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A B S T R A C T

The regeneration of lost periodontal apparatus in periodontitis treatment remains a clinical challenge due to the
limited regenerative capacity of cementum, periodontal ligament and alveolar bone in periodontitis condition.
For periodontal tissue regeneration, it is essential to regulate the inflammatory response and the subsequent
differentiation of periodontal cells under the condition due to the infectious nature of the disease. In this study, it
was noted that 45 nm gold nanoparticles (AuNPs) could exhibit significant anti-inflammatory effect and improve
the periodontal inflammatory microenvironment via regulating inflammatory and regenerative cytokine pro-
duction and modulating macrophage polarization, subsequently affect the differentiation of human periodontal
ligament cells (hPDLCs). With the addition of direct effects of AuNPs on hPDLCs, the periodontal tissue dif-
ferentiation capacity of hPDLCs in LPS-activated inflammatory macrophage-hPDLCs coculture system was sig-
nificantly enhanced by the interaction between AuNPs-conditioned macrophage and AuNPs-stimulated hPDLCs.
The potential therapeutic application of AuNPs in periodontal tissue regeneration and periodontitis treatment
was investigated using both rat fenestration and ligature-induced periodontitis models. It was found that the
treatment of 45 AuNPs showed significantly increased newly-formed periodontal attachment, bone and ce-
mentum in periodontal defect and less tissue destruction in the progression of periodontitis. This study de-
monstrated that 45 nm AuNPs could not only directly modulate hPDLCs, but also regulate the early in-
flammatory response of periodontal tissues via the regulation of macrophage phenotypes, therefore, generate a
microenvironment with constraint inflammatory cytokine levels and reparative cytokines such as bone mor-
phogenetic protein-2 (BMP-2), leading to PDLC differentiation, periodontal tissue regeneration and the pre-
vention of periodontitis progression.

1. Introduction

Periodontitis, a bacterially induced chronic inflammatory disease,
usually progressively destroys the supporting structures of teeth, in-
cluding the alveolar bone, cementum, periodontal ligament and gin-
giva, subsequently leading to the looseness and loss of teeth [1,2].
Periodontitis is not only considered as the main cause of tooth loss in
adults, but also is reported to be interrelated with systemic health by
increasing the risk of many diseases such as atherosclerosis, adverse
pregnancy outcomes, rheumatoid arthritis, aspiration pneumonia and

cancer [1,3]. Therefore, the prevention and treatment of periodontitis
are essential for general health. The therapy of periodontitis do not
simply aim to control the inflammation, but more importantly, to
achieve the regeneration of the lost tissues [4,5]. Among them, the
alveolar bone regeneration and cementum regeneration are the two
vital and challenging parts [6,7]. Cementum, a unique structure in
periodontal tissues, is a thin layer of mineralized tissue covering the
root surface of teeth that serves as the interface for periodontal liga-
ment anchorage to the teeth and supports the binding between teeth
and bone [7,8]. The regeneration of cementum has been a gold
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standard for the reconstruction of functional periodontal tissue [8].
However, the cementum only undergo quite limited remodeling
throughout life, creating a serious challenge for periodontal regenera-
tion [9]. The conventional treatments for periodontitis usually are not
able to get satisfactory outcome, as these procedures seldom provide
predictable and successful periodontal regeneration [10]. The devel-
opment of effective methods to successfully prevent the tissue de-
struction and induce the bone and cementum regeneration is important
in periodontitis treatment.

In the pathological process of periodontitis, it is now understood
that the initial response to the infection of microbes that resides on the
root surface activates innate immune system, resulting in the release of
an array of cytokines and other mediators and propagation of in-
flammation through the periodontal tissues, subsequently driving the
bone loss and connective tissue destruction in periodontitis [11,12].
These findings indicate that the modulation of immune response might
be a valuable therapeutic strategy for periodontitis. In the immune
system, as macrophages play an important role in innate immunity for
the first line of host defense against microorganisms and are one of the
major sources of these destructive cytokines, they are found to be in-
volved in periodontal bone damage through the phenotypic switch of
alternatively activated M2 to classically activated M1 [13–15]. A recent
study proved that induction of M2 macrophages could prevent the bone
loss in murine periodontitis models, suggesting the crucial role of
macrophage polarization in the progression of periodontitis [15]. It is
known that M1 and M2 macrophage subpopulations are distinguished
by secreting different cytokines and play different roles in the immune
system. M1 macrophages aim to defend against the invasion of patho-
gens by producing inflammatory factors, such as TNF-α, IL-6, and MCP-
1, while M2 macrophages secrete cytokines such as IL-10 and TGF-β to
exert anti-inflammatory and angiogenic effects for tissue repair and
wound healing [16–19]. In addition, macrophages are able to secret
BMP-2 and directly mediate the osteogenic process [20,21]. Therefore,
the behavior of macrophage may affect the processes of periodontal
tissue damage and regeneration.

In periodontal ligament tissue, a population of heterogeneous cells
called periodontal ligament cells (PDLCs) are reported to have “stem-
ness” [22]. PDLCs can not only differentiate into cementoblasts and
osteoblasts to form cementum and bone but also exhibit fibroblastic
features, thus they are thought to be the cellular basis of natural peri-
odontal repair and regeneration [22,23].

Gold nanoparticles (AuNPs) have gained great popularity in the
biomedical field and their potential in the treatment of some diseases,
such as focal cerebral ischemia-reperfusion injury and cancer is re-
ported [24,25]. AuNPs have shown regulatory effects on macrophages
and osteogenesis of stem cells and osteoblasts; however, the effects
differ across studies due to the application of different particle sizes,
concentration, and surface modification [6,26–32]. Although those
exciting progresses have been made, it is still a grand challenge to
achieve the application of AuNPs in periodontology field. An earlier
study by our team has found size-dependent effects of gold nano-
particles (AuNPs) on the osteogenic differentiation of human PDLCs
(hPDLCs) [6], indicating a potential application of AuNPs in period-
ontitis treatment. However, the regulation of periodontal immune mi-
croenvironment and the subsequent effects on periodontal tissue re-
generation, especially cementum in the infectious periodontal
microenvironment are essential for the application of AuNPs in peri-
odontitis treatment. Thus further study is still needed to supported the
application of AuNPs in periodontitis.

In this study, we hypothesized that whether AuNPs with different
diameters could improve the periodontal inflammatory microenviron-
ment and subsequently stimulated the periodontal regeneration
through regulating the crosstalk between macrophages and PDLCs,
considering the modulatory potential of AuNPs in the immune response
of macrophages and PDLCs differentiation. Accordingly, we firstly in-
vestigated the regulatory effects of AuNPs with different sizes on

macrophages in terms of the macrophage phenotypic switch and pro-
duction of inflammatory and reparative cytokines. Then effects of
AuNPs on the cementogenic and osteogenic differentiation through the
regulation of macrophages and hPDLCs were studied using a macro-
phage -hPDLCs coculture system by conditioned medium methods.
Finally, the potential application of AuNPs for periodontal regeneration
and periodontitis treatment was further evaluated in periodontal fe-
nestration and ligature-induced periodontitis rat models.

2. Methods

2.1. Synthesis and characterization of AuNPs

AuNPs were synthesized with different diameters (5, 13, 45 nm) at a
concentration of 0.25mM and then the AuNPs were capped with L-cy-
steine as described in previous reports [6,33]. The modified AuNPs
were confirmed by dynamic light scattering (DLS) and UV–visible
spectrophotometry.

2.2. Cell culture

The RAW 264.7 macrophage cell line and primary hPDLCs were
used. The RAW 264.7 cells were obtained from American Type Culture
Collection (ATCC, Manassas, USA). hPDLCs, the primary cells isolated
from human periodontal ligament tissue, were purchased from
ScienCell Research Laboratories (Catalog #2630, Carlsbad, USA). These
cells were both cultured in Dulbecco's modified Eagle's medium
(DMEM) (Gibco, Thermo Fisher Scientific, Waltham, USA) containing
10% fetal bovine serum (FBS) (Scien NCell) and 1% penicillin/strep-
tomycin (HyClone, Logan, USA) at 37 °C in 5% CO2. hPDLCs between
passages 2 and 6 were used for subsequent osteogenic and cemento-
genic differentiation studies.

2.3. Biocompatibility, cytotoxicity and cell uptake of AuNPs by
macrophages

To investigate the biocompatibility, cytotoxicity and cell uptake of
AuNPs by macrophages, the RAW 264.7 cells were incubated with
AuNPs with three diameters (5,13,45 nm), and the RAW 264.7 cells
cultured in culture medium without AuNPs were used as the control
(Ctrl) group.

The cell viability of RAW 264.7 cells was studied by CCK-8 (Dojindo
Molecular Technologies, Tokyo, Japan). Cells were seeded in a 96-well
plate at a density of 5.0× 103 cells/well and incubated overnight.
Then, AuNPs with three diameters (5, 13 and 45 nm) were added to the
culture medium at a final concentration of 10 μM. After incubation for
1, 2 and 3 days, 10 μL of CCK-8 solution was added to each well for 2 h
treatment. The absorbance of 450 nm wavelength was examined by a
SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale,
USA).

After the incubation with AuNPs for 1 day, we used the LDH
Cytotoxicity Assay (Promega Corporation, Madison, USA) to determine
the cell death rate upon exposure to AuNPs according to the manu-
facturer's instructions.

Cells were seeded in a black 96-well plate and treated with AuNPs
(5, 13, 45 nm) for 24 h. Then, the intracellular reactive oxygen species
(ROS) level was determined with CellROX Green Reagent (Life
Technologies, Darmstadt, Germany). Briefly, the cells were washed
with PBS for three times and incubated in medium containing CellROX
Reagent (5 μM) for 30min at 37 °C. Cells were then washed with
phosphate buffer saline(PBS) for three times and fixed with 3.7% for-
maldehyde for 15min. The fluorescence was analyzed by a fluorescence
microplate reader with the excitation set at 485 nm and the emission at
520 nm (SpectraMax M3, Molecular Devices, Sunnyvale, USA).

