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A B S T R A C T

Bone nonunion or delayed union, caused by stripping or injuring of periosteum, is the most common sequelae of
segmental bone defects. The preservation of periosteum, or the use of periosteal grafts, can significantly improve
the integration of bone graft, speeding up the process of bone reconstruction. However, in most cases, periosteum
cannot be preserved with bioactivity. Thus, it is pivotal to develop artificial periosteum. In this study, artificial
periosteum of PLGA/MgO/Quercetin was prepared by electrospinning. PLGA/MgO/Quercetin membranes were
shown to have a highly porous surface and microstructure, as observed by scanning electron microscopy. Along
with excellent biocompatibility, PLGA/MgO/Quercetin membranes promoted cell proliferation and migration, as
well as osteogenic differentiation of BMSCs (Bone marrow mesenchymal stem cells) in a dose-dependent manner
through the activation of Wnt/β-Catenin pathway. The PLGA/MgO/Quercetin membranes, with an appropriate
concentration of quercetin (<1 wt%), promoted EPCs (Endothelial progenitor cells) angiogenesis. In a subcu-
taneous implantation model and rat skull defect model, optimal osteogenesis and angiogenesis function were
observed for the PLGA/20 wt% MgO/0.1 wt% Quercetin membrane. In conclusion, PLGA/MgO membranes, with
an appropriate concentration of quercetin, show a variety of biological activities and are promising materials for
the generation of artificial periosteum.
1. Introduction

Segmental bone defects caused by trauma, tumor resection, and
congenital malformation are major clinical problems. In the treatment of
segmental bone defects, timely and abundant vascular growth helps to
achieve good prognosis [1,2]. Clinical and experimental data show that
the growth of blood vessels is closely related to periosteum, a highly
vascularized dense membrane surrounding the bone cortex, providing
cellular and nutritional support for osteogenesis. The vascular network
also promotes rapid bone regeneration [3]. One of the most common
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problems associated with the treatment of segmental bone defects is bone
nonunion or delayed healing, which is usually related to the stripping or
injury of periosteum. However, the preservation of periosteum, or the
usage of periosteal grafts, can significantly improve the integration of
bone grafts, accelerating the reconstruction process [4–6]. Due to the
pivotal function of periosteum in bone healing and remodeling, as well as
the high demand for periosteum in orthopedic surgery, it is necessary to
develop artificial periosteum.

Nanofiber membranes prepared by electrospinning are a promising
artificial periosteum, owing to their similarity to the extracellular matrix
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and periosteum structure; this helps to induce osteoblast adhesion, pro-
liferation, differentiation, mineralization, and neovascularization
[7–10]. Biomaterials prepared by electrospinning have been proved to
promote critical-size bone defect repair [11]. Bone tissue scaffolds pre-
pared by electrospinning of poly (lactic-co-glycolic acid) (PLGA) and
bioceramics have been shown to have excellent biocompatibility and
biodegradability. PLGA scaffolds with magnesium oxide (MgO) pro-
moted osteogenesis by sustained release of Mg2þ [12–14]. MgO nano-
particles have also been shown to promote bone regeneration and
angiogenesis [15,16].

Quercetin (Que) is one of the flavonoid substances extracted from
Chinese herbal medicine and fruits. Que has a variety of biological ac-
tivities and has shown effectiveness as a neuroprotective, anti-histamine,
anti-oxidant, anti-inflammatory, anti-microbial and anti-tumor [17]. Que
has also been shown to participate in the maintenance of bone homeo-
stasis. Que can inhibit RANKL mediated osteoclastogenesis, osteoblast
apoptosis, oxidative stress and inflammation. In addition, Que can pro-
mote osteogenesis, antioxidation, adipocyte apoptosis and osteoclast
apoptosis by regulatingWnt and NF-κB, Nrf2, Smad-dependent, as well as
intrinsic and extrinsic apoptotic pathways [18]. Further, Que regulates
the expression of osteogenic related genes (such as Runx2 and OPN),
promoting the osteogenic differentiation of stem cells [18–21]. Through
MAPK and Wnt/β-Catenin signaling pathways, Que inhibits LPS induced
apoptosis and enhances osteogenic differentiation in MC3T3-E1 cells
[22]. Que also improves osteoporosis in ovariectomized rat by enhancing
osteogenic ability of rat stem cells [22,23]. Flavonoid has been reported
to prevent bone loss by upregulating signaling pathways which pro-
moting osteoblast function [24,25]. Another flavonoid derived from
Chinese herbal extracts, Icariin showed synergistic effect with MgO on
induced osteogenesis [13]. Que in magnesium-doped calcium silicate
ceramic showed better osteogenesis function than magnesium-doped
calcium silicate ceramic as well as calcium silicate ceramic [26]. Thus,
we assumed that Que, a bioflavonoid compound, might show synergism
effect with MgO on osteogenesis. However, there is a lack of research on
artificial periosteum loading Que together with MgO and more evidence
is required for Que enhanced bone regeneration with MgO.

