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Objective: Cell sheet technology (CST) is advantageous for repairing alveolar bone defects 
in clinical situations, and osteogenic induction before implantation may result in enhanced 
bone regeneration. Herein, we observed the effect of gold nanoparticles (AuNPs) on osteo-
genic differentiation of periodontal ligament stem cell (PDLSC) sheets and explored their 
potential mechanism of action.
Methods: PDLSCs were cultured in cell sheet induction medium to obtain cell sheets. 
PDLSC sheets were treated with or without AuNPs. Alkaline phosphatase, alizarin red S, von 
Kossa, and immunofluorescence staining were used to observe the effects of AuNPs on the 
osteogenic differentiation of PDLSC sheets. Western blotting was performed to evaluate the 
osteogenic effects and autophagy activity. The cell sheets were transplanted into the dorsa of 
nude mice, and bone regeneration was analyzed by micro-CT and histological staining.
Results: AuNPs could promote the osteogenic differentiation of PDLSC sheets by upregu-
lating bone-related protein expression and mineralization. The 45-nm AuNPs were more 
effective than 13-nm AuNPs. Additional analysis demonstrated that their ability to promote 
differentiation could depend on activation of the autophagy pathway through upregulation of 
microtubule-associated protein light chain 3 and downregulation of sequestosome 1/p62. 
Furthermore, AuNPs significantly promoted the bone regeneration of PDLSC sheets in 
ectopic models.
Conclusion: AuNPs enhance the osteogenesis of PDLSC sheets by activating autophagy, 
and 45-nm AuNPs were more effective than 13-nm AuNPs. This study may provide an 
AuNP-based pretreatment strategy for improving the application of CST in bone repair and 
regeneration.
Keywords: gold nanoparticles, cell sheet technology, bone regeneration, autophagy

Introduction
Alveolar bone defects generally result from periodontitis, trauma, infection, and 
congenital alveolar fenestration.1 The clinical effects of traditional treatments, 
either non-surgical or surgical, are considered to be limited.2 Regenerative therapy 
with stem cells has shown promising efficacy in animal models and a few human 
clinical studies.3 However, simple implantation of stem cells into bone defects 
seemed to be insufficient.4

To date, many studies have demonstrated that osteogenesis of transplanted cells 
requires a suitable environment.4 The usual methods of stem cell therapy involve 
injection of isolated cell suspensions or the seeding of cells onto scaffolds.5 
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However, the extracellular matrix (ECM) is disrupted when 
cells are harvested by enzyme digestion.6 The destruction of 
adhesive proteins diminishes cell viability and prevents them 
from integrating with host tissue.7 Cell sheet technology 
(CST), in which cells produce their own ECM, provides 
a new strategy.5 It could not only greatly improve the utiliza-
tion and biological activity of stem cells but also provide 
abundant ECM, which is responsible for transmitting 
a wealth of biological signals that regulate bone formation.5

Periodontal ligament stem cells (PDLSCs) are ideal 
seed cells for stem cell therapy because of their accessi-
bility, high growth capacity, and multipotency.4,8 Therapy 
with PDLSC sheets has shown positive results in alveolar 
bone defect treatment. In 2010, Feng et al first reported 
the potential efficacy and safety of autologous PDLSC 
sheets transplanted onto denuded root surfaces in three 
patients.9 Chen et al conducted a randomized controlled 
trial of 30 periodontitis patients and evaluated the regen-
eration of autologous PDLSC sheets when combined with 
bovine-derived bone-mineral materials.10 Significant 
height increases and alveolar bone replacement was 
observed in the test group with no clinical safety 
issues.10 Recently, Iwata et al fabricated three-layer 
PDLSC sheets and found a more substantial increase in 
alveolar bone height during a six-month follow-up.11 

These results demonstrate the possibility of using 
PDLSC sheets in clinical applications.

