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1. Introduction

Periodontal diseases are chronic inflammatory diseases that mainly
affected the periodontal supporting tissues, such as the gingiva, peri-
odontal ligament and alveolar bone, which could ultimately lead to
tooth loss. Almost 90 % of the worldwide population suffers from
periodontal disease [1]. Periodontal disease was shown to contribute to
systemic inflammation of the body and deteriorating conditions,
including hypertension, atherosclerosis and diabetes mellitus [2]. Con-
ventional management for periodontal disease such as scaling, root
planning, local or systemic application of antibiotics, open flap
debridement and guided tissue regeneration (GTR), has been demon-
strated to be efficacious [3].

Currently, GTR has been proven to be effective and widely applied in
periodontal tissue regeneration. The apical migration of connective
tissues and gingival epithelium is prevented or impeded by using GTR
membranes, therefore, enabling alveolar bone and periodontal ligament
to optionally cover the root surface [4]. Based on the biodegradability of
GTR membranes, they can generally be classified into two categories:
nonabsorbable membranes and absorbable membranes [5]. Nonab-
sorbable membranes such as polytetrafluoroethylene (PTFE) and tita-
nium require a second surgery for remove, which may cause infection
and trauma to the defect sites. Absorbable membranes consist of natu-
rally derived polymers and synthetic degradable polymers [6]. Naturally
derived polymers such as collagen are commonly considered to possess
fine biocompatibility and have been extensively applied in clinical
practice [7]. Nevertheless, the currently present available GTR

membranes still have some shortcomings. Previous studies have shown
that the degradation rate of the Bio-Gide collagen membranes reached
60 % at 4 weeks and 80 % at 9 weeks post-operation in calvarial defects
of rats [8]. The inappropriate degradation rate and inadequate me-
chanical properties of the absorbable membranes may give rise to the
collapse and shrinkage of the membranes into the defect site, making it
difficult to maintain enough space at the defect site. Moreover, currently
available absorbable membranes mainly exert a barrier function during
GTR procedures, while they have limited ability in promoting peri-
odontal tissue regeneration [4]. Therefore, it is of critical importance to
devise improved GTR membranes with excellent mechanical properties,
appropriate degradation rates, good biocompatibility and the ability to
induce osteogenic differentiation of PDLSCs.

Quercetin is a naturally derived dietary polyphenol that is abun-
dantly available in numerous fruits and vegetables [9]. Previous studies
have reported that quercetin possess many pharmacological properties,
such as anti-inflammatory, antioxidant and osteogenic properties
[10-12]. In particular, quercetin could promote the osteogenic differ-
entiation of adipose-derived stem cells in vitro [13]. Quercetin could also
enhance the osteogenesis under osteoporotic conditions [14]. The
incorporation of quercetin in silk fibroin/hydroxyapatite scaffolds was
shown to significantly accelerate bone regeneration [15].

Electrospinning is an electrohydrodynamic process in which liquid
droplets are electrified to jets, and then, fibers are produced by
stretching and elongation [16]. The dimensional structures of electro-
spun membranes are similar to those of the extracellular matrix (ECM),
which can facilitate the proliferation and recruitment of native cells,
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therefore, promoting regeneration of the tissue [17]. In addition, bio-
molecules and compounds that possess biological effects can be deliv-
ered by electrospun membranes [18]. Polycaprolactone (PCL) is a
synthetic polymer with fine biocompatibility, flexibility and biode-
gradability and has been broadly applied for drug and tissue engineer-
ing. Therefore, PCL electrospun fibrous membranes might be suitable
candidate GTR membranes for periodontal tissue regeneration.

In this study, we fabricated a flexible Qtn/PCL membrane with
reinforced mechanical properties, an appropriate degradation rate, good
biocompatibility and an osteogenic induction ability that could promote
periodontal tissue regeneration. Quercetin was dispersed in a PCL so-
lution, and fibrous membranes were developed by electrospinning. The
physicochemical and biological properties of quercetin/PCL fibrous
membranes were evaluated in vitro. To further verify the effects of Qtn/
PCL fibrous membranes in vivo, we established a rat periodontal bone
defect model and implanted Qtn/PCL fibrous membranes. The fabri-
cated membranes might provide a new strategy for periodontal tissue
regeneration.

2. Materials and methods
2.1. Isolation and identification of hPDLSCs

The experiment was authorized by the Medical Ethical Committee of
Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao Tong
University School of Medicine (SH9H-2022-T370-1). PDLSCs were iso-
lated from patients aged 18-25 years who had premolars or the third
molars extracted for orthodontic treatment through the enzyme diges-
tion method [19]. Briefly, the extracted premolars or the third molars
were rinsed with phosphate-buffered saline (PBS) containing 5 %
penicillin-streptomycin, and the periodontal ligament was gently scra-
ped from the middle of the root surface. Then the periodontal ligament
was digested for 1 h in a mixture of dispase (4 mg/mL) (Sigma-Aldrich,
D4818, USA) and type I collagenase (3 mg/mL) (Sigma-Aldrich,
SCR103, USA) at 37 °C. Finally, the cells were seeded in 10 cm culture
dishes with minimum essential medium o (a-MEM) containing 10 %
fetal bovine serum (FBS) and 1 % penicillin-streptomycin. PDLSCs from
passages 2-4 were used for the following experiments. The identification
of PDLSCs was conducted according to the literature [20]. The detailed
methods and results were presented in supplementary information.

2.2. Preparation of the electrospun fibrous membranes

Fibrous membranes containing quercetin (Sigma-Aldrich, Q4951,
USA) (Qtn) were fabricated by electrospinning [21]. Briefly, PCL (Sig-
ma-Aldrich, 440,744, USA) was dissolved in hexafluoroisopropanol
(HFIP) (Macklin, H811026, China) at a final concentration of 16 %
(w/v) and stirred on a magnetic stirrer overnight. Next, different
amounts of quercetin (0, 0.5 %, 1 %, 2 %, 4 % and 8 wt% of the dissolved
PCL) were added to the above PCL solution and oscillated by ultrasound
for 30 min to form a homogeneous Qtn/PCL solution. Then the solution
was transferred into a 5 mL syringe with a 21 G needle head. Electro-
spinning was accomplished at a voltage of 10 kV. The supply rate of the
solution was 1 mL/h, and with the collecting distance was 25 cm. The
whole electrospinning process took 3 h, and the average thickness of the
fibrous membranes was approximately 40-70 pm. The membranes
containing 0, 0.5 %, 1 %, 2 %, 4 % and 8 wt% quercetin was named as
PCL, 0.5%Qtn/PCL, 1%Qtn/PCL, 2%Qtn/PCL, 4%Qtn/PCL and 8%
Qtn/PCL, respectively. The membranes were cut into circular shape
(diameter of 15 or 34 mm) and sterilized by ultraviolet light for the
following experiments [22].

