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Abstract Background/purpose: Relieving immuno-inflammatory responses is the prerequi-
site step for treating periodontitis. The angiogenic small molecule, dimethyloxalylglycine
(DMOG), and osteoinductive inorganic nanomaterial, nanosilicate (nSi) have a powerful effect
on bone regeneration, whereas the roles in osteoimmunomodulation have not been totally un-
covered. Our study aimed to explore the immunomodulatory effect of DMOG/nSi-loaded
fibrous membranes on periodontal bone remodeling.
Materials and methods: The fibrous membranes were prepared by incorporating DMOG and nSi
into poly (lactic-co-glycolic acid) (PLGA) with electrospinning. The morphology features, sur-
face chemical property and biocompatibility of DMOG/nSi-PLGA fibrous membranes were char-
acterized. Thereafter, the fibrous membranes were implanted into rat periodontal defects,
bone remodeling potential and immunomodulatory effect were evaluated by micro-
computed tomography (micro-CT), histological evaluation and immunohistochemical analysis.
Results: DMOG/nSi-PLGA membranes possessed favorable physicochemical properties and
biocompatibility. After the fibrous membranes implanted into periodontal defects, DMOG/
nSi-PLGA membranes could relieve immuno-inflammatory responses of the defects (reduction
of inflammatory cell infiltration, CD40L and CD11b-positive cells), increased CD206-positive M2
macrophages, and eventually facilitated periodontal bone regeneration.
Conclusion: DMOG/nSi-PLGA fibrous membranes exert protective effects during periodontal
bone defect repairing, and steer immune response towards bone regeneration. Consequently,
DMOG/nSi-PLGA fibrous membranes may serve as a promising scaffold in periodontal tissue en-
gineering.
u.cn (S.-H. Ge).

008
l Sciences of theRepublic of China. Publishing services by Elsevier B.V. This is an open access article under
vecommons.org/licenses/by-nc-nd/4.0/).

mailto:shaohuage@sdu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jds.2020.10.008&domain=pdf
https://doi.org/10.1016/j.jds.2020.10.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
https://doi.org/10.1016/j.jds.2020.10.008
https://doi.org/10.1016/j.jds.2020.10.008


938 Z.-Q. Liu et al
ª 2020 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontitis is an infection-driven chronic disease in which
the host immune response is disturbed by key pathogens,
causing damage to the cementum, periodontal ligament
and alveolar bone. The immune homeostasis maintained by
immune cells regulating immuno-inflammatory response
can minimize periodontal tissue damage.1 Following the
control of local inflammation, regeneration of the
destroyed periodontium, especially alveolar bone, is
equally significant, which is a crucial challenge for peri-
odontal therapy. In recent years, some synthetic micro-
molecules or nanomaterials have come into existence for
biotechnological and biomedical applications. These
bioactive substances possess many advantages, such as
favorable biological effects, preferable stability, small
doses requirement and low cost.2 Therefore, it is mean-
ingful to develop a small molecule/nanomaterial-based
bioactive structure to regulate immuno-inflammatory
response and promote periodontal bone regeneration.

Dimethyloxalylglycine (DMOG), pharmacological inhibi-
tor of prolyl hydroxylases (PHDs), can indirectly activate
hypoxia-inducible factor 1 (HIF-1), which can regulate gene
expression to adapt hypoxia, including angiogenic-related
genes.3 Consequently, DMOG significantly contributed to
wound repair and bone regeneration in vivo by enhanced
vascularization.4e7 DMOG, on the other hand, has been
reported to play a protective role in the development of
inflammatory diseases such as inflammatory bowel disease
(IBD), osteoarthritis, and apical periodontitis.8e10 Studies
indicated that DMOG or PHD inhibition diminished the
secretion of pro-inflammatory cytokines and alleviated the
response of immuno-inflammation via skewing macro-
phages towards anti-inflammatory M2 phenotype.11,12 In
our previous study, DMOG relieved lipopolysaccharide
(LPS)-induced inflammatory response in human gingival fi-
broblasts, indicating its potential in treating periodontal
diseases.13 However, in vivo immunomodulatory effect of
DMOG on periodontal tissue regeneration has not been
revealed. Thus, it is essential to clarify its roles in the early
inflammatory stage of periodontal defect healing.