Recently, various attempts have been made to improve 
the clinical outcomes of CST; these attempts included add-
ing active molecules during culture of the sheets,12 optimi-
zation of scaffold design,13 and gene transfection.14 New 
biocompatible materials, such as nanoparticles, have also 
been tried.15 Gold nanoparticles (AuNPs) have been uti-
lized in the fields of drug delivery, diagnostics, and tissue 
engineering because of their excellent biocompatibility, 
facile synthetic method, and versatile surface 
functionalization.16 Specifically, AuNPs have been devel-
oped as promising materials for bone regeneration.17 It has 
been reported that AuNPs can promote osteogenic differ-
entiation of mesenchymal stem cells,18–21 inhibit osteoclast 
formation,22 and accelerate bone formation in animal mod-
els of bone defects.23,24

Our previous studies showed that AuNPs of specific 
sizes could influence the osteogenic differentiation of 
PDLSCs.25 However, whether AuNPs could promote the 
osteogenic differentiation of PDLSC sheets and improve 
bone repair in vivo remained unknown. In this study, we 
aimed to evaluate the osteogenic capacity of PDLSC 

sheets pretreated with AuNPs in vitro and in vivo, com-
pare the effects of AuNPs of different sizes, and further 
investigate the possible mechanism involved in this 
process.

Materials and Methods
Synthesis and Characterization of AuNPs
AuNPs of 13 nm and 45 nm were synthesized and capped 
with L-cysteine, as described in our previous study.25 

Physical and chemical characterizations of the synthesized 
AuNPs were carried out by transmission electron micro-
scopy (TEM), dynamic light scattering, and ultraviolet 
(UV) spectrophotometry.25

Isolation and Characterization of PDLSCs
Human PDLSCs were isolated from impacted third molars 
or premolars extracted for orthodontic treatment by enzyme 
digestion.8 To identify putative stem cells, single-cell sus-
pensions (1×104 cells) were seeded into 10-cm culture 
dishes with Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco Laboratories, Gaithersburg, MD, USA) 
supplemented with 1% penicillin/streptomycin (Gibco) 
and 10% fetal bovine serum (Gibco) and incubated for 10 
days at 37°C in 5% CO2. The colony-forming efficiency 
was assessed on day 10 with 0.1% toluidine blue. 
Aggregates of 50 or more cells were scored as colonies. 
The cell surface markers of PDLSCs were analyzed by flow 
cytometry.8 Briefly, approximately 1×105 cells were incu-
bated with allophycocyanin (APC)- or fluorescein isothio-
cyanate (FITC)-conjugated monoclonal antibodies for 
human CD31, CD45, CD146, STRO-1 (BioLegend, 
Dedham, MA, USA), CD90, and CD105 (BD 
Biosciences, San Jose, CA, USA) at 4°C in the dark for 
one hour. Cell suspensions without antibodies were used as 
negative controls. After washing, the cells were analyzed 
using a BD FACSCalibur (BD Biosciences).

Culture and Harvest of PDLSC Sheets
PDLSCs were cultured in six-well plates for 24 hours to 
allow the cells to reach 80–90% confluence. Then the cell 
culture medium was replaced by cell sheet induction med-
ium (growth medium supplemented with 50 μg/mL ascor-
bic acid).14 After 3 days, the culture medium was replaced 
with osteogenic induction medium (growth medium sup-
plemented with 0.1 μM dexamethasone, 50 μg/mL ascor-
bic acid, and 10 mM β-glycerophosphate) containing 10 
μM 13- or 45-nm AuNPs. The medium was changed every 
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3 days. PDLSCs without AuNP treatment served as 
a control. After 7 or 14 days, cell sheets were evaluated 
for their osteogenic effects in vitro. After 7 days, cell 
sheets were harvested from the culture plates with a cell 
scraper for the in vivo study (Figure 1A).

Structural Observation of PDLSC Sheets
After 7 days of osteogenic induction, PDLSC sheets were 
harvested, fixed with 4% paraformaldehyde, and 
embedded in paraffin for hematoxylin–eosin (HE) stain-
ing. The thickness of the cell sheets was defined as the 
average thickness of 10 randomly selected sites in each 
part of the cell sheet. Then PDLSC sheets were fixed with 
2.5% glutaraldehyde, incubated in 1% osmium tetroxide, 
and embedded in epoxy resin. The ultrastructural changes 
of the PDLSC sheets were examined using TEM (Hitachi, 
Tokyo, Japan) at an accelerating voltage of 80 kV.