In this study, nano artificial periosteum of PLGA/MgO/Que were
prepared using an electrospinning process, and the efficacy of these
materials in bone regeneration was assessed.

2. ．Materials and methods

2.1. Materials

PLGA (Mw ¼ 120,000 Da) was purchased from Sigma-Aldrich.
Quercetin was purchased from Sinopharm Chemical Reagent Co., Ltd.
(China). MgO nanoparticles and dimethylformamide (DMF) solvent and
acetone were obtained from Aladdin. Other analytically pure reagents
were used without further purification.
2.2. Preparation of PLGA/MgO/Quercetin artificial periosteum

To prepare electrospinning solutions, PLGA, MgO and Que were
dissolved in 4 mL DMF and 4 mL acetone, in different concentrations
(Table S1). The initial weight feeding ratio of PLGA/MgO was 1:0.2
(w:w) [12,13,27], and the spinning solution was loaded into a 10 mL
syringe and fixed on the pusher. The distance between the needle tip of
the syringe and the collecting plate was 10 cm. Additional spinning pa-
rameters were as follows: positive voltage 12 kV, negative voltage 2 kV,
pushing speed 0.3 mL/h, collecting drum speed 100 rpm. The electro-
spinning membranes of PLGA/quercetin with mass ratio of 0.01%, 0.1%
and 1% were prepared. These were named PLGA/20 wt% MgO as
PLGA/MgO, PLGA/20 wt%MgO/0.01 wt%Que as 0.01% Que, PLGA/20
wt%MgO/0.1 wt%Que as 0.1% Que, PLGA/20 wt%MgO/1 wt%Que as
1% Que in following illustrations.
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2.3. Characterization

The morphology of PLGA/MgO/Que was characterized by scanning
electron microscopy (SEM) (Zeiss SIGMA, UK). The electrostatic spinning
film was cut into 5 mm � 5 mm size and then sprayed with gold before
SEM observation.

The hydrophilic and hydrophobic properties of the PLGA/MgO/Que
surface were measured with a water contact angle meter (JC2000C 50Hz
KRUSS Germany). 10 μL of deionized water was dropped onto the PLGA/
MgO/Que surface to keep it smooth and flat. At least three different
positions of each material were measured and averaged after multiple
measurements.

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700 Spec-
trophotometer) was used to measure and analyze the group changes of
PLGA/MgO/Que. The procedure was film method, and the size of
nanofiber film was detected as 5 mm � 5 mm. The scanning spectral
range was 4000 cm�1-400 cm�1, and the resolution was 4 cm�1.

To study the ion release of MgO in nanofibers, the ion concentration
was determined by inductively coupled plasma emission spectrometry.
(ICP-OES,LeemanLabs,USA). A 10mg fiber membrane was immersed in a
1 mL centrifuge tube containing an equal amount of PBS (PH ¼ 7.4)
buffer and aged at 37 �C for 1,3,5,7,9 and 14 days on a horizontal
oscillator (Guohua Enterprises SHA-C). The PBS buffer (1 mL) was
collected and centrifuged at 10000 rpm for 10 min. The concentrations of
magnesium ions in the solution were measured by ICP-OES.

2.4. Animals

6–8 week age male Sprague-Dawley (SD) rats were used to construct
cranial defecting models and subcutaneous angiogenesis models. Male
SD rats (60–80 g) were used for cell isolation. All animal experiments
were carried out in accordance with the guidelines of the Animal Care
and Use Committee of the Central South University and under the ethical
approval for research involving animals of Central South University.

