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Objective: It is a great challenge to absorb and conduct biophysicochemical interactions at
the nano-bio interface. Peptides are emerging as versatile materials whose function can be
programmed to perform specific tasks. Peptides combined nanoparticles might be utilized as
a new approach of treatment. Human β-defensin 3 (hBD3), possesses both antimicrobial and
proregeneration properties. Gold nanoparticles (AuNPs) have shown promising applications
in the field of tissue engineering. However, the coordinating effects of AuNPs and hBD3 on
human periodontal ligament cells (hPDLCs) remain unknown. In this study, we systematically
investigated whether AuNPs and hBD3 would be able to coordinate and enhance the osteogenic
differentiation of hPDLCs in inflammatory microenvironments, and the underlying mechanisms
was explored.
Methods: hPDLCs were stimulated with E. coli-LPS, hBD3 and AuNPs. Alkaline phosphatase
(ALP) and alizarin red S staining were used to observe the effects of hBD3 and AuNPs on the
osteogenic differentiation of hPDLCs. Real-time PCR and western blot were performed to
evaluate the osteogenic differentiation and Wnt/β-catenin signaling pathway related gene and
protein expression.
Results: In the inflammatory microenvironments stimulated by E. coli-LPS, we found that
AuNPs and hBD3 increased the proliferation of hPDLCs slightly. In addition, hBD3-combined
AuNPs could significantly enhance ALP activities and mineral deposition in vitro. Meanwhile,
we observed that the osteogenic differentiation-related gene and protein expressions of ALP,
collagenase-I (COL-1) and runt-related transcription factor 2 (Runx-2) were remarkably
upregulated in the presence of hBD3 and AuNPs. Moreover, hBD3-combined AuNPs strongly
activated the Wnt/β-catenin signaling pathway and upregulated the gene and protein expression
of β-catenin and cyclin D1. Furthermore, hBD3-combined AuNPs induced osteogenesis, which
could be reversed by the Wnt/β-catenin signaling pathway inhibitor (ICG-001).
Conclusion: The present study demonstrated that hBD3 combined AuNPs could significantly
promote the osteogenic differentiation of hPDLCs in inflammatory microenvironments via
activating the Wnt/β-catenin signaling pathway.
Keywords: hBD3, gold nanoparticles, periodontal ligament cells, osteogenesis, inflammatory
microenvironments, Wnt/β-catenin signaling

Introduction
Periodontitis is defined as a bacterially induced chronic inflammatory disease, which
compromises the integrity of the tooth-supporting tissues.1 The last stage includes
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destruction of periodontal tissue, progressive alveolar bone
loss, and eventual tooth loss.2 As it is known, the fundamental
aims of periodontal therapy are to control periodontal tissue
inflammation and to produce regeneration in local destroyed
periodontal tissues.3 The periodontal tissues include the
gingiva, alveolar bone, and periodontal ligament (PDL).
The PDL is composed of fibrous tissue that connects the
tooth root to the alveolar bone.4 PDL cells (PDLCs) have
roles in tissue regeneration, which can produce bone-related
proteins, express alkaline phosphatase (ALP), and possess
mineralization capacity.5 Therefore, the PDL system has the
high regenerative capacity and potential to give rise to all of
the periodontium.
Defensins as one of the antimicrobial peptides, which are
subdivided into α- and β-defensins, play a vital role in the
human immune response.6 Human β-defensins can be found
in epithelial surfaces, including human β-defensin 1, 2, 3,
and 4. Human β-defensin 3 (hBD3) possesses the particularity that it stays dynamic in different realms of biological
activities.7 Our previous studies revealed that hBD3 exhibits
anti-inflammatory properties both in RAW 264.7 cells8 and
human umbilical vein endothelial cells,9 and it also has a
therapeutic effect on systemic inflammation associated with
periodontal infections.10 In addition, hBD3 enhanced the differentiation of osteoblast-like MG63 cells positively11 and
played an important role in promoting periodontal regeneration, which might act as a potent regeneration promoter in
infectious diseases.12
Another material, such as gold nanoparticles (AuNPs),
has been widely used for biomedical applications,13–15 in
particular, in the field of tissue engineering. AuNPs could
promote the differentiation of adipase derived stem cells,16
mesenchymal stem cells,17 MC3T3-E1 cells,18 and MG63
cells.19 Furthermore, among all the properties, the sizes of
nanoparticles are noteworthy. Li et al20 indicated that 40
and 70 nm AuNPs could promote the osteogenesis of mesenchymal stem cells when compared with 110 nm AuNPs.
Moreover, Jiang et al21 found that AuNPs on SK-BR-3 cells
were most effective when their sizes were between 40 and
50 nm. Meanwhile we also demonstrated that 45 nm AuNPs
could significantly promote the osteogenesis of human
PDL progenitor cells when compared with 5 and 13 nm
AuNPs.22 Therefore, we chose 45 nm AuNPs as one of the
materials to evaluate the effect on osteogenic differentiation
in this study.
The Wnt/β-catenin signaling pathway has a pivotal effect
on the promotion of osteogenesis and bone formation.23
AuNPs could promote osteogenesis of mesenchymal stem
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cells via the Wnt/β-catenin signaling pathway.24 A previous
study also suggested a novel mechanism, Wnt/β-catenin
signaling, that mediated osteogenic differentiation, which
could improve the bone mass and microarchitecture in the
aging skeleton.25
However, few studies have put the focus on the osteogenic differentiation of human PDLCs (hPDLCs) through
the coordination of AuNPs and hBD3 in inflammatory
microenvironments; particularly, it is not clear that, when
hBD3 combined AuNPs, whether their functions could be
more than just a sum of single function. Thus, in this study,
we used hBD3-combined AuNPs to enhance and regulate the
osteogenic differentiation of hPDLCs under inflammatory
microenvironments. In addition, we further investigated the
role of Wnt/β-catenin signaling pathway in the process of
AuNPs and hBD3-mediated osteogenic differentiation.

