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Gold nanoparticles promote osteogenic differentiation
of human periodontal ligament stem cells via
the p38 MAPK signaling pathway
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Abstract.Gold nanoparticles (AuNPs) are a promising material
for use in regenerative medicine due to their biocompatibility
and easy functionalization with biomolecules including growth
factors, DNA and peptides. In the present study, transmission
electron microscopy indicated that the AuNPs were mono-
disperse and spherical in shape, with an estimated average
diameter of 13 nm. And the cellular effects of AuNPs on the
osteogenic differentiation of human periodontal ligament stem
cells (hPDLSCs) and the associated signaling pathways in
cell differentiation were investigated based on histochemical
analysis of alkaline phosphatase activity and mineralization,
quantitative polymerase chain reaction, and western blotting.
The results indicated that AuNPs enhanced the differentia-
tion of hPDLSCs into osteoblasts, increasing their osteogenic
transcriptional profile including alkaline phosphatase, osterix,
collagen type I and runt-related transcription factor 2 (RUNX?2)
and activating the p38 mitogen-activated protein kinase
(MAPK) signaling pathway. Furthermore, AuNPs increased
the protein level of RUNX2, which is crucial for osteogenic
differentiation. These results suggested that AuNPs stimulate
the osteogenesis of hPDLSCs partially via activation of the
p38 MAPK signaling pathway.
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Introduction

Periodontium defects caused by chronic periodontitis include
irreversible damage to alveolar bone, periodontal ligaments and
other tissues surrounding and supporting tooth structure and,
without proper treatment, will lead to tooth loss (1,2). To address
these challenges, the attention of clinicians and researchers has
been drawn to regeneration of the damaged tissues in the peri-
odontium. Stem cell-based therapies are considered a promising
alternative approach to periodontal regeneration (3). Periodontal
ligament stem cells (PDLSCs), derived from the periodontal
ligament, were first isolated by Seo et al (4) in 2004. PDLSCs
are multipotent progenitor cells capable of self-renewal,
multilineage differentiation and immunomodulation (5).
PDLSCs express cell surface markers similar to bone marrow
mesenchymal stem cells (MSCs), and defective osteogenic
differentiation of PDLSCs has been documented as being closely
associated with periodontitis (6,7). PDLSCs have been widely
studied for their potential use in regenerative medicine because
of their self-renewal capacity and multipotency that are useful
characteristics for periodontal therapeutics (8-10). Nevertheless,
complete regeneration of periodontal tissues requires further
study and improved therapeutic techniques, and it is necessary
to investigate novel approaches and materials (11).

Previous studies have focused on the potential use
of nanoscale materials in biomedicine and tissue engi-
neering (12-14). Among these previously-reported
nanomaterials, several fundamental research studies have
demonstrated that gold nanoparticles (AuNPs) are promising
materials in regenerative medicine (15-17). AuNPs are an
attractive material because of their high biocompatibility
and easy functionalization with biomolecules including
growth factors, DNA or peptides (18). At present, numerous
nano-platforms based on AuNPs have been constructed for
molecular imaging, drug/gene delivery, stem cell tracking, and
tissue engineering (15,19). Sul ef al (20) indicated that AuNPs
constrained the differentiation of bone marrow-derived
macrophages toward osteoclasts by reducing the expression of
receptor activator of nuclear factor-kB ligand. However, there
is a serious lack of information about the biological activity
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of the AuNPs in human PDLSCs (hPDLSCs). In the present
study, the potential effects of AuNPs on the differentiation
of hPDLSCs and the related signaling pathways involved in
cell differentiation were investigated. To our knowledge, this
is the first study to examine osteogenic differentiation from
hPDLSCs using various concentrations of AuNPs. The present
study provides evidence that AuNPs can also stimulate osteo-
genesis in hPDLSCs by promoting their differentiation and
mineralization in vitro.