Alkaline Phosphatase (ALP) Activity Level 
and Staining
After 7 days of osteogenic induction, PDLSC sheets trea-
ted with AuNPs and controls were collected. ALP activity 
levels were detected using the Alkaline Phosphatase Assay 
Kit (Abcam, Cambridge, MA, USA) according to the 
manufacturer’s instructions. The absorbance was measured 
at 405 nm. ALP staining was performed using the BCIP/ 
NBT alkaline phosphatase staining Kit (Beyotime Institute 
of Biotechnology, Shanghai, China). The staining intensity 
was observed using an inverted optical microscope 
(Olympus IMT-2, Olympus Corporation, Tokyo, Japan) 
and photographed using a digital camera (Canon EOS 
70D, Canon Global, Tokyo, Japan).

Mineralized Nodule Staining
After 14 days of osteogenic induction, PDLSC sheets were 
collected and fixed. For alizarin red S (ARS) staining, cells 
were incubated with 2% ARS (Sigma–Aldrich, St. Louis, 
MO, USA) for 5 min, and the staining condition was 
observed as described above. Then quantitative analysis 
of ARS staining was performed by incubation for two 
hours with 10% w/v cetylpyridinium chloride (Sigma– 
Aldrich) and the absorbance of each well detected at 562 
nm. For von Kossa staining, 5% silver nitrate solution 
(Sigma–Aldrich) was added, and plates were exposed to 
UV light for one hour. Subsequently, 10% sodium thiosul-
fate (Sigma–Aldrich) was applied. After incubation for 5 
min, the staining condition was observed.

Western Blotting
Proteins were extracted from PDLSC sheets with different 
treatments. Primary antibodies were purchased from 
Abcam (anti-Runt-related transcription factor 2 (Runx2), 
anti-ALP, anti-collagen 1 (COL1), anti-osteopontin (OPN), 
and anti-sequestosome 1/p62 (p62)) or Cell Signaling 
Technology (anti-LC3) (Danvers, MA, USA). The blots 
were imaged using a chemiluminescent imaging system 
(Tanon Science & Technology Co., Ltd., Shanghai, China).

Immunofluorescence Staining
The bone-related proteins Runx2 and ALP were detected by 
immunofluorescence. Secondary antibodies conjugated with 
Alexa Fluor 594 (ThermoFisher Scientific, Waltham, MA, 
USA) and 4ʹ-6-diamidino-2-phenylindole (DAPI; Sigma– 
Aldrich) were used for visualization. Immunofluorescent 
signals were viewed using a confocal laser scanning fluor-
escent microscope (Nikon Instruments Co., Inc., Tokyo, 
Japan).

Fabrication of Sheet–Scaffold Constructs
Biphasic tricalcium phosphate (BCP) ceramics (with 
a hydroxyapatite-to-tricalcium phosphate ratio of 3:7, 
average void volume of 70%, core diameter of 100–400 
μm, diameter of 5 mm, and thickness of 2 mm) were 
purchased from the National Engineering Research 
Center for Biomaterials of Sichuan University (Chengdu, 
China). The BCP ceramics were soaked in culture medium 
overnight and dried. BCP scaffolds were wrapped in con-
trol or AuNP-treated cell sheets (Figure 1B and C). The 
constructs were then immersed in media for 2 hours to 
allow cell sheet adhesion to the scaffold surface.

Additionally, PDLSC sheets labeled by green fluores-
cent protein (GFP) were used to determine whether the 
transplanted cells would survive in vivo. PDLSC cultures 
were infected with adenovirus vector harboring enhanced 
GFP (GenePharma, Shanghai, China). Transfection was 
carried out according to the manufacturer’s instructions. 
GFP-positive PDLSC sheet–scaffold constructs were fab-
ricated as described above.

Subcutaneous Implantation
Six-week-old immunodeficient male mice were obtained 
from the Model Animal Research Center of Nanjing 
University. Two small incisions were made longitudinally 
along the central line on the dorsal surface of each mouse, 
and four subcutaneous pockets were made by blunt 
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dissection. The subcutaneous pockets were divided into 
four groups: BCP scaffold without cell sheet (S); PDLSC 
sheet/BCP (CS/S); PDLSC sheet treated with 13-nm 
AuNPs/BCP (13 CS/S); and PDLSC sheet treated with 
45-nm AuNPs/BCP (45 CS/S). Each individual pocket 

held one scaffold, or a scaffold wrapped with cell sheets 
(pockets selected randomly), and the incisions were 
closed with surgical sutures. After 8 weeks, the trans-
plants were harvested and fixed with 4% paraformalde-
hyde for further analysis. For GFP-positive PDLSC sheet– 

Figure 1 (A) Scheme for the in vitro study. (B) Scheme for the in vivo study. (C) Fabrication of sheet–scaffold constructs. (D) The constructs were implanted into the dorsa 
of nude mice at 1 week.
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scaffold constructs, implants were harvested after 4 
weeks, and the sections near the central area of the 
implants were observed with a confocal laser scanning 
fluorescent microscope to confirm the survival of the 
transplanted cells.