After 8 weeks of operation, SD rats were euthanized, and the calvarial
specimens were collected and subsequently fixed with 4% para-
formaldehyde for further study. Micro-CT (SkyScan, SkyScan1176,
Belgium) is first used to assess regeneration conditions in the defect area.
The three-dimensional structure of the calvarial was reconstructed by
mimic software. Bone volume and Bone volume/tissue volume were
calculated by the software.

2.5. Cell culture

BMSC cells were isolated from rats (60–80 g) femur and tibia. BMSC
was cultured in α-MEM with 10% FBS and 1% streptomycin-penicillin.
BMSC was subcultured at 90% confluency and passage 2–3 BMSC were
used for experiments. For osteogenic differentiation, cells were cultured
with osteogenic media (MUXMT-90021, Cyagen, Guangzhou, China) for
14–21 days, and the media was replaced every 2 days. Endothelial Pro-
genitor Cells (EPCs) were isolated as described previously [28]. EPCs
were cultured in M199 with 10% FBS and 1% streptomycin-penicillin.

Artificial periosteal extracts were obtained by immersing 1 cm2 arti-
ficial periosteal into 10 mL complete media (5% CO2, 37 �C) and shaking
for 24 h (150 rpm). Immersing extracts were used in the following
osteogenesis and angiogenesis experiments.

2.6. Transwell migration assay

Transwell migration assay was performed using transwell inserts
(NEST) with a filter of 8 μm pore. 1.5 � 104 cells in serum-free media
were seeded into the upper chamber of the insert and media (including
immersing extracts) were added to the lower chamber. After 12 h of
incubation, the cells were fixed with methanol and stained with Crystal
Violet Stain. Then, cells on the top surface of the membrane were wiped
off, and cells on the lower surface were examined with a Leica
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microscope (DM3000). 9 random fields were photographed for counting
purposes and the average number of migrated cells was used as ameasure
of migration capacity.

2.7. Immunofluorescence staining and immunoblotting

Immunofluorescence staining and immunoblotting were conducted
as described previously [29]. For Phalloidin/DAPI Staining, cells were
fixed 3 days after plating with 4% PFA. After incubating with 5% BSA in
0.1% PBST for 1 h, 1/200 diluted Phalloidin were applied and incubated
for 0.5 h at room temperature (RT). After washing three times with PBS,
cells were stained with DAPI for 10 min at RT. Subsequently, the cells
were washed three times with PBS. Images were taken using confocal
scanning microscopy (Leica TCS SP8 X, Germany).

For the cellular immunofluorescence staining of Collagen I and OPN,
cells were fixed 3 days after plating with 4% PFA. After incubating with
5% BSA in 0.1% PBST for 1 h, 1/100 diluted primary antibody collagen I
(ab260043Abcam, USA) and OPN (ab63856, Abcam, USA) were applied
and incubated overnight at 4 �C. 1/200 diluted Goat anti-Rabbit IgG (H
þ L) Cross-Adsorbed Secondary Antibody 488 were used and incubated
for 1 h at RT. After washing three times with PBS, cells were stained with
DAPI for 10 min at RT. Subsequently, the cells were washed three times
with PBS. Images were taken using confocal scanning microscopy (Zeiss).

For immunoblotting, the protein aliquots, resolved in NP40 lysis
buffer, were separated by gel electrophoresis in 10% polyacrylamide
mini-gels and were transferred onto a polyvinylidene difluoride (PVDF)
film. After incubation with antibodies overnight in 4 �C, Western blot
analysis of the protein levels was performed using antibodies including
Collagen I (ab260043, Abcam, USA), Runx2 (AF5186, affinity), GAPDH
(ab8245, Abcam, USA), and Non-phospho (Active) β-Catenin (8814,
CST). Secondary antibodies, including Goat Anti-Rabbit (115-035-146,
Jackson ImmunoResearch, USA) and Goat Anti-Mouse IgG (111-035-
144, Jackson ImmunoResearch, USA) were applied. West Femto
Maximum Sensitivity Substrate (34094, Thermofisher, USA) was used to
visualize the results. Biorad ChemiDoc system was used for imaging.
Image J was used to export grey density analysis.