Materials and methods

Transmission electron microscopy. AuNPs were obtained
from the College of Chemistry & Chemical Engineering
of Hunan University (Changsha, China), and the College of
Biology of Hunan University (Changsha, China) donated by
Dr Huijie Zhu. The morphology and size of the AuNPs were
observed with FEI transmission electron microscopy (TEM)
(FEI; Thermo Fisher Scientific, Inc.) at the Shanghai Institute
of Biological Sciences of the Chinese Academy of Sciences
(Shanghai, China). The samples were prepared by dropping
8 pl particle suspension onto a carbon-covered copper grid
and allowing them to air dry. ImageJ software version 1.48u
(National Institutes of Health, Bethesda, MD, USA) was used
to measure their sizes.

Isolation and culture of hPDLSCs and fluorescence-activated
cell sorting. The present study was approved by the Medical
Ethics Committee of Shanghai Jiao Tong University and all
patients or their parents provided informed consent. The
hPDLSCs were isolated from healthy premolars, which were
extracted in the course of orthodontic treatment. The donors
were aged between 14-18 years (n=10) and the hPDLSCs
were isolated according to a standard protocol (4). Flow
cytometric analysis was used to determine the cell surface
markers present on hPDLSCs. hPDLSCs were incubated with
phycoerythrin (PE)-conjugated antibodies against human
CD29 (cat no. 555443; 1:100; BD Biosciences, San Jose,
CA, USA), fluorescein isothiocyanate (FITC)-conjugated
antibodies against human CD44 (cat no. 11-0441-85; 1:100;
eBioscience; Thermo Fisher Scientific, Inc.), FITC-conjugated
antibodies against human CD90 (cat no. 555595; 1:100; BD
Biosciences), PE-conjugated antibodies against human CDI105
(cat no. 560839; 1:100; BD Biosciences), PE-conjugated anti-
bodies against human CD34 (cat no. 343605; 1:100; Biolegend,
Inc., San Diego, CA, USA) and FITC-conjugated antibodies
against human CD45 conjugated with FITC (cat no. 304005;
1:100; BioLegend, Inc.), all diluted in PBS, at 37°C in the dark
for 40 min; cell suspensions in PBS without antibodies served
as controls. The cells were then washed three times with
PBS to remove unbound antibodies and were resuspended in
300 ul PBS and analyzed using a vantage cell cytometer (BD
Biosciences, Mountain View, CA, USA).

Cell viability assay. hPDLSCs were plated into 96-well plates
at a density of 1x10* cells/well, in triplicate, and were cultured
in 100 ul complete Dulbecco's modified Eagle's medium
(DMEM,; Hyclone; GE Healthcare Life Sciences, Logan, UT,
USA) containing different concentrations of AuNPs (0, 0.5, 1
and 2 nM). Subsequent to incubation for 1, 2 or 4 days, 10 ul
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MTT reagent was added to each well, and the plates were
incubated at 37°C for 4 h. The medium was then removed, and
the intracellular insoluble formazan was dissolved in 100 ul
DMSO. The absorbance of each well was then measured
at 570 nm using a microplate reader (Tecan Group, Ltd.,
Salzburg, Austria).

Alkaline phosphatase (ALP) staining and activity assay. Cells
were cultured in multiwell plates for 14 days with osteogenic
medium without or with AuNPs at a concentration of 0.5 or 1 nM.
The cell layer was fixed in 4% paraformaldehyde for 10 min at
25°C. The cells were then incubated in buffer containing 0.1%
naphthol AS-BI phosphate (Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) and 2% fast violet B (Sigma-Aldrich;
Merck Millipore). Following incubation for 1 h at 37°C, the
cell layer was washed with deionized water and air dried. ALP
staining was observed under an inverted microscope.

ALP activity was determined at 405 nm using p-nitrophenyl
phosphate (pNPP; Sigma-Aldrich; Merck Millipore) as the
substrate. A 50 ul aliquot of lysate was mixed with 50 u1 pNPP
(I mg/ml) in 1 M diethanolamine buffer containing 0.5 mM
MgCl, (pH 9.8) and incubated at 37°C for 15 min on a bench
shaker. The reaction was stopped by adding 200 x1 2 M NaOH
per 200 ul of reaction mixture. Total protein content was deter-
mined by the BCA method using a protein assay kit (Pierce
Biotechnology, Inc., Rockford, IL, USA). ALP activity was
calculated as nmol p-nitrophenol per minute per mg protein,
and presented as fold changes compared with the control group.