Micro-CT Analysis
To evaluate bone regeneration, implants were scanned 
with a SkyScan 1176 scanner (Bruker micro-CT, 
Kontich, Belgium) using the following parameters: pixel 
size of 17.76 μm, source voltage of 90 kV, and source 
current of 278 μA. The images were reconstructed using 
NRecon software (Bruker). Segmentation and reconstruc-
tion of the scaffolds were performed by thresholding with 
image-processing software (CTAN, Bruker). Three- 
dimensional representations of the constructs were gener-
ated from the micro-CT data using CTVOL (Bruker).

Histology and Immunohistochemical 
Analysis
Implants were decalcified with 10% ethylenediaminete-
traacetic acid (EDTA) for 2 weeks, dehydrated in an etha-
nol series, and embedded in paraffin. Paraffin sections 
were analyzed by HE staining and bone-specific staining 
(Goldner’s trichrome, Toluidine blue, and Masson stain-
ing; all kits were purchased from Solarbio Life Sciences, 
Beijing, China). Osteoprotegerin (OPG), OPN, and osteo-
calcin (OCN) expression were detected by immunohisto-
chemical analysis. Primary antibodies were purchased 
from Abcam (OPN) or Proteintech (OPG and OCN) 
(Wuhan, China). The UltraVision Quanto Detection 
System HRP DAB (ThermoFisher Scientific, CA, USA) 
was used for visualization. The immunohistochemical 
staining was scored by measuring the integrated optical 
density (IOD) of at least six images from each slice.

Statistical Analysis
The quantitative analysis of images was performed using 
ImageJ. All data were presented as means ± SD. One-way 
ANOVAs or t-tests were used to evaluate differences using 
SPSS Statistics 20 software (IBM, Armonk, NY, USA). 
A two-tailed p<0.05 was considered statistically significant.

Results
Characterization of PDLSCs
Single-cell suspensions from human periodontal ligaments 
were seeded at low density (1×104 cells); approximately 20 

adherent clonogenic cell clusters formed (Fig. S1A). This 
colony-forming cell population was named PDLSCs. These 
cells exhibited typical fibroblastic morphology (Fig. S1B). 
The results of the flow cytometry analysis of markers related 
to mesenchymal stem cells are shown in Figure S1C. Almost 
all the PDLSCs expressed CD90 and CD105 (>99%). CD146 
and stromal cell surface marker-1 (STRO-1) were expressed 
on 59.5% and 9.6% of PDLSCs, respectively. However, 
CD31 (an endothelial stem cell marker) and CD45 (a hema-
topoietic stem cell marker) expression was low (<1%).

Characterization of AuNP-Treated and 
Control PDLSC Sheets
After being cultured in sheet-induction medium (contain-
ing ascorbic acid) for 3 days followed by osteogenic 
induction medium for 7 days, the margins of the cell sheets 
contracted spontaneously, which suggested they were 
mature and could be harvested. HE staining results 
revealed that the harvested PDLSC sheets were two- or 
three-layered. The thicknesses of the cell sheets treated 
with AuNPs (13 nm and 45 nm) were slightly thicker 
than those of the controls (Figure 2B), although there 
was no significant difference between the three groups.

Effects of AuNPs on Osteogenic 
Differentiation of PDLSC Sheets in vitro
PDLSC sheets treated with AuNPs expressed ALP to 
a higher degree than the controls (Figure 2C). However, 
there was no significant difference between the 13 CS and 
45 CS groups. Mineral deposition was visualized by ARS 
and von Kossa staining. Mineralized nodules were 
increased in PDLSC sheets treated with AuNPs (Figure 
2C), and sheets treated with 45-nm AuNPs showed much 
stronger mineralized nodule formation compared with 
sheets treated with 13-nm AuNPs. The mineralization 
was increased about 2–4 times compared with the control 
by 45-nm AuNP treatment (Figure 2C). The effects of 
AuNPs on Runx2, ALP, COL1, and OPN protein expres-
sion were determined by Western blotting. As shown in 
Figure 3A, 13-nm and 45-nm AuNPs upregulated these 
osteogenic markers, and the stimulative effect of 45-nm 
AuNPs was better than that of 13-nm AuNPs. The osteo-
genic marker proteins’ levels in the 45 CS group were 
twice those of the control group. Moreover, cell immuno-
fluorescence showed that Runx2 and ALP were highly 
expressed in PDLSC sheets treated with AuNPs, and 
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higher expression was observed in the 45 CS group 
(Figure 3B), which was similar to the Western blot results.