Nanosilicate (nSi, Naþ0.7 [(Mg5.5Li0.3)Si8O20(OH)4]
-
0.7) con-

sists of synthetic two-dimensional silicate nanoplatelets
with disk-shaped geometry of 20e50 nm in diameter and
1e2 nm in height. In an aqueous solution, nSi could disso-
ciate into nontoxic ionic products, Naþ, Mg2þ, Si(OH)4 and
Liþ, which were beneficial to tissue regeneration.14,15 The
osteogenic effect of nSi has been reported in various types
of cell and ectopic bone regeneration.14,16e20 However, its
roles in in situ osteogenesis, especially periodontal bone
regeneration, have rarely been reported. In addition to its
favorable osteogenic potential, nSi has been confirmed to
possess osteo-immunomodulatory properties, and induce
macrophage M2 phenotypic switch in the presence of bone
marrow mesenchymal stem cells (BMSCs) to improve bone
repairing.21 Additionally, the individual ions (Liþ, Mg2þ, and
Si(OH)4) within nSi were intimately linked to immunomo-
dulation. For instance, Mg plays a pivotal role in the im-
mune system, and Mg deficiency was accompanied by
increased levels of proinflammatory cytokines (IL-6, TNF-
alpha) and inflammatory cell recruitment.22 Small
amounts of Mg, doping on a titanium surface, promoted
polarization of macrophages to anti-inflammatory and pro-
tissue healing M2 phenotype.23 The released orthosilicic
acid from sodium silicate might be responsible for its im-
mune stimulatory effects and mitochondria activation.24

Consequently, it is meaningful to explore the immuno-
modulatory properties and regenerative potential of nSi in
periodontal bone regeneration.

In our study, angiogenic DMOG and osteogenic nSi were
combined to maximize periodontal bone regeneration since
alveolar bone is highly vascularized tissue. Poly (lactic acid-
co-glycolic acid) (PLGA) is a popular non-toxic polymer with
excellent biodegradability, biocompatibility and drug de-
livery ability.25 Accordingly, DMOG/nSi-loaded PLGA fibrous
membranes were prepared to explore the immunomodula-
tory effects of this dual release system on periodontal bone
regeneration. The physicochemical properties and cell
compatibility were characterized. Subsequently, the
fibrous membranes were transplanted into a rat periodontal
bone defect model, and micro-computed tomography
(micro-CT), histological assessment and immunohisto-
chemical analysis were performed to evaluate immuno-
modulation and periodontal bone regeneration.

Materials and methods

Materials

Poly (D, L-lactide-co-glycolide) (LA:GAZ 75:25,
MWZ 90,000) was purchased from Jinan Daigang Bioma-
terial Co., Ltd, Jinan, China. Nanosilicates (type: Laponite
XLG) were supplied by Southern Clay Products, Gonzales,
TX, USA.

Preparation of DMOG/nSi-PLGA fibrous membranes

Electrospinning technique was used to prepare DMOG/nSi-
PLGA fibrous membranes. PLGA was dissolved in hexa-
fluoroisopropanol (HFIP, Macklin, Shanghai, China) to obtain
the 20% (w/v) PLGA solution. Afterwards, DMOG (MCE,
Monmouth Junction, NJ, USA, 1% w/w of PLGA) and nSi (5%
w/w of PLGA) were dispersed in PLGA solution to get ho-
mogeneous solutions by sonicating and stirring. The spin-
ning solution was transferred to a 5mL syringe with a metal
needle. A voltage of 11e13 kV was applied to the metal
needle, and the distance between the needle tip and the
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aluminum foil-covered collector was 18 cm. The solution
flow rate was 2.5mL/h. The electrospinning process was
carried out at room temperature and relative humidity of
50%. After electrospinning, the collected fibrous mem-
branes were vacuum-dried for two weeks in a desiccator to
wipe off the residual organic solvent. The same protocol
was used to prepare different PLGA fibrous membranes
with or without DMOG and nSi, which were named as PLGA,
nSi-PLGA, DMOG-PLGA and DMOG/nSi-PLGA, respectively.

Physicochemical characterizations of the fibrous
membranes

The morphology characteristics and structure were
observed under an S-4800 scanning electron microscope
(SEM, Hitachi, Tokyo, Japan). Chemical composition was
evaluated by a Fourier transform infrared spectroscopy
(Thermo Scientific, Waltham, MA, USA).

