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ARTICLE INFO ABSTRACT

Keywords: Periodontitis is a pathological dental condition that damages the periodontal tissue and leads to tooth loss. Bone
Tissue engineering regeneration in periodontitis-related alveolar bone defects remains a challenge for periodontists and tissue en-
Nanofibers ) gineers because of the complex periodontal microenvironment. The inflammatory microenvironment is associated
;Sli);;;g;?;;anon with poor osteogenesis; therefore, the reduction of inflammation is essential for bone regeneration in
Periodontitis periodontitis-related alveolar bone defects. Here, we developed a programmed core-shell nanofibers that allows

the sequential and controlled release of tea polyphenols (TP) and AdipoRon (APR) to control inflammation and
promote bone regeneration to repair periodontitis-related alveolar bone defects. Core-shell nanofibers with a
sequentially controlled release function were synthesized using electrospinning. We investigated the therapeutic
effects of the nanofibers in vitro and in a mouse periodontitis model. The results of the release profiles demon-
strated that TP was released rapidly in the early stages and APR was continuously released thereafter. In vitro
experiments showed that the programmed core-shell nanofibers reduced the levels of proinflammatory cytokines
and increased osteogenic differentiation in an inflammatory microenvironment. In vivo experiments, the pro-
grammed core-shell nanofibers ameliorated periodontal tissue inflammation and improved alveolar bone
regeneration. Our results indicated that the programmed core-shell nanofibers with a sequential-release function
provides an ideal strategy for repairing periodontitis-related alveolar bone defects, and its application in the
treatment of diseases with spatiotemporal specificity is promising.

1. Introduction promoting bone regeneration are vital factors in the treatment of

periodontitis-related alveolar bone defects [11]. Inhibition of the in-

Periodontal disease is the most common oral disease, affecting up to
90% of the global population [1,2]. Progression to periodontitis results in
the destruction of the alveolar bone clinically manifested as tooth loos-
ening or pathological tooth loss [3]. Moreover, severe periodontitis can
increase the risk of many chronic inflammatory systemic diseases, such as
preterm birth and diabetes [4,5]. Treatment for periodontitis generally
includes tooth scaling, root planning, and guided tissue regeneration [6].
However, current treatment methods are unsatisfactory for alveolar bone
defects caused by periodontitis, and combined treatments are required
[7,8]. Additionally, the inflammatory environment associated with
periodontitis impairs the ability of cells to repair periodontal tissue,
especially bone tissue [9,10]. Therefore, controlling inflammation and
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flammatory process in the early stage plays an important role in main-
taining a good microenvironment for alveolar bone regeneration.
Therefore, the use of novel nanomaterials to sequentially control
inflammation and promote tissue regeneration in periodontitis is worth
investigating.

Electrospinning is an efficient technique for constructing polymeric
nanofibers with superior physicochemical properties [12]. It is used to
produce fibrous structures similar to the native extracellular matrix,
which can be functionalized to carry inorganic substances, bioactive
factors, or chemical drugs [13]. Electrospinning can be used in many
biomedical fields, including sustained drug release and tissue engineer-
ing [14,15]. Owing to their outstanding biocompatibility and
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biodegradability, Poly lactic-co-glycolic acid (PLGA) and gelatin (GEL)
are ideal materials for electrospinning [16,17]. GEL, a natural biological
macromolecule, exhibits excellent hydrophilicity and is important for
active cell-biomaterial interactions [18,19]. PLGA is a degradable func-
tional polymer organic compound, and its degradation rate is lower than
that of GEL [20].

At present, antibiotics such as minocycline and metronidazole are
often used to control the inflammatory conditions of periodontitis [21,
22]. However, antibiotics can induce drug resistance and are unsuitable
for long-term use [23]. Tea polyphenols (TP) are active compounds
present in tea and are mainly composed of catechins and their de-
rivatives, which have a positive effect on periodontitis treatment [24,25].
Many studies have explored the therapeutic effect of TP on periodontitis,
and the main therapeutic effect was found to be reflected by the inhibi-
tion of periodontal inflammation [26,27]. TP were also reported to
prevent periodontal inflammation by decreasing the levels of inter-
leukin-1(IL-1f) and tumor necrosis factor (TNF)-a, which are the major
proinflammatory cytokines relevant to periodontal destruction [28,29].
AdipoRon (APR), an adiponectin mimetic, specifically binds to the adi-
ponectin receptor and promotes alveolar bone regeneration by enhancing
osteogenic differentiation [30]. We have previously demonstrated that
APR inhibits bone resorption by suppressing osteoclast differentiation
and function [31].