2.8. Histological analysis

The harvested specimens were fixed and decalcified in 10% decal-
cifying solution for 3 weeks at room temperature, followed by alcohol
gradient dehydration and embedding in a paraffin block. The embedded
specimens were cut into 5 μm-thick histological sections across the center
of the defect area and stained with H&E or Masson to evaluate the
regeneration condition.

For DAB or immunofluorescence staining, the sections were prepared
for antigen restoration by immersion in 5% hydrogen peroxidase and
blocked with BSA containing 0.1% Triton X-100 for 1 h (h) at room
temperature. Subsequently, they were incubated overnight at 4 �C with
primary antibodies against CD31 (1:500), β3-tubulin (1:100), OCN
(1:500), then incubated with HRP-conjugated secondary antibodies and
counterstained with hematoxylin or corresponded fluorescence second-
ary antibodies. Additionally, 1% DAPI was used to stain the cell nuclei.
Finally, all the images were taken under a microscope (Leica DM3000).

2.9. Cell proliferation analysis and live/dead cell staining

1 � 104 cells (BMSCs and EPCs) were plated in 96-well plates and
cultured with immersing extracts for 1 and 3 days. Cell proliferation was
analyzed by Cell Counting Kit-8 (Beyotime), according to manufacturer's
instruction at 450 nm using microplate readers (Molecular Devices).

BMSCs were cultured in 24-well plates. Calcein-AM/PI double stain-
ing was conducted using Calcein-AM/PI double stain kit after 24 h of
culturing in immersing extracts. This kit provides two molecular probes:
Calcein-AM one probe labels the living cells as green and the PI probe
simultaneously labels the dead cells as red. The results were observed
3

using confocal microscopy.

2.10. Alizarin red S staining and ALP staining

For Alizarin red S staining, BMSCs cultured in osteogenic media for 14
days were fixed with 4% PFA and stained with 0.2% Alizarin red S so-
lution for 0.5 h, then washed with ddH2O for 3 times.

For ALP staining, BMSCs cultured in osteogenic media for 3 days were
fixed with 4% PFA and stained with BCIP/NBT Alkaline Phosphatase
Color Development Kit (beyotime) for 0.5 h and then washed with PBS
(�3).

2.11. Tube formation assay

Matrigel was thawed on ice overnight. 110 μL of Matrigel (#356231,
Corning) was added per well (48-wells plates) and allowed to polymerize
for 30 min at 37 �C. For each well, 2.5 � 104 cells were plated and
observed at 3 and 6 h. After staining with Calcein-AM, cells were also
observed under microscope. Tube formation was analyzed by counting
total nodes, total branches, and measuring branch length with ImageJ.

2.12. Gene expression analysis

Quantitative PCR was applied to detect the expression of certain
genes. Total RNA was isolated using Trizol reagent (Invitrogen, USA). A
total of 1000 ng RNA were reverse transcripted using First Strand cDNA
Synthesis Kit (Thermofisher, USA). SYBR green PCR Master Mix (Ther-
mofisher, USA) was used in qPCR with CFX96 Connect Real-Time PCR
Detection System (BIO-RAD, USA). ΔΔCt method was applied to calcu-
late the results. The primers used in this study were designed by Primer
3.0 (Table S2).

2.13. Statistical analysis

GraphPad statistical software was used to analyze all the data. One-
way or two-way analysis of variance (ANOVA) was used to compare
experimental data among groups. The difference was considered statis-
tically significant at p < 0.05.

3. Results

3.1. The characteristics of PLGA/MgO/Quercetin membranes

The surface morphology of each membrane characterized by SEM
showed that the nano spinning fiber membrane of PLGA substrate was
irregularly crosslinked by nano fibers, and there was a porous structure
between spinning, forming highly porous surface and microstructure
(Fig. 1A).

The water contact angle of PLGA/MgO/Que membranes were 113.7
� 1.897� (PLGA), 118 � 1.268� (PLGA/MgO), 118.4 � 3.066� (0.01%
Que), 116.7� 1.929� (0.1%Que), 117.8� 0.832� (1%Que). Membranes
loaded with MgO showed increased water contact angles (p < 0.05),
resulting in worse hydrophilicity compared with PLGA membranes.
However, there was no difference between Que loaded membranes
(Fig. 1B and C).