The uptake of AuNPs with three diameters were imaged by TEM
(HT7700; Hitachi Ltd., Tokyo, Japan). Cells (2.5× 105 cells/well) were
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seeded in a 6-well plate. After 1d, the AuNPs (10 μM) were added to the
medium and incubated for 3 h. Then, the cells were fixed for TEM
analysis.

2.4. Effects of AuNPs on macrophage polarization, inflammatory response
and BMP-2 expression

To investigate the effects of AuNPs with different diameters on the
inflammatory response and phenotype switch of macrophages as well as
the BMP-2 expression in macrophages, we chose E. coli lipopoly-
saccharide (LPS) as the inflammation stimulus in our study. RAW
264.7 cells were pre-incubated with 10 μM AuNPs with various dia-
meters for 6 h. Then, LPS (20 ng/mL) was or was not added to the
culture medium. The RAW 264.7 cells cultured in culture medium
without treatment of AuNPs or LPS were used as Ctrl group.

After 3 h of incubation with or without LPS, the total RNA was ex-
tracted using a RNAprep pure Cell/Bacteria Kit (TIANGEN, Beijing,
China) and prepared for cDNA through reverse transcription using the
PrimeScript RT Reagent Kit (Takara Bio, Otsu, Japan). The gene ex-
pression of factors related to the M1 phenotype (TNF-α, IL-6, iNOS) and
the M2 phenotype (IL-10, Arg-1, TGF-β) and the BMP-2 expression
(primers are listed in Table 1) were analyzed by real-time PCR (ABI
ViiA7, Thermo Fisher Scientific, Waltham, USA). The comparative
2−ΔΔCt method was used to quantify the relative level of different
mRNA expressions. All samples were normalized to GAPDH.

Furthermore, after incubation for 18 h, the culture media of dif-
ferent wells was collected and centrifuged. The concentration of TNF-α
(NeoBioscience, Shenzhen, China), IL-6 (eBioscience, Thermo Fisher
Scientific, Waltham, USA), IL-10 (eBioscience) and BMP-2 (R&D
Systems, Minneapolis, USA) in the cell supernatants were determined
using an ELISA kit according to the manufacturer's instructions.
Additionally, the cells treated for 18 h were collected and used for
Western blotting to assess the protein expression of iNOS (M1 marker)
and Arg-1 (M2 marker) or used for flow cytometry to determine the
CD86 (M1 marker) expression. For Western blotting, cells were lysed by
RIPA lysis buffer (Beyotime Institute of Biotechnology) to extract pro-
teins. The proteins were separated by SDS-PAGE and then transferred
onto PVDF membranes (Millipore, Bedford, MA, USA). The membranes
were blocked in 5% skim milk solution dissolved in tris buffered saline
(TBS) for 1 h at room temperature, followed by incubation with primary
antibodies which were diluted with TBS-Tween buffer overnight at 4 °C.
The primary antibody of iNOS (#13120, Rabbit mAb, dilution ratio:
1:1000) and Arg-1(#93668, Rabbit mAb, dilution ratio: 1:1000) were
purchased from Cell Signaling Technology. GAPDH (Bioworld, St.
Louis, USA, #AP0063, Rabbit pAb, dilution ratio: 1:10000) was used as

internal control. After four-times washes, the membranes were in-
cubated with secondary antibodies for another 1 h at room tempera-
ture. Then the target protein bands were visualized using a chemilu-
minescent reagent (Merck Millipore, Darmstadt, Germany) and imaging
system (LAS4000M; GE Healthcare Bio-Sciences Corp., Piscataway,
USA). For flow cytometry, cells were harvested and washed with PBS
for three times. Then the cells were blocked with CD16/32 (Biolegend,
San Diego, USA, #101302, dilution ratio: 1:50) as 4 °C for 5min and
subsequently incubated with CD86 (Miltenyi Biotec, Bergisch
Gladbach, Germany, #130-102-558, dilution ratio: 1:10) or the isotype
control antibody Rat IgG2b (Miltenyi Biotec, #130-103-085, dilution
ratio: 1:10) for 30min at 4 °C. After that, cells were washed with PBS
and then analyzed by a flow cytometer (BD FACSCalibur, BD
Bioscience, New York, USA). The data were analyzed using the FlowJo
v10 software.

Based on the results of the experiments above, we selected the
AuNPs with the optimum diameter from the three kinds of AuNPs.

2.5. The effects of AuNPs on osteogenic and cementogenic differentiation
and osteoclastogenesis-related factors expression of hPDLCs through
modulating the macrophage conditioned media in the macrophage-hPDLCs
coculture system

Considering the AuNPs could be removed from the culture media of
macrophages by centrifugation, the macrophage-hPDLCs coculture
system was established through the conditioned medium method. The
media of RAW 264.7 cells which were pre-incubated with or without
the AuNPs of the selected diameter for 6 h and subsequently cultured in
the absence or presence of LPS for 18 h was collected as above. Then the
macrophage media was centrifuged at 14000 rpm for 30min to remove
residual AuNPs, cells and insoluble substance. The culture medium
(DMEM containing 10% FBS and 1% penicillin/streptomycin) was
mixed with the acquired supernatant at a ratio of 3:1 to obtain the
conditioned medium (CM) for further experiments. To investigate
whether AuNPs could affect the differentiation of hPDLCs through
modulating the macrophage-related immune microenvironment
without direct application of AuNPs in PDLCs, the differentiation of
hPDLCs that incubated in different macrophage CM were evaluated and
hPDLCs cultured in normal culture medium was used as normal control
(NC). hPDLCs were seeded in 96-well plates at a density of
5× 103 cells/well and divided into five groups: 1) NC group, cells
cultured in normal culture medium; 2) Ctrl group, cells cultured in CM
of RAW 264.7 cells untreated; 3) 45 nm group, cells cultured in CM of
RAW 264.7 cells that were treated with 45 nm AuNPs; 4) LPS group,
cells cultured in CM of RAW 264.7 cells that were treated with LPS; 5)

Table 1
Primer sequences.

Gene Forward Primer sequences(5′-3′) Reverse Primer sequences(5′-3′)

TNF-α (M) TCTTCTCATTCCTGCTTGTGG GAGGCCATTTGGGAACTTCT
IL-6 (M) AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC
iNOS (M) CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
IL-10 (M) ACTCTTCACCTGCTCCACTG GCTATGCTGCCTGCTCTTAC
Arg-1 (M) CCAGATGTACCAGGATTCTC AGCAGGTAGCTGAAGGTCTC
TGF-β (M) CTTCAGCCTCCACAGAGAAGAACT TGTGTCCAGGCTCCAAATATAG
BMP-2 (M) TGAGGATTAGCAGGTCTTTGC GCTGTTTGTGTTTGGCTTGA
RUNX-2 (H) GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
ALP (H) GACCCTTGACCCCCACAAT GCTCGTACTGCATGTCCCCT
COL-1 (H) AGAACAGCGTGGCCT TCCGGTGTGACTCGT
OCN (H) GGCAGCGAGGTAGTGAAGAG GATGTGGTCAGCCAACTCGT
CAP (H) CTGCGCGCTGCACATGG GCGATGTCGTAGAAGGTGAGCC
CEMP-1 (H) GGGCACATCAAGCACTGACAG CCCTTAGGAAGTGGCTGTCCAG
RANKL (H) GGCTCATGGTTAGATCTGGC TGACCAATACTTGGTGCTTCC
OPG (H) TCAAGCAGGAGTGCAATCG AGAATGCCTCCTCACACAGG
GAPDH (M) ATCACTGCCACCCAGAAG TCCACGACGGACACATTG
GAPDH (H) CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT

M=murine, H=human.
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LPS+45 nm group, cells cultured in CM of RAW 264.7 cells that were
treated with 45 nm AuNPs and LPS. After cultured overnight, the cul-
ture medium was replaced with different CM according to the grouping
situation. On days 1, 3, 5 and 7, the CCK-8 assay was used to determine
the cell proliferation and viability.

To evaluate the osteogenic and cementogenic differentiation of
hPDLCs, cells seeded in 6-well plates (2.5× 105 cells/well). Then the
cells were incubated with corresponding CM supplemented with the
ingredients of the osteogenic differentiation medium; these ingredients
included dexamethasone (0.1 μM), ascorbic acid (50 μg/mL) and β-
glycerophosphate (10mM). After 5 days, the mRNA expression of the
osteogenic factors ALP, Runx-2, COL-1, and OCN and the cemento-
genesis-specific markers CAP and CEMP-1, as well as the osteoclasto-
genesis-related factors nuclear factor-kappa B ligand (RANKL) and OPG
was measured by real-time PCR (primers are listed in Table 1).

On day 7, the Western blotting, ALP activity and ALP staining assays
were performed. The protein levels of ALP (Santa Cruz Biotechnology,
Santa Cruz, USA, #sc-365765, Mouse mAb, dilution ratio: 1:200),
Runx-2 (Cell Signaling Technology, #12556, Rabbit mAb, dilution
ratio: 1:1000), COL-1 (Abcam, Cam bridge, UK, # ab6308, Mouse mAb,
dilution ratio: 1: 800), CAP (Santa Cruz, #sc-53947, Mouse mAb, di-
lution ratio: 1:400), and CEMP-1 (Abcam, #ab134231, Rabbit pAb,
dilution ratio: 1:500) were evaluated by Western blotting. The Alkaline
Phosphatase Assay Kit (Beyotime Institute of Biotechnology) and BCIP/
NBT Alkaline Phosphatase Staining Kit (Beyotime Institute of
Biotechnology) were used to determine the ALP activity and to perform
ALP staining, respectively. In detail, for ALP activity, cells were lysed by
1% Triton X-100 (Sigma-Aldrich) and centrifuged to obtain the super-
natant. Then the p-nitrophenol, samples and pNPP were added into a
96-well plate according to the manufacturer's instructions and in-
cubated at 37 °C for 5–10min, protected from light. Finally, stop solu-
tion was added and absorbance under 405 nm was read. As for ALP
staining, the cells were washed with PBS and then fixed with 4% par-
aformaldehyde for 30min. Then, cells were stained according to the
manufacturer's instructions.