Materials and methods
Cell culture and reagents
hPDLCs (ScienCell Research Laboratories, Carlsbad,
CA, USA) were cultured in growth low-glucose DMEM
(Gibco cell culture; Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 1% penicillin/streptomycin
(HyClone, Logan, UT, USA) and 10% fetal bovine serum
(ScienCell Research Laboratories) at 37°C in 5% CO2.
Cells were used between passages 2 and 6 in subsequent
experiments. After cell confluency, an osteogenic-inducing
medium supplemented with 10 mM β-glycerophosphate
(Sigma-Aldrich Co., St Louis, MO, USA), 0.1 μM dexamethasone (Sigma-Aldrich Co.) and 50 μg/mL of l-ascorbic
acid (Sigma-Aldrich Co.) was replaced.
hBD3 was commercially available from Peprotech
(Rocky Hill, NJ, USA), and the concentration was used
according to our published data.8 AuNPs with diameter
45 nm were synthesized by adopting chemical reduction
method based on our previous report.26 Lipopolysaccharides (LPS) (Escherichia coli 055:B5, L2880) was obtained
from Sigma-Aldrich Co. Wnt/β-catenin signaling pathway
inhibitor ICG-001 was purchased from Selleck Chemicals
(Houston, TX, USA).

Cell viability assay
The cell counting kit-8 (CCK-8; Dojindo Molecular
Technologies, Tokyo, Japan) was used to analyze the cell
viability of hPDLCs. The cells were grown in 96-well plates
at a density of 5.0×103 cells/well. After cell confluency,
hBD3 (5 μg/mL), 45 nm AuNPs (10 μM), and E. coli-LPS
(1 μg/mL) were added. After 7 days of incubation, every
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well was added 10 μL of CCK-8 reagent and incubated for
4 h. The SpectraMax M3 Microplate Spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA) was used to
measure the optical density of each well at the absorbance
of 450 nm.

Transmission electron microscopy (TEM)
TEM was used to examine the uptake of AuNPs. hPDLCs
were grown in six-well plates at a density of 2.0×105 cells/well.
After cell confluency, hBD3 (5 μg/mL), 45 nm AuNPs
(10 μM), and E. coli-LPS (1 μg/mL) were added. After 7 days
of incubation, fixation, embedding, cutting into ultrathin
sections, analysis with TEM (HT7700; Hitachi Ltd., Tokyo,
Japan) were carried out.

ALP activity and staining
hPDLCs were grown in 24-well plates at a density of 5.0×104
cells/well. After cell confluency, hBD3 (5 μg/mL), 45 nm
AuNPs (10 μM) and E. coli-LPS (1 μg/mL) were added. ALP
activity assay and ALP staining were performed on day 7.
For ALP staining, an ALP staining kit (Beyotime Institute
of Biotechnology, Shanghai, China) was used after fixing the
cells with 4% paraformaldehyde. Then, PBS was used to stop
the staining reaction. Inverted optical microscopy (IMT-2;
Olympus Corporation, Tokyo, Japan) was used to observe
the ALP staining.
Alkaline Phosphatase Assay Kit (ab83369; Abcam, Cambridge, MA, USA) was applied to analyze the ALP activity.
The cells were lysed and centrifuged, later then the supernatant from each sample was incubated with p-nitrophenyl
phosphate solution in 96-well plates at 25°C for 60 min in
the dark. Subsequently, stop solution was added to stop the
reaction and the results were measured at 405 nm using a
SpectraMax M3 Microplate Spectrophotometer.

Alizarin red S (ARS) staining
hPDLCs were grown in 24-well plates at a density of 5.0×104
cells/well. After cell confluency, hBD3 (5 μg/mL), 45 nm

AuNPs (10 μM) and E. coli-LPS (1 μg/mL) were added. ARS
staining and quantitation assay were performed on day 21.
For ARS staining, 2% ARS staining solution (SigmaAldrich Co.) was used to stain the cells for 10 min after fixing
with 4% paraformaldehyde and was then examined using an
inverted fluorescence microscope (IMT-2).
For ARS quantitation, 10% (w/v) cetylpyridinium
chloride (Sigma-Aldrich Co.) was applied after staining.
The absorbance was measured by using a SpectraMax M3
Microplate Spectrophotometer at 562 nm.

Quantitative real-time polymerase chain
reaction (PCR)
hPDLCs were grown in six-well plates at a density of
2.0×105 cells/well. After cell confluency, hBD3 (5 μg/mL),
45 nm AuNPs (10 μM) and E. coli-LPS (1 μg/mL) were added.
After 7 days of incubation, the RNA was isolated using the TRNzol Reagent (Tiangen, Beijing, China) and reverse transcription
was performed using the PrimeScript™ RT Reagent Kit (Takara
Bio, Otsu, Japan) according to the manufacturer’s instructions.
Each primer was designed for real-time PCR, as listed in
Table 1, and the results were analyzed using the 2−ΔΔCt method.

Western blot analysis
hPDLCs were grown in six-well plates at a density of
2.0×105 cells/well. After cell confluency, hBD3 (5 μg/mL),
45 nm AuNPs (10 μM), and E. coli-LPS (1 μg/mL) were
added. After 7 days of incubation, cells were lysed in the radioimmunoprecipitation assay lysis buffer (Beyotime Institute of
Biotechnology). Protein extracts were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene fluoride membranes. A total
of 5% skim milk in tris buffered saline were used to block
the membranes for 2 h before incubating overnight with
specific primary antibodies, ALP and collagenase-I (COL-1)
from Abcam and runt-related transcription factor 2 (Runx-2),
β-catenin, and cyclin D1 from Cell Signaling Technology Inc.
(Danvers, MA, USA). β-Actin (Cell Signaling Technology Inc.)

Table 1 Primers for quantitative real-time PCR analysis
Primer
name

Forward primer sequence (5′–3′)

Reverse primer sequence (5′–3′)

Accession
number

ALP
COL-1
Runx-2
Cyclin D1
GAPDH

CCGTGGCAACTCTATCTTTGG
CTGCAAGAACAGCATTGCAT
GGAGTGGACGAGGCAAGAGTTT
TGATGCTGGGCACTTCATCTG
CGCTCTCTGCTCCTCCTGTT

GCCATACAGGATGGCAGTGA
GGCGTGATGGCTTATTTGTT
AGCTTCTGTCTGTGCCTTCTGG
TCCAATCATCCCGAATGAGAGTC
CCATGGTGTCTGAGCGATGT

NM000478
NM000089
XM011514966.2
NM053056.2
NM002046.5

Abbreviations: ALP, alkaline phosphatase; COL-1, collagenase-I; PCR, polymerase chain reaction; Runx-2, runt-related transcription factor 2; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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was used as an internal control. Tris-buffered saline containing
0.1% Tween 20 was applied to wash the blots and then incubated with secondary antibodies for 2 h. Immunoreactive
bands were detected with a chemiluminescence kit, and imaging system (LAS4000M; GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA) was used to capture the pictures.

Statistical analysis

All data were shown by the mean ± SD. Comparisons
between different treatments were performed with a one-way
analysis of variance with Bonferroni’s post hoc test using
the statistical GraphPad Prism vision 6.0 software. Statistical
significance was set at P-values ,0.05.

Results
Effects of hBD3 on viability, ALP activity,
and osteogenic gene expression of
hPDLCs stimulated with E. coli-LPS
First, we evaluated the viability of hPDLCs treated with
hBD3 (5 μg/mL) and E. coli-LPS (1 μg/mL) using the
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CCK-8 assay at day 7. As shown in Figure 1A, E. coli-LPS
at a concentration of 1 μg/mL had little effect on the proliferation of hPDLCs. In addition, treatment with hBD3 at
5 μg/mL markedly increased the cell viability. The results
also suggested that hBD3 had no influence on the viability
of hPDLCs.
Next, we examined the effects of hBD3 on the osteogenesis of hPDLCs using an ALP staining and ALP activity
assay. On day 7, hBD3 increased ALP activity stimulated
by E. coli-LPS (Figure 1B). The ALP activity assay also
revealed the same tendency as the ALP staining of 7 days
(Figure 1C).
Third, the effects of hBD3 on ALP, COL-1, and Runx-2
mRNA expression levels were determined by real-time PCR
on day 7. As shown in Figure 1D, E. coli-LPS inhibited ALP
mRNA expression level, while hBD3 significantly accelerated mRNA expression level stimulated by E. coli-LPS.
Similarly, the mRNA expression of COL-1 and Runx-2 was
significantly increased in the hBD3+ E. coli-LPS group than
in the E. coli-LPS group. Based on the results of mRNA
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Figure 1 Effects of hBD3 on the cell viability and osteogenic differentiation of hPDLCs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL) and E. coli-LPS (1 μg/mL). (A) The cell viability of hPDLCs was analyzed with a CCK-8 assay on day 7. (B) ALP staining and
(C) ALP activity of hPDLCs after hBD3 treatment. (D) ALP, COL-1, and Runx-2 mRNA expressions on day 7 analyzed by real-time PCR. #P,0.05 and ##P,0.01 compared
with the control group; *P,0.05, **P,0.01, and ****P,0.0001.
Abbreviations: ALP, alkaline phosphatase; CCK-8, cell counting kit-8; COL-1, collagenase-I; E. coli, Escherichia coli; hBD3, human β-defensin 3; hPDLCs, human periodontal
ligament cells; LPS, lipopolysaccharides; PCR, polymerase chain reaction; Runx-2, runt-related transcription factor 2.
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expression, hBD3 elevated the expression of osteogenic
markers stimulated by E. coli-LPS.

and one or two AuNPs clustered together. In addition, AuNPs
were localized in intracellular vesicles among all the AuNPs
treated groups compared with controls.

Effects of hBD3-combined AuNPs on
hPDLCs’ viability stimulated with E. coliLPS and uptake of AuNPs in hPDLCs

Effects of hBD3-combined AuNPs on ALP
activity and mineralization of hPDLCs
stimulated with E. coli-LPS

As shown in Figure 2A, hBD3 (5 μg/mL), 45 nm AuNPs
(10 μM), and E. coli-LPS (1 μg/mL) exhibited no significant cytotoxicity to hPDLCs. On day 7, the cell viability of
hPDLCs had a slight increase in the hBD3, AuNPs, and
E. coli-LPS group. The result indicated a good biocompatibility of hBD3, 45 nm AuNPs, and E. coli-LPS when
the concentration was at 5 μg/mL, 10 μM, and 1 μg/mL,
respectively. Therefore, hBD3 (5 μg/mL), 45 nm AuNPs
(10 μM), and E. coli-LPS (1 μg/mL) were used in the following experiments.
The TEM showed the uptake of AuNPs. Figure 2B reveals
that 45 nm AuNPs with a spherical shape were internalized
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$

First, the effects of hBD3-combined AuNPs on the early
osteogenic differentiation of hPDLCs prompted by E. coliLPS was assessed by staining for ALP on day 7 (Figure 3A,
ALP). The ALP activity of hPDLCs treated with hBD3,
AuNPs, and E. coli-LPS was significantly increased and
was also higher than that in the hBD3+ E. coli-LPS group.
An ALP activity assay on day 7 exhibited similar tendency
with ALP staining (Figure 3B).
Next, formation of mineralized nodules (Figure 3A, ARS)
and calcium deposition (Figure 3C) were used to evaluate
the effects of hBD3 and AuNPs on the late osteogenesis of
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Figure 2 Effects of hBD3-combined AuNPs on cell viability of hPDLCs and cellular uptake of AuNPs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL), AuNPs (45 nm, 10 μM), and E. coli-LPS (1 μg/mL). (A) The biocompatibility of hPDLCs measured by CCK-8 on day 7.
(B) TEM images of uptake of AuNPs on day 7. Arrows indicate internalized AuNPs. #P,0.05 and ##P,0.01 compared with the control group.
Abbreviations: AuNPs, gold nanoparticles; CCK-8, cell counting kit-8; E. coli, Escherichia coli; hBD3, human β-defensin 3; hPDLCs, human periodontal ligament cells;
LPS, lipopolysaccharides; TEM, transmission electron microscopy.
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Figure 3 Effects of hBD3-combined AuNPs on the ALP activity and calcium deposition of hPDLCs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL), AuNPs (45 nm, 10 μM), and E. coli-LPS (1 μg/mL). (A) ALP staining on day 7 and calcium deposition staining with ARS
on day 21. (B) ALP activity levels on day 7 and (C) calcium deposition quantification on day 21. #P,0.05, ##P,0.01, ###P,0.001, and ####P,0.0001 compared with the group
control; *P,0.05 and ****P,0.0001.
Abbreviations: ALP, alkaline phosphatase; ARS, alizarin red S; AuNPs, gold nanoparticles; E. coli, Escherichia coli; hBD3, human β-defensin 3; hPDLCs, human periodontal
ligament cells; LPS, lipopolysaccharides.

hPDLCs. After 21 days of osteogenic differentiation, mineralized nodules were visualized by ARS staining. As shown
in Figure 3A (ARS), the stain color grew deeper and thicker
with coordination of hBD3, AuNPs, and E. coli-LPS, indicating that the amount of accumulated mineral matrix deposition was increased. We also quantified the calcium content
in Figure 3C and compared it with the control group; ARS
deposition was remarkably increased in the presence of
hBD3, AuNPs, and E. coli-LPS. Notably, cells treated with
hBD3, AuNPs, and E. coli-LPS produced more calcium
deposition than that in the hBD3+ E. coli-LPS group, which
was similar to the ALP activity assay.
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Effects of hBD3-combined AuNPs on the
hPDLCs’ osteogenic gene and protein
expressions stimulated with E. coli-LPS
The effects of hBD3-combined AuNPs prompted with
E. coli-LPS on ALP, COL-1, and Runx-2 mRNA expression
levels of hPDLCs were determined by real-time PCR on
day 7. As shown in Figure 4A, ALP mRNA expression was
increased in hPDLCs cultured with hBD3+ AuNPs + E. coliLPS on day 7 and was significantly upregulated compared to
the hBD3+ E. coli-LPS group and the AuNPs + E. coli-LPS
group. The COL-1 mRNA level in the hBD3+ AuNPs +
E. coli-LPS group was remarkably increased compared to
the control, and the mRNA level was approximately twofold

International Journal of Nanomedicine 2018:13

Dovepress

hBD3-combined AuNPs for enhancing the osteogenesis of hPDLCs
$/3

&2/












&RQWURO

K%'

$X13V
































/36

/36K%'

K%'

±



±

±



±



$X13V

±

±



±

±





(FROL/36

±

±

±









/36$X13V

$/3

&2/

β$FWLQ

$/3






















&2/
5HODWLYHSURWHLQ
OHYHOV

5XQ[

/36$X13VK%'






 

5XQ[








&RQWURO
K%'
/36$X13V

5HODWLYHSURWHLQ
OHYHOV



5XQ[


5HODWLYH5XQ[
P51$OHYHOV
5XQ[*$3'+







%

5HODWLYH&2/
P51$OHYHOV
&2/*$3'+

5HODWLYH$/3
P51$OHYHOV
$/3*$3'+



5HODWLYHSURWHLQ
OHYHOV

$



 
















$X13V
/36
/36K%'
/36$X13VK%'

Figure 4 Effects of hBD3-combined AuNPs on osteogenic gene and protein expressions of hPDLCs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL), AuNPs (45 nm, 10 μM), and E. coli-LPS (1 μg/mL). (A) The mRNA expression levels of ALP, COL-1, and Runx-2
analyzed by real-time PCR on day 7. (B) The protein expression levels of ALP, COL-1, and Runx-2 analyzed by Western blot on day 7. #P,0.05, ##P,0.01, ###P,0.001, and
####
P,0.0001 compared with the control group; *P,0.05, **P,0.01, ***P,0.001, and ****P,0.0001.
Abbreviations: ALP, alkaline phosphatase; AuNPs, gold nanoparticles; COL-1, collagenase-I; E. coli, Escherichia coli; hBD3, human β-defensin 3; hPDLCs, human periodontal
ligament cells; LPS, lipopolysaccharides; PCR, polymerase chain reaction; Runx-2, runt-related transcription factor 2.

higher than that of the AuNPs + E. coli-LPS group on day 7.
Similarly, the mRNA expression of Runx-2 was significantly increased in the hBD3+ AuNPs + E. coli-LPS group
compared to the control, hBD3+ E. coli-LPS, and AuNPs +
E. coli-LPS groups.
Furthermore, Western blot was used to analyze the
protein expression levels of ALP, COL-1, and Runx-2 on
day 7. Figure 4B reflects that all three protein expression
levels shared the similar tendency with the mRNA results;
particularly, it was worth noting that the hBD3+ AuNPs +
E. coli-LPS group showed significant upregulation in all
three osteogenic markers.

Effects of hBD3-combined AuNPs on
osteogenic differentiation stimulated with
E. coli-LPS on Wnt/β-catenin signaling
pathway
The effects of Wnt/β-catenin signaling pathway on the
osteogenic differentiation of hPDLCs promoted by hBD3

International Journal of Nanomedicine 2018:13

combined AuNPs were studied on day 7. The mRNA level
of the Wnt/β-catenin pathway target gene cyclin D1 was
markedly regulated in the presence of hBD3+ AuNPs +
E. coli-LPS (Figure 5A). According to the results of protein
expression levels (Figure 5B), Wnt/β-catenin pathwayrelated regulator β-catenin was highest in the AuNPs +
E. coli-LPS group than that in the hBD3+ E. coli-LPS and
AuNPs + hBD3+ E. coli-LPS groups, while the cyclin D1
was only upregulated in the hBD3+ E. coli-LPS group. To
confirm whether the Wnt/β-catenin signaling pathway was
involved in the osteogenesis of hPDLCs, the Wnt/β-catenin
inhibitor ICG-001 (10 μM) was added to the hBD3+ AuNPs +
E. coli-LPS-treated hPDLCs and cultured for 7 days. Then,
we found that the mRNA expression of cyclin D1 was
reduced significantly compared to the hBD3+ AuNPs +
E. coli-LPS-treated hPDLCs (Figure 5C). In addition, the
cells stimulated with ICG-001 decreased the protein expression of the Wnt pathway-related regulators β-catenin and
cyclin D1 (Figure 5D).
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Figure 5 Effects of Wnt/β-catenin signaling pathway on osteogenic differentiation of hPDLCs induced by hBD3-combined AuNPs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL), AuNPs (45 nm, 10 μM), E. coli-LPS (1 μg/mL) and ICG-001 (10 μM). (A) The Wnt/β-catenin pathway target gene cyclin
D1 mRNA expression on day 7 analyzed by real-time PCR. (B) β-Catenin and cyclin D1 protein expressions on day 7 analyzed by Western blot. (C) ICG-001 blocked the
mRNA expression of the target gene cyclin D1 and (D) the protein expressions of β-catenin and cyclin on day 7. #P,0.05, ##P,0.01, ###P,0.001, and ####P,0.0001 compared
with the control group; *P,0.05, **P,0.01, ***P,0.001, and ****P,0.0001.
Abbreviations: AuNPs, gold nanoparticles; E. coli, Escherichia coli; hBD3, human β-defensin 3; hPDLCs, human periodontal ligament cells; LPS, lipopolysaccharides;
PCR, polymerase chain reaction.

Effects of Wnt/β-catenin signaling
pathway inhibition on hBD3-combined
AuNPs on osteogenic differentiation
stimulated with E. coli-LPS
Subsequently, we found that ICG-001 downregulated the
hBD3+ AuNPs + E. coli-LPS-stimulated ALP activity and
calcium deposition of the hPDLCs (Figure 6A). The ALP
activity assay and calcium content (Figure 6B) revealed the
similar tendency. Moreover, real-time PCR (Figure 6C) and
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Western blot (Figure 6D) showed that the effects of hBD3+
AuNPs + E. coli-LPS on mRNA and protein expression
levels of ALP, COL-1, and Runx-2 could reverse by the
stimulation with ICG-001.

Discussion
hPDLCs consist of fibroblasts, osteoblasts, cementoblasts, and
mesenchymal stem cells, which are capable of differentiating
into osteoblast-like cells to achieve periodontal regeneration
and repair.27 There are several emerging approaches to promote

International Journal of Nanomedicine 2018:13

Dovepress

hBD3-combined AuNPs for enhancing the osteogenesis of hPDLCs

+
–

–
+

B

+
+

ALP

–
–

200 µm

200 µm

200 µm

200 µm

Relative COL-1
mRNA levels
(COL-1/GAPDH)

Relative ALP mRNA
levels (ALP/GAPDH)

*

2.5
2.0
1.0

#

0.5
0.0

ICG-001
LPS + hBD3+ AuNPs

#

50
Control
ICG
LPS + hBD3+ AuNPs
ICG + LPS + hBD3+ AuNPs

0

ARS

****

###

150
100
50

###

###

0

COL-1

Control

D

200 µm

ALP

1.5

200

100

***

#

–
–

ICG

+
–

1.5
***

1.0
0.5

###

0.0

*

1.0
0.5
0.0

ICG + LPS + hBD3+ AuNPs

1.5

Relative protein
levels (fold)

Runx-2

1.5

+
+

ALP

COL-1

###

LPS + hBD3+ AuNPs

–
+

Runx-2
Relative Runx-2
mRNA levels
(Runx-2/GAPDH)

C

200 µm

150

200 µm

ARS

200 µm

ALP

ALP relative
activity
(% of control)

ICG-001
LPS + hBD3+ AuNPs

Mineralized
promotion rate
(% of control)

A

β-Actin

****

#### ####

***

0.5

###

****

1.0

####

####

####

####

####

Control
ICG
LPS + hBD3+ AuNPs
ICG + LPS + hBD3+ AuNPs

####

0.0

ALP

COL-1

Runx-2

Figure 6 Effects of ICG-001 on osteogenic differentiation of hPDLCs induced by hBD3-combined AuNPs in inflammatory microenvironments.
Notes: hPDLCs were treated with hBD3 (5 μg/mL), AuNPs (45 nm, 10 μM), E. coli-LPS (1 μg/mL) and ICG-001 (10 μM). (A) ALP staining on day 7 and mineralized nodules
staining with ARS on day 21 and (B) ALP activity levels on day 7 and mineralized nodules activity levels on day 21. (C) ALP, COL-1, and Runx-2 mRNA expressions on day 7
analyzed by real-time PCR and (D) ALP, COL-1, and Runx-2 protein expressions on day 7 analyzed by Western blot. #P,0.05, ###P,0.001, and ####P,0.0001 compared with
the control group; *P,0.05, ***P,0.001, and ****P,0.0001.
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osteogenic cell differentiation,28,29 among which, AuNPs and
hBD3 might be promising materials for periodontal bone
regeneration. However, very few approaches combined
antimicrobial with proregenerative properties. Since the
capacity for tissue regeneration in a chronic inflammatory
microenvironments cannot be inferred,30 thus the importance
of the properties cannot be denied in the therapeutic process.
What is more, the inflammatory microenvironments could be

International Journal of Nanomedicine 2018:13

induced by several stimulations, including LPS and tumor
necrosis factor-alpha (TNF-α). TNF-α, a group of proinflammatory cytokine, could trigger several signaling cascades,
especially the nuclear factor κB (NF-κB), c-Jun NH2-terminal
kinase (JNK), 31 and mitogen-activated protein kinases
(MAPK),32 and eventually induced transcription of inflammatory mediators, while LPS was considered as a potential
inducer of proinflammatory cytokines and chemokines,
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which interacted with Toll-like receptors (TLRs). Among
these receptors, TLR2 and TLR4 might be related in the
progression of periodontitis.33 In addition, LPS could increase
the TNF-α activity by epithelial cells and was associated
with other effects on alveolar bone loss.34 Hence treatment
with E. coli-LPS was used here to mimic the inflammatory
microenvironments.
Accordingly, we investigated whether AuNPs and hBD3
could coordinate and promote osteogenesis of hPDLCs in
inflammatory microenvironments. The results indicated that
hBD3-combined AuNPs could significantly enhance the
osteogenic differentiation of hPDLCs under inflammatory
microenvironments stimulated by E. coli-LPS.
Initially, we evaluated the biotoxicity of AuNPs, hBD3,
and E. coli-LPS. The CCK-8 assay indicated that 45 nm
AuNPs, hBD3, and E. coli-LPS were safe for hPDLCs
in the concentrations of 10 μM, 5 μg/mL, and 1 μg/mL,
respectively. Furthermore, we observed that AuNPs and
hBD3 slightly increased the viability of hPDLCs with the
stimulation of E. coli-LPS, which was in agreement with
previous reports.9,22
In addition to the biotoxicity, cellular uptake was another
essential component in the cellular response to AuNPs. In this
study, 45 nm AuNPs were internalized according to observations of one or two spherical shapes clustered together.
Most of them were found in intracellular vesicles. According to the properties of electron dense, the TEM was easy to
distinguish AuNPs from other cellular components.35 It was
found that because of the “wrapping effect,” 50 nm AuNPs
were enclosed by cellular membrane at higher rates.36 In the
TEM images, we could observe that AuNPs were able to enter
into the vesicles of cells but rarely enter into the nucleus,
which was similar to the previous finding.37
ALP was a key component of bone matrix vesicles, which
appeared during the early phase of osteoblast differentiation
and could accelerate the mineralization of the bone matrix.38
The late stage of osteogenesis differentiation was represented
by the expression of extracellular matrix mineralization and
calcium deposition. In our study, we discovered that the
AuNPs + hBD3+ E. coli-LPS group had the highest level of
ALP staining and activity among all groups and the hBD3+
E. coli-LPS group also demonstrated higher levels than the
other groups. Even though the ARS deposition was reduced
in the AuNPs and AuNPs + E. coli-LPS groups, which
might be the reasons that AuNPs alone had the possibility
of inhibiting the calcium deposition, but the staining and the
calcium content quantification revealed that the AuNPs +
hBD3+ E. coli-LPS group could remarkably promote mineral
matrix deposition. Consequently, all the results showed that
564

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

the AuNPs + hBD3+ E. coli-LPS group especially lead to
high osteoblast differentiation.
For a more analytical approach, we evaluated the mRNA
and protein expressions of ALP, COL-1, and Runx-2 with
real-time PCR and Western blot. Runx-2 was a master regulator of osteoblast differentiation39 that upregulated other
osteoblast marker genes, such as COL-1 at earlier stages and
ALP at later stages of differentiation.40 COL-1 could be found
in the organic bone matrix with abundant protein41 and ALP
played the role as a marker, which related to the differentiation of preosteoblasts and osteoblasts.42 At day 7 for ALP
osteogenic marker, the AuNPs + hBD3+ E. coli-LPS group
showed the highest levels of expression and the group hBD3+
E. coli-LPS also demonstrated higher levels of COL-1 and
Runx-2 than other groups, which were in accordance with the
ALP activity and calcium deposition results.
Notably, according to our results, the AuNPs + hBD3+
E. coli-LPS group had a significant effect on osteogenic
differentiation than the AuNPs + E. coli-LPS and hBD3+
E. coli-LPS groups. On one hand, many researchers have
reported that AuNPs could promote the mineralization.43,44
There was a hypothesis that AuNPs were similar to a
crystal nucleus, which resembled the hydroxyapatite
crystal in bone.45 In addition, it had been reported that
the Wnt/β-catenin signaling pathway could promote the
osteogenesis of chitosan-conjugated AuNPs.24 On the other
hand, there was a report showing that hBD3 also affected
the proliferation and differentiation of eukaryotic cells.46,47
It also had been reported that because defensins had similar structures with epidermal growth factor (EGF), hBD3
might influence cell proliferation through the EGF signaling
pathway.11 Another study demonstrated that hBD3 induces
functional maturation of immature human langerhans cell
like dendritic cells, which were mediated in part by NF-κB
activation.48 However, there were few studies related to the
Wnt/β-catenin signaling pathway that mediated osteogenesis
of hBD3. Therefore, we hypothesized that under inflammatory microenvironments, the Wnt/β-catenin signaling
pathway played a role in the osteogenic differentiation of
hPDLCs stimulated by AuNPs coordinated with hBD3.
In the present study, the mRNA level of cyclin D1 was
enhanced after administrating hBD3 and AuNPs, indicating
that the Wnt/β-catenin signaling pathway had an effect on
the osteogenesis of hPDLCs promoted by hBD3-combined
AuNPs. Although the protein levels of β-catenin and
cyclin D1 were upregulated by the stimulation of AuNPs,
hBD3, and E. coli-LPS, the AuNPs + E. coli-LPS group
proved to be the highest expression level of β-catenin
and the hBD3+ E. coli-LPS group showed the highest
International Journal of Nanomedicine 2018:13
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expression level of cyclin D1, which had slight differences
compared with other results and needed to be further studied. The effects of the Wnt/β-catenin signaling pathway
on osteogenic differentiation and bone formation had been
universally reported. A previous study demonstrated that the
Wnt/β-catenin signaling pathway activated by mechanical
loading and β-catenin serves as an effector in PDLCs.49
Another study revealed that with the stimulation of osteogenic transcription factors, the Wnt/β-catenin signaling
pathway also led the PDL fibroblasts differentiated into the
osteogenic lineage.50
To further investigated whether AuNPs and hBD3 promoted osteogenesis via the Wnt/β-catenin signaling pathway,
ICG-001, a specific inhibitor of Wnt/β-catenin signaling
pathway, was applied. ICG-001, a novel small molecule
inhibitor of T-cell factor/β-catenin-dependent transcription,
resulted in the downregulation of a subset of target genes
that had been implicated in fibrosis.51 In our study, ICG-001
reduced the levels of β-catenin and subsequently depressed
the transactivation of the target gene cyclin D1. We also
found that hPDLCs treated with ICG-001 reversed the AuNPs
+ hBD3+ E. coli-LPS-stimulated ALP activity and the formation of calcium deposition. The positive role of AuNPs
+ hBD3+ E. coli-LPS on the mRNA and protein levels of
ALP, COL-1, and Runx-2 was also partially blocked by the
ICG-001 inhibition of the Wnt/β-catenin signaling pathway.
These findings revealed that AuNPs + hBD3+ E. coli-LPS
upregulated the expression of osteogenic markers via activating the Wnt/β-catenin signaling pathway.
There were still several limitations in this study. First,
hPDLCs formed a mixed population with limited differentiation potential as they contained a high proportion of
terminally differentiated cells. However, PDL stem cells
(PDLSCs), which were separated from PDLCs, had exhibited
stronger osteogenic differentiation potentials than PDLCs
and might be the better candidates for the study of periodontal
regeneration. Furthermore, the effect of AuNPs and hBD3
to repair larger periodontal defects induced by periodontal
disease should be further validated in vivo. Thus, more
researches are needed to confirm these conclusions.

Conclusion
This study demonstrated that hBD3-combined AuNPs
could significantly promote the osteogenic differentiation of
hPDLCs in inflammatory microenvironments via activating
the Wnt/β-catenin signaling pathway. Based on these findings, we had reasons to believe that hBD3-combined AuNPs
have the potential to be applied in periodontal local delivery
systems, which could deliver the drug to the periodontal
International Journal of Nanomedicine 2018:13

hBD3-combined AuNPs for enhancing the osteogenesis of hPDLCs

pocket and surrounding tissues to promote the biology of
wound healing of periodontal defects in the future. Furthermore, hBD3-combined AuNPs might be the attractive and
promising candidates for bone formation and periodontal
regeneration in periodontitis.
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