
USA). The adipogenetic differentiation inhibition was expressed
as a percentage: [ODsample � ODcontrol]/[ODcontrol] 	 100.

SEM and TEM. Cell morphology with and without the treat-
ment of 1.0 nM AuNPs was observed by SEM after 7 days of cul-
ture, as described in detail elsewhere.33,62,63 In brief, MSCs were
soaked in modified Karnovsky fixative (2% glutaraldehyde 
2%
paraformaldehyde) in 0.1 M cacodylate buffer (pH 7.4) with
0.05% CaCl2 solution at 4 °C for 2 h and postfixed for 1 h at 4 °C
with 1% osmium tetroxide before dehydration with increasing
concentrations of ethanol, and finally with hexamethyldisilazane
(HMDS) to further extract water. The dehydrated MSCs were
maintained in desiccators for overnight air drying. After sputter-
coating with carbon, SEM imaging was conducted on FEI Nova
SEM system at accelerating voltage of 10 kV. The ultrastructural
alterations and internalization of MSCs after 7 days of culture in
the presence of 1.0 nM AuNPs were observed with a Phillips Tec-
nai 12 instrument operating at 80 kV, as described in detail else-
where.33 In brief, MSCs were prefixed in modified Karnovsky fixa-
tive (2% glutaraldehyde 
 2% paraformaldehyde) in 0.1 M
cacodylate buffer (pH 7.4) with 0.05% CaCl2 solution at 4 °C for
2 h. The cells were then postfixed in 1% osmium tetroxide, sub-
sequently dehydrated in a graded series of ethanol and acetone
solution, and embedded in resin. Ultrathin sections were per-
formed, collected on copper grids, and stained with 5% uranyl
acetate in water for 4 min and lead citrate for 2 min. All SEM and
TEM microscopic related reagents were obtained from Electron
Microscopy Sciences, USA.

Molecular Assays for Mechanism Study. Western blots and RT-PCR
were employed to study protein and gene expression of MSCs
upon their interactions with 1.0 nM AuNPs, as described in de-
tailed previously.64 A Western blot can be used to detect a spe-
cific protein expression in a given sample. Proteins were sub-
jected to SDS-PAGE using 10% gel for the detection of ERK1/2,
p-ERK1/2, p38, p-p38, JNK, p-JNK, Runx2, BMP2, and PPAR�2, and
transferred onto a nitrocellulose membrane (Amersham Bio-
sciences, UK). The membrane was blocked overnight at 4 °C.
Then, the blots were incubated with corresponding primary an-
tibodies (GeneLinx International, Inc.) in the TBST solution for 2 h
at room temperature, followed by 1 h incubation with second-
ary antibodies conjugated with horseradish peroxidase. Mem-
branes were exposed for 15�30 min to Hyperfilm (Amersham
Biosciences, UK) for detection of signals. �-Actin protein expres-
sion was used as a loading control.

Total RNA from MSCs which were treated with 1.0 nM AuNPs
in the presence of OS for 7 days was extracted using Trizol Plus
RNA purification kit (Invitrogen), and was reverse transcribed to
first-strand cDNA according to the TaKaRa protocol (TaKaRa, To-
kyo). An RT2ProfilerPCR Array System containing 84 relevant,
pathway-focused genes of osteogenesis was performed using

ABI 7000 Sequence Detection System (Applied Biosystems, USA).
A 25 �L portion of the experiment cocktail containing 13 �L of
SABiosciences RT2 qPCR Master Mix (SABiosciences, USA), 1 �L of
cDNA and 11 �L of ddH2O was added to each well where the
gene-specific primer used for RT-PCR was immobilized. PCR
products were analyzed with PCR array data analysis web portal
from the following address: http://www.SABiosciences.com/
pcrarraydataanalysis.php. RT-PCR was performed in a total vol-
ume of 25 �L with 1 �L of cDNA, 1 �L of gene-specific 10 �M
PCR primer pair stock, and 12.5 �L of SYBR Green/ROX Master
Mix (SABiosciences, USA) using ABI 7000 Sequence Detection
System (Applied Biosystems, USA). The PCR profile began with
10 min at 95 °C to activate Hotstart TaqDNA polymerase, fol-
lowed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C, and later
followed by the melting curve test. The relative amount of mRNA
expression normalized to GAPDH was expressed as fold change,
which was calculated by the comparative CT (2���CT) relative to
control group as a reference: 2���CT � 1. The primers used for RT-
qPCR are OCN, 5=-GAACAGACTCCGGCGCTA-3=, 5=-AGGGAGGAT-
CAAGTCCCG-3=; PPAR�2, 5=-TGTGGGGATAA AGCATCAGGC-3=,
5=-CCGGCAGTTAAGATCACACCTAT-3=; C/EBP�, 5=-
GTGCTTCATGGAGCA AGCCAA-3=, 5=-TGTCGATGGAGTGCTCGT-
TCT-3=; C/EBP�, 5=-GCGCGAGCGCAACAACATCG-3=, 5=-CAGCA-
CAGGCTGTTGACCATCATA-3=; C/EBP�, 5=-
GAGCGTCCTACGCGCCAGTAC-3=, 5=-
GATCACGGAGCTGTGCCGGTC-3=.

Statistical Analysis. Data were collected from three separate ex-
periments and expressed as mean � standard deviation (SD).
The statistical differences were analyzed by a paired Student’s t-
test; p values less than 0.05 were considered to indicate statisti-
cal differences.
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