Furthermore, the alizarin red S (ARS) staining and Von Kossa
staining were also used in our study to reveal the mineralization no-
dules of hPDLCs cultured in CM with osteogenic components for 21
days. For Alizarin Red Staining, cells were washed with PBS and fixed
with 4% paraformaldehyde for 30min. Then stained the cells with 2%
alizarin red S staining solution (Sigma-Aldrich) for 5–10min. For Von
Kossa staining, fixed cells were successively treated with 5% silver ni-
trate (Sigma-Aldrich) solution under ultraviolet light for 1 h and 10%
sodium thiosulphate (Sigma-Aldrich) for 5min.

2.6. In LPS-activated inflammatory condition, effects of AuNPs on
osteogenic and cementogenic differentiation and the osteoclastogenesis-
related factors expression of hPDLCs through directly modulating the
hPDLCs in the macrophage-hPDLCs coculture system

To investigate the direct effects of AuNPs on hPDLCs in in-
flammatory microenvironment without considering the regulatory ef-
fects on macrophage CM, the CM of RAW 264.7 cultured with LPS was
harvested and the CM of RAW 264.7 untreated was used as control. The
hPDLCs were divided into four groups: 1) Ctrl group: cells cultured in
CM of RAW 264.7 cells untreated; 2) Ctrl-AuNPs group: cells cultured
with 45 nm AuNPs in CM of RAW 264.7 cells untreated; 3) LPS group:
cells cultured in CM of RAW 264.7 cells that were treated with LPS; 4)
LPS-AuNPs group: cells cultured with 45 nm AuNPs in CM of RAW
264.7 cells that were treated with LPS. Then the osteogenic and ce-
mentogenic function of hPDLCs were assessed as above.

2.7. In LPS-activated inflammatory condition, effects of AuNPs on
osteogenic and cementogenic differentiation and osteoclastogenesis-related
factors expression of hPDLCs through modulating both macrophage CM and
hPDLCs in the macrophage-hPDLCs coculture system

To comprehensively estimate whether AuNPs could regulated the
regenerative potential of hPDLCs on bone and cementum under in-
flammatory condition in vitro, the effects of AuNPs on macrophage CM
and hPDLCs were combined. The CM of RAW 264.7 cells treated with or
without AuNPs in the presence of LPS were collected and the CM of
RAW 264.7 cells untreated was used as control. The hPDLCs were di-
vided into three groups as follows: 1) Ctrl group, cells were cultured in
CM of RAW 264.7 untreated; 2) LPS group, cells were cultured in CM of
RAW 264.7 cells that were treated with LPS; 3) LPS+45 nm-AuNPs
group, cells were cultured with 45 nm AuNPs in CM of RAW 264.7 cells
that were treated with 45 nm AuNPs and LPS. Then the cells were
treated and analyzed using the methods same as above.

2.8. The in-vivo periodontal regeneration potential of the hPDLCs in AuNPs-
modulated inflammatory macrophage-hPDLCs coculture system in a rat
periodontal fenestration defect model

To further verify the in-vitro results and evaluate the in-vivo re-
generative potential of the macrophage-hPDLCs coculture system that
modulated by AuNPs in inflammatory condition, the cells were treated
and used for tissue engineering in a rat periodontal fenestration defect
model. The collagen membrane-hPDLCs compound was constructed as
previous reported [34]. In brief, the Bio-Gide collagen membranes
(Geistlich, Switzerland) were cut into 5×2mm pieces and each piece
was seeded with about 1× 104 cells in a 24-well plates. After cultured
in the culture medium overnight, the membrane-cell compounds were
divided into 3 groups and treated as above: 1) Ctrl group, cells were
cultured in CM of RAW 264.7; 2) LPS group, cells were cultured in CM
of RAW 264.7 cells and treated with LPS; 3) LPS+45 nm-AuNPs group,
cells were cultured with 45 nm AuNPs in CM of RAW 264.7 cells and
treated with 45 nm AuNPs and LPS. After 3 days, the compounds were
collected for in-vivo study.

Twenty male Sprague-Dawley (SD) rats at 7weeks of age were
maintained in a specific pathogen-free condition with a 12 h light/12 h
dark cycle and were provided with regular sterile food and water. After
fed adaptively for 1 week, the rats were anesthetized with pentobarbital
sodium (Merck Millipore) via peritoneal injection. Then the rat peri-
odontal fenestration defect was made as previous reported [7,34]. First,
the right buccal skin of the rats was shaved and sterilized. Then a 2 cm-
long full-thickness incision was made through the skin along the in-
ferior border of the right mandible. The underlying masseter muscle
and periosteum were dissected to expose the alveolar bone adjacent to
the buccal aspect of the first and second mandibular molars. Subse-
quently, a periodontal fenestration defect of approximately 2mm in
width, 5 mm in length, and 1.2 mm in depth was created through
grinding the alveolar bone covering on the root surfaces with round
burs under saline irrigation. Residual periodontal ligament tissues and
cementum on the exposed tooth root surface were removed by a sharp
curette. After that, different collagen membrane-hPDLCs compounds
were randomly placed into the defect of different rats with the cell side
inward facing the root surface. Then a 6mm×3 mm collagen mem-
brane (Sunstar, Japan) was used to cover the defect as the barrier
membrane and the incision was closed by suturing. According to the
group of the compounds, the rats are divided into three groups corre-
spondingly (N=6/group): 1) Ctrl group, compounds cultured in CM of
RAW 264.7 cells untreated; 2) LPS group, compounds cultured in CM of
RAW 264.7 cells treated with LPS; 3) LPS-AuNPs group, compounds
cultured with 45 nm AuNPs in CM of RAW 264.7 cells treated with
45 nm AuNPs and LPS. The extra two rats without treatment were used
as normal control (Normal group) for the observation of normal peri-
odontal tissues. Three weeks after the surgery, all rats were sacrificed

C. Ni, et al. Biomaterials 206 (2019) 115–132

118



by overdose with anesthetics. The right mandibles were collected for
the histological examination to observe the periodontal tissue re-
generation. Thin sections(4 μm) of the dental and periodontal tissues in
bucco-lingual direction were harvested according to the following
procedure: fixing, decalcification, dehydration, transparentizing, em-
bedding and finally slicing. Then, the tissue sections were stained with
Hematoxylin and Eosin staining (H&E) and Masson stain. The newly-
formed alveolar bone, cementum and periodontal ligament were eval-
uated with Image Pro Plus 6.0 software. The amount of the new bone
was evaluated through dividing the area of the defect by the area of
new bone. The new cementum formation was determined through di-
viding the length of the whole denuded root surface by the length of
root surface with new cementum. And the new periodontal ligament
was measured through calculating the area ratio of the collagen fibers
in the area of periodontal ligament.

2.9. Intervention of AuNPs on a rat ligature-induced periodontitis model

To further estimate the preventive and therapeutic effects of AuNPs
on periodontitis, a rat ligature-induced periodontitis model was used.
Eighteen male SD rats at 5 weeks of age were maintained. After fed
adaptively for 1 week, the rats were randomly divided into three groups
(N=6/group) as follows: 1) Ctrl group, control group with no ligation;
2) Ligature (Lig) group, rats with ligature-induced periodontitis un-
treated; 3) Lig-AuNPs group, rats with ligature-induced periodontitis
were treated with 45 nm AuNPs. In brief, the rats were anesthetized
with pentobarbital sodium (Merck Millipore) via peritoneal injection.
Then silk ligatures (4-0) were tied around the cervical area of the
maxillary bilateral second molars to induce the periodontitis. In order
to eliminate the influence of the probable tissue destruction caused by
mechanical trauma, the ligatures were also placed around the teeth in
control group, but they were quickly removed once they are put in
place. Subsequently, the palatal gingiva of the treated molars was in-
jected with 100 μL of 2.5 μM AuNPs (or 0.9% NaCl solution as control in
Ctrl group and Lig group) at the mesial, middle and distal sites dis-
persedly every three days. After two weeks, all the rats were sacrificed
by overdose with anesthetics. The tissues were collected for the fol-
lowing analyses.

To observe the changes in morphology, quantity and quality of the
alveolar bone, the maxillae were scanned using Micro-CT (SkyScan
1176, Bruker micro-CT, Kontich, Belgium). Three-dimensional (3D)
digitized images and sectional images in the mesio-distal and bucco-
lingual direction at different sites were reconstructed and obtained
(CTvox software and DataViewer software). Additionally, the bone-re-
lated parameters including bone mineral density (BMD), bone volume
(BV), tissue volume (TV), and BV/TV around the molars under ligation
were measured (CTAn software). The ROI of the bone-related para-
meters measurement was the bone area surrounding the maxillary
second molars and the teeth were excluded. The bone height around the
maxillary second molars were also analyzed through measuring the
distances from cement-enamel junction to the alveolar bone crest at six
sites around the teeth (Image-pro-plus 6.0 software), including the
mesial site in buccal/palatal side (MB, MP), central site in buccal/pa-
latal side (B, P) and distal site in buccal/palatal side (DB, DP).