In this study, coaxial electrospinning was used to prepare electrospun
nanofibers with APR in the core layer and TP in the shell layer. This study
aimed to construct a sequential and controlled drug release system to
coordinate the spatiotemporal specificity of the periodontitis bone
remodeling process to effectively control inflammation and facilitate
bone regeneration.

2. Materials and methods
2.1. Materials

GEL, hexafluoroisopropanol, dimethylformamide and dichloro-
methane were obtained from Sigma-Aldrich (St. Louis, MO, USA). PLGA
(MW = 4 kDa, PLLA/PGA = 75:25) was obtained from Daigang Bioma-
terial Co., Ltd (Jinan, China). TP was obtained from Solarbio (Beijing,
China). APR was purchased from Target Mol (Boston, USA). The TP
detection kit was purchased from Leagene (Beijing, China). Lipopoly-
saccharide (LPS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Polystyrene tissue culture plates and Transwell systems were
purchased from Corning (NY, USA).

2.2. Production of nanofibers

A 7.5% (w/v) GEL solution was obtained by dissolving GEL in hex-
afluoroisopropanol and stirring for 6 h. And a 20% (w/v) PLGA solution
was obtained by dissolving PLGA in dichloromethane/dimethylforma-
mide (v/v = 2.5:1) and stirring 6 h. To incorporate TP and APR into the
nanofibers, 50 mg of TP was dissolved in 10 mL of GEL solution, and 10
mg of APR was dissolved in 5 mL of PLGA solution and sonicated for 1 h
at 0 °C. The fluid flow rates of the outer and inner solutions were 0.5 and
0.25 mL/h, respectively. Electrospinning was performed at a voltage of
22 kV, and a 15 cm was set as the electrode distance. All processes for
coaxial electrospinning were performed at 25 °C with 50 + 5% humidity.
The collected nanofibers were dried for 48 h in a vacuum oven to
evaporate the residual organic solvent.

Four kinds of nanofibers were produced using coaxial electro-
spinning: PLGA/GEL, PLGA/GEL-TP, PLGA-APR/GEL, and PLGA-APR/
GEL-TP. In the following experiment, PLGA/GEL, PLGA/GEL-TP, PLGA-
APR/GEL, and PLGA-APR/GEL-TP were defined as control, TP, APR, TP/
APR group, respectively. And group without nanofibers was defined as
blank group.
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2.3. Characterization of the nanofibers

The surface morphology of four kinds nanofibers were observed by
scanning electron microscopy (SEM, FEI Hillsboro, USA). The core-shell
structures of the four kinds nanofibers were verified by transmission
electron microscopy (TEM, Hitachi H-600, Japan) and laser scanning
confocal microscope (Olympus FV3000, Japan). A contact angle analyzer
(DSA 100 Mk 2, Krciss GmbH, Germany) was used to characterized the
water contact angle. The porosity of nanofibrous scaffolds was detected
by Specific Surface and Aperture Analyzer (TriStarlI3020 M, Micro-
mertics, USA).

To detect the drug release of PLGA-APR/GEL-TP, 100 mg nanofibrous
scaffolds were added to 10 mL of phosphate buffered saline (PBS) in a 37
°C incubator. 1 mL of the supernatant was collected and replaced by
equivalent fresh PBS at designated time periods. The amount of TP was
measured by a TP detection kit, and APR was measured by high perfor-
mance liquid chromatography (Target Core-C18, MS Technologies,
USA).

_VICn 4+ V23 C(n—1)
w

X100

The cumulative release of TP / APR (%)

V1 represents the entire volume of PBS and V2 represents the replaced
volume each time. Cn represents TP/APR concentration in the superna-
tant. W represents the total weight of TP/APR in the sample.

2.4. In vitro experiments

2.4.1. Cell culture

Bone marrow stromal cells (BMSCs) were harvested from 2-week-old
male C57BL/6 mice. Briefly, the femurs and tibias were obtained and the
ends of the femora were cut. After precipitate the marrow by centrifuge,
the marrow was resuspended by low-glucose a-MEM (containing 10%
FBS, 50 U/mL penicillin and 50 pg/mL streptomycin). BMSCs at passage
2 were used in this experiment. The macrophage cell line RAW 264.7 was
obtained from ATCC and cultured according their protocol. The RAW
264.7 cells was maintained in complete DMEM (containing 10% FBS, 50
U/mL penicillin and 50 pg/mL streptomycin).