2.3. Characterization of the electrospun fibrous membranes

Scanning electron microscope (SEM) (Zeiss Gemini 300, Germany)
was utilized to evaluate the surface morphology of the electrospun
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fibrous membranes [23]. The average diameters of the fibers were
analyzed by Origin 8.0 software. The chemical structures of the elec-
trospun fibrous membranes were assessed by attenuated total reflec-
tance fourier transform infrared spectroscopy (ATR-FTIR) (Thermo
Scientific Nicolet iN10, USA) at wavelengths between 500 and 4000
cm~!. Transmission electron microscope (TEM) (JEOL JEM-F200,
Japan) was used to analyze the structure of quercetin and the incorpo-
ration of quercetin into the fibers.

2.4. Evaluation of tensile mechanical properties

The tensile mechanical properties of the electrospun fibrous mem-
branes were assessed by a universal tester (Hengyi, China) at room
temperature [24]. Briefly, all samples were cut into rectangles (6 cm x 3
cm) and the thickness of each sample was measured by a caliper. In this
experiment, the crosshead speed was 5 mm/min, and the ultimate ten-
sile strength, Young’s modulus, elongation at break and stress-strain
curve were recorded or calculated (n = 3).

2.5. Water contact angle analysis

Water contact angles of the electrospun fibrous membranes were
analyzed by a contact angle meter (Kruss, Germany) to assess their hy-
drophilicity [25]. Briefly, 10 pl of the deionized water was dropped on
the surface of the electrospun fibrous membranes, and water contact
angles were detected (n = 3).

2.6. Cytocompatibility evaluation of the electrospun fibrous membranes

The electrospun fibrous membranes were tailored into circular
shapes with diameters of 15 mm, and were placed in the bottom of a 24-
well plate. NIH3T3 fibroblasts and hPDLSCs were seeded on the elec-
trospun fibrous membranes at a density of 1 x 10°3 cells/well and 1 x
104 cells/well, respectively [26].

After incubation for 1, 3 and 5 days, CCK-8 assays and live/dead cell
staining were conducted to detect the viability of cells seeded on the
membranes. Briefly, cells were rinsed with PBS for 3 times, and 300 pl of
10 % CCK-8 (Dojindo, CK04, Japan) solution was added and incubated
in 37 °C incubators for 90 min. Then 100 pl of the supernatants was
transferred into a 96-well plate, and the absorbance of the samples at
450 nm was measured by a Synergy H1 microplate reader (BioTek, USA)
(n = 3) [27]. Live/dead cell staining was performed according to the
literature [28]. In brief, cells were stained with 2 pmol/L of calcein-AM
and 4.5 pmol/L of propidium iodide, and incubated in 37 °C incubators
for 90 min. Finally, images were captured by an inverted fluorescence
microscope (Nikon, Japan).

Three days later, nuclear and cytoskeletal staining of hPDLSCs and
NIH3T3 fibroblasts was carried out to observe the morphology and
attachment of the cells seeded on membranes [29]. Cells were fixed with
4 % paraformaldehyde (PFA) for 10 min and rinsed with PBS for 3 times.
Next, the cells were permeabilized with 0.5 % Triton X-100 for 5 min
and rinsed with PBS for 3 times. Then the cells were incubated with 800
pl of 100 nM phalloidin solution (Yeasen, 40734ES75, China) for 45
min. After that, the cells were stained with 400 pl of 10 pg/mL
2-(4-amidinophenyl)-6-indolecarbamidine  dihydrochloride (DAPI)
(Beyotime, C1002, China) for 5 min and rinsed with PBS for 3 times. All
the procedures were performed at room temperature and protected from
the light. Finally, the images were captured by a laser confocal micro-
scope (Nikon, Japan).

2.7. In vitro osteogenic differentiation evaluation

Alkaline phosphatase (ALP) activity, calcium nodules formation and
osteogenic genes expression were evaluated to determine the osteogenic
differentiation abilities of hPDLSCs on electrospun fibrous membranes.
hPDLSCs were seeded on the electrospun fibrous membranes at a density
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of 1 x 1074 cells/well. Seven days later, ALP staining was conducted
with a BCIP/NBT alkaline phosphatase color development kit (Beyotime
C3206, China). ALP activity in hPDLSCs was measured by an alkaline
phosphatase assay kit (Beyotime P0321S, China). 28 days later, ARS
staining (Solarbio, G1452, China) was performed to detect the formation
of the mineralized nodules. 10 % (w/v) cetylpyridinium chloride (CPC)
(Sangon Biotech, A600106-0100, China) solution was added to the
stained plates to determine the calcium content of hPDLSCs seeded on
the electrospun fibrous membranes, and the absorbance of the extracted
dye was detected at 562 nm by a Synergy H1 microplate reader (BioTek,
USA) [30]. The stained images were captured by a stereomicroscope
(Nikon, Japan).

After hPDLSCs were seeded on the electrospun fibrous membranes
for 7 and 14 days, total ribonucleic acid (RNA) of hPDLSCs was extracted
by the RNAiso Plus reagent (Takara, 9108, Japan) [31]. A total of 1 pg
RNA was reverse transcribed into complementary deoxyribonucleic acid
(cDNA) by a PrimeScript RT Master Mix kit (Takara, RRO36A, Japan).
The expression of ALP, Collagen I (Col-1), osteopontin (OPN), osteo-
calcin (OCN), vascular endothelial growth factor (VEGF) and hypoxia
inducible factor-la (HIF-1a) was detected by quantitative real-time
polymerase chain reaction (QRT-PCR) with a TB Green Premix Ex Taq
kit (Takara, RR420A, Japan). The primer sequences are listed in
Table S1.