Moreover, the tissue sections in the mesio-distal direction were
made according to the method described above. Then the sections were
stained with H&E and Masson stain, as well as the specific tartrate-
resistant acid phosphatase (TRAP) stain to evaluate the histological
changes and osteoclastic activity in the periodontal tissue. The number
of osteoclasts per square millimeter around the alveolar bone surface
was counted and analyzed on the basis of the TARP staining images.
The iNOS expression (antibody obtained from Abcam, #ab15323,
Rabbit pAb) in the periodontal tissues around maxillary second molars
was also measured by the immunohistochemical method. Then the
quantitative analysis of iNOS expression was accomplished with Image
Pro Plus 6.0 software.

All the animal experiments were approved by the Animal Ethics
Committee of Nanjing University and were carried out in accordance
with the National Institutes of Health guide for the care and use of
Laboratory animals.

2.10. Statistical analysis

All statistical computations were performed using GraphPad Prism
6.0 software, and the statistical significance was analyzed using one-
way or two-way ANOVA followed by the Tukey post hoc test. All the
data are shown as the mean ± standard deviation (SD). The level of
significance was set as P < 0.05.

3. Results

3.1. The size-dependent effects of AuNPs on the regulation of inflammatory
response and phenotype switch of macrophages

AuNPs with different diameters (5 nm, 13 nm and 45 nm) were
synthesized by the chemical reduction method and then modified by L-
cysteine [6,33]. The diameters of the AuNPs were confirmed by DLS
measurement (Fig. S1A). According to the results, the diameters of the
resulting AuNPs were 5 nm, 13 nm and 45 nm. The AuNPs were also
analyzed using UV–vis absorbance spectrophotometry. The UV–vis ab-
sorption spectra showed redshifts of the maximum with increasing
diameter, with the maxima shifting to 515 nm, 520 nm and 530 nm for
the 5 nm, 13 nm and 45 nm nanoparticles, respectively (Fig. S1B).
Three kinds of AuNPs all show great biocompatibility in RAW 264.7
macrophage cells according to the results of CCK-8 assay (Fig. S2A),
LDH cytotoxicity assay (Fig. S2B) and ROS detection (Fig. S2C). The
AuNPs with three diameters all could be taken in by the macrophages
quickly, and the internalized AuNPs were only found inside the inter-
cellular vesicles in the cytoplasm of macrophage cells regardless of the
AuNP size (Fig. S2).

To investigate the immunoregulatory effects of AuNPs on the in-
flammatory response and polarization of macrophages, the E. coli LPS
was used to simulate an inflammatory condition. The phenotype of
macrophages was determined by real-time PCR, ELISA, Western blot-
ting and flow cytometry.

In the situation without LPS stimulation, the AuNPs not only ele-
vated the mRNA level of M1-related factors such as TNF-α, IL-6 and
iNOS but also facilitated the expression of M2-related factors, including
Arg-1, IL-10 and TGF-β, in macrophages (Fig. 1A). In addition, the ef-
fect was strongest for the 13 nm AuNPs, followed by the 45 nm and
5 nm AuNPs. The ELISA results for TNF-α were consistent (Fig. 1B).
However, when facing the inflammation resulting from LPS, the AuNPs
showed great anti-inflammatory potential. According to the real-time
PCR results (Fig. 1C), the LPS stimulation could lead to extremely high
expression of TNF-α, IL-6 and iNOS, and this effect could be remarkably
inhibited by 13 nm and 45 nm AuNPs. Moreover, the transcription of
Arg-1, IL-10 and TGF-β influenced by 13 nm and 45 nm AuNPs became
more active than that in the LPS group (Fig. 1C). The role of 5 nm
AuNPs was less clear and stable than other two AuNPs. ELISA results
(Fig. 1D) further confirmed the effects of the 45 nm AuNPs on de-
creasing the concentration of the pro-inflammatory factors TNF-α and
IL-6. Additionally, the IL-10 expression was enhanced by 45 nm AuNPs,
but the increase was not significant (Fig. 1D). Moreover, the expression
of CD86, which is a surface marker of M1-phenotype macrophage cells,
was also determined by flow cytometry. The results (Fig. 1E) revealed
that when LPS existed, according to the analysis results of positive rate
and mean fluorescence intensity of CD86, the 45 nm AuNPs were still
the only one that could depress the up-regulatory effect of LPS on CD86
expression. The expression of M2 marker CD206 was also evaluated by
flow cytometry, however, the basic expression level of CD206 in RAW
264.7 cells was quite low, and the AuNP-induced changes of CD206
expression were not significant (Fig. S3). Additionally, the protein
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Fig. 1. AuNPs inhibited the LPS-induced inflammatory response of macrophages and promoted the macrophage phenotype switch from M1 to M2 and the expression
of BMP-2. (A, C) Real-time PCR analysis of the gene expression of the M1-related TNF-α, IL-6, and iNOS and the M2-related IL-10, TGF-β, and Arg-1, (B, D)
concentrations of TNF-α, IL-6 and IL-10 in the cell supernatant measured by ELISA, (E) relative protein levels of Arg-1 and iNOS determined by Western blotting, (F)
flow cytometry analysis of the M1-related marker CD86 and (G, H) the BMP-2 expression measured by Real-time PCR and ELISA in RAW 264.7 cells incubated with
AuNPs in the absence or presence of LPS. *P < 0.05**P < 0.01, ***P < 0.001, ****P < 0.0001.
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expression of M2 marker Arg-1 and M1 marker iNOS measured by
Western blotting (Fig. 1F) showed that the LPS aggravated the gen-
eration of the M1 marker iNOS and attenuated the formation of the M2
marker Arg-1, and AuNPs with the three diameters all possess the in-
hibitory role on the phenotypic switch in this process. Comparing with
5 nm and 13 nm AuNPs, the effects of 45 nm AuNPs still seemed to be
slightly stronger (Fig. 1F).

Overall, in terms of the efficacy of the three different size of AuNPs
in modulating macrophage polarization and anti-inflammation, the
results above indicated that the 45 nm AuNPs showed the best perfor-
mance.

3.2. AuNPs promoted the BMP-2 expression in macrophages

As previously described, macrophages can also produce BMP-2 to
regulate osteogenesis. Hence, in our study, the BMP-2 expression
regulated by AuNPs was assessed through real-time PCR and ELISA. As
shown in Fig. 1G, in the condition without LPS stimulation, the BMP-2
mRNA level became significant higher after treatment with 45 nm
AuNPs compared with the Ctrl group, while the minor upregulation of
BMP-2 expression induced by 5 nm AuNPs and the down-regulatory
tendency caused by 13 nm AuNPs were both not significant. However,
the protein levels were not consistent, as there was little changes found
when compared with Ctrl group (Fig. 1G). When LPS was present, the
effects of AuNPs became much more distinct. The 45 nm AuNPs sig-
nificantly promoted the mRNA expression of BMP-2 (Fig. 1H). The
protein analysis indicated that the 13 nm and 45 nm AuNPs could both
significantly increase the concentration of BMP-2, while the results for
the 5 nm AuNPs failed (Fig. 1H).

In general, considering these findings, 45 nm AuNPs performed
better in anti-inflammation and the regulation of the polarization and
BMP-2 expression in macrophages. And this size-dependent regulatory
effects of AuNPs on macrophages were further confirmed in murine
bone marrow-derived macrophages (BMMs) and THP-1 derived mac-
rophages. The results showed, the AuNPs with three diameters all had
great biocompatibility in BMMs (Fig. S4) and could inhibit the in-
flammatory response aroused by LPS (Figs. S5 and S6). Among these
AuNPs, the 45 nm AuNPs could downregulate the LPS-induced in-
creased secretion of TNF-α, IL-6 and enhance the IL-10 and BMP-2
expression more effectively when compared to 5 and 13 nm AuNPs
(Figs. S5 and S6). Therefore, we chose the 45 nm AuNPs for the fol-
lowing experiments.

3.3. In LPS activated inflammatory condition, AuNPs enhanced the
osteogenic and cementogenic differentiation of hPDLCs via the interaction
between AuNPs-conditioned macrophage and AuNPs-stimulated hPDLCs in
the macrophage-hPDLCs coculture system

In LPS activated inflammatory condition, the effects of AuNPs on
the osteogenic and cementogenic differentiation of hPDLCs in macro-
phage-hPDLCs coculture system through directing macrophages,
hPDLCs or both cells were studied respectively through the corre-
sponding methods shown in the schematic diagram (Figs. 2A, 3A and
4A).

First, the cell viability and proliferation in different macrophage CM
were evaluated by the CCK-8 assay. The results (Fig. 2B) showed that on
day 3 and day 5, four kinds of CM could all promote the growth of
hPDLCs compared to that in the NC group. On day 1 and day 7, all
groups had no obvious difference. Therefore, generally, the CM with or
without LPS did not exert negative effects on cell proliferation.

Subsequently, the osteogenic and cementogenic differentiation of
hPDLCs in different conditions was analyzed. In the noninflammatory
condition, the transcription level of the osteogenic factors ALP and
COL-l and cementogenic specific factor CAP in hPDLCs were all in-
creased in the AuNPs-modulated macrophage CM (45 nm group)
(Fig. 2C), though the changes in protein level was not so distinct

(Fig. 2F). Similarly, the AuNPs-modulated macrophage CM also en-
hanced the ALP activity (Fig. 2E) and facilitated the formation of mi-
neralized nodules in hPDLCs in the ARS and Von Kossa staining results,
compared to NC group (Fig. 2G).

Meanwhile, as shown in Fig. 3, the 45 nm AuNPs could also ex-
pedited the osteogenic process with the direct use in hPDLCs in non-
inflammatory macrophage CM. The mRNA expression of ALP, COL-1
and OCN (Fig. 3B), the ALP activity (Fig. 3D), and the protein levels of
ALP (Fig. 3E) were increased in the AuNPs-stimulated hPDLCs (Ctrl-
AuNPs group). Additionally, the ALP staining along with ARS and Von
Kossa staining (Fig. 3F) also showed higher levels of ALP and calcium
deposition generation with the use of AuNPs in hPDLCs. As for the
specific cementogenic factors CEMP-1 and CAP, the mRNA level of
CEMP-1 in Ctrl-AuNPs group was upregulated (Fig. 3B), while its pro-
tein expression and CAP expression were all not significant changed
(Fig. 3E).