Involvement of Autophagy in the Effect of 
AuNPs on PDLSC Sheets
To evaluate autophagic changes in PDLSC sheets treated with 
AuNPs, the expression of the autophagy markers LC3 and p62 
was examined. AuNPs of 13 nm and 45 nm both increased 
LC3-II expression and reduced p62 expression. Specifically, 
45-nm AuNPs more effectively upregulated autophagic activ-
ity than 13-nm AuNPs (Figure 4A). Furthermore, the TEM 
images showed that PDLSC sheets treated with AuNPs accu-
mulated double-membrane autophagosomes (Figure 4B).

Fabrication of PDLSC Sheet/BCP 
Constructs and Tracking of Implanted 
PDLSCs
To determine whether the transplanted cells survived 
in vivo, PDLSC sheets were labeled by GFP before trans-
plantation (Fig. S2A). After 4 weeks, green fluorescence 
could still be observed in the PDLSC sheet/BCP con-
structs, which confirmed that PDLSCs survived and pro-
liferated inside the scaffold. The expression of green 

fluorescence was also in agreement with the HE-staining 
results (Fig. S2B).

In vivo Bone Formation of PDLSC Sheet/ 
BCP Constructs
The micro-CT results indicated 3D construction of new 
bone formation within BCP scaffolds 8 weeks post- 
surgery. There was a marked increase in new bone forma-
tion in both groups treated with AuNPs. In the S (only 
BCP scaffolds) and CS/S groups, the regenerated tissues 
were punctiform and small, whereas those in the 13 CS/S 
and 45 CS/S groups were clumpier and larger (Figure 5A).

The histology results showed that new bone grew into 
the pores of the BCP scaffolds (Figure 5B). In groups 
treated with 13-nm and 45-nm AuNPs, clustered AuNPs 
could be observed both on the surface of scaffolds and 
inside the interconnected pores (Fig. S3). Furthermore, 
histological staining with Goldner’s trichrome and tolui-
dine blue confirmed more new osteoid formation in the 
AuNP-treated groups (Figure 5C). Masson staining 
showed greater collagen accumulation in AuNP-treated 
groups (Figure 5C). More bone structures and collagen 
formation were found within the constructs treated with 

Figure 2 Characterization and osteogenic differentiation of AuNP (13 nm and 45 nm)-treated and control PDLSC sheets. (A) PDLSC sheets of different groups. (B) 
Representative images of HE staining and quantification. (C) ALP, alizarin red S, and von Kossa staining and quantification. *p<0.05, **p<0.01.
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45-nm AuNPs than those treated with 13-nm AuNPs 
(Figure 5C).

In vivo Expression of Osteogenic Proteins 
in PDLSC Sheet/BCP Constructs
Immunohistochemical (IHC) staining for osteogenic mar-
kers (OPG, OPN, and OCN) was performed in the newly 
regenerated tissue. Compared with the S group, more 
intense positive staining was observed in all cell sheet 
groups (Figure 6). Quantitative analysis indicated that con-
structs pretreated with 13-nm AuNPs expressed more OPG 
than the CS/S group. 45-nm AuNPs showed significantly 

higher expression of OPG, OPN, and OCN than the CS/S 
and 13 CS/S groups. These results indicated that 45-nm 
AuNPs were the most efficient at activating the expression 
of bone markers Osteogenic protein expression in PDLSC 
sheet/BCP constructs. (Figure 6).

Discussion
The present study is a brand-new attempt to evaluate the 
osteogenic effects of AuNPs in a preclinical model based 
on our previous work.25 It showed that AuNPs, especially 
45-nm AuNPs, could promote the osteogenic differentia-
tion of PDLSC sheets in vitro and in vivo.