2.8. Immunofluorescence staining of OPN and VEGF

hPDLSCs were seeded on the electrospun fibrous membranes at a
density of 1 x 10°4 cells/well. Seven days later, the samples were har-
vested, and immunofluorescence staining of OPN and VEGF were con-
ducted respectively according to the literature [10]. Cells were fixed
with 4 % PFA for 30 min and gently rinsed with PBS for 3 times. Triton
X-100 (0.5 %) was employed to penetrate the cells for another 30 min.
Then the cells seeded on the electrospun fibrous membranes were
blocked with 1 % bovine serum albumin (BSA) for 1 h. Next, the cells
were incubated with primary OPN antibody (Proteintech 22952-1-AP,
USA, 1:200) and VEGF antibody (Proteintech, 66828-1-Ig, USA,
1:200) respectively at 4 °C overnight. On the second day, the cells were
gently rinsed with PBS for 3 times and incubated with Alexa Fluor
488-conjugated goat polyclonal secondary antibody to rabbit IgG
(Abcam, ab150077, the UK) for 1 h at room temperature. Finally, the
cells were stained with DAPI and phalloidin as previously described. The
samples were observed by a laser confocal microscope (Nikon, Japan).

2.9. Cell migration

The migration ability of hPDLSCs on the electrospun fibrous mem-
branes was evaluated by creating a 1 mm width gap with a personalized
stainless steel (15 mm diameter with a 1 mm transverse barrier in the
middle) as described in the literature [32]. Personalized stainless steels
were placed on the electrospun fibrous membranes in a 24-well plate.
hPDLSCs were seeded on the membranes at a density of 5 x 10°5
cells/well in 1 mL of a-MEM medium containing 10 % FBS. Twenty-four
hours later, personalized stainless steels were removed to create a 1 mm
width gap, and the cells were cultured with serum-free medium for
another 48 h. Finally, the samples were stained with DAPI and observed
by an inverted fluorescence microscope (Nikon, Japan).

2.10. In vitro swelling and degradation of the electrospun fibrous
membranes

The e electrospun fibrous membranes were cut into circular shapes
(diameter of 34 mm) and immersed in both artificial saliva (Solarbio,
A7990, China) and sodium hydroxide solution (pH = 8.5) (Sigma,
S8045, USA) to evaluate their swelling and degradation rates. The initial
weight of the samples was recorded as M. Briefly, the samples were
immersed in artificial saliva and sodium hydroxide solution (pH = 8.5)
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in centrifuge tubes for 2 h and 24 h, respectively, on a 37 °C shaker. After
removal from the solution, the membranes were dried with a fine
absorbent paper and weighed. The weight of which was recorded as My.
The swelling rate was calculated using the following equation [23]:

Swelling rate (%) = (Mq — My) / My

For the degradation rate, the samples were immersed in 20 mL of
artificial saliva and sodium hydroxide solution (pH = 8.5) in centrifuge
tubes on a 37 °C shaker. The incubation solutions were changed every 2
days. At preset timepoints, the samples were rinsed with deionized
water, freeze-dried and weighed, and the weight was recorded as M.
The degradation rate was calculated using the following equation [33]:

Degradation rate (%) = (M — M,) / My
2.11. Invitro drug release of the electrospun fibrous membranes

The electrospun fibrous membranes were tailored into circular
shapes (diameter of 14 mm) and immersed in 10 mL of artificial saliva in
a centrifuge tube on a 37 °C shaker. For evaluation of the release of
quercetin from the electrospun fibrous membranes, 2 mL of the released
solution was collected at preset timepoints. In addition, 2 mL of fresh
artificial saliva was added to the centrifuge tube. The absorbance of the
collected released solution was measured by an ultraviolet-visible
spectrophotometer (UV, 759CRT, China) at a wavelength of 256 nm.
The initial weight of the electrospun fibrous membranes was recorded as
My, > q represented the mass of the cumulatively released quercetin,
and c indicated the concentration of quercetin loaded in the electrospun
fibrous membranes. The cumulative release of quercetin was calculated
using the following equation [23,34].

Cumulative drug release rate (%) = z / cM,
q

2.12. Barrier function of the electrospun fibrous membranes

We evaluated the barrier function of the electrospun fibrous mem-
branes described as the literature [26]. The electrospun fibrous mem-
branes were tailored into circular shapes (diameter of 6 mm), fixed on
the cell culture inserts (Falcon, 351,152, USA), and placed in 24-well
plates. Human gingival fibroblasts (HGFs) were isolated (Fig. S5) and
seeded on the electrospun fibrous membranes for 14 days. The samples
were stained with hematoxylin-eosin (HE) and phalloidin. The bottom of
the 24-well plate was observed by an optical microscope (Nikon, Japan).

2.13. Animal experiment

Sprague-Dawley (SD) rats (8 weeks old, male, 230-250 g) were
purchased from the laboratory animal center of Shanghai Ninth People’s
Hospital and raised in specific pathogen-free (SPF) conditions. All the
animal procedures were approved by the laboratory animal ethics
committee of Shanghai Ninth People’s Hospital (SH9H-2020-A469-1).
Sixteen male 8-week-old SD rats were stochastically divided into 4
groups: (1) the normal group: without periodontal bone defects; (2) the
control group: periodontal bone defects without treatment; (3) the PCL
group: periodontal bone defects with PCL electrospun fibrous membrane
treatment; (4) the 4%Qtn/PCL group: periodontal bone defects with 4%
Qtn/PCL electrospun fibrous membrane treatment. Rats were anes-
thetized with pentobarbital sodium and periodontal bone defects were
created as previously described [4]. First, the mucoperiosteal flaps
located in the bilateral maxillary first molar were incised, and the
palatal alveolar bone contiguous to the root surfaces of the maxillary
first molar was removed with a dental drill under saline irrigation.
Periodontal bone defects approximately 3 mm (length) x 1.5 mm (width)
x 2 mm (depth) were fabricated. Afterward, PCL and 4%Qtn/PCL elec-
trospun fibrous membranes were implanted into the defect sites. Eight
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weeks after the surgery, rats were euthanized, and the maxillae of the
rats were collected and fixed in 4 % PFA for further detection.