Methyl vibration peak in FTIR of PLGA located in 1450 cm�1and
1755 cm�1 was the stretching vibration peak of C––O, and 1089 cm�1

was the stretching vibration peak of C–O. FTIR of pure Que showed ab-
sorption peaks at 3386 cm�1,1612 cm�1, 1379 cm�1, 1244 cm�1, which
corresponding to the stretching vibration peak of phenolic hydroxyl
group, the stretching vibration peak of C––O, the stretching vibration
peak of aromatic C–O bond and the stretching vibration peak of C–O–C,
respectively. Three characteristic absorption peaks of PLGA were
observed in different membranes. We also observed characteristic ab-
sorption peaks of Que at 1612 cm�1, 1379 cm�1, 1244 cm�1 in Que
loaded membranes. The absorption peak of quercetin is more obvious



Fig. 1. Characteristics of PLGA/MgO/Que membranes. (A) PLGA/MgO/Que showed highly porous surface and microstructure were observed by SEM; (B) Water
contact angle of PLGA/MgO/Que; (C) Compared with PLGA, PLGA/MgO/Que showed increasing contact angles; (D) FTIR of PLGA/MgO/Que; *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

X. He et al. Materials Today Bio 16 (2022) 100348
with the increase of quercetin addition, which indicating a successful
loading of Que. According to previous study [30], we observed absorp-
tion peaks of MgO in 540 cm�1 which indicating a loading of MgO
(Fig. 1D).

Subsequently, we conducted Mg2þ release curve on PLGA/MgO,
0.01% and 0.1%Que membranes. Three groups of artificial periosteum
could release magnesium ions for more than 14 days. The release curve
curves of the three groups were similar, and there was no significant
difference among the three groups (Figure S1).
3.2. Cell compatibility

To demonstrate biosafety of artificial periosteum, BMSCs and EPCs
were cultured with artificial periosteum immersing extracts. By using
Calcein AM (marker of live cells) and PI (marker of dead cells) probes, the
ratio of live cells showed no difference (p > 0.05) among diverse groups,
which indicating that all of the membranes were free of cytotoxins
(Fig. 2A and B).

By using CCK8 assay, artificial periosteum immersing extracts were
found not to inhibit the proliferation of BMSCs. Increasing proliferation
was observed in 0.01%Que artificial periosteum extracts cultured BMSCs
within 24 h, compared with PLGA/MgO extracts (p < 0.05). Further
culturing BMSCs for 72 h, compared with PLGA/MgO, extracts of arti-
ficial periosteum loaded with Que showed increasing proliferation
4

(especially for 0.1% Que and 1% Que films extracts (p < 0.001 and p <

0.01)) (Fig. 2C). Similar phenotypes were observed in EPCs. Compared
with PLGA/MgO, 0.01%Que showed no promoted proliferation in 24 h
(p > 0.05), however, it showed increasing proliferation within 72 h (p <

0.01). 0.1%Que promoted proliferation within 24 and 72 h (p< 0.05 and
p < 0.001). However, 1% Que membranes inhibited EPCs proliferation,
compared with PLGA/MgO (p < 0.05) (Fig. 2D). It is suggested that the
artificial periosteum loaded with 0.01% Que and 0.1% Que can promote
the proliferation of cells, which might show better repairing function in
fractures or bone defects.
3.3. PLGA/MgO/Que promoted cell migrations

A transwell chamber was used to detect BMSCs and EPCs migrations
cultured with diverse artificial periosteum. In BMSCs, PLGA/MgO pro-
moted cell migration compared with PLGA, while artificial periosteum
loaded with 0.01% and 0.1% Que promoted cell migration more than
PLGA/MgO (p < 0.05 and p < 0.0001, respectively) (Fig. 3A and C). In
EPCs, 0.1% Que promoted cell migrations more than PLGA/MgO (p <

0.001) (Fig. 3B and D). 0.01% Que also showed promoted cell migrations
although without statistical significance. This was consistent with the
results of the CCK-8 assay. 0.01% and 0.1% Que significantly promoted
the migration of BMSCs and EPCs, indicating more recruitment of local
stem cells and vascular endothelial cells to the fracture site.