Alizarin red staining assay. Alizarin red staining (ARS) was
performed on cells incubated for 21 days in osteogenic medium
(cat no. HUXMA-90021; Cyagen Biosciences, Inc., Santa
Clara, CA, USA) alone, or osteogenic medium containing 0.5
or 1 nM AuNPs. Calcium deposition was visualized by fixing
the cells in 75% ethanol for 30 min at 4°C followed by staining
with Alizarin red (40 mM, pH 4.9) for 30 min at 25°C. Excess
stain was removed by washing with distilled water. Plates were
observed under an inverted microscope. For the quantitative
assessment of the degree of mineralization, the red stain was
eluted in 10% (w/v) cetylpyridinium chloride (Sigma-Aldrich;
Merck Millipore for 1 h and quantified via spectrophotometric
measurements of OD at 548 nm.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. Total RNA was prepared using an RNeasy
Mini kit (Qiagen, Inc., Valencia, CA, USA) according to the
manufacturer's instructions, and cDNA was synthesized from
1 ug total RNA using reverse transcriptase (Takara Bio, Inc.,
Otsu, Japan). RT-qPCR was performed using a SYBR Premix
ExTaq kit (Takara Bio, Inc.) on an ABI 7500 sequencing detec-
tion system (Applied Biosystems; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). RT-qPCR was performed under the
following conditions: 40 cycles each involving 5 sec of denatur-
ation at 95°C and 34 sec of amplification at 60°C. The following
primer sets were used: Human GAPDH (housekeeping), forward
5'-CAA CCC TGG GGA GGA GAC-3' and reverse 5'-GCA
TTG GTG TAC GTC TTG-3"; human ALP, forward 5-CAA
CCC TGG GGA GGA GAC-3' and reverse 5-GCA TTG GTG
TTG TAC GTC TTG-3"; human OSX, forward 5-CTG TGA
AAC CTC AAG TCC TAT GGA-3' and reverse 5-GCT CTG
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Figure 1. Flow cytometric analysis of the surface markers of human periodontal ligament stem cells. Cells were positive for the expression of CD29, CD44,
CD90 and CDI105 and negative for CD34 and CD45. PE, phycoerthrin; FITC, fluorescein isothiocyanate; CD, cluster of differentiation.

CAG TCA AGG GAG ATG-3"; human RUNX2, forward 5'-TAC
CTG AGC CAG ATG ACG-3' and reverse 5-CAG TGA GGG
ATG AAA TGC-3"; human COLI, forward 5'-GCC GTG ACC
TCA AGA TGT G-3'and reverse 5'-GCC GAA CCA GAC ATG
CCT C-3'. Relative gene expression was calculated according to
the comparative Cq method (21) and normalized to GAPDH.

Western blot analysis. Primary antibodies targeting GAPDH
(cat no. 2118), phosphorylated (p)-extracellular signal-related
kinase (ERK) 1/2(catno.4370),ERK1/2 (catno.4695),p-JINK1/2
(cat no. 4668), INK1/2 (cat no. 9258), p-p38 (cat no. 4511), p38
(cat no. 8690) and RUNX?2 (cat no. 8486) were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA). Primary
antibodies targeting COL1 (cat no. ab6308) were purchased
from Abcam (Cambridge, UK) and antibodies targeting osterix
(cat no. MAB7547) were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Antibodies were diluted at 1:1,000 in
TBS containing 0.1% Tween-20. Cells were divided into three
groups: The growth medium only group (GM); the osteogenic
medium group (OM), and the osteogenic medium with 1 nM
AuNPs group (AuNPs). Cells were lysed on ice for 30 min in
lysis buffer (Shenergy Biocolor Bioscience & Technology Co.,
Ltd., Shanghai, China) supplemented with protease inhibi-
tors (Shenergy Biocolor Bioscience & Technology Co., Ltd).
Protein fractions were collected by centrifugation at 12,000 x g
at 4°C for 10 min and then subjected to 10% SDS-PAGE and
transferred to polyvinylidene difluoride membranes. The
membranes were blocked with 5% BSA (Biosharp, Hefei,
China) and incubated with the specific antibodies overnight at
4°C. A horseradish peroxidase-labeled secondary antibody (cat

no. 7074; 1:1,000; Cell Signaling Technology, Inc.) was added
and visualized using an enhanced chemiluminescence detec-
tion system (EMD Millipore, Billerica, MA, USA).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation of at least 3 independent experiments. Statistical
analysis was performed using SPSS software version 17.0
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to
indicate a statistically significant difference. The statistical
significance of the differences between groups was assessed
using one-way analysis of variance followed by a post-hoc
least significant difference test for multiple comparisons.