In the macrophage-related inflammatory microenvironment arouse
by LPS (LPS group), the osteogenic differentiation of hPDLCs was in-
hibited, as the gene and protein expression of osteogenic factors such as
Runx-2, ALP, COL-1 (Fig. 2C and F), the ALP activity (Fig. 2E) and the
ALP staining (Fig. 2G) were all remarkably downregulated. What's
more, no mineralization nodules was found in LPS group in the ARS and
Von Kossa staining images (Fig. 2G). Interestingly, the expression of
CEMP-1 and CAP measured by PCR and Western Blot was upregulated
instead (Fig. 2C and F), suggesting the cementogenic differentiation
was enhanced.

In such an LPS stimulated inflammatory condition, without the di-
rect application of AuNPs in hPDLCs, the protein level of ALP and
CEMP-1 (Fig. 2F) and the ALP staining (Fig. 2G) of hPDLCs in AuNPs-
modulated inflammatory macrophage CM (LPS+45 nm group) were
indeed enhanced when compared with those in the LPS group. The PCR
(Fig. 2C) and ALP activity (Fig. 2E) results showed that the regulatory
role of AuNPs on inflammatory macrophage CM slightly increased the
mRNA expression of Runx-2, ALP, COL-1, OCN, CAP and CEMP-1,
though the difference with LPS group was not significant. Nevertheless,
the long-term mineralized nodules formation was not ideally improved
(Fig. 2G, LPS+45 nm group).

Furthermore, the direct use of AuNPs in hPDLCs in the in-
flammatory microenvironment (LPS-AuNPs group) also could only
slightly increased the protein levels of Runx-2, ALP and CEMP-1 com-
pared to LPS group (Fig. 3E) and made the ALP staining became a little
bit deeper (Fig. 3F). However, the direct effects of AuNPs on hPDLCs
couldn't significantly inhibit the descending tendency of the Runx-2,
ALP, COL-1 mRNA expression (Fig. 3B) and the ALP activity (Fig. 3D)
resulting from inflammation, and the mRNA levels of CAP and CEMP-1
in LPS-AuNPs group was not further significantly increased either
(Fig. 3B). The ARS staining and Von Kossa staining images showed the
mineralized nodules were still nowhere to be found in the AuNPs-sti-
mulated inflammatory hPDLCs (Fig. 3F, LPS-AuNPs group).

However, with the combination of the modulatory effects on mac-
rophage CM and hPDLCs, the AuNPs distinctly and significantly upre-
gulated the mRNA (Fig. 4B) and protein (Fig. 4E) levels of Runx-2, COL-
1, ALP, OCN, CAP and CEMP-1. ALP activity analysis showed the same
variation tendency (Fig. 4D). Similar results were also found in ALP
staining as the increased ALP staining became more clear and definite
with the AuNPs (Fig. 4F). Interestingly, mineralization process was
accelerated with visible calcium nodules in hPDLCs with the help of
AuNPs even in the inflammatory microenvironment (Fig. 4F).

What's more, the expression of the factors related to osteoclasto-
genesis activity including RANKL and OPG in hPDLCs was also de-
termined. We found the mRNA expression of RANKL was increased in
the inflammatory microenvironment (LPS group), while the expression
of OPG was almost unchanged (Fig. 2D). The AuNPs could down-
regulate the expression of RANKL in hPDLCs through directing the
macrophage CM (Fig. 2D). Meanwhile, the direct application of AuNPs
in hPDLCs also induced the decreased expression of RANKL and
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increased production of OPG (Fig. 3C). Subsequently, with the com-
bined effects of AuNPs on the macrophages and hPDLCs, the AuNPs
played an inhibitory role against the RANKL/OPG ratio change in the
inflammatory microenvironment with significantly reduced mRNA
level of RANKL and elevated expression of OPG (Fig. 4C).

Hence, these results indicated that, the AuNPs could effectively
improve the osteogenic and cementogenic activity and downregulate
the osteoclastogenesis activity through modulating the macrophage CM
and hPDLCs, indicating that the AuNPs possessed great value and po-
tential for the bone and cementum regeneration in vitro.

3.4. The hPDLCs in AuNPs-modulated inflammatory macrophage-hPDLCs
co-culture system showed better in-vivo periodontal regeneration potential in
a rat periodontal fenestration defect model

Next, to confirm the in-vitro enhanced osteogenic and cementogenic
potential of the hPDLCs in the AuNPs-modulated inflammatory
macrophage–hPDLCs coculture system and investigate the consistency
between in-vitro and in-vivo studies, we used a rat periodontal fenes-
tration defect model. As shown in the schematic diagram (Fig. 5A), the
macrophage-hPDLCs system was treated with AuNPs in vitro and then
the hPDLCs were placed into the rat periodontal defects. 3 weeks after
the surgery, we observed the histological changes in the periodontal
defects via H&E and Masson stained specimen sections (Fig. 5B). Based

Fig. 2. AuNPs slightly promote the osteogenic and cementogenic differentiation through modulating the inflammatory macrophage CM when AuNPs are not directly
applied to hPDLCs. (A) Schematic diagram of the cell processing method. (B) Cell vitality analyzed by the CCK-8 assay on day 1, day 3, day 5 and day 7. (C) Real-time
PCR analysis of the relative mRNA levels of the osteogenic factors Runx-2, ALP, COL-1, and OCN and the cementogenesis-specific factors CAP and CEMP-1 on day 5.
(D) Real-time PCR analysis of osteoclastic factors, including RANKL and OPG, on day 5. (E) ALP activity levels on day 7. (F) Relative protein levels of COL-1, Runx-2,
ALP, CAP and CEMP-1 determined by Western blotting on day 7. (G) ALP staining on day 7 and mineralized nodules stained with ARS and Von Kossa stain on day 21.
#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, compared with the NC group. *P < 0.05, **P < 0.01, ***P < 0.001. Mφ-CM = macrophage
conditioned medium.
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on the histological results, the quantity of the newly-formed tissue was
calculated (Fig. 5C). Similar to the in-vivo results, the in-vivo bone re-
generation potential of inflammatory hPDLCs was inhibited, as com-
pared with Ctrl group, less newly-formed alveolar bone (NAB) was
found in the periodontal defect region (LPS group). The amount of
newly-formed periodontal ligament (NPDL) was also decreased in LPS
group and the structure of these NPDL was sparser, more disordered
and more scattered than Ctrl group. Moreover, interestingly, there was
hardly any new cementum formation in the Ctrl group, but the in-
flammatory groups (LPS and LPS-AuNPs group) both could promote the
generation of newly-formed cementum (NCem) of varying degrees, in
accordance with the in-vitro studies. Compared with the LPS group, we
observed the hPDLCs in LPS-AuNPs group with better capacity for the
formation of new alveolar bone and cementum, and the NPDL in this
group was also improved with thicker and denser collagen fibers, in-
dicating that the hPDLCs in AuNPs-modulated inflammatory macro-
phage–hPDLCs coculture system showed better in-vivo regenerative
potential. These results also suggest the consistency between the in-vitro
and in-vivo studies about the effects of AuNPs on macrophage-hPDLCs
coculture system.

3.5. AuNPs inhibited the progression of ligature-induced periodontitis in rats

In view of the effects of AuNPs on the inflammation and periodontal
regeneration, an in-vivo study was performed to further confirm the
interventional effects of AuNPs on periodontitis as shown in the sche-
matic diagram (Fig. 6A).

Based on Micro-CT analysis, the 3D reconstructed images and dif-
ferent sectional images were shown in Fig. 6B. And the BMD, BV, TV,
BV/TV and the bone height at six sites were also measured (Fig. 6C and
D). We observed that the ligation successfully induced the periodontitis
in rats and caused the bone quality loss and the bone height reduction
around the teeth including the root bifurcation area (Lig group). The
injection of AuNPs could remarkably alleviate the alveolar bone loss
surrounding the maxillary second molars caused by ligation (Lig-
AuNPs).

The H&E and Masson staining (Fig. 7A) showed that the elastic fi-
bers and collagenous fibers were denser and more well-organized in the
groups with AuNP treatment (Lig-AuNPs group), while in the Lig group,
the ligature-induced periodontal inflammation led to the fiber degen-
eration and degradation, subsequently causing disordered and sparse
arrangement of the fibers in the periodontal tissue. Furthermore, TRAP
staining images (Fig. 7B) and the quantitative analysis results (Fig. 7D)

Fig. 3. In LPS-activated inflammatory condition, AuNPs slightly improve the osteogenic and cementogenic differentiation through directly modulating the hPDLCs.
(A) Schematic diagram of the cell processing method. (B) Real-time PCR analysis of the relative mRNA levels of Runx-2, ALP, COL-1, OCN, CAP and CEMP-1 on day 5.
(C) Real-time PCR analysis of osteoclastic factors, including RANKL and OPG, on day 5. (D) ALP activity levels on day 7. (E) Relative protein levels of COL-1, Runx-2,
ALP, CAP and CEMP-1 determined by Western blotting on day 7. (F) ALP staining on day 7 and mineralized nodules stained with ARS and Von Kossa on day 21.
#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, compared with the Ctrl group. *P < 0.05. Mφ-CM = macrophage conditioned medium.
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showed the number of osteoclasts was decreased by AuNPs when the
ligation existed. The expression of iNOS was measured by im-
munohistochemistry methods and the results (Fig. 7C and D) revealed
that in the periodontal tissue with periodontitis, the expression of iNOS
became significant higher than the Ctrl group, but the AuNPs could
inhibit this inflammatory response and downregulate the level of iNOS.