Fig. 2. Biological compatibility of PLGA/MgO/Que. (A) Cultured in membranes immersing extracts, immunofluorescent stained showed live cells (Calcein-AM, in
green) and rare dead cells (PI, in red); (B) The ratio of live cells showed no statistically significance among groups; (C) Cell viability assays by CCK-8, Que membranes
immersing extracts showed promotion of cell proliferation in BMSCs as well as in EPCs (D); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.4. PLGA/MgO/Que increased osteogenesis via Wnt/β-catenin signaling
pathway

To clarify the effect of artificial periosteum on osteogenic differenti-
ation, BMSCs were cultured in osteogenic media with extracts. After
culturing for 12 days, the expression of osteogenesis related genes was
detected by qPCR. Compared with PLGA, PLGA/MgO showed increased
expression of Runx2 (p < 0.0001), Col1a1 (p < 0.05), and Opn (p <

0.0001), consistent with a previous study showing that MgO promoted
osteogenesis. Compared with PLGA/MgO, the positive control of osteo-
genesis, 0.01% Que and 0.1% Que increased the expression of Runx2,
Alp, Bmp2, Col1a1 and Opn. However, compared with PLGA/MgO, 1%
Que only increased the expression of Runx2 (p < 0.05) and Col1a1 (p <

0.05) (Fig. 4A). We also observed increasing expression of Collagen I and
Runx2 by immunoblotting. 0.1% Que showed the highest expression of
Collagen I and Runx2 (Fig. 4B). Further study of Alizarin Red stain and
ALP Stain were applied to evaluate putative osteogenesis functions of
artificial periosteum (Fig. 4C). In both staining, 0.01% and 0.1% Que
showed deeper color, indicating more calcium deposition and ALP
expression. However, 1% Que showed inhibition of osteogenesis.
Through immunofluorescence staining, 0.1% Que also showed the best
cell morphology and strongest fluorescence intensity of Collagen I and
OPN (Fig. 4D and E). Artificial periosteum loaded with Que promoted
osteogenesis and 0.1% Que displayed superior osteogenesis effects
5

compared with others, suggesting that an appropriate concentration of
Que might increase the osteogenesis function of MgO.

Considering the pivotal roles of Wnt/β-catenin in bone repairing, we
detected the expression of this pathway. By immunoblotting, we found
that PLGA/MgO, 0.01%Que and 0.1%Que showed increasing expression
of non-phospho catenin compared with PLGA, and 0.1% Que showed the
highest expression level (Fig. 4G). Similar results were observed within
the expression of Wnt3a, in which 0.1% Que showed the highest
expression (p < 0.001 compared with PLGA/MgO), suggesting that 0.1%
Que could activate Wnt3a/β-catenin (Fig. 4F).
3.5. PLGA/MgO/Que increased angiogenesis

By analyzing total nodes, total branches and branch lengths in EPCs,
we evaluated tube formation in vitro. By culturing in diverse artificial
periosteum extract media for 3 h, we observed no difference among the
groups. By culturing in diverse artificial periosteum extract media for 6 h,
0.1%Que showed the most total nodes compared with PLGA (p < 0.05).
0.1%Que showed the highest total branches (p < 0.01) and branching
length (p < 0.05), compared with PLGA/MgO in 6 h. However, 1% Que
showed decreasing total nodes, total branches and branching lengths
(Fig. 5A and B). In vitro culturing suggested 0.1% promote angiogenesis.

Additionally, we detected the expression of angiogenesis associated
genes including Vegfa and Vwf. Compared with PLGA, PLGA/MgO



Fig. 3. PLGA/MgO/Que increased cell migration. (A) and (B), Cultured in membranes immersing extracts, Proper concentration of PLGA/MgO/Que membranes
increasing migration in BMSCs(A) and EPCs(B); (C) and (D), Statistical analysis of cell migration of each group in BMSCs(C) and EPCs(D) (N ¼ 3); *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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showed higher expression of Vwf (p< 0.05). Compared with PLGA/MgO,
0.1% showed increasing expression of Vegfa (p < 0.01) and Vwf (p <

0.05). However, 1% Que showed decreased expression of Vwf (p < 0.05)
(Fig. 5C). By immunoblotting, we also observed highest expression of
eNOS in 0.1% Que (Fig. 5D).