2.14. Microcomputed tomography (micro-CT) assessment

The collected maxillae were scanned by a micro-CT (PerkinElmer,
USA) to assess the bone regeneration. Scanning was conducted with a
voltage of 90 kV, a current of 90 pA, and a voxel resolution of 72 pm.
Caliper Analyze 12.0 software was used to reconstruct and analyze the
3D and 2D images of the alveolar bone. The distance between the
enamel-dentinal junction (CEJ) and alveolar bone crest (ABC) was
measured to assess the vertical bone loss of the defect sites. In addition,
the bone volume/tissue volume (BV/TV) and bone mineral density
(BMD) of the defects were quantified.

2.15. Histological staining

All samples were fixed in 4 % PFA at room temperature for 24 h. The
samples for hematoxylin and eosin (HE), Masson’s trichrome and
immunohistochemical staining were decalcified in 10 % ethyl-
enediaminetetraacetie acid (EDTA) (Solarbio, E8030, China) on a shaker
at 37 °C for 30 days, dehydrated in different concentrations of ethanol,
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vitrified in dimethylbenzene, embedded in paraffin and sectioned at a
thickness of 5 pm. HE, Masson’s trichrome and immunohistochemical
staining for OPN and VEGF was conducted according to the literature
[351.
2.16. Statistical analysis

All quantitative data are expressed as mean =+ standard deviation
(SD). Student’s t-test was used for statistical analysis with SPSS 20.0
software. *p < 0.05 was considered statistically significant.
3. Results
3.1. Schematic illustration of the experiment

The fabrication procedure of the electrospun fibrous membranes and

their application in periodontal bone regeneration are illustrated in
Fig. 1.
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Fig. 1. Fabrication procedure of the electrospun fibrous membranes and their application in periodontal bone regeneration.
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3.2. Fabrication and characterization of the electrospun fibrous
membranes

All electrospun fibrous membranes, including PCL, 0.5%Qtn/PCL,
1%0Qtn/PCL, 2%Qtn/PCL, 4%Qtn/PCL and 8%Qtn/PCL were

0.5%Qtn/PCL 1%Qtn/PCL

C

0.5%Qtn/PCL 1%Qtn/PCL

2%Qtn/PCL
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successfully fabricated and observed by SEM. The SEM results indicated
that all fibers were randomly distributed with a smooth appearance,
uniform diameter and bead-free morphology (Fig. 2A). The average
nanofibers’ diameters of each group ranged from 1.76 to 2.14 pm
(Fig. 2C, Table 1), which indicated that all membranes were
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Table 1
The average nanofibers’ diameters of the electrospun fibrous membranes.
Group Average diameter of nanofibers (pm)
PCL 1.76 + 0.22
0.5%Qtn/PCL 1.77 £ 0.21
1%Qtn/PCL 1.79 £ 0.18
2%Qtn/PCL 2.00 £0.31
4%Qtn/PCL 1.90 + 0.22
8%Qtn/PCL 2.14 +£0.30

micrometer-sized. The incorporation of quercetin into PCL did not alter
the morphology of the fibers, and the mean diameters of the fibers were
fractionally increased after the incorporation of quercetin. According to
the TEM images, quercetin could be observed in the single fiber, which
indicated that quercetin was embedded into PCL (Fig. 2B).

ART-FTIR spectra were utilized to analyze the surface chemical
properties and characteristic functional groups of the electrospun
fibrous membranes (Fig. 2D). The raw PCL material showed character-
istic peaks at 2866 and 2944 cm ™! attributed to symmetric and asym-
metric CH2 stretching, respectively. Characteristic peaks at 1727 and
1172 ecm™! due to C=O stretching and C-C stretching, respectively,
were also observed. The results are in accordance with previous litera-
ture [36]. The ART- FTIR spectra of the 0.5%Qtn/PCL, 1%Qtn/PCL, 2%
Qtn/PCL, 4%Qtn/PCL and 8%Qtn/PCL electrospun fibrous membranes
resembled those of the raw PCL material, which demonstrated that the
surface chemical properties of the Qtn/PCL fibrous membranes were
unaffected by the incorporation of quercetin or the electrospinning
process.

The mechanical properties of the electrospun fibrous membranes
were assessed by a mechanical tester. The ultimate tensile strength,
Young’s modulus and elongation at break of each group were analyzed
(Fig. 2E-G) and presented as mean + standard deviation (Table 2). The
stress-strain curves of the electrospun fibrous membranes were shown in
Fig. 2H. With increasing quercetin content, the ultimate tensile strength
and Young’s modulus of the Qtn/PCL fibrous membranes gradually
increased, and the 4%Qtn/PCL fibrous membrane possessed the opti-
mum ultimate tensile strength (3.387 + 0.395 MPa) and Young’s
modulus (19.00 + 3.61 MPa) compared to the ultimate tensile strength
(2.393 + 0.098 MPa) and Young’s modulus (12.00 + 2.00 MPa) of pure
PCL group. There were no significant differences in elongation at break
between the different groups.

The surface wettability of the electrospun fibrous membranes was
assessed by water contact angle analysis. The water contact angles of
each group were analyzed (Fig. 2I) and presented as mean + standard
deviation (Table 3). No significant differences were observed among the
water contact angles of all the groups.

The degradation and swelling rate of the electrospun fibrous mem-
branes were detected in both NaOH solution (pH = 8.5) and artificial
saliva. The results indicated that the mass loss of the electrospun fibrous
membranes within 14 days was no more than 6 %. Electrospun fibrous

Table 2
Mechanical properties of the electrospun fibrous membranes.

Group Ultimate tensile Young’s modulus Elongation at break
strength (MPa) (MPa) (%)

PCL 2.393 £+ 0.098 12.00 + 2.00 194 + 45.57

0.5%Qtn/ 2.450 + 0.050 13.00 + 2.00 188 +14.73
PCL

1%Qtn/ 2.650 £+ 0.100 14.33 £ 4.73 179 £ 2.52
PCL

2%Qtn/ 2.917 + 0.577 14.67 + 3.79 173 +3.22
PCL

4%Qtn/ 3.387 + 0.395 19.00 + 3.61 144 + 5.00
PCL

8%Qtn/ 1.850 + 0.150 13.67 + 4.04 152 +21.13
PCL
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Table 3

The water contact angles of the electrospun fibrous membranes.
Group Water contact angle (°)
PCL 124.8 £+ 2.02
0.5%Qtn/PCL 125.8 + 1.89
1%Qtn/PCL 119.8 + 4.93
2%Qtn/PCL 124.8 +£ 1.04
4%Qtn/PCL 126.3 £ 1.61
8%Qtn/PCL 124.7 +£ 0.29

membranes incorporated with quercetin showed a faster mass loss
compared with the PCL group (Fig. 2J and K). Along with the degra-
dation and release of quercetin, damaged polymer fibers might interact
with the solution. The swelling rate was evaluated after the electrospun
fibrous membranes were immersed in NaOH solution (pH = 8.5) and
artificial saliva for 2 h and 24 h, respectively. A higher uptake rate in
aqueous solution was observed in Qtn/PCL membranes (Fig. 2L-M),
which was in accordance with the degradation profile of the electrospun
fibrous membranes.