4. Discussion

The periodontal tissue regeneration in periodontitis is still challen-
ging due to the limited regenerative capacity of cementum and the
adverse impact of the immune microenvironment under bacterial in-
fection [12,35]. Recently, the crosstalk between macrophage activities
and bone regeneration has been highlighted for the development and
assessment of advanced biomaterials [36]. Since macrophages play
crucial roles in the pathological mechanism of periodontitis, these
findings provides a new strategy to investigate the potential of bio-
materials in periodontal regeneration and periodontitis treatment, that
is to take the activity of macrophages into consideration during the

process of tissue regeneration. Moreover, since the cells with stemness
like hPDLCs are the primary cells for tissue formation, the regenerative
capacity of these cells is also quite essential. Thus, the macrophages and
hPDLCs should be considered as an integral, and the ideal biomaterials
may have the potential to regulate the immune response of macro-
phages and subsequently promote the tissue regeneration under this
condition.

In this study, we synthesized AuNPs with different diameters in-
cluding 5, 13 and 45 nm. It is known that the biophysicochemical
properties like size, shape and surface hydrophobicity of the nano-
particles largely determine the nanoparticle-cell interaction. To control
the surface charge and hydrodynamic size of AuNPs, stabilize the na-
noparticles and induce cell penetration, AuNPs are often modified with
many molecules via electrostatic, Van der Waals, coordination and
hydrophobic interactions [37–40]. Cysteine is one of the common
coating agents used to modify AuNPs for biomedical applications, as
cysteine is a typical thiol-terminated zwitterionic biomolecule that can
easily form a strong bond with the gold interface through gold-thiol
chemistry [38,41,42]. The thiol group of cysteine is coordinated to the

Fig. 4. In LPS-activated inflammatory condition, AuNPs significantly enhanced the osteogenic and cementogenic differentiation of hPDLCs through modulating both
macrophage CM and hPDLCs. (A) Schematic diagram of the cell processing method. (B) Real-time PCR analysis of the relative mRNA levels of Runx-2, ALP, COL-1,
OCN, CAP, and CEMP-1 on day 5. (C) Real-time PCR analysis of osteoclastic factors, including RANKL and OPG, on day 5. (D) ALP activity levels on day 7. (E)
Relative protein levels of COL-1, Runx-2, ALP, CAP and CEMP-1 determined by Western blotting on day 7. (F) ALP staining on day 7 and mineralized nodules stained
with ARS and Von Kossa on day 21. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, compared with the Ctrl group. *P < 0.05, **P < 0.01,
***P < 0.001. Mφ-CM = macrophage conditioned medium.
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gold surface, whereas the deprotonated carboxy group acts as a nega-
tively charged repulsive outer layer, so as to improve the colloidal
particle stability, avoid the particle aggregation and help the cellular
uptake through controlling the surface charge of the nanoparticles
[42–44]. Since the cysteine is the only natural amino acid containing a
thiol group, the coating with cysteine is also biocompatible and can
permit the subsequent conjugation with peptides and proteins [42].
Additionally, the cysteine is also able to tailor the size, aspect ratio and
optical properties of NPs and to mediate the NP assembly through the

interaction of Cys zwitterions [45]. Hence the cysteine is a great coating
biomolecule in the synthesis and application of AuNPs. Therefore, we
used L-cysteine to cap the AuNPs. The characterization of AuNPs were
measured through DLS intensities and UV–vis absorption spectra, and
the results were almost the same as those of the previous study, sug-
gesting the stability of the AuNPs [6].

The RAW 264.7 cell line has been widely used in biomedicine and
biomaterial filed as a model macrophage cell line. Many studies have
used the RAW 264.7 cells to study the macrophage phenotype switch,

Fig. 5. The hPDLCs in AuNPs-modu-
lated inflammatory macrophage-
hPDLCs coculture system showed
better in-vivo periodontal regeneration
potential in a rat periodontal fenestra-
tion defect model. (A) Schematic dia-
gram of the rat periodontal fenestration
defect experiment. B = buccal side,
L = Lingual side. (B) The re-
presentative H&E and Masson staining
images after 3 weeks. (C) The corre-
sponding quantitative analysis of the
newly-formed alveolar bone, ce-
mentum and periodontal ligament.
###P < 0.001, compared with the
Ctrl group. ***P < 0.001.
AB = alveolar bone; C = cementum;
D = Dentin; PDL = periodontal liga-
ment; NPDL = newly-formed period-
ontal ligament; NAB = newly-formed
alveolar bone; NCem = newly-formed
cementum.
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inflammatory cytokine production and their influence on mesenchymal
cell differentiation [21,46–48]. And the RAW 264.7 cells could most
closely mimic bone marrow-derived macrophages in terms of cell
phenotype surface receptors and response to microbial ligands [49].
Thus to investigate the regulatory effects of AuNPs on macrophages, we
used the RAW 264.7 macrophage cells. We firstly evaluated the bio-
compatibility and cellular uptake of AuNPs in macrophages. The results
showed AuNPs with three diameters in the concentration of 10 μM were
all harmless to RAW 264.7 cells. It is reported that nanoparticles could
induce a pro-oxidant environment and promote the generation of ROS
in cells, thereby resulting in cell damage, apoptosis, necrosis and in-
flammatory response [50]. However, ROS level in our study was not
enhanced by AuNPs, suggesting the great biocompatibility of AuNPs,
and the result was consistent with another study [30].

Since the AuNPs are inorganic metal nanoparticles which are non-
degradable, the cellular uptake and bioaccumulation of AuNPs is a
meaningful and interesting issue which has raised lots of attention. The
uptake of AuNPs in macrophages have been widely reported, and this
process is affected by many factors including the particle size, shape
and surface chemistry [51,52]. Similarly, in our study, we observed the
uptake of AuNPs with three diameters in macrophages after 3 h and the
internalized nanoparticles mainly located in the vesicles within cyto-
plasm. No AuNPs were seen in cell organelles and nucleus. Similar to

other studies, the AuNP uptake into macrophages might occur through
endocytosis [30,53]. Studies found that after uptake, the internalized
AuNPs cells could also leave the cells through the exocytosis process
[51,54,55]. Interestingly, after that, some modified AuNPs could even
be re-uptaken by cells [55]. Thus the cellular accumulation of the na-
noparticles might depend on the interaction between cellular uptake
and exocytosis. In this study, we found the AuNPs was not absorbed
completely by macrophages and the rest of the nanoparticles were re-
mained in the culture medium after incubation with AuNPs for 24 h, as
the residual AuNPs in the culture media was visible on the bottom of
centrifugal tubes after centrifugation. However, to better understand
the process of uptake and exocytosis and to investigate the dynamic
change about the accumulation of AuNPs in macrophages, a long-term
observation and much more effects may be needed in future studies.

The functional dynamic transformation of the macrophage pheno-
type occurs in both physiological and pathological conditions, different
phenotypes play diverse role in inflammation process and tissue repair
[14,56]. We observed the LPS could induce the macrophages to polarize
into a pro-inflammatory M1 phenotype and increase the secretion of
inflammatory factors to construct an inflammatory microenvironment.
During this process, the AuNPs, especially 45 nm AuNPs, played an
anti-inflammatory role through inhibiting the M1 phenotype polariza-
tion and promoting the phenotypic switch to M2 phenotype. Thus,

Fig. 6. AuNPs inhibited the bone loss in rat
ligature-induced periodontitis. (A)
Schematic diagram of the rat periodontitis
experiment. (B) 3D reconstructed digitized
images, mesio-distal section images and
bucco-palatal section images of the max-
illary second molars analyzed by Micro-CT.
(C) Bone-related parameters (BMD, BV, TV
and BV/TV) and (D) bone height at six sites
of the maxillary second molars in different
groups analyzed by Micro-CT #P < 0.05,
##P < 0.01, ###P < 0.001, compared
with the Ctrl group. *P < 0.05,
**P < 0.01, ***P < 0.001. MB/
MP = mesial site in buccal/palatal side; B/
P = central site in buccal/palatal side; DB/
DP = distal site in buccal/palatal side.
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Fig. 7. AuNPs inhibited the fiber destruc-
tion, osteoclast activity and inflammatory
response in rat ligature-induced period-
ontitis. (A) H&E and Masson staining
images and (B) TRAP staining images (ar-
rows indicate osteoblasts that are dyed red)
of the maxillary second molars. (C)
Expression of iNOS in the periodontal tissue
of maxillary second molars analyzed using
immunohistochemistry method. (D) The
corresponding quantitative analysis of the
osteoclast number and iNOS expression in
periodontal tissues. #P < 0.05,
##P < 0.01, ###P < 0.001, compared
with the Ctrl group. **P < 0.01,
***P < 0.001. AB = alveolar bone;
R = root; PDL = periodontal ligament. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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45 nm AuNPs had great immunomodulatory effects to improve the in-
flammatory condition. Interestingly, at present, studies concerning the
effects of AuNPs on inflammation have reached different conclusions.
Some studies indicated that AuNPs can attenuate the inflammatory
effects of LPS or IL-1β [29,57], while others found that AuNPs had no
impact [58] or even an up-regulatory effect [59] on the inflammatory
response of macrophages. The discrepancy may be caused by the dif-
ferences in the surface modification, concentration and size of the
AuNPs, as small changes in these features may make a big difference in
the properties of AuNPs [31,32,60].

BMP-2 is an important osteogenic factor necessary for the inherent
reparative capacity of bone and can accelerate the regeneration of
periodontal tissues with restored structure and function [10,61]. Mac-
rophages can also secret BMP-2 to participate in the osteogenic process
[21]. However, studies focusing on BMP-2 secretion in macrophages are
rare. BMP-2 belongs to the TGF-β family. It is known that TGF-β ex-
pression is associated with the M2 macrophages, however studies re-
ported that the BMP-2 secretion in M1 and M2 macrophages was not
significantly different, indicating changes in BMP-2 expression in
macrophages was different from TGF-β and might be not in accordance
with the macrophage polarization transformation [62]. Thus, in this
study, we additionally detected the effects of AuNPs on BMP-2 secretion
in macrophages and discussed it separately. We found 45 nm AuNPs
showed better performance in upregulating BMP-2 expression regard-
less of with or without LPS stimulation, compared with 5 and 13 nm
AuNPs.

Though the immortalized RAW 264.7 macrophages closely resemble
the BMMs in terms of the phenotype and function, the RAW 264.7 cells
might still present some diversities with the primary macrophages and
macrophages from other species in their overall behavior [49]. Con-
sidering this issue, the regulatory effects of AuNPs on macrophages was
further investigated in the primary BMMs and human THP-1 derived
macrophages. Interestingly, the size-dependent effects of AuNPs on
TNF-α, IL-6, IL-10 and BMP-2 expression were confirmed in the BMMs
and THP-1 derived macrophages with great biocompatibility and si-
milarly the 45 nm AuNPs showed better regulatory potential than 5 and
13 nm AuNPs, indicating the excellent role of AuNPs in im-
munomodulation.

So, 45 nm AuNPs were regarded as the optimum size as they might
have better potential to generate a favorable macrophage-related im-
mune microenvironment for tissue regeneration through regulating
macrophage inflammatory response, phenotype switch and cytokines
secretion. Similarly, in the earlier study of our team, the 45 nm AuNPs
also showed better performance in inducing the osteogenic differ-
entiation of hPDLCs, compared with 5 nm and 13 nm AuNPs. So based
on these findings, the 45 nm AuNPs were chose for the following stu-
dies.

Considering the potential modulatory effects of AuNPs on macro-
phages, it was speculated that the AuNPs might be able to regulate the
periodontal cell differentiation through improving the periodontal im-
mune microenvironment. Thus the macrophages and hPDLCs were co-
cultured in this study. Since the conditioned medium co-culture method
has been used between cells from different species in many studies,
including treating the murine cells with the conditioned media of
human cells [63–65]and incubating the human cells with the condi-
tioned media of murine cells [21,46,66,67], indicating the cells from
different species can be co-cultured and the cytokines they secreted can
also interact with each other, therefore, it was viable to co-culture the
murine macrophages with the human primary PDLCs via the condi-
tioned medium method. Thus the RAW 264.7 cells and hPDLCs co-
culture system was established by the conditioned medium method in
this study to subsequently analyze the osteogenic and cementogenic
differentiation of hPDLCs in generated different macrophage CM.

We found that, in the inflammatory microenvironment, the osteo-
genic differentiation of hPDLCs was markedly suppressed by the in-
flammatory CM of macrophages stimulated by LPS. Nevertheless,

another study found LPS alone does not reduce the expression of os-
teogenic factors or disturb the formation of calcium deposits in hPDLCs
[68]. One possible reason for the variability between our studies is
related to the different treatment with LPS, as in our study the LPS was
used to stimulate the macrophages and subsequently the CM of mac-
rophages was collected to treat hPDLCs, while in another study the LPS
was used directly on hPDLCs. LPS, an important structural component
of the outer membrane of gram-negative bacteria, can lead to an in-
flammatory response after recognition by Toll-like receptor 4 (TLR4)
[69,70]. Since immune cells, such as macrophages and monocytes,
mainly express TLR4 and are crucial members in the innate immune
response, these cells are more susceptible to LPS than other nonimmune
cells, like hPDLCs [71]. This susceptibility is proved from another point
of view: when cells are stimulated with E. coli LPS, the expression of
TLR4 which corresponds to the magnitude of the LPS response is up-
regulated in monocytes but does not significantly change in osteoblasts
[72,73]. Therefore, it is reasonable to speculate that macrophages are
the main target cells of LPS and are responsible for most of the actions
of LPS. Accordingly, in our study, although the CM might contain re-
sidual LPS, the inhibition effect on osteogenesis may result from the
cytokines in the CM produced by macrophage cells rather than from
LPS itself. Consistent with our inference, an in vivo study demonstrated
that the inhibition of osteogenesis induced by LPS in a murine model is
dependent on TNF-α [74]. Moreover, similar results showing that TNF-
α, IL-1β and IL-6 can suppress osteogenesis were reported in vitro
[75–79]. In the same way, our study has demonstrated that the CM of
the macrophages treated with LPS group contained more TNF-α and IL-
6 than the media of the other groups, consequently leading to decreased
osteogenic activity. Hence, it is noted that it’s not sufficient to simply
use LPS in osteoblasts and stem cells to simulate the inflammatory
condition in vitro, as the inflammatory microenvironment should be
mainly constructed by immune cells instead.

Cementum is a vital component in periodontal tissues, however,
opposite to osteogenic proteins, the expression of specific cementum
proteins including CAP and CEMP-1 were both enhanced in the in-
flammatory microenvironment. It is really interesting as some studies
has reported that TNF-α had a negative impact on cementoblast dif-
ferentiation [8,80], but in our study, the inflammatory CM with in-
creased TNF-α promoted the cementogenic differentiation. There are
some discrepancies between these results and ours case: first of all, the
cells are different, other studies used the OCCM-30 immortalized ce-
mentoblast cell line, we used the hPDLCs; second, the CM contains
various cytokines, including inflammatory and anti-inflammatory fac-
tors, osteogenic factors, and fibrogenic factors, that is, the micro-
environment constructed by the CM was much more complicated than
that with TNF-α alone; hence, these elements may be responsible for
the differences in the results. In addition, concerning the contrary effect
on bone and the cementum system, the Wnt signaling pathway may
participate in the process. The weakening of the bone-regeneration
ability of periodontal ligament stem cells (PDLSCs) induced by an in-
flammatory microenvironment with TNF-α and IL-1β was found to arise
from the increased level of β-catenin [79]. In contrast, the activation of
the Wnt/β-catenin signaling pathway has been proved to promote ce-
mentum regeneration both in vivo and in vitro [7,35]. Thus, the pro-
cesses of bone regeneration and cementum formation may be not syn-
chronous as the two process react differently to the Wnt/β-catenin
signaling pathway.

Another finding was that in non-inflammatory condition, the CM
regulated by AuNPs on macrophages promoted the osteogenic differ-
entiation of hPLDCs. However, in the inflammatory condition, even
though the immune microenvironment modulated by 45 nm AuNPs was
comprised with lower concentrations of TNF-α and IL-6 and higher
BMP-2 and IL-10 expression in macrophages cultured with LPS, the
generated microenvironment only facilitated the osteogenic and ce-
mentogenic activity to some extent and failed to improve the long-term
mineralization result. These results revealed that immunoregulatory
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effects of AuNPs did play a role on the osteogenesis and cementogenesis
in a short term. However, under the chronic inflammatory micro-
environment for a long-term, the stimulation of the residual in-
flammatory factors also disrupted the function of hPDLCs and down-
regulated their regenerative potential. So in the macrophage-hPDLCs
coculture system, only focusing on the modulatory role of AuNPs on
macrophages to improve the inflammatory microenvironment might
not be enough to reverse the long-term outcome.

Then we investigate the individual effects of AuNPs on hPDLCs
without considering the regulation of macrophage CM. The CM of
macrophage cells treated without or with LPS was used to simulate the
non-inflammatory or inflammatory microenvironment. Interestingly, in
the noninflammatory condition, the 45 nm AuNPs expedited the os-
teogenic differentiation, consistent with other studies [6,81–83].
However, in the inflammatory microenvironment, the role of AuNPs in
osteogenesis was weaken a lot. Merely relying on the direct effects of
AuNPs on hPDLCs was still not enough to significantly enhance the
osteogenic and cementogenic activity and improve the long-term cal-
cification formation of hPDLCs in a microenvironment with a strong
inflammatory response. These findings also confirmed the importance
of immune cells in tissue regeneration. It is noted that the modulation
of the macrophage-related immune microenvironment is quite essential
in regulating periodontal cell differentiation, since an unfavorable im-
mune microenvironment is detrimental to successful bone and ce-
mentum regeneration and can affect the performance of biomaterials.

Since the AuNPs could play a role on osteogenesis and cemento-
genesis through regulating macrophages and hPDLCs, it is needful to
combine these two interrelated and indispensable effects together when
assessing the effects of AuNPs on periodontal regeneration in vitro.
Interestingly, with the interaction between AuNPs-conditioned macro-
phages and AuNPs-stimulated hPDLCs, AuNPs significantly upregulated
the osteogenic and cementogenic differentiation of hPDLCs and ac-
celerated the mineralization process in the inflammatory micro-
environment.

What's more, the bone regeneration process is inseparable with os-
teoclast activity. Since the dynamic equilibrium of bone tissue may be
attributed to the regulation of RANK-RANKL-OPG axis and the hPDLCs
can also express RANKL and OPG, thus the RANKL/OPG expression
ratio in hPDLCs was measured [12,84–86]. It is well known that in-
creasing RANKL/OPG ratio can result in bone resorption; otherwise,
bone formation will take place. We observed that in the inflammatory
microenvironment, the RANKL/OPG ratio increased, suggesting more
osteoclastogenesis activity. However, with the immunoregulatory ef-
fects of AuNPs on macrophages, the level of RANKL was decreased in
AuNPs-modulated inflammatory macrophage CM, thus depressing the
osteoclast process with lower RANKL/OPG ratio. The changes about
RANKL/OPG expression conformed to the findings in osteoimmunology
that the inflammatory cytokines, such as TNF-α, IL-6 and IL-1, can
enhance the RANKL/OPG ratio, while anti-inflammatory factors, such
as IL-4 and IL-10, play the opposite role [12,85]. The AuNPs down-
regulated the TNF-α and IL-6 expression, and increased the IL-10 se-
cretion in the macrophages CM, giving AuNPs the possible ability to
decrease the RANKL/OPG ratio. In addition, the direct application of
AuNPs in hPDLCs could also bring some internal change to the cells,
subsequently inhibited the upregulation of RANKL/OPG ratio caused by
inflammation. As the AuNPs could regulate the RANKL/OPG expression
in these two ways, AuNPs might have great potential in inhibiting os-
teoclast activity and bone loss. Therefore, it revealed that AuNPs might
be a possible therapeutic agent for osteoclast-related bone metabolism
diseases, including periodontitis.