By immunofluorescence staining, the cytoskeleton of 0.1% Que and
0.01% Que groups became slender and arranged in rings, similar to the
migration behavior of tubules on matrix glue in vitro (Fig. 5E). We also
observed highest fluorescence intensity in 0.1% Que stained with eNOS
and CD31 (Fig. 5F), suggesting that 0.1% Que showed the best angio-
genesis function however 1% Que might inhibit angiogenesis.

3.6. Evaluation of biocompatibility and angiogenesis of PLGA/MgO/Que
in subcutaneous implantation model

In studies above, 0.1% Que showed the best angiogenesis and
osteogenesis. Thus, we used a rat subcutaneous implantation model to
evaluate the biocompatibility and angiogenesis of PLGA, PLGA/MgO and
0.1% Que. Samples were collected 14 days after surgery. There were no
signs of inflammatory fibrosis. By H&E and Masson staining, good
interface combination between materials and tissues was displayed and
no obvious inflammatory reaction was noted, which suggested excellent
biocompatibility. Neovascularization could be observed in all groups;
however, 0.1% Que showed the most neovascularization. By H&E and
Masson staining as well as CD31 immunofluorescence staining, we
observed highest number and density of neovascularization in 0.1% Que
(Fig. 6).
6

3.7. Evaluation of repair effect of PLGA/MgO/Que in rat skull defect
model

We used the rat skull defect model to evaluate the effect of PLGA,
PLGA/MgO and 0.1% Que on promoting bone defect repairing. Samples
for micro-CT scanning and reconstruction (Fig. 7A) were collected 8
weeks after surgery. 0.1% Que showed the best repair function among
the three groups in both micro-CT scanning and Bone volume, BV/TV
analysis (Fig. 7B). As shown in Figure, PLGA demonstrated the lowest
bone repair effect with a bone volume fraction of 26.34%. The PLGA/
MgOmembrane group showed a better bone repair effect than pure PLGA
(p < 0.01), with a bone volume fraction of 37.83%. Compared with
PLGA/MgO, the bone volume fraction of Que nanofiber membrane was
51.51%, which had the best bone repair effect (p < 0.01). Similar results
were shown in neogenesis bone volume in bone defects areas.

Importantly, these results were consistent with the trend of micro-CT.
Histological examination was investigated to further verify the

microscopic details of the defect area. As shown in H&E and Masson
trichrome staining images, compared with the control group, the quer-
cetin and MgO groups had fewer bone defect areas than the control
group. Meanwhile, Masson staining showed that the collagen fibers in the
PLGA group were very sparse. In contrast, the collagen fibers in both the
MgO and quercetin groups were greater than those in the PLGA group. At
the same time, OCN (osteogenic marker) immunohistochemical staining
also showed that PLGA/MgO/Que can promote the bone formation,
consistent with the CT results. CD31 (angiogenic marker) verified the
angiogenic effect of MgO. Both PLGA/MgO and PLGA/MgO/Que groups
showed better angiogenesis than PLGA alone, consistent with in vitro



Fig. 4. PLGA/MgO/Que increased osteogenesis via Wnt/β-catenin signaling pathway. (A) Proper concentration of PLGA/MgO/Que increased the expression of
osteogenesis associated genes including RUNX2, ALP, BMP2, COL1A1 and OPN in BMSCs; (B) in BMSCs, the expression of collagen I and Runx2 increased in Que
membranes immersing medium; (C) Alizarin Red stain and ALP Stain showed Que could promote osteogenesis in 0.1% concentration; (D) cultured in membranes
immersing extracts, Que increasing the expression of Collagen I and OPN, the scale is 20 μm (left) and 50 μm (right); (E) Statistical analysis of fluorescence intensity of
Collagen I (left) and OPN (right); (F) and (G) 0.1% Que immersing medium increased the expression of Wnt3a and non-phospho catenin in BMSCs; *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. PLGA/MgO/Que increased angiogenesis. (A) and (B), Stained with phalloidin (A), we found total nodes, total branches and branching length increased in EPCS
cultured with 0.1%Que immersing medium (B); (C) and (D), 0.1% Que increased the expression of VEGFA, VWF (C) and eNOS (D); (E) and (F), tested by immu-
nofluorescence, 0.1% Que increased the expression of eNOS and CD31, the scale is 20 μM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 6. 0.1%Que membranes increased angiogenesis in subcutaneous implantation model Under gross view, it is observed that 0.1% Que group showed more vessels
than PLGA and PLGA/MgO groups; no profound fibrous scar was found in each group, indicating excellent biocompatibility of groups; by H&E and Masson staining, as
well as histochemistry staining of CD31, we observed more neovascularization in 0.1% Que group, (N ¼ 3).