2.4.2. Live-dead staining

To examine the cytocompatibility of the nanofibers, we plated the
BMSCs on nanofibers to perform the live-dead staining (Sigma-Aldrich,
USA) and BMSCs were added to plates as the blank group. After incu-
bated with the staining solution for 20-30 min, the samples were
observed by a laser scanning confocal microscope (Olympus, FV3000,
Japan). The experiments were performed in triplicate, and three random
fields were chosen from each specimen for cell counting. The number of
live/dead cells were counted via image J software.

2.4.3. Anti-inflammation and promote osteogenesis experiments

The effects of nanofibers on inflammation and osteogenesis in an
inflammatory microenvironment were investigated by utilizing a 6-well
Transwell system (pore size: 0.4 pm). RAW 264.7 cells were added to the
nanofibers in the upper chamber at a concentration of 4 x 10*/cm?, and
BMSCs were added to the nanofibers in the lower chamber at a con-
centration of 2 x 10*/cm?. The dimensions of the nanofibers were the
same as the dimensions of culture plates. For the blank group, cells were
added to chambers without nanofibers. LPS (1 pg/mL) was added to both
chambers. After 12 h, the medium in the upper chamber was replaced by
complete DMEM and the medium in the lower chamber was replaced by
osteogenic medium (osteogenic components: 50 pM ascorbic acid, 10
mM f-sodium glycerol-phosphate and 100 nM dexamethasone). After
incubation, samples were collected to detect the levels of inflammation
and osteogenesis.
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2.4.4. Intracellular reactive oxygen species (ROS) detection

To detect the effect of nanofibers on scavenging intracellular ROS,
DCFH-DA staining (Beyotime, China) was used. Briefly, after RAW 264.7
cells cocultured with LPS and nanofibers for 24 h, DCFH-DA was used to
incubate the samples for 30 min, then the live RAW 264.7 cells were
stained by using Hoechst 33342 solution (Beyotime, China). For the
blank group, RAW 264.7 cells were added to the plates. The results were
detected by laser scanning confocal microscope at 485 nm.

2.4.5. Osteoclastic differentiation experiments

RAW 264.7 cells were inoculated on nanofibers and cultured as we
described before [32]. The samples were collected after 7 days and
subjected to osteoclastic differentiation staining. Tartrate-resistant acid
phosphatase (TRAP) staining (Sigma-Aldrich, USA) and F-actin immu-
nofluorescence staining was applied following according to the manu-
facturer's protocol. Moreover, TRAP-positive cells with no fewer than
three nuclei were regarded as osteoclasts.

2.4.6. Immunofluorescence staining

The samples were fixed with 4% paraformaldehyde, followed by in-
cubation with 1% Triton X-100 and 3% BSA. Subsequently, the related
primary antibody (Runx2, ab23981, Abcam, UK) were used to incubated
with the samples overnight. After that, secondary antibody was utilizing
to incubate the samples before staining with FITC-labeled phalloidin and
DAPI. The samples were observed by laser scanning confocal microscope.

2.4.7. Alkaline phosphatase (ALP) staining

To explore the effect of PLGA-APR/GEL-TP on osteogenic differenti-
ation under inflammatory environment, ALP staining was performed.
Briefly, the samples were fixed with 4% paraformaldehyde, followed by
incubation with ALP staining Kit (Beyotime, China). The quantitative
analysis of ALP activity was also performed according to the protocol of
the ALP assay kit (Beyotime, China). Briefly, after induction for 7 days,
the samples were lysed in lysis buffer containing 0.1% Triton X-100 and
the supernatant were collected after centrifugation. The absorbance (405
nm) was measured to determine the ALP concentration by a microplate
reader. The ALP activity was calculated and defined as nmol/assay time/
mg protein.

2.4.8. Quantitative real-time polymerase chain reaction (qRT-PCR) and
western blotting

In order to assess the gene expression of inflammatory cytokines and
osteogenic-related factors, qRT-PCR was applied as we described before
[32]. The primers are listed in Table 1.

To explore the osteogenic differentiation of BMSCs under inflamma-
tory conditions, the protein expression of Col I, Runx2, OCN and OPN
was determined by western blot analysis as we previously described [32].
Anti-Col I (ab21286, Abcam, UK), anti-Runx2 (ab236639, Abcam, UK),
anti-OPN (ab283656, Abcam, UK) and anti-OCN (ab93876, Abcam, UK)
primary antibodies were used in this study.