In this study, the AuNPs affected the function of both macrophages
and hPDLCs and the issues about how they worked were quite inter-
esting. Nowadays, the mechanisms under these AuNPs-induced cellular
functional changes have aroused wide concerns. In macrophages, var-
ious signaling pathway have been found to be involved with the anti-
inflammatory effects of AuNPs in macrophages, such as tuberin-mTOR/

NF-κB pathways [87], p38 MAPK/NF-κB and Ap-1 pathways [88,89].
Studies also found AuNPs could regulate the osteogenic differentiation
of osteoblasts and stem cells including the hPDLCs through P38 MAPK
pathway [81,90], ERK/MAPK signaling pathway [91], Wnt/β-catenin
signaling pathway [82] and autophagy [6]. Moreover, AuNPs also play
a role in the differentiation, viability and cellular behaviors of other
cells through mTOR/p70S6K pathway [92], Akt pathway [93] as well
as autophagy and apoptosis [93–95]. So the effects of AuNPs involve
multi-pathways and the relationship between these pathways and the
participation of other possible mechanisms may need further in-
vestigation in the future.

Above all, the in vitro studies suggested the 45 nm AuNPs promoted
the osteogenesis and cementogenesis process and downregulated the
osteoclastogenesis activity through modulating the macrophage-
hPDLCs co-culture system, thus AuNPs might have great potential for
periodontal regeneration. This finding was further confirmed in a rat
periodontal fenestration defect model. This animal model is a tradi-
tional model for the observation of periodontal tissues regeneration
through constructing a mandibular critical-size defect of bone, ce-
mentum and periodontal ligament and has been used for decades
[7,34]. In the in-vivo study, we could find that the hPDLCs in the AuNPs-
modulated inflammatory macrophage-hPDLCs co-culture system did
have better performance in in-vivo bone, cementum regeneration after
implanted into the defect area when compared to the those in-
flammatory cells without AuNPs modulation, which was in accordance
with the in-vitro results. The collagen fiber regeneration was also en-
hanced after treated with AuNPs. In vitro study showed that the AuNPs
could increase the expression of TGF-β in macrophages in the in-
flammatory condition. As the TGF-β is generally considered a fibrogenic
factor and may promoted the hPDLCs to form collagen fibers, the in-vivo
changes in fibers agreed with the TGF-β expression, proving the es-
sential role of macrophages in periodontal regeneration and the bio-
logical function of biomaterials once again.

Thus, the AuNPs could inhibit the inflammation and promote the
periodontal regeneration, so they might be a promising option for
periodontitis treatment. This conjecture is followed by an in-vivo studies
in s ligature-induced periodontitis model to confirm the therapeutic
values of AuNPs in periodontitis. The ligature method is considered a
well-acknowledged traditional way to simulate periodontitis and has
been used in many relevant studies [96–98]. This model is reported to
be similar to human periodontitis in various aspects, as the alveolar
bone resorption depends on bacteria and gingival tissue is infiltrated
with inflammatory cells [99]. It is well known that the inflammation
and bone loss sustained throughout the ligation period mainly depends
on the ligature-induced accumulation of bacteria in the ligature pla-
cement site, thus the ligature-induced model is suitable for the in-
vestigation of host response and periodontal tissue loss and repair
[100]. In the previous studies of our team, the periodontitis model was
successfully established in mice by ligation [101]. The intervention of
AuNPs in the animal models prevent the progression of bone loss and
fiber destruction. Moreover, the osteoclast activity was also weakened
by AuNPs in periodontitis models, in accordance with the in-vitro study
about the RANK/OPG expression. Corresponding to the Micro-CT and
in-vitro results, inflammation promoted the generation and activity of
osteoclasts and decreased the osteogenic activity, consequently dama-
ging the bone tissue, whereas the AuNPs suppressed this pathological
process and decreased the bone loss. These findings verified the con-
sistency between the in-vitro study and the in-vivo study and provided
strong evidence for the therapeutic potential of AuNPs for treating
periodontitis. What's more, the expression of iNOS in the periodontal
tissue treated with AuNPs was also downregulated, which indicated the
relief of the inflammation. iNOS was expressed by M1 phenotype
macrophages. The in-vitro study had shown the AuNPs inhibited the M1
polarization of macrophages caused by LPS and decreased the iNOS
expression, and this result was accordant with the in-vivo iNOS ex-
pression in the animal experiments. These consistencies found between
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in-vitro and in-vivo studies suggested the necessity and veracity of taking
the macrophages and hPLDCs as a whole in the in-vitro studies about
periodontal regeneration.

Currently, the distribution and bioaccumulation of AuNPs in vivo is
also a crucial issue and much progress have been made in this field.
Many studies have found that after intravenous administration with
AuNPs, the AuNPs could be distributed to many organs like liver,
kidney, lung, spleen, intestine et al., and the particle size and surface
charge strongly determine the unequal accumulation of AUNPs in these
tissues [102–105]. Excretion of gold in feces and urine could also be
observed and the clearance of AuNPs in vivo is mainly through the
hepatobiliary system into fecal excretion [103–106]. In this study, after
injection with AuNPs for 4 h, we have used ICP-MS to determine
amount of the AuNPs in the gingival tissue, and the results showed
0.33mg/L of the AuNPs in the gingival tissue homogenate, indicating
the AuNPs have been absorbed by the gingival tissues. On the basis of
those previous findings, we could speculate that the AuNPs injected to
the gingival tissue might subsequently translocate into blood and dis-
tribute into other tissues through the blood circulation, finally excrete
into feces. To figure out the distribution and clearance of AuNPs in this
in-vivo study and to verify this conjecture, a long-time observation
about the accumulation and excretion of AuNPs will be needed in the
further studies.

In general, this study found AuNPs modulated the crosstalk between
macrophages and hPDLCs for periodontal regeneration and period-
ontitis treatment. Actually, the process of periodontal tissue destruction
and regeneration is quite complex with the involvement of lots of cells.
In the pathogenesis of periodontitis, the inflammatory condition and
tissue damage is associated with the host immune response provoked by
the invading bacteria [11]. This process involves a variety of immune
cells, including macrophages, T cells, B cells, polymorphonuclear neu-
trophils (PMN) et al., and the modulation of these cells might be a
potential therapeutic target for periodontitis treatment
[11,14,15,107–109]. The macrophages are the major source of the
destructive factors like TNF-α, IL-1, IL-6 in the periodontal in-
flammatory microenvironment and are crucial contributors to tissue
breakdown [11,13,15]. Thus we choose the macrophages as one of the
objects of this study. However, the activity of many other immune cells
also contribute to the tissue loss. In the infectious condition of peri-
odontitis, the macrophages also present antigens to T cells to activate
the T cells and adaptive immunity [11]. The T cells are classified into
many subpopulations which play diverse roles [108]. The CD4+ T cells
are the major T cells responsible for the T-cell immune responses
against pathogens and they includes the T-helper 1 cells (Th1), T-helper
2 cells (Th2) and T-helper 17 cells (Th17) [11]. The Th1, Th17 cells are
reported to be associated the tissue loss through the expression of
RANKL and inflammatory cytokines, while Th2 cells could protect the
periodontal tissues from destruction [11,108]. Interestingly, the T-
helper cells (Th1/Th2 cells) can also affect the macrophage polariza-
tion, as Th1 cells produce large quantities of IFN-γ, activate macro-
phages to M1 phenotype and are essential for the defense against in-
tracellular pathogens, while Th2 cells mainly produce IL-4 to activate
macrophages to M2 phenotype and mediate recruitment of eosinophils
to sites of inflammation to help clear parasitic infections [11,14]. Si-
milar to T cells, the activated B cells can also contribute to the increased
periodontal bone resorption through secreting RANKL [11,108]. Fur-
thermore, in the periodontal tissue, the PMNs infiltration acts like a
double-edged sword, as they not only eliminate the invasion of mi-
croorganism, but also can further damage the tissue [107]. The hy-
peractive activity of PMNs and excessive PMN degranulation in peri-
odontitis are thought to be engaged in the tissue destruction [11,107].
Above all, these immune cells collaborate with each other and generate
a periodontal inflammatory microenvironment with plenty of in-
flammatory cytokines and osteoclastogenesis related factor RANKL in
periodontitis, subsequently influence the regenerative potential of the
periodontal cells and enhance the osteoclast activity. Therefore, the

interaction between the immune cells, the periodontal cells with dif-
ferentiation capacity and the osteoclasts are responsible for the peri-
odontal tissue loss. Considering the participation of so many cells in
periodontitis, the crosstalk between these cells is quite necessary and
valuable to investigate in periodontitis, which also provided a proper
strategy for periodontitis treatment. In this study, we mainly focus on
the macrophages and hPDLCs, and the possible crosstalk between other
types of cells still need further studies.

5. Conclusions

In summary, this study, for the first time, investigated the applica-
tion of AuNPs in periodontal regeneration in terms of the crosstalk
between macrophages and hPDLCs. We demonstrated that the 45 nm
AuNPs could regulate favorable inflammatory response, macrophage
polarization and cytokines production of macrophages, thus improve
the inflammatory microenvironment for periodontal tissue regenera-
tion. These findings suggested that AuNPs might be a potential ther-
apeutic option in periodontal tissue engineering and periodontitis
therapy.
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