The in vitro quercetin release of the Qtn/PCL fibrous membranes was
also detected. Our results suggested that the Qtn/PCL fibrous mem-
branes exhibited a sustained and long-term release profile (Fig. 2N). The
cumulative release rates were relatively fast within 14 days, and reached
over 80 % at 35 days.

A. SEM images of the electrospun fibrous membranes. B. TEM images
of quercetin powder and the electrospun fibrous membranes. C. Diam-
eter distribution of the electrospun fibrous membranes. D. ART-FTIR
spectra of the electrospun fibrous membranes. E. Ultimate tensile
strength. F. Young’s modulus. G. Elongation at break. H. Stress-strain
curve. I. Water contact angle analysis. J-K. Degradation rate of the
electrospun membranes in sodium hydroxide solution and artificial
saliva respectively. L-M. Swelling rate of the electrospun membranes in
sodium hydroxide solution and artificial saliva respectively. N. Cumu-
lative release of quercetin in artificial saliva from the electrospun fibrous
membranes. P*< 0.05 versus PCL group.

3.3. Cytocompatibility of the electrospun fibrous membranes

Both hPDLSCs and NIH3T3 fibroblasts were seeded on the electro-
spun fibrous membranes respectively. Then cell viability was assessed
by CCK-8 assays and live/dead cell staining, and cell morphology and
adhesion were assessed by cytoskeletal staining.

The CCK-8 assay was conducted after cell seeding for 1, 3 and 5 days.
The results suggested that the viabilities of hPDLSCs seeded on the 4%
Qtn/PCL and 8%Qtn/PCL electrospun fibrous membranes were pro-
moted compared to those seeded on the PCL electrospun fibrous mem-
branes on Day 3 and Day 5. In addition, the viability of hPDLSCs seeded
on the 2%Qtn/PCL electrospun fibrous membranes on Day 5 was also
promoted (Fig. 3A). For NIH3T3 fibroblasts, the viabilities of cells
seeded on the 1%Qtn/PCL, 2%Qtn/PCL, 4%Qtn/PCL and 8%Qtn/PCL
electrospun fibrous membranes for 5 days were significantly increased
(Fig. 3B).

Live/dead cell staining was carried out after cell seeding for 3 days.
According to the live/dead cell staining results, both hPDLSCs and
NIH3T3 fibroblasts grew very well on the electrospun fibrous mem-
branes (Fig. 3C). There were barely any dead cells (red fluorescence) in
the fields, and the majority of the cells were stained green fluorescence,
which demonstrated that the electrospun fibrous membranes had no
cytotoxic effects on the two kinds of cells. Moreover, a higher intensity
of green fluorescence in hPDLSCs was observed in 4%Qtn/PCL and 8%
Qtn/PCL fibrous membranes, which is in accordance with the CCK-8
results in Fig. 3A (Fig. S3C).

Cytoskeletal staining was performed 3 days after cells were seeded
on the electrospun fibrous membranes. F-actin in the cytoskeleton was
stained with phalloidin, which is represented as red fluorescence, and
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nuclei were stained with DAPI, which is represented as blue fluores-
cence. Both hPDLSCs and NIH3T3 fibroblasts were evenly distributed
and well attached to the electrospun fibrous membranes. NIH3T3 fi-
broblasts on the electrospun fibrous membranes showed relatively
round shapes, while hPDLSCs appeared to have a flattened morphology
with elongated filopodia (Fig. 3D).

Taken together, the Qtn/PCL electrospun membranes exhibited good
cytocompatibility and did not show negative effects on the proliferation,
adhesion or cellular morphology to both hPDLSCs and NIH3T3
fibroblasts.
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Fig. 3. Cytocompatibility evaluation of the electrospun fibrous membranes.

A-B. Cell viability was detected by CCK-8 assays after hPDLSCs and
NIH3TS3 fibroblasts were cultured on the electrospun fibrous membranes
for 1, 3 and 5 d respectively. C. Live/dead cell staining was performed
after hPDLSCs and NIH3TS3 fibroblasts were cultured on the electrospun
fibrous membranes for 3 d respectively. D. F-actin and nuclei staining of
hPDLSCs and NIH3T3 fibroblasts cultured on the electrospun fibrous
membranes for 3 d respectively. P*< 0.05 versus PCL group.
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3.4. Osteogenic/angiogenic differentiation of hPDLSCs induced by Qtn/
PCL fibrous membranes

The osteogenic and angiogenic effects of the electrospun fibrous
membranes on hPDLSCs were explored by ALP staining, ALP activity
quantification, ARS staining, mineralized calcium nodule quantification,
cellular immunofluorescence staining and RT-qPCR. As indicated by
ALP staining, hPDLSCs had higher ALP activity on the 2%Qtn/PCL and
4%Qtn/PCL electrospun fibrous membranes than on the pure PCL
membrane at both 7 and 14 d (Fig. 4A). Quantitative evaluation of ALP
activity suggested that 1%Qtn/PCL, 2%Qtn/PCL and 4%Qtn/PCL elec-
trospun fibrous membranes considerably enhanced the ALP activity of
hPDLSCs at 7 and 14 d compared with the pure PCL membranes, which
was in accordance with the ALP staining results. In addition, the general
ALP activity of hPDLSCs at 14 d was remarkably elevated compared with
that at 7 d (Fig. 4C). ARS staining and quantification were performed to
detect the formation of the mineralized calcium nodules of hPDLSCs at
28 d. The results showed that the amount of the mineralized calcium
nodules of hPDLSCs on the Qtn/PCL electrospun fibrous membranes
slightly increased, which indicated that the incorporation of quercetin
promoted the calcium deposition of hPDLSCs (Fig. 4B and D).