2.5. In vivo experiments

2.5.1. Periodontitis model
The surgical procedures were reviewed and approved by the West

Table 1
Primers used for qRT-PCR.

Gene Forward Primer Reverse Primer

GADPH AGGTCGGTGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
IL-1p TGGAGAGTGTGGATCCCAAG GGTGCTGATGTACCAGTTGG
TNF-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
ALP CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
OPN CAGGGAGGCAGTGACTCTTC AGTGTGGAAAGTGTGGCGTT
Runx 2 TTCAACGATCTGAGATTTGTGGG GGATGAGGAATGCGCCCTA
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China Hospital of Stomatology Ethics Committee (WCHSIRB-D-2020-
129) and complied with the ARRIVE guidelines. Sixty 8-week-old male
C57BL/6 mice were obtained from laboratory animal center (Sichuan
university) and fasten 20-25 °C ambient temperature. The mice were free
to access to food and water prior and after experiments. Animal welfare
was ensured by weekly single-cage control provided by the university
authorized veterinarians staff. Animals were randomly assigned to five
groups (n = 12 per group), considering that each animal had bilateral
sides. Silk ligature was used to induce periodontitis in mice. After anes-
thetization, a 6-0 silk suture was placed around the maxillary second
molar and tied. After 2 weeks, the ligature was removed and the peri-
odontal pocket was rinsed with saline to remove accumulated food
debris; after that, nanofibers of the same size (2 mm in width, 2 mm in
length) were placed in the periodontal pocket. For the blank group, no
material was placed in the periodontitis socket. Mice were sacrificed
under excessive anesthesia at 1, 2, and 4 weeks after surgery. Bone tissue
near the maxillary second molar was harvested for western blotting to
examine the osteogenesis activity. Maxillae were harvested for micro-
computed tomography (micro-CT) scanning and histology staining for
further analysis.

2.5.2. Micro-CT scanning

Micro-CT (p-CT40, SCANCO, Switzerland) was used to scan the
samples with 10 pm pixel size and 70 kV operating voltage. Three-
dimensional reconstruction and data evaluation were performed using
SCANCO Medical Evaluation software. The range of interest (ROI): the
anterior boundary was the distal side of the first molar, the posterior
boundary is the mesial side of the third molar, and the buccal and lingual
boundaries was the inner sides of buccal and lingual bone cortex,
respectively [33]. The cementoenamel junction of the second molar was
defined as the upper boundary and the 60 slides from the upper boundary
was defined as lower boundary, the crown and root of the tooth were
excluded. The ratio of bone volume to tissue volume (BV/TV), trabecular
thickness (Tb-Th) and trabecular separation (Tb.Sp) were quantitatively
analyzed. The mesial, middle, and distal of the buccal and palatal sides of
the maxillary second molar were selected, and the distance between the
cementoenamel junction and alveolar bone crest was measured to eval-
uate the bone resorption.

2.5.3. Histology staining

The maxillae were used for histology staining as we previously
described [32]. Hematoxylin and eosin (H&E) staining, Masson staining
and Trap staining were performed. For the immunohistochemical stain-
ing of macrophages, the samples were incubated with anti-iNOS
(ab115819, Abcam) primary antibodies overnight. Afterwards, the sec-
ondary antibody (CST, USA) was incubated. To quantify the positive
cells, three separate areas near the periodontium of the second molar for
each sample were randomly selected.

2.5.4. ELISA

An ELISA kit (Sigma-Aldrich, USA) was utilized to examine the con-
centrations of IL-1p and TNF-« in the serum, following the manufacturer's
instructions. Briefly, the blood was collected from mice by excising the
eyeballs. After the blood coagulated naturally for 10 min, it was centri-
fuged for 15 min (3000 rpm), and the supernatant was harvested for
further testing.

2.6. Statistical analysis

Data are shown as the mean + SD. Significant differences were
evaluated by one-way analysis of variance (ANOVA) with Tukey's post-
hoc test for multiple comparisons using SPSS software. Statistical sig-
nificance was set as P < 0.05, and all experiments were performed at least
three times.
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3. Results successfully synthesized by coaxial electrospinning. SEM images showed
the nanofibers were continuous and interconnected. In the four groups,

3.1. Characterization of the programmed delivery system and in vitro drug the diameters of the nanofibers were almost comparable, with the most
release frequent diameters ranging from 200 nm to 400 nm (Fig. 1C). As shown
in Fig. 1B, the images of TEM exhibited a typical core-shell structure in

3.1.1. PLGA-APR/GEL-TP shows a typical coaxial form each group, indicating that embedding TP and APR did not affect the
At present study, TP/APR programmed delivery system has been coaxial structure. The nanofibers were observed under laser scanning
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Fig. 1. Characterization of the nanofibers. (A) Scanning electron microscopy (SEM) images at 10000 x magnification; the inserts are water contact angle images.
(B) SEM images at 40000 x magnification, the inserts are transmission electron microscopy images. (C) The histograms show the diameter, porosity, and contact angle
of electrospun fibers. (D) Images of PLGA-rhodamine/GEL-calcein taken using a confocal microscope. (E) In vitro cumulative drug release profiles of PLGA-TP/GEL-
APR nanofibers. (F) Fluorescence microscopy images of BMSCs cultured on nanofibers for 3 days in vitro and quantitative analysis (n = 3).
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confocal microscope to verify that the substances carried by PLGA and
GEL were distributed in the core and shell layers, respectively. The red
dye (rhodamine) was gathered in the core, whereas the green dye (cal-
cein) was distributed in the shell (Fig. 1D), demonstrated a good distri-
bution of the two different substances. The contact angles of the
nanofibers were relatively low and demonstrated a good hydrophilicity.
The porosity of the nanofibers, which is an important parameter for
biomaterials in nutrition transport, was relatively high (Fig. 1C).

3.1.2. PLGA-APR/GEL-TP exhibits a sequential and controlled release
behavior

The cumulative release curves for TP and APR are shown in Fig. 1E.
The PLGA-TP/GEL-APR exhibited a short burst release of TP in the early
phase and a slow release over the following 14 days. The cumulative
release rate of TP was 87.6 & 3.1%, while that of APR was slow and
stable, with a small burst release of 16.1 £ 2.9% on day 1 and a relatively
sustained release in the following 14 days, reaching a cumulative release
of 71.3 & 4.1%. Hence, the release behavior of TP was faster than that of
APR.
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3.1.3. PLGA-APR/GEL-TP displays good cytocompatibility

Most BMSCs were alive and well spread, and little dead cells were
detected (Fig. 1F). Quantitative analysis indicated that no statistical
differences were observed in proliferation among the five groups on day
3. This result indicated that the programmed delivery system had
outstanding cytocompatibility.

3.2. Invitro behavior of the programmed delivery system

As reported previously, the osteogenic capacity of BMSCs is highly
damaged under inflammatory conditions [34,35]. Therefore, we
designed a Transwell system to explore the effects of the programmed
delivery system on the osteogenic differentiation of BMSCs in an in-
flammatory environment.

3.2.1. PLGA-APR/GEL-TP inhibits inflammation

TP/APR and TP group significantly decreased the inflammatory cy-
tokines compared with the blank group (Fig. 2A). Inflammatory markers
were also downregulated in APR group on day 4, which might be due to
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Fig. 2. The programmed delivery system inhibited inflammation and reduced osteoclastogenesis activity. (A) Inflammatory gene expression in RAW 264.7
cells was analyzed by qRT-PCR (n = 3). (B) Images of reactive oxygen species (ROS) levels detected by DCFH-DA staining (n = 3). (C) Relative fluorescence intensity of
ROS (n = 3). (D) Representative images of TRAP and F-actin staining; the black arrows indicate the TRAP-positive osteoclasts and the white arrows show the F-actin
rings (n = 3). (E) Quantitative analysis of TRAP-positive cells (n = 3). (F) Quantitative analysis of F-actin rings (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001,

compared with the blank group.
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the longer time required for APR release. Besides, the intracellular level
of ROS was detected by DCFH-DA probe. As an important factor of
aggravate inflammation, the overproduction of ROS can delay the peri-
odontal tissue regeneration [36]. Therefore, reducing the ROS produc-
tion in periodontal tissue might be considered essential to promote tissue
regeneration. The results showed that RAW 264.7 cells cocultured with
PLGA-APR/GEL-TP and PLGA/GEL-TP exhibited lower expression of
ROS than others (Fig. 2B). These results demonstrated that outstanding
anti-inflammation effects of nanofibers incorporated with TP.

3.2.2. PLGA-APR/GEL-TP decreases osteoclastogenesis activity

To further verify the programmed delivery system, we performed
TRAP staining to investigate osteoclastogenesis in different groups.
Compared to other groups, there were fewer TRAP-positive cells in the
TP/APR group (Fig. 2D). Consistently, immunofluorescence staining re-
sults exhibited a significantly reduced number of F-actin rings in the TP/
APR group. The results of the osteoclastogenic assay suggested that TP/
APR inhibited osteoclast formation.
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3.2.3. PLGA-APR/GEL-TP promotes osteogenic mineralization in an
inflammatory environment

First, we examined the expression of typical osteogenic protein Runx2
of BMSCs. The results of immunofluorescence staining showed that
BMSCs on PLGA-APR/GEL-TP showed most higher expression of osteo-
genic protein than others (Fig. 3A). Besides, higher ALP precipitation was
detected in TP/APR group than in other groups (Fig. 3D). Quantitative
results showed the same tendency, indicating that TP/APR group
exhibited greater osteogenic differentiation. Consistent with these find-
ings, qQRT-PCR results (Fig. 3C) showed significantly higher osteogenic-
related gene expression in the TP/APR group on days 4 and 7. Western
blot results revealed the same trend, and higher levels of osteogenic
proteins were observed in the TP/APR group (Fig. 3E).

Collectively, the results of in vitro experiments suggested that nano-
fibers incorporated with TP significantly prevent inflammation and that
nanofibers incorporated with APR can improve the osteogenic activity of
BMSCs when inflammatory cytokines are deceased.
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Fig. 3. The programmed delivery system promoted osteogenic mineralization in an inflammatory environment in vitro. (A) Images of immunofluorescence
staining showing the expression of Runx2 of BMSCs (n = 3). (B) Corresponding quantitative results (n = 3). (C) Osteogenic gene expression in BMSCs, analyzed by
qRT-PCR (n = 3). (D) Representative images and quantitative analysis of alkaline phosphatase staining (n = 3). (E) Western blot of Col I, Runx2, OCN, and OPN
expression in BMSCs and statistical analysis (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001, compared with the blank group.



Z. He et al.

3.3. Programmed delivery system decreases inflammation and promotes
bone regeneration in vivo

Based on the findings stated above, we hypothesized that the pro-
grammed delivery system could decrease inflammation and promote
bone regeneration in vivo.

3.3.1. Micro-CT analysis

The bone parameters of periodontitis compared with those of normal
periodontal bone in mice are shown in Fig. 4. Three-dimensional (3D)
images revealed that the surface of the periodontal bone was uneven in
the first week, particularly in the control and blank groups (Fig. 5A). The
bone surface in the TP/APR group was flatter than that in the single drug-
loaded groups. At 4 weeks, the smoothest surface and the highest alve-
olar ridge height were shown in the TP/APR group. Quantitative analysis
confirmed that the TP/APR group had the highest BV/TV and Tb. N and
lowest Tb.Sp among all groups, which were similar to the bone param-
eters of healthy periodontal bone tissue. The results of the quantitative
analysis of alveolar bone resorption are shown in Fig. 5; the resorption
height of alveolar bone in the TP/APR and TP groups was lower than that
in other groups at week one. At 4 weeks, the TP/APR, APR, and TP groups
exhibited better alveolar ridge height than that in other groups, and the
TP/APR group showed the best alveolar ridge height. In the blank and
control groups, resorption height worsened over time. Alveolar bone
height was considerably recovered in the TP/APR group.

3.3.2. Histological evaluation

Histology staining was applied to further evaluate the alveolar bone
regeneration. More bone tissue was observed in the TP/APR group,
whereas there were extremely limited alveolar ridge in the control and
blank groups (Fig. 6A). In the TP and APR groups, a moderate amount of
alveolar ridges was observed, possibly due to the inhibition of bone
resorption. Masson staining was used to detect the condition of the
periodontal ligament near the second molar. The structure of the peri-
odontal ligament degenerated into a sparse form in the blank group
(Fig. 6B). However, the structure of the periodontal ligament was denser

A B

Normal periodontal bone
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and contained more collagen fibers in the TP/APR group than in the
control groups. TRAP staining showed that the level of osteoclast activity
in the control and blank groups was higher, while the positive marks in
the TP/APR group were the lowest. Additionally, fewer iNOS-positive
macrophages were observed in the TP/APR group (Fig. 6C), indicating
that the release of both TP and APR inhibited inflammation, particularly
TP. No significant drug toxicity-related injury was found in animal organ
samples (Fig. S2).

3.3.3. ELISA and WB evaluation

ELISA results of the serum confirmed the anti-inflammatory effects of
TP/APR programmed delivery system (Fig. 6F). WB results of the alve-
olar bone demonstrated that TP/APR programmed delivery system pro-
moted osteogenesis around the periodontium (Fig. 6G).

4. Discussion

Despite great progress in bone regeneration technology in recent
years, periodontitis-related alveolar bone defects remain challenging due
to the complexity of the periodontal microenvironment [37]. Uncon-
trolled inflammation is associated with poor osteogenesis; therefore, in-
hibition of inflammation to create a good environment for bone
regeneration is important [3]. In this experiment, a programmed TP/APR
sequential-release system using coaxial electrospinning was successfully
synthesized.

Recently, electrospinning combined with different bioactive mole-
cules for the locally controlled release of drugs has gained attention [38,
39]. Wu et al. developed a scaffold loaded with BMP2 and dexametha-
sone to synergistically facilitate bone formation in a critically sized cal-
varial bone defect model [40]. Additionally, we have previously shown
that nanofibers loaded with substance P and alendronate promote bone
formation around dental implants [32]. While previous studies have
mainly focused on osteogenesis, we speculated that utilizing the
sequential and controlled release function of coaxial electrospun nano-
fibers fits the disease with spatiotemporal specificity. Therefore, inspired
by the spatiotemporal specificity of periodontitis-related bone
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Fig. 4. Schematic illustration of ROI and the characteristics of alveolar bone in periodontitis. (A) Schematic illustration of ROI, the yellow dotted boxes show
the ROI and the red line shows that the root of the tooth was excluded from the ROI. (B) Micro-CT images of the periodontal bone tissue after 2 weeks of suturing. (C)

Comparison of bone parameters between periodontitis and normal periodontal bone tissue (n = 3). (***: P < 0.001). (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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Fig. 5. The programmed delivery system significantly protected alveolar bone resorption and promoted bone regeneration in vivo. (A) Micro-CT images of
periodontal bone tissue at 1 week. The red part displays the exposure of the tooth root, and the yellow arrows show the alveolar ridge. (B) Quantitative analysis of BV/
TV, Tb-Th, and Tb.Sp, and quantitative analysis of absorption height of alveolar ridge at 1 week (n = 5). (C) Micro-CT images of periodontal bone tissue at 4 weeks.
The red part shows the exposure of the tooth root, and the yellow arrows show the alveolar ridge. (D) Quantitative analysis of BV/TV, Tb-Th, and Tb.Sp, and
quantitative analysis of absorption height of alveolar ridge at 4 weeks (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001, compared with the blank group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

remodeling, we designed a sequential and controlled release system to
inhibit inflammation and reduce bone resorption in the early stage and
facilitate bone regeneration in the later stage.

In this study, nanofibers with core-shell structures were constructed,
which formed the basis of the sequential-release system. PLGA and
gelatin are ideal materials for electrospinning because of their good
biocompatibility and biodegradability [41]. As a natural biological
macromolecule, gelatin exhibits excellent hydrophilicity, and thus, it was
selected as the shell layer to improve the hydrophobic property of the
nanofibers [42]. PLGA is a degradable functional polymer organic com-
pound, and its degradation rate is slower than that of gelatin, and thus,
we chose it to form the core layer [43]. The contact angle test in this
study showed that the nanofibers had good hydrophilicity, which is
important for active cell-biomaterial interactions [44]. In the TP-APR
sequential-release system, TP was released at a faster rate during the
early stage and APR maintained a slow and stable release rate over the
entire process. The release profile of PLGA-APR/gelatin-TP suggested
that the different release rates of TP and APR mainly depend on the
different degradation characteristics of gelatin and PLGA and the

core-shell structure of the nanofibers. The sequential delivery of TP and
APR could perfectly match the specificity of bone regeneration in
periodontitis-related alveolar bone defects and might be an effective
strategy to improve the treatment efficiency.

The inflammatory microenvironment impairs the osteogenic capacity
of BMSCs; therefore, the inhibition or reduction of inflammation is
essential for bone regeneration in periodontitis-related alveolar bone
defects [9,45]. A previous study showed that TP effectively attenuates
inflammation [46]. Consistently, our study showed that the initial burst
release of TP has a strong inhibitory effect on inflammation and that the
sustained release of APR also ameliorates the inflammatory conditions.
Moreover, the combination of TP and APR inhibits osteoclast formation.
The inhibition of inflammation and bone resorption creates a favorable
environment for subsequent osteogenesis. In our previous study, APR
was suggested to promote osteogenesis and enhance cell migration [31].
Furthermore, Wu et al. reported that APR could enhance osteogenic
differentiation in a T2D-associated periodontitis model [30]. Thus,
excellent osteogenic differentiation of BMSCs was observed under the
influence of APR released in the later phase.
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Periodontitis-related alveolar bone defect repairing is a complex and
dynamic process, and multiple cells sense signals and play important
roles in different periods [47]. In the early stage of the periodontitis,
macrophages assemble and mediated the immune response [48]. Mac-
rophages can be categorized into pro-inflammatory M1 and
anti-inflammatory M2 types under different stimuli. M1-type macro-
phages highly express inflammatory cytokines, such as TNF-a and IL-1f,
whereas M2-type macrophages participate in tissue repair and regener-
ation and express arginase-1 and IL-10 [49,50]. Under LPS stimulation
conditions, macrophages become polarized to the M1-type and secrete
inflammatory factors, which accelerates the progression of periodontitis
[51]. Influenced by the inflammatory cytokines secreted by macro-
phages, the migration and osteogenic activity of BMSCs are inhibited
[52]. Therefore, it is necessary to restore osteoimmune homeostasis at
the initial stage of inflammation. After treatment with the TP/APR pro-
grammed system, the inflammatory cytokines in macrophages were

decreased, and osteoclast activity was inhibited. Thus, fewer inflamma-
tory cytokines were sensed by BMSCs, and at the same time, the APR
released form the TP/APR programmed system promoted the osteogenic
activity of BMSCs. As osteoimmune homeostasis was restored and
osteogenesis was enhanced, bone regeneration in periodontitis-related
alveolar bone defects commenced.

To further confirm the effects of the programmed delivery system, we
constructed a periodontitis mouse model. In the presence of TP, fewer
iNOS-positive macrophages were identified in the periodontal tissue,
suggesting that TP can reduce inflammation, which is consistent with
previous study [26]. Osteoclast activity is critical for bone regeneration
[53]; in our study, TRAP staining revealed reduced TRAP protein
secretion was observed in the TP and APR delivery groups, indicating
that both TP and APR can inhibit osteoclastogenesis. The results of
micro-CT indicated that the TP/APR sequential-release system resulted
in the highest alveolar bone formation compared to the other groups. The
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single-release nanofibers loaded with TP or APR showed mild therapeutic
efficiency, which may be due to the regulation of inflammation or
reducing of bone resorption. These results demonstrated that the TP/APR
sequential-release system can create a favorable environment in the early
stages and promote bone regeneration in later stages. In the in vivo
experiment, no drug toxicity-related injury was found in animal organ
samples, indicating that the doses of TP and APR are within a safe range.
Hence, considering the in vitro and in vivo results in this experiment, we
can conclude that the TP/APR released from the programmed-delivery
system was present at effective concentrations.

To the best of our current knowledge, this is the first study to use a
sequential and controlled release system to treat periodontitis-related
alveolar bone defects. Compared with other treatment methods, the
TP/APR programmed delivery system not only inhibits inflammation but
also promotes bone regeneration. However, it is important to note that
our results need to be confirmed in larger animal models. The current
study verified the anti-inflammatory and bone regeneration-promoting
effects of the TP-APR programmed delivery system. The periodontal
ligament plays a crucial role in the health of periodontal tissues, and thus,
future research focusing on regeneration of the periodontal ligament
might be of interest [54,55]. Moreover, an evaluating of the degradation
behavior of the TP-APR programmed delivery system for a longer time
should also be considered. In the future, more sequential strategies
matching the spatiotemporal specificity of periodontitis should be
explored to achieve better outcomes.

5. Conclusion

In conclusion, the TP/APR programmed delivery system can promote
bone regeneration in an inflammatory microenvironment, which mainly
depends on the sequential effects of TP inhibiting the inflammation and
APR promoting osteogenic differentiation. Considering the spatiotem-
poral specificity of periodontitis-related alveolar bone defects, the coor-
dination between TP in the shell and APR in the core is necessary for bone
regeneration. These findings reveal the TP/APR programmed delivery
system has great applied potential in treating periodontitis-related
alveolar bone defects.
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