Figure 3 Osteogenic protein expression in PDLSC sheets. (A) Western blot of Runx2, ALP, COL1, and OPN and quantification. (B) Immunofluorescent analysis of Runx2 
and ALP expression and quantification. *p<0.05, **p<0.01.
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PDLSCs have good prospects in clinical applications 
because of their availability and effectiveness. In this 
study, PDLSCs isolated from the root surface were posi-
tive for CD90, CD105, CD146, and STRO-1 and negative 
for CD31 and CD45, which indicated that PDLSCs 
remained stem cell-like.8 However, many factors influence 
cell-based therapies, such as insufficient cell numbers, low 
cell utilization rate, poor adhesion efficiency, uneven cell 
distribution, disturbed microenvironment, and difficulty 
guiding the direction of differentiation.26

CST was chosen because of its ability to load a large 
number of cells and its endogenous ECM.27 ECM pro-
duced by resident cells has a 3D structure that supports 
cell attachment, migration, and behavior.28 In addition, 
ECM contains bioactive cues, such as growth factors, 
functional peptides, and polysaccharides, which could pro-
mote cell proliferation and differentiation.29 In this study, 
ascorbic acid was used to increase ECM generation and 
accelerate the formation of cell sheets.30 PDLSC sheets 
with tight junctions between cells and abundant ECM 
could be detached from culture dishes and harvested for 
transplantation.

PDLSC sheet transplantation has been used clinically 
for bone regeneration. A few clinical studies revealed that 

patients treated with PDLSC sheets exhibited significant 
bone replacement in the alveolar bone with no adverse 
reactions.9–11 How to improve effectiveness by controlling 
cell differentiation status is another challenge. Recent 
attempts, mainly by the application of growth factors and 
biological mediators, have been made to enhance 
osteogenesis.12,31,32 It was reported that addition of bone 
morphogenetic protein-2 or stromal cell-derived factor-1 
into cell sheets could induce more bone regeneration.31,32 

However, it is difficult to control the degree of mineraliza-
tion reaction because of these proteins’ strong and immedi-
ate effects.

Nanomaterials have been proven to be alternative reg-
ulators of cell differentiation.15 Nanoparticles, including 
gold, silver, and iron oxide nanoparticles, have been studied 
as materials for this purpose.18,33,34 AuNPs have been 
reported as a new type of osteogenic agent for bone 
regeneration.17 In our previous study, it was found that 
AuNPs could promote osteogenic differentiation of 
PDLSCs in a size-dependent manner. AuNPs with sizes of 
45 nm showed better osteogenic effects than 13-nm 
AuNPs.25 However, there has been no study evaluating 
the effects of AuNPs on cell sheet osteogenesis. This 
study showed that AuNP supplementation enhanced the 

Figure 4 Effects of 13-nm and 45-nm AuNPs on autophagy of PDLSC sheets. (A) Western blot of LC3, p62, and quantification. (B) TEM images; arrows indicate internalized 
AuNPs, and the white “*”Indicates autophagosomes. *p<0.05, **p<0.01.
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osteogenic differentiation of PDLSC sheets. Moreover, the 
groups treated with 45-nm AuNPs showed better osteogenic 
differentiation and ECM mineralization, which was consis-
tent with what we found about the effects of AuNPs on 
PDLSCs in our previous study.25

In this study, PDLSC sheets pretreated with AuNPs 
were slightly thicker than controls, which indicated that 
AuNPs could induce greater ECM production (Figure 2A). 
After osteogenic induction, the AuNP groups had 

significantly higher levels of ALP activity and mineralized 
nodule formation compared with controls (Figure 2C). 
Expression levels of the bone-related marker proteins 
Runx2, ALP, COL1, and OPN reacted similarly (Figure 
3A and B). In fact, Runx2 transcription occurs during the 
initial stage of osteogenic differentiation and triggers 
expression of other bone-related genes.35 ALP is an osteo-
blastic metabolic enzyme involved in mineral deposition.36 

These two early indicators initiate the process of 

Figure 5 Bone formation of PDLSC sheet/BCP constructs in vivo 8 weeks post-surgery. (A) Representative images of micro-CT. (B) HE staining. (C) Goldner’s trichrome, 
toluidine blue, and Masson staining.
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osteogenic differentiation. COL1 is the most abundant 
protein in the ECM and acts as a scaffold for anchoring 
and distributing cells.37 OPN is a major regulator of ECM 
mineralization and bone formation.37 COL1 and OPN, 
these two ECM proteins fulfill the bone formation.

Previously, AuNPs have been reported to facilitate the 
osteogenic differentiation of mesenchymal stem cells 
through the p38/MAPK, ERK/MAPK, or Wnt/β-catenin 
signaling pathway.18–21 However, mechanical stimulation 
by nanoparticles was recently found to cause biochemical 
changes and regulate signaling pathways, including all of 
the pathways mentioned above.38 TEM observation showed 
that AuNPs were internalized through the endocytic path-
way and trapped in lysosomes or autophagosomes.39 In 
a recent study, it was demonstrated that cell mechanics 
dictated by cytoskeletal tension profoundly impact 

autophagic flux and cell phenotypic plasticity.40 In this 
study, AuNP pretreatment resulted in activation of PDLSC 
autophagy with higher LC3II and lower p62 levels 
(Figure 4A). A few studies have also implied that autophagy 
has essential roles in the regulation of the differentiation 
and function of stem cells, osteoblasts, and osteocytes.41 

AuNPs might affect cytoskeletal structures through endo-
cytosis and then promote osteogenic differentiation through 
autophagy activation. Similar results were obtained in other 
studies, where sliver, silica and hydroxyapatite nanoparti-
cles were found to promote osteogenic differentiation of 
stem cells through activation of autophagy.34,42,43 Data 
from existing studies have shown that the cellular uptake 
of AuNPs increases with increases in particle diameter 
between 10 and 50 nm.44 Because 45-nm AuNPs were 
internalized more than 13-nm AuNPs, they induced 

Figure 6 IHC staining of OPG, OPN, and OCN (A) and quantification (B) at 8 weeks. *p<0.05, **p<0.01.
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stronger biological effects.45 Specifically, the 45-nm CS 
groups exhibited more autophagosomes and higher autop-
hagic levels than the 13-nm CS groups in accord with 
a better differentiation potency before transplantation.45,46

The efficacy of AuNPs in promoting bone formation in 
PDLSC sheets was further observed in vivo. To avoid 
interference from the autologous stem cells of local bone 
tissue, a model of ectopic transplantation in immunodefi-
cient mice was used. BCP scaffolds were selected because 
of their similar composition to bone matrix, bioactivity, 
and osteoconductivity.47 The effectiveness of cell-based 
therapy depends on the retention and viability of cells 
after implantation. Cells labeled by GFP were used for 
tracking implanted cell sheets by histological examination. 
The green fluorescence was still observed after 4 weeks 
(Fig. S2). AuNPs were also found inside the cells in the 
BCP scaffold after 8 weeks, as indicated by HE staining 
(Fig. S3). These results implied that the implanted cells 
could survive and proliferate in vivo.

As a result, more new bone tissue formed inside the con-
structs in the AuNP groups in terms of micro-CT. AuNPs were 
also proven to distinctly improve the bone formation capaci-
ties of PDLSC sheets, as shown by bone-specific staining. 
AuNP treatment of PDLSC sheet/BCP constructs induced 
a significant increase in both osteoid and mineralized tissue. 
These PDLSCs from the cell sheets migrated inside the BCP 
scaffold, proliferated, differentiated into osteoblasts, minera-
lized, and thus induced bone formation.48 The groups treated 
with 45-nm AuNPs showed more bone islands and greater 
mineralization than the groups treated with 13-nm AuNPs 
(Figure 5). In addition, 45-nm AuNPs promoted greater 
expression of bone-specific matrix proteins (OPG, OPN, and 
OCN) (Figure 6), which were highly expressed by osteoblasts 
and osteocytes.37 All these results indicated that AuNPs, espe-
cially 45-nm AuNPs, could enhance osteogenic differentiation 
and matrix mineralization. However, it cannot be denied that 
there are differences between ectopic and orthotopic models, 
and further well-designed experiments in alveolar bone-defect 
models are needed to verify the osteogenic effects of AuNPs 
on PDLSC sheets.

Conclusion
AuNPs could enhance the osteogenesis of PDLSC sheets 
by activating autophagy, and 45-nm AuNPs was more 
effective than 13-nm AuNPs. This study determined the 
role of AuNPs in regulating the osteogenic differentia-
tion and bone regeneration of PDLSC sheets, providing 

a new strategy for promoting the repair of alveolar bone 
defects.
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