Immunofluorescence staining of OPN and VEGF was performed after
hPDLSCs were cultured on the electrospun fibrous membranes for 7 d.
Representative images showed that hPDLSCs cultured on 2%Qtn/PCL
and 4%Qtn/PCL electrospun fibrous membranes exhibited higher OPN
protein levels (Fig. 4E). Besides, hPDLSCs cultured on 2%Qtn/PCL group
exhibited higher VEGF protein level (Fig. 4F).

hPDLSCs were cultured on the electrospun fibrous membranes for 7
or 14 d, and RT-qPCR was conducted to analyze the expression of
osteogenic- and angiogenic-related genes in hPDLSCs. The gene
expression of ALP in the 2%Qtn/PCL and 4%Qtn/PCL group was
remarkably higher than that in the PCL group (Fig. 4G). Similarly, the
gene expression of Col-1 in the 2%Qtn/PCL, 4%Qtn/PCL and 8%Qtn/
PCL group was dramatically higher than that in the PCL group (Fig. 4H).
The results indicated that the gene expression of OPN and OCN was
significantly higher in the 1%Qtn/PCL, 2%Qtn/PCL, 4%Qtn/PCL and
8%0Qtn/PCL group than in the PCL group. Additionally, the expression of
the OCN gene was also increased in the 0.5%Qtn/PCL group compared
with the PCL group (Fig. 4I and J). Moreover, we examined the
expression of angiogenic-related genes, including VEGF and HIF-1a,
after cells were seeded on the membranes for 7 d. The results suggested
that the gene expression of VEGF was significantly higher in the 0.5%
Qtn/PCL,1%Qtn/PCL, 2%Qtn/PCL and 4%Qtn/PCL groups than in the
PCL group (Fig. 4K). The gene expression of HIF-1a was significantly
higher in the 0.5%Qtn/PCL,1%Qtn/PCL and 2%Qtn/PCL groups than in
the PCL group (Fig. 4L).

Taken together, all these results demonstrated that the incorporation
of quercetin into PCL electrospun fibrous membranes promoted the
osteogenic and angiogenic differentiation processes. The controlled
release of quercetin from the electrospun fibrous membranes signifi-
cantly enhanced the osteogenic and angiogenic differentiation of
hPDLSCs. Furthermore, the 4 % Qtn/PCL electrospun fibrous membrane
exhibited better abilities to induce the osteogenic and angiogenic dif-
ferentiation of hPDLSCs than the other membranes.

A. ALP staining was performed after hPDLSCs seeded on the elec-
trospun fibrous membranes for 7 and 14 d respectively. B. ARS staining
was performed after hPDLSCs seeded on the electrospun fibrous mem-
branes for 28 d. C. ALP activities of hPDLSCs were detected after
cultured on the electrospun fibrous membranes for 7 and 14 d respec-
tively. D. Quantification of mineral nodules of hPDLSCs after seeded on
the electrospun fibrous membranes for 28 d. E-F. Immunofluorescence
staining of OPN and VEGF were performed respectively after hPDLSCs
cultured on the electrospun fibrous membranes for 7 d. G-J. The
expression of ALP, Col-1, OPN and OCN mRNA were detected by RT-
qPCR respectively after hPDLSCs cultured on the electrospun fibrous
membranes for 7 d or 14 d. K-I. The expression of VEGF and Hif-1a
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mRNA were detected by RT-qPCR respectively after hPDLSCs cultured
on the electrospun fibrous membranes for 7 d. P*< 0.05 versus PCL
group.

3.5. Effects of the electrospun fibrous membranes on the migration of
hPDLSCs

The concrete procedures of the cellular migration assay are illus-
trated in Fig. 5B. Briefly, the electrospun fibrous membranes were
placed in the bottom of 24-well plates, and personalized stainless steels
were placed on the membranes. After cells were seeded on the electro-
spun fibrous membranes for 24 h, the stainless steels were removed, and
1 mm wide artificial gaps were created. Then the culture medium of
hPDLSCs was replaced with serum-free medium which containing 1 %
penicillin-streptomycin. Forty-eight hours later, cells seeded on the
electrospun fibrous membranes were fixed in 4 % PFA, and nuclei were
stained with DAPI. Representative images of cell migration and quan-
titative analysis results suggested that the migration rates of hPDLSCs on
the 1%Qtn/PCL, 2%Qtn/PCL, 4%Qtn/PCL and 8%Qtn/PCL electrospun
fibrous membranes were remarkably higher than those on the PCL
membranes (Fig. 5A and C). The results indicated that the incorporation
of quercetin into PCL increased the migration of hPDLSCs on the elec-
trospun fibrous membranes.

A. Nuclei fluorescence staining of hPDLSCs after activating cell
migration for 0 and 48 h. B. Sketch map of the migration of hPDLSCs on
the electrospun fibrous membranes. C. Statistical analysis of the
migration rate of hPDLSCs on the electrospun fibrous membranes. P*<
0.05 versus PCL group.

3.6. The barrier function of the electrospun fibrous membranes

In this study, we set up a transwell model to detect the anti-cellular
penetration capacity of the membranes (Fig. 6A). HE staining results
showed that HGFs did not penetrate the membranes (Fig. 6B). In addi-
tion, images of the lower chamber of the transwell plate were obtained
by a light microscope, and no fibroblasts were observed in the lower
chamber of the transwell plate (Fig. 6B). Similar results can be found in
confocal layer scanning (Fig. 6C).

All these results indicated that the electrospun fibrous membranes
possessed an anti-cellular penetration capacity and could exert a barrier
function in GTR.

A. Sketch map of the barrier function of the electrospun fibrous
membranes. B. HGFs were seeded on the fibrous membranes for 14 d. HE
staining were performed on the cross section of the cell-seeded mem-
branes. Images of the lower chamber were captured by a light micro-
scope. C. Top and side views of the cytoskeleton on the membranes were
captured by a laser confocal microscope.

3.7. Invivo evaluation of the Qtn/PCL electrospun fibrous membranes on
rat periodontal regeneration

To further evaluate the in vivo effects of the Qtn/PCL fibrous mem-
branes on periodontal bone regeneration, we established rat periodontal
bone defect models, and Qtn/PCL fibrous membranes were transplanted
into the periodontal bone defect sites. All the animals were raised in SPF
conditions for 8 weeks with no evidence of infection after surgery.

Representative 3D-reconstructed and 2D-sectioned images of micro-
CT revealed the bone volume in periodontal defect sites. As 3D recon-
struction indicated, there was a significant bone defect in the palatal
alveolar bone of the maxillary first molar in the control group. Consid-
erable new bone formation was observed in the periodontal defect sites
treated with the membranes compared with that of the control group,
especially in the 4%Qtn/PCL group (Fig. 7A). In addition, the distance
between the cemento-enamel junction (CEJ) and alveolar bone crest
(ABC) markedly increased in the control group compared with the
normal group, which demonstrated that there was a significant vertical
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Fig. 4. Osteogenic/angiogenic differentiation of hPDLSCs induced by Qtn/PCL fibrous membranes.
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Fig. 7. Radiographic evaluation of the electrospun fibrous membranes in rat periodontal bone regeneration.

bone loss in the rats of the control group. However, a decreased distance
between the CEJ and ABC was observed in the 4%Qtn/PCL group,
indicating that there was a vertical bone gain (Fig. 7B). The ratio of bone
volume (BV) to the total volume (TV) is often regarded as an indicator of
the amount of regenerated alveolar bone. The results showed that the
levels of BV/TV and BMD in the control group significantly decreased
compared with the those in the normal group but gradually increased in
the groups transplanted with electrospun fibrous membranes, especially
in the 4%Qtn/PCL group (Fig. 7C and D).

HE and Masson’s staining indicated that normal alveolar bone
appeared wedge-shaped, and was surrounded radially by the peri-
odontal ligament. In control group, only very few new bone formed, and
the bone defect site was filled with plenty of connective tissues. There
were some new formed segmental bone growing surrounded the PCL
electrospun fibrous membranes, and the other part of the defect was
colonized with connective tissues. In 4%Qtn/PCL group, new formed
segmental bone surrounded the PCL electrospun fibrous membranes and
deposited on the defected alveolar bone were observed, while the
alveolar ridge was still relatively low and flat (Fig. 8A and B). The
expression of OPN and VEGF in new bone formation area were detected
by immunohistochemical staining. The expression of OPN and VEGF
positive cells in new bone formation area was slightly higher in the Qtn/
PCL group than other groups (Fig. 8C-D, Fig. 54).

A. Three-dimensional reconstruction and sectioned views of the rat
maxillary alveolar bone. B. The distance between cemento-enamel
junction and alveolar bone crest. C. Bone volume/total volume. D.
Bone mineral density. P*< 0.05 versus control group, P*< 0.05 versus
normal group.

A. Representative images of HE staining. B. Representative images of
Masson’s staining. C. Representative images of OPN immunohisto-
chemical staining. D. Representative images of VEGF immunohisto-
chemical staining. AB: alveolar bone, PDL: periodontal ligament, DE:
detin, NAB: newly alveolar bone. Red arrows represent OPN or VEGF
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positive cells.
4. Discussion

Electrospinning is a versatile and cost-effective procedure to fabri-
cate fibrous membranes with the fibers’ diameters ranged from nano-
meters to micrometers. The electrospun fibrous membranes possess a
relatively high surface area to volume ratio that endow them with
effective drug loading and encapsulation efficacies [37]. In this study,
we incorporated quercetin into PCL to fabricate the Qtn/PCL electro-
spun fibrous membranes via electrospinning. First, we characterized the
fabricated electrospun fibrous membranes including the physicochem-
ical and mechanical properties. Then, the effects of the Qtn/PCL fibrous
membranes on osteogenesis and angiogenesis were evaluated both in
vitro and in vivo. The cytocompatibility, barrier function and the effects
of the Qtn/PCL fibrous membranes on cell migration were also
evaluated.

Surface morphology of the electrospun fibrous membranes has
pivotal impacts on cellular behaviors, such as cellular adhesion, prolif-
eration and migration [38]. The fabricated membranes exhibited a
smooth appearance, and the fibers were uniform and bead-free (Fig. 2A
and B). The diameters of the Qtn/PCL membranes slightly increased
owing to the incorporation of quercetin into the fibers (Fig. 2C, Table 1).
The ATR-FTIR spectra revealed that the spectra of Qtn/PCL fibrous
membranes were similar to the spectrum of the raw PCL (Fig. 2D). The
results suggested that the incorporation of quercetin and the electro-
spinning process didn’t influence the surface chemical properties of the
electrospun membranes. There were no typical peaks of quercetin were
observed in the spectra of Qtn/PCL fibrous membranes which indicated
that quercetin was incorporated in the interior of the fibers. Topo-
graphical structural alterations of biomaterials can be recognized by
filipodia on cellular membranes and triggered a series of cellular regu-
lation [39]. The unaltered surface morphology can arrest this situation.
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GTR membranes for periodontal bone regeneration need possess
enough mechanical strength to resist both external forces originated
from oral activities and internal force originated from tissue regenera-
tion [18]. Our results suggested that the incorporation of quercetin
slightly increased the ultimate tensile strength and Young’s modulus of
the membranes (Fig. 2E-H). We considered the incorporation of quer-
cetin into PCL fibers reinforced the mechanical strength of the mem-
branes to some extent.

PCL was considered as hydrophobic biomaterials. The contact angels
of the electrospun fibrous membranes were greater than 90° and showed
hydrophobic features (Fig. 2I, Table 3), which was in accordance with
previous literature [40]. The incorporation of quercetin did not improve
the wettability of the Qtn/PCL membranes. It may be ascribed to the
poor hydrophilic property of quercetin [41]. However, there were no
significant differences between the water contact angles of the PCL and
the Qtn/PCL membranes. The hydrophobic feature of PCL has negative
effects on cell adhesion and proliferation, which may further cyto-
compatibility of the materials [42]. Otherwise, the incorporation of
quercetin could improve this situation via promoting cell proliferation
(Fig. 3A and B).

During the wound healing process, the microenvironment of the
tissue changes from neutral to slightly alkaline. Thus, we evaluated the
degradation and swelling rate in both artificial saliva (pH = 7.4) and
NaOH solution (pH = 8.5) in 37 °C to mimic the wound healing process
in oral cavity [4]. Membranes for periodontal bone regeneration should
keep a suitable degradation rate in vivo. A faster degradation rate may
result in the gingival soft tissues growing into the defect sites. The
membranes may remain in the new formed bone with a slow degrada-
tion rate [43]. Our results suggested that within the first 2 weeks, the
mass loss of the electrospun fibrous membranes was no more than 6 % in
artificial saliva and NaOH solution. The degradation rate reached
approximately 15 % at 8 weeks. Electrospun fibrous membranes con-
taining high concentrations of quercetin presented a relatively higher
degradation rate (Fig. 2J and K). The Qtn/PCL membranes showed a
higher aqueous solution uptake (Fig. L-M), which was in accordance
with the degradation file of the membranes. Cumulative release results
suggested that the Qtn/PCL membranes release over 50 % of quercetin
in 7 days, and reached approximately 80 % in 35 days, exhibiting a
sustained release profile (Fig. 2N).

GTR membranes for periodontal regeneration need to have good
cytocompatibility to both the soft and hard tissues. Therefore, we
evaluated the cytocompatibility of the electrospun fibrous membranes
to both PDLSCs and NIH3T3 fibroblasts. Our results indicated that the
Qtn/PCL electrospun fibrous membranes showed no cytotoxicity on
hPDLSCs and NIH3TS3 fibroblasts. Besides, the proliferation of hPDLSCs
on day 3 and day 5 was promoted. The proliferation of NIH3T3 fibro-
blasts seeded on the electrospun fibrous membranes also increased
(Fig. 3A-C). The release of quercetin into the culture medium stimulated
the proliferation of quercetin, which was in accordance with the pre-
vious literature [14,44]. Both hPDLSCs and NIH3T3 fibroblasts were
evenly distributed and well attached to the electrospun fibrous mem-
branes (Fig. 3D).

Cell migration plays a pivotal role in many physiological processes,
such as morphogenesis, metastatic growth, tissue repair and wound
healing [45]. In this research, we created a 1 mm wide artificial gap with
a personalized stainless steel to evaluate the migration of hPDLSCs on
the electrospun fibrous membranes. The results indicated that the
migration of hPDLSCs on the Qtn/PCL membranes was slightly pro-
moted compared with the PCL membranes (Fig. 5). We consider this
might attributed to the release of quercetin into the culture medium, but
the potential mechanisms need to be further verified. The fundamental
function of the GTR membranes is act as a barrier between the gingiva
and the alveolar bone, preventing the gingival epithelial and connective
tissues from growing into the defect site during the process of peri-
odontal regeneration [46].

The ideal membranes for GTR should possess a barrier function that
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can prevent soft tissues from growing into bone defect sites, thus
creating enough space for new bone formation. GTR membranes for
periodontal regeneration must possess the properties that can prevent
gingival epithelial and connective tissues from growing into the defect
site. The majority of cells in human gingiva is HGFs. In our study, HGFs
could not penetrate the electrospun fibrous membranes, creating a sta-
ble space for periodontal bone regeneration (Fig. 6).

The ALP and Col-1 genes are involved in the early stage of osteogenic
differentiation of stem cells, OPN and OCN are critical genes that
participate in the late stage of osteogenic differentiation of stem cells
[47]. ALP staining and quantification results suggested that the Qtn/PCL
fibrous membranes significantly increased the expression of ALP
(Fig. 4A and C). The same result could be observed in ARS staining and
quantification assay. There were mineralized calcium nodules deposited
on the Qtn/PCL fibrous membranes (Fig. 4B and D). The expression of
osteogenic-related genes such as ALP, Col-1, OPN and OCN of hPDLSCs
was also increased in the Qtn/PCL fibrous membranes (Fig. 4G-J). These
results indicated that the Qtn/PCL fibrous membranes promoted the
osteogenic differentiation of hPDLSCs in both early and later stages of
osteogenesis. The expression of angiogenic-related genes including
VEGF and HIF-1a was elevated in hPDLSCs seeded on the Qtn/PCL
electrospun fibrous membranes (Fig. 4K-L). hPDLSCs seeded on the
Qtn/PCL electrospun fibrous membranes expressed more VEGF protein
as indicated by the immunofluorescence staining (Fig. 4D). Our in vivo
results revealed that new bone formation was observed in the peri-
odontal defect sites in the 4%Qtn/PCL electrospun fibrous membranes
(Fig. 7). The immunohistochemical staining results suggested that the
expression of OPN and VEGF positive cells in new bone formation area
was slightly higher in 4%Qtn/PCL group (Fig. 8), which was in accor-
dance with the in vitro results. Studies reported that quercetin promoted
osteogenic differentiation of mouse BMSCs by activating the AMPK/-
SIRT1 signaling pathway [48]. As a naturally existed polyphenol,
quercetin plays an important role in promoting the osteogenic and
angiogenic differentiation of bone marrow-derived mesenchymal stem
cells (BMSCs) and adipose-derived mesenchymal stem cells (ADSCs) as
previously reported [13,44]. Our previous study revealed that the
osteogenesis and angiogenesis of ovariectomized rat BMSCs were rein-
forced by quercetin [14]. We consider the sustained release of quercetin
from the Qtn/PCL electrospun fibrous membranes promoted the osteo-
genic and angiogenic differentiation of hPDLSCs. But the potential
mechanisms need to be further verified.

5. Conclusion

In conclusion, we successfully constructed a multifunctional Qtn/
PCL fibrous membrane that enhanced the osteogenic and angiogenic
differentiation of hPDLSCs in vitro and promoted rat periodontal bone
regeneration in vivo. The incorporation of quercetin into the fibrous
membranes endowed them with reinforced mechanical properties,
including ultimate tensile strength and Young’s modulus, sustained
release of quercetin and a tunable degradation profile. The Qtn/PCL
fibrous membranes possessed good cytocompatibility, and both
hPDLSCs and NIH3T3 fibroblasts grew and adhered well on the Qtn/PCL
fibrous membranes. In particular, the Qtn/PCL fibrous membranes
markedly enhanced the osteogenic and angiogenic differentiation and
migration of hPDLSCs compared to PCL membranes. In addition, the
Qtn/PCL fibrous membranes exerted a barrier function by preventing
HGFs from growing into periodontal bone defect sites. Our in vivo study
proved that 4%Qtn/PCL electrospun fibrous membranes exhibited a
better periodontal bone regeneration impact. Taken together, our results
demonstrated that the electrospun fibrous Qtn/PCL membranes might
be a new strategy for periodontal bone regeneration.
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