Results

Characterization of the hPDLSCs. The hPDLSCs were
subjected to several basic phenotypic characterizations to
confirm they fit the criteria of MSCs (4,9). Flow cytometric
analysis to characterize hPDLSCs was based on surface
molecules. hPDLSCs indicated that the characteristic pattern
of MSC-associated surface markers, including CD29, CD44,
CD90 and CD105, and were negative for expression of the
hematopoietic markers CD34 and CD45. As presented in
Fig. 1, high expression (more than 98%) of CD29, CD44, CD90
and CDI105, and negative expression (less than 1%) of CD34
and CD45 was observed in hPDLSCs.

Shape, size and cytotoxicity of AuNPs. TEM was used to
analyze the morphology of AuNPs, and the images were used
to calculate their size distribution. As presented in Fig. 2A,
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Figure 2. Morphology of AuNPs and effects of AuNPs on the cell viability of hPDLSCs at 24, 48 and 72 h in growth medium. (A) Transmission electron
microscopy identified that the AuNPs were monodisperse and spherical in shape, with a mean diameter of 13.22 nm. (B) Potential cytotoxic effects of AuNPs
on hPDLSCs were investigated by MTT assay. Treatment of hPDLSCs with various concentrations (0.5, 1 or 2 nM) of AuNPs indicated that AuNPs alone
had no effects on cell viability at any concentration when analyzed at 24, 48 or 96 h. AuNPs, gold nanoparticles; hPDLSCs, human periodontal ligament stem
cells; Ctrl, control.
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Figure 3. ALP staining and activity of periodontal ligament stem cells following treatment with AuNPs in osteogenic induction medium for 14 days, and
ARS following treatment with AuNPs in osteogenic induction medium for 21 days. (A) ALP staining and ARS. Purple staining visible as patches over the
cell cytoplasm indicate ALP staining. Red web-like staining indicates the presence of calcium deposits while the dark spots indicate aggregations of AuNPs.
(B) ALP activity assay. (C) Quantification of ARS matrix mineralization per well. Absorbance values were normalized to cell number. Data are presented as
the mean + standard deviation. "P<0.05 vs. Ctrl. ALP, alkaline phosphatase; AuNPs, gold nanoparticles; ARS, Alizarin red staining; Ctrl, control.

the AuNPs were quite monodisperse and spherical in shape, Potential cytotoxic effects of AuNPs on hPDLSCs were
with an estimated average diameter of 13 nm. Analysis investigated by MTT assay, and results were normalized
using ImageJ confirmed the average diameter of AuNPs at  against the controls. hPDLSCs treated with various concentra-
13.22+0.78 nm. tions (0.5, 1, or 2 nM) of AuNPs exhibited similar cell densities
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Figure 4. Effects of AuNPs on gene expression of osteogenic differentiation markers in hPDLSCs. Reverse transcription quantitative polymerase chain
reaction analysis of ALP, OSX, RUNX2 and COLI mRNA expression in hPDLSCs following culture for 7 days. Values are presented as the mean + standard
deviation for triplicate cultures. "P<0.05 vs. Ctrl group cultured without AuNPs. AuNPs, gold nanoparticles; hPDLSCs, human periodontal ligament stem cells;
ALP, alkaline phosphatase; OSX, osterix; COLI1, collagen type I; RUNX2, runt-related transcription factor 2; Ctrl, control.

to the control cells. As presented in Fig. 2B, AuNPs alone had
no effects on cell viability at any concentration.

AuNPs enhance ALP staining and activity and increase
calcium deposition. The ALP staining/activity levels indi-
cating differentiation of hPDLSCs towards the osteoblastic
lineage were examined. In contrast to the control group, the
ALP staining of hPDLSCs treated with various concentrations
of AuNPs increased in a dose-dependent manner during the
2-week study (Fig. 3A). The groups treated with AuNPs were
observed to have higher ALP levels than the controls (P<0.05;
Fig. 3B).

To confirm mineralization and deposition, ARS was evalu-
ated in cells cultured for 21 days with or without AuNPs in
osteogenic induction medium. Staining identified that the
amount of deposited calcium increased in all groups over
time, but the hPDLSCs cultured with various concentrations
of AuNPs exhibited more staining than cells in the control
group (Fig. 3A). Quantitative analysis of deposited calcium
was performed by eluting alizarin red from the stained cells.
Compared with the control group, the groups cultured with
0.5 and 1 nM AuNPs exhibited a significant increase in the
amount of mineralization (Fig. 3C), which was in agreement
with the results of the ALP assay.

AuNPs upregulate the expression of osteogenesis-associated
genes in hPDLSCs. RT-qPCR was used to analyze gene expres-
sion subsequent to 2 weeks of osteogenic differentiation in the
three groups. mRINA expression of the osteogenesis-associated
markers ALP, OSX, COLI, and RUNX2 by hPDLSCs was
examined. For the four genes, expression levels were higher
in the AuNP-treated groups compared with the control group
without AuNPs (Fig. 4). The 1 nM group exhibited the highest
levels among all the AuNP groups (Fig. 4).

AuNPs activate the p38 pathway and increase the level of
RUNX2. In order to identify the signaling pathway involved in
mediating the effect of AuNPs upon osteogenic differentiation
in hPDLSCs, western blotting was used to examine the levels
of p38, ERK1/2, and JNK1/2 at 24 h and COLI1, OSX and
RUNX2 at 7 days, all of which have been previously demon-
strated to be closely associated with osteogenesis (22-24). As
presented in Fig. 5, OM had significant effects on the levels
of MAPK, COLI, OSX and RUNX2 in hPDLSCs compared
with GM. Furthermore, the results indicated that AuNPs could
enhance the phosphorylation of p38 in the hPDLSCs, while
the phosphorylation of ERK1/2 and JNK1/2 and the total
protein levels of INK1/2, ERK1/2 and p38 MAPK were not
affected (Fig. 5A and B). Compared with OM alone, the levels
of COLI1, OSX and RUNX2 in the group treated with AuNPs
were markedly increased (Fig. 5SC-F).

Discussion

One of the strategies for elucidating the mechanisms of
periodontal bone tissue loss is to increase the osteogenic
differentiation and bone forming ability of osteoprogenitor
cells, and periodontal tissue engineering has great potential
in this field. hPDLSCs are notable because they can be
efficiently harvested and obtained from discarded biological
samples in dental clinics (25), and have been observed to
possess capacity for alveolar bone regeneration (26). Data
in the present study demonstrated the stimulatory effects of
AuNPs on the osteogenic differentiation and mineralization
of hPDLSCs.

AuNPs, which have the potential for clinical application in
regenerative osteogenesis, should possess ideal attributes for
inducing the proliferation and differentiation of hPDLSCs into
functional osteoblasts. The results of MTT assays using the
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Figure 5. Activation of the osteogenic signaling pathway by AuNPs. (A) Western blot analysis for mitogen-activated protein kinase. (B) Western blot analysis
for OSX, RUNX2 and COLI. hPDLSCs cells were cultured in GM, or in OM without or with AuNPs. Cell lysates were analyzed by western blotting. The
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growth medium only group; OM, osteogenic medium group; p-, phosphorylated; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-related kinase; Ctrl,

control.

normal hPDLSC growth medium indicated that at concentra-
tions below 2 nM AuNPs exhibited good performance with
regard to the growth of hPDLSCs. According to a recent
study by Li er al (15), AuNPs of different sizes and shapes
exhibited no toxicity to hMSCs after 3 days of incubation
when the concentration was lower than 100 nM. The results
of the current study are in keeping with those reported by
Li et al (15) and indicate that AuNPs at concentrations below
2 nM are suitable for clinical application.

Assays of ALP and calcium deposition are quick and easy
methods to evaluate whether hPDLSCs display osteogenic
differentiation activity following different periods of incuba-
tion with AuNPs. ALP, a typical ecto-enzyme, is an early
stage marker of osteogenic differentiation, which generally
shows maximal expression at 2 weeks during osteogen-
esis (27-28). ALP staining and activity assay are widely
accepted as simple methods for determining osteogenic
differentiation. Therefore, ALP staining was conducted and

ALP activity was assayed to assess differentiation of cells
treated for 14 days. The results demonstrated that AuNPs
increase the ALP content compared with the control group,
implying that AuNPs can enhance the osteogenic differentia-
tion of hPDLSCs. In order to confirm the promotional effects
of AuNPs on osteogenesis of hPDLSCs, ARS was used to
evaluate calcium deposition, a late-stage marker of osteogenic
differentiation of MSCs (29). Calcium deposition represents
the final stages of osteoblastic differentiation. In general,
after 14-21 days in culture, calcium deposits are formed and
reach a maximum when osteoblasts start to mineralize (30).
The results of the ARS assays indicated that calcium deposi-
tion in the group treated with AuNPs was enhanced. These
results correspond well with those of ALP staining and ALP
activity assay and indicate that AuNPs induce increased
osteogenesis of hPDLSCs.

For a further analytical approach, the mRNA expression
levels of ALP, OSX, RUNX?2 and COL1 were measured
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by RT-qPCR. During osteogenesis, numerous osteogenic
marker genes of hPDLSCs, including ALP, COL1, OSX,
and RUNX?2, can be increased (31). ALP, as an early-stage
osteogenic-specific gene, serves an important role in bone
formation and mineralization (15). The increased ALP activity
in the AuNPs groups is likely due to upregulation of the ALP
gene. RUNX?2 is another crucial marker gene, which deter-
mines the osteoblast lineage from pluripotent MSCs (32,33).
OSX regulates the differentiation of pre-osteoblasts into fully
functional osteoblasts (34). COLI is the most abundant protein
in the bone matrix and COLI is generally formed during the
proliferation of osteoblast cells (35,36). Furthermore, COL1 is
additionally the main component of the PDL. In the present
study, all the above genes were upregulated in the groups
treated with different concentrations of AuNPs compared with
the control group. The increased expression of these genes
further confirmed that AuNPs can enhance the osteogenesis
of hPDLSCs.

It is widely accepted that the regulation of osteogen-
esis is a complex process which is associated with several
signaling pathways. The MAPKs, a group of serine/threo-
nine kinases, transmit signals from the cell membrane into
the nucleus, exerting an important role in the regulation of
cell differentiation (37). The MAPK family includes three
distinctly-regulated groups: ERK1/2, INK1/2 and p38
MAPKSs (38-41). Certain in vitro studies have reported that
the p38 MAPK signaling pathway serves a vital role in the
regulation of osteogenesis (42,43). RUNX2 serves a crucial
role in the regulation of osteogenic differentiation. OSX,
a zinc finger-containing transcription factor required for
osteoblastic differentiation, is also essential for osteoblast
differentiation and bone formation and acts as a downstream
factor of RUNX2 in bone homoeostasis (44,45). It has been
reported that the interaction domains in OSX and RUNX2
are phosphorylated by p38 and ERK MAPK (37). The
physical interaction between OSX and RUNX?2 and coopera-
tive transcriptional effects can be disrupted by blocking p38
and ERK (46). The results in the present study indicate that
the effects of AuNPs were partly mediated through the p38
MAPK signaling pathway in the osteogenesis of hPDLSCs.
In addition, the levels of RUNX2 and OSX were observed to
be increased following treatment with AuNP in the present
study. This suggested that AuNPs may enhance the osteo-
genic differentiation of hPDLSCs by acting through the
transcription factors OSX and RUNX2.

However, the present study had certain limitations, and
further study is required to investigate the association of p38
and OSX in the osteogenic differentiation process.

In conclusion, the present study demonstrated that
AuNPs stimulate the osteogenesis of hPDLSCs. In addition,
the osteoblastic differentiation of hPDLSCs is enhanced by
AuNPs partially via activation of the p38 MAPK signaling
pathway.
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