Cell culture and cytocompatibility assessment of
the fibrous membranes

The study protocol was approved by the Medical Ethical
Committee of School of Stomatology, Shandong University
(Protocol Number: GR201801). Human periodontal ligament
stem cells (PDLSCs) were acquired from the periodontal
ligament of healthy premolars for orthodontics require-
ment from 3 teenagers (14e16 years, 2 teeth each person),
and all participants signed informed consent forms. All the
protocols were based on the guidelines of the Helsinki
Declaration of 1975, as revised in 2013.

Periodontal ligament tissues were collected from the
middle third of the root surface. The scraped tissues were
digested with 3 mg/mL collagenase I (Sigma Aldrich, St
Louis, MO, USA) and 4mg/mL dispase II (Sigma Aldrich) for
40min at 37 �C. After termination of the digestion, the
single-cell suspension was transferred to a 25 cm2 air-
permeable flasks, and the cells were cultured with a-min-
imum essential medium (a-MEM, HyClone, Beijing, China)
containing 20% fetal bovine serum (FBS, BioInd, Kibbutz,
Israel) and 1% antibiotics (100 U/ml of penicillin, 100mg/
mL of streptomycin, Sigma Aldrich, St Louis, MO, USA) at
37 �C in a 5% CO2 incubator. The culture medium was
changed once every 3 days, and the cells were passaged
with 0.25% TrypsineEDTA (Solarbio, Beijing, China) solution
until 80e90% confluent monolayer cells. The passaged
PDLSCs were then cultivated with 10% FBS a-MEM contain-
ing 1% antibiotics. Cells at passages 4e6 were used for the
follow-up experiments.

The fibrous membranes were cut into 15mm diameter in
a 24-well plate, and sterilized in 75% ethanol for 1 h, fol-
lowed by ultraviolet (UV) irradiation for 3 h. After being
washed thrice with PBS, the fibrous membranes were
immersed in a-MEM overnight. Then, PDLSCs were seeded
at a density of 2� 104 cells/well onto tissue culture plate
(TCP) and different membranes. After incubation for 72 h,
the effect of the fibers on cell viability was detected by cell
counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions.
Briefly, the culture medium of each well was replaced with
a-MEM medium containing 10% CCK-8 reagent, and the cells
were incubated at 37 �C for another 2.5 h. The optical
absorbance value was measured at 450 nm wavelength
using a microplate reader (SPECTROstar Nano, BMG Lab-
tech, Offenburg, Germany).

Rat periodontal defect model preparation

The animal experiment complied with the guide of the Care
and Use of Laboratory Animals of the Chinese Science and
Technology Ministry. The study was authorized by the
Medical Ethics Committee of School of Stomatology, Shan-
dong University, Jinan, China (Permit Number: GD201801).
All animal surgical operation was carried out under pento-
barbital sodium anesthesia (40 mg/kg body weight). Be-
sides, all efforts were made to minimize the suffering of
the animals. Sixty 8-week-old male Wistar rats (SPF,
Biotechnology Co., Ltd, Beijing, China) were used in this
study.

A mandibular buccal bone defect
(5� 4� 1mm3 L�W� D) was prepared using a dental drill.
The critical bone defect was located proximately 1 mm
distal to the front of the mandible, and the coronal margin
of the bone defect was 1 mm apical to the crest of the
alveolar bone. The rats were randomly divided into five
groups. Different membranes were implanted into the de-
fects: (1) no treatment (negative control, NC), (2) PLGA, (3)
nSi-PLGA, (4) DMOG-PLGA, and (5) DMOG/nSi-PLGA. Surgi-
cal procedures were performed as previously described.26

In this present study, the rats were randomly divided into
five groups. Each rat had one defect at a unilateral
mandible (nZ 6 defects in each group). At 1 and 2 weeks
post-surgery, the rats were sacrificed by excessive pento-
barbital anesthesia and fixed with 4% paraformaldehyde by
cardiac perfusion. The mandibles of the rats were har-
vested for the following experiments.

Micro-computational tomography (micro-CT)
analysis

A micro-CT (PerkinElmer, Baesweiler, Germany) was used
to scan the specimens to assess periodontal bone regener-
ation, with the scan settings of voltage 90 kV, current 88 mA
and voxel resolution 50 mm at 360�. CT vox and CT analysis
software were applied to reconstruct the images for 3D
visualization and analysis. The region of interest (ROI) was
drawn from the first slice containing the defect and moved
distally until the defect area of defect disappeared. Fur-
therly, the quantitative indexes, including the percentage
of bone volume (bone volume/tissue volume, BV/TV),
trabecular thickness (Tb.Th) and trabecular separation (Tb.
Sp) were measured and calculated to evaluate periodontal
bone regeneration.

Histological analysis

The fixed samples were decalcified with 10% disodium
ethylenediaminetetraacetate acid (EDTA) for 1 month at
4 �C. Afterwards, the samples were dehydrated in a graded
series of ethanol solutions. After vitrification by dimethyl
benzene, the samples were embedded in paraffin to incise
the transverse section (5 mm thickness) of the
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osteochondral defect area. Hematoxylin and eosin (H&E)
staining and immunohistochemical staining for CD11b
(Abcam, Cambridge, UK), iNOS (Abcam), CD206 (Abcam)
were performed to appraise bone remodeling and immune-
inflammatory response in periodontal defects according to
the manufacturer’s protocols. CD40L-positive cells were
detected with immunofluorescence staining (CD40L,
Abcam), and cell nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI) (Solarbio). The specimens were
observed under a microscope (Olympus BX53, Tokyo,
Japan), and the images were captured by the camera and
imaging software (Olympus cellSens Standard 1.17). The
newly formed bone was quantitatively analyzed, and the
number of CD11b-, iNOS-, CD206-and CD40L-positive cells
were counted with the Image pro-plus 6.0 software (Media
Cybernetics, Silver Spring, MD, USA).

Statistical analysis

Data were shown as mean� standard deviation (SD). Dif-
ferences between more than two experimental groups and
NC group were analyzed by one-way ANOVA followed by the
Tukey HSD comparison test, and variance between two
groups was compared by two-way t-test with GraphPad
Prism software (version 6, by MacKiev Software, Boston,
MA, USA). P< 0.05 was considered statistically significant.

Results

Physicochemical characterization of the fibrous
membranes

The surface morphology of the membranes was character-
ized by SEM (Fig. 1A and B). The fibrous membranes
exhibited an interlaced fibrous structure. All of the fibers
possessed uniform and smooth morphology without beads
or broken strands, and the mean diameters were 1073 nm
(PLGA membranes) and 1007 nm (DMOG/nSi-PLGA mem-
branes), respectively (Fig. 1C and D). The diameter of
DMOG/nSi-PLGA fibrous membranes decreased in compari-
son with PLGA fibers.

The characteristic functional groups and surface chem-
ical properties of the fibrous membranes were confirmed by
FTIR spectra analysis (Fig. 1E). The peaks at 2995 cm�1 and
2946 cm�1 corresponded to eCH3 and eCH vibrations,
respectively. The strong absorption peak at 1746 cm�1 was
due to the carbonyl eC]O stretching vibration. A couple of
peaks at around 1050e1250 cm�1 were attributed to the
eCeO stretching vibrations of the ester group. Addition-
ally, the peak at 1452 cm�1 was ascribed to eCH2 bending
vibration, and the peaks at 990 and 685 cm�1 belonged to
the eCH bending vibrations.27,28 The characteristic peaks
of PLGA and DMOG/nSi-PLGA membranes were similar to
those of the raw PLGA, meaning that the surface chemical
properties are unaffected by the electrospinning process.

Cytocompatibility of the fibrous membranes

CCK-8 assay was performed to assess the cytocompatibility
of the fibrous membranes (Fig. 1F). After cultivation on
different membranes for 72 h, PDLSCs exhibited relatively
high cell viability. By contrast, the number of cells on
DMOG/nSi-PLGA membranes accounts for around 80% of the
number of cells on TCP, and there was no significant dif-
ference among all the membranes. Therefore, DMOG/nSi-
PLGA membranes were biocompatible and could be
applied for the following experiments.

Effect of DMOG/nSi-PLGA fibrous membranes on
inflammatory cell infiltration and periodontal bone
regeneration

H&E staining was used to evaluate inflammatory cell infil-
tration and bone repair preliminarily (Fig. 2). At 1 week
post-surgery, the defects of NC group and PLGA group were
full of fibrous tissue with inflammatory cell infiltration, and
there was no new bone in the defect. For the other groups,
few new bone was observed in the bone defects, while the
number of inflammatory cells reduced. By contrast, DMOG/
nSi-PLGA group had fewer inflammatory cells in the defect
(P< 0.05). At week two, there was still few bone in the
defects of NC group and PLGA group, whereas a small
amount of new bone was found on the edge of the defects
in other groups. DMOG/nSi-PLGA groups obtained more new
bones than other two groups with the single bioactive
substance, and fewer inflammatory cells were found in this
group (P< 0.05).

Effect of DMOG/nSi-PLGA fibrous membranes on
responses of macrophages

As shown in Fig. 3, the effect of DMOG/nSi-PLGA fibrous
membranes on responses of macrophages was evaluated by
immunohistochemical staining for iNOS and CD206. At week
one after surgery, more iNOS-positive cells were found in
NC and PLGA groups than other groups (P< 0.0001), and the
fewest iNOS-positive cells were observed in DMOG/nSi-
PLGA group among all groups (P< 0.05). At week two,
overall, iNOS-positive cells reduced compared with week
one, whereas the number of iNOS-positive cells in DMOG/
nSi-PLGA group was still fewer than other groups (Fig. 3A,
P< 0.01). On the contrary, at week one, fewer CD206-
positive cells were shown in NC and PLGA groups
compared with the other groups, and higher numbers of
CD206-positive cells were found in DMOG/nSi-PLGA group in
comparison with DMOG-PLGA and nSi-PLGA groups
(P< 0.05). At week two, the number of CD206-positive cells
decreased in general compared with week one, though
more CD206-positive cells were seen in DMOG/nSi-PLGA
group (Fig. 3B, P< 0.0001).

Effect of DMOG/nSi-PLGA fibrous membranes on the
expression of immune cell markers

To further evaluate the immunomodulatory effect of
DMOG/nSi-PLGA fibrous membranes, the expression of
tumor necrosis factor (TNF) ligand superfamily member,
CD40L and myeloid cell integrin, CD11b were detected by
immunofluorescent and immunohistochemical staining. The
trend for CD40L expression was more evident at week one
post-operation. NC and PLGA groups presented higher



Figure 1 Characterization and cytocompatibility assessment of the fibrous membranes (A, B) SEM images of different fibrous
membranes. Scale barZ 100 mm. (C, D) Diameter distribution analysis of different fibrous membranes. (A, C) PLGA (B, D) DMOG/
nSi-PLGA. (E) FTIR spectra of the fibrous membranes. (F) Cell activity detected by CCK-8 assay after cultivation on TCP (tissue
culture plate) and different fibrous membranes for 72 h. Data represent mean� standard deviation (nZ 3).
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CD40L expression than the other groups. By contrast with
DMOG-PLGA and nSi-PLGA groups, the number of CD40L-
positive cells significantly reduced in DMOG/nSi-PLGA group
(Fig. 4A, P< 0.05). Overall, at the second week, the
expression of CD40L decreased significantly, while DMOG/
nSi-PLGA group still exhibited the fewest CD40L-positive
cells (P< 0.01). Analogously, CD11b expression in DMOG/
nSi-PLGA group was the lowest among all groups at week
one (Fig. 4B, P < 0.01). At week two, CD11b þ cells were
generally reduced in all groups, while the lowest expression
was still observed in DMOG/nSi-PLGA group (P < 0.01).
Effect of DMOG/nSi-PLGA fibrous membranes on
periodontal bone regeneration

Micro-CT was used to evaluate the effect of DMOG/nSi-
PLGA fibrous membranes on periodontal bone repair. The
specimens were scanned for mandibular bone remodeling
analysis by micro-CT. The representative 3D digital recon-
structed images indicated that a greater degree of bone
healing and more newly formed calcified tissue were
observed in DMOG/nSi-PLGA group than other groups. At
week one, few newly formed bones were observed in NC
and PLGA groups. At week two, the newly formed calcified
tissue increased and the defect of DMOG/nSi-PLGA group
was full of more new tissues (Fig. 5A). Quantitative analysis
for the reconstructed images was further performed to
characterize the new bone quantitatively and qualitatively
with several indexes calculated from ROI. Consist with the
3D images, the percentage of bone volume (BV/TV) at week
two was higher than that at week one, and DMOG/nSi-PLGA
group acquired the highest BV/TV level among all groups
(Fig. 5B, P< 0.001), indicating that more new bones formed
in this group. Additionally, the trabecular bone thickness
(Tb.Th) of DMOG/nSi-PLGA group significantly augmented
at week two (Fig. 5C, P< 0.05), and simultaneously,
trabecular separation (Tb.Sp) reduced compared with the
other groups at week two (Fig. 5D, P< 0.05), which sug-
gested that the newly formed bones were much more
mature and denser in DMOG/nSi-PLGA group. To some
extent, DMOG-PLGA group also promoted bone repair, and
nSi-PLGA group obtained more newly formed bones than NC
and PLGA groups.
Discussion

In this study, we successfully prepared a DMOG/nSi-PLGA
fibrous membranes for periodontal bone regeneration. The
physicochemical properties and cell compatibility were
characterized. After implantation in vivo, the immuno-
modulatory effect of the fibrous structure during peri-
odontal bone remodeling was evaluated by
histomorphological assessment, immunohistochemical
analysis and micro-CT.

The fibrous membranes were composed of interlaced
fibers with smooth morphology and evenly distributed
diameter. Compared with PLGA membranes, the diameter
of DMOG/nSi-PLGA fibrous membranes decreased slightly,
which may attribute to the increased electrical conductiv-
ity of spinning fluid by incorporation of nSi.14,15 The FTIR
spectra of PLGA and DMOG/nSi-PLGA membranes possessed
similar characteristic peaks to those of the raw PLGA,



Figure 2 Histological analysis of tissue regeneration and inflammatory cell infiltration in five groups. (A) H&E staining of peri-
odontal defect at 1 and 2 weeks post-surgery. The visual fields framed by the black line were magnified in the images below. (B)
Quantitative analysis of newly formed bone areas in the five groups at two time points. (C) Quantitative analysis of number of
inflammatory cells in new bone regeneration areas. Scale bar Z 50 mm. Data represented mean � standard deviation (n Z 6).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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which suggested that the electrospinning process did not
cause the change of the functional groups and surface
chemical properties.27,28 The unchanged surface chemical
properties can avoid cell behavior being influenced by the
diversity of surface properties.29 DMOG and nSi were
biocompatible and non-cytotoxic within a suitale concen-
tration range,13e15 and PLGA is a widely used polymer with
superior biocompatibility.30 After cultivation on different
membranes for 72 h, CCK-8 assay indicated that PDLSCs still
maintained high viability, which complied with the stan-
dard for cytocompatibility of biomaterials.20 Consequently,
the prepared PLGA-based membranes with or without
DMOG and nSi were cytocompatible and suitable for cell
survival, which was consistent with a previous study.31

With the favorable biocompatibility, DMOG/nSi-PLGA
fibrous membranes were implanted into a periodontal
defect model of Wistar rats to evaluate the immunomodu-
latory effect of the fibrous membrane during periodontal
bone repair. The immune homeostasis by immune cells
regulating is crucial for wound healing and tissue regener-
ation. Tissue wound sites can recruit various immune cells,
activate host defense reactions, and promote wound
repair.23 In recent years, macrophages have drawn exten-
sive concerns as crucial regulators of tissue repair and



Figure 3 Immunohistochemical analysis of iNOS (A) and CD206 (B) expression level at 1 and 2 weeks post-surgery in five groups.
(A) Immunochemical staining of iNOS. (B) Immunochemical staining of CD206. (C) Quantitative analysis of iNOS-positive cells. (D)
Quantitative analysis of CD206-positive cells. Scale bar Z 50 mm. Data represented mean � standard deviation (n Z 6). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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regeneration.32 Following tissue injury, the phenotypes and
functions of macrophages change in response to various
environmental cues.23,32 The “classically activated” pro-
inflammatory M1 macrophages release inflammatory medi-
ators such as interleukin (IL)-6, TNF-alpha, and inducible
nitric oxide synthase (iNOS), and incur strong pro-
inflammatory immune responses. Conversely, the “alter-
natively activated” anti-inflammatory M2 macrophages
down-regulate inflammation and promote tissue repair by
releasing anti-inflammatory cytokines, such as IL-4 and IL-
10.23,33 Consequently, it is beneficial to polarize the mac-
rophages to the “alternatively activated” anti-
inflammatory M2 phenotype for promoting tissue repair.
Macrophages exert multiple functions in different stages of
inflammation and wound healing. In this present study,
DMOG/nSi-PLGA fibrous membranes skewed macrophages
towards the M2 phenotype at the early stage of tissue
repairing. The results were supported by previous studies,
indicating that DMOG and nSi could alleviate inflammation
or improve tissue regeneration by modulating macrophage
M2 phenotypic switch.11,12,21 Therefore, DMOG/nSi-PLGA
fibrous membranes had immunomodulatory effects on
macrophage polarization during periodontal bone repair.

Interactions between B cell-expressed CD40, a TNF re-
ceptor superfamily member and its binding partner, CD40L,
expressed by activated CD4þ T cells are known as co-



Figure 4 Expression of inflammatory factors at 1 and 2 weeks post-surgery in five groups. (A, B) Immunofluorescent staining of
CD40L. Red indicated CD40L-positive cells. (C) Immunochemical staining of CD11b. (D) Quantitative analysis of CD40L-positive
cells. (E) Quantitative analysis of CD11b-positive cells. Scale bar Z 50 mm. Data represented mean � standard deviation
(n Z 6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 3D digital Micro-CT analysis of new bone regeneration at 1 and 2 weeks post-surgery in five groups. (A) Reconstructed 3D
digital micro-CT images of mandibular bone defects. Green color presented repair area in mandibles after surgery. (BeD) Quan-
titative analysis of BV/TV, Tb. Th, and Tb. Sp by reconstruction and analysis software. Data represented mean � standard deviation
(n Z 6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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stimulatory molecules essential for germinal center for-
mation.34 In addition to immune cells, the CD40-CD40L axis
also expressed on non-immune cells (e.g., endothelial cells,
epithelial cells and fibroblasts) as well. It could trigger pro-
inflammatory response and tissue damage, which was
characterized by the release of inflammatory mediators
such as matrix metalloproteinases (MMP), IL-1b, and TNF-
alpha.34e37 The expression of CD40L was down-regulated in
DMOG/nSi-PLGA group at the early stages of tissue repair,
suggesting that DMOG/nSi-PLGA fibrous membranes could
relieve the immuno-inflammatory response by perturbing
CD40-CD40L interaction and might reduce tissue damage.

Integrin CD11b, a member of the adhesion receptor
family, is indispensable for inflammatory cell activation
and migration to damaged tissues, thereby mediating in-
flammatory response. The decrease of the adhesion
molecule CD11b on monocytes and granulocytes elicited
an alleviation of inflammation in atrial fibrillation
burden.38 Additionally, CD11b has been reported to
contribute to LPS-induced endotoxin shock and microbial
sepsis, and CD11b activation promotes pro-inflammatory
macrophage polarization.39,40 Our study demonstrated
that DMOG/nSi-PLGA group with the lowest expression of
CD11b obtained the most effective tissue repair, which
indicated that CD11b expression correlated positively
with the inflammatory response in periodontal tissue
damage.

The promotion effect of DMOG/nSi-PLGA fibrous
membranes on bone regeneration was evaluated by
micro-CT and H&E staining. Our study indicated that
DMOG and nSi facilitated periodontal bone repair,
respectively, whereas the combination of the two bioac-
tive substances optimized the promotion effect. In
addition to the intrinsic bioactive properties of DMOG and
nSi, the beneficial immunomodulatory function contrib-
uted to the augmented regenerative potential of DMOG/
nSi-PLGA fibrous membranes.

In this study, we successfully fabricated a DMOG/nSi-
PLGA fibrous membrane for periodontal bone regeneration.
The fibrous membranes were non-toxic and biocompatible,
and supported cellular growth. After implanted into peri-
odontal bone defects, DMOG/nSi-PLGA fibrous membranes
exerted an immunomodulatory effect and relieved the in-
flammatory responses caused by tissue damage during
periodontal bone repairing. Ultimately, the optimal peri-
odontal bone regeneration was achieved with DMOG/nSi-
PLGA implantation. However, the underlying mechanisms
of the combined application of DMOG and nSi for enhanced
periodontal bone regeneration remains to be elucidated. In
conclusion, the combination of DMOG and nSi provides an
effective strategy for periodontal inflammation control and
tissue regeneration, and the fibrous membranes may be
transformed into a prospective scaffold for periodontal
regenerative medicine.
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