Fig. 7. 0.1%Que membranes accelerated bone repair in rat skull defect model (A) Scanned by micro-CT, 0.1%Que membranes showed the best repairing effects in rat
skull defect model; (B) by BV/TV analysis, 0.1%Que membranes showed better repairing effects than other two groups; (C) 0.1%Que membranes showed the most
neogenesis bone volume in bone defects areas; (D) by H&E, Masson staining and histochemistry staining of CD31 and OCN, we observed better repairing of bone in
0.1%Que membrane group (N ¼ 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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tube formation experiments (Fig. 7C). As neurovascular network for-
mation was highly associated with bone repair, we conducted immuno-
fluorescence staining in bone defects area. 0.1% Que showed the highest
9

expression of CD31 (angiogenic marker) and β3-tubulin (neuron marker)
in bone defect areas, which indicating an increasing of neurovascular
network formation (Figure S2).
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4. Discussion

In this study, nano artificial periosteum was prepared by electro-
spinning with PLGA as the main substrate. MgO and Que were used as the
main active factors to promote bone regeneration. The biocompatibility,
osteogenesis and angiogenesis of the nano artificial periosteum was
evaluated. Through SEM, we found that PLGA/MgO/Que nanofiber
membrane had a highly porous surface and microstructure, which is
conducive to cell adhesion and inward growth and provides necessary
space for neovascularization.

PLGA/MgO/Que artificial periosteum showed no cytotoxicity and
there was no obvious fibrosis in the subcutaneous tissue of the material
implantation site on the subcutaneous animal model, suggesting good
biocompatibility. Estimating rat skull defect model and subcutaneous
implantation model, the degradation time of membranes was between 2
and 8 weeks, which seemed a short sustaining time for artificial perios-
teum caused by fast degeneration of PLGA [31]. With the degradation of
artificial periosteum, MgO and Que were released. To improve the
degradation rate of the PLGA/MgO/Que films, other polymers with
slower degradation rate such as PCL could be added as the main substrate
in future studies. Considering hydrophobic characteristics of PLGA, low
solubility of MgO in water and Que fat-soluble characteristics, the water
contact angle of the membrane further increased after adding MgO and
Que, resulting in poor hydrophilicity of the spinning membrane. How-
ever, the decrease of hydrophilicity may also slow down the degradation
rate. PLGA is usually hydrolyzed into lactic acid and glycolic acid, which
can neutralize alkaline MgO nanoparticles, thus helping bone regenera-
tion and slow down the degradation rate [30].

MgO nanoparticles can release Mg2þ in vivo and promote bone
regeneration by affecting the secretion of CGRP by local neurons, or by
TRPM7-mediated macrophage immune regulation [32–34]. Mg2þ has
been proved to play a crucial role in osteogenesis and angiogenesis
[35–38]. In addition to bone induction, a functional microvascular
network was very important for bone regeneration. In the process of bone
regeneration, osteogenesis and angiogenesis are coupled and promote
each other [39], and one of the important roles of periosteum is to ensure
blood and nutrition supply for bone tissue. Therefore, well-designed
artificial periosteum should have the coupling effect of “osteogenesi-
s-angiogenesis”. Some magnesium-containing scaffolds also confirmed
the promoting effect of “osteogenesis-angiogenesis” coupling on bone
regeneration [9,16,40]. A sustainable releasing of Mg2þ was proved in
artificial periosteum we constructed in this project. Our results also
suggest that artificial periosteum containing MgO can promote stem cell
migration and osteogenic differentiation in vitro, as well as EPCs
migration and tube formation in vitro. Further, in vivo experiments also
verified the role of promoting bone and angiogenesis.

Que promoted osteogenesis and helped to maintain bone homeosta-
sis. However, the role of Que in angiogenesis was controversial. In
HUVEC, Que (>136 μM or 10 μg/mL) inhibited cell migrations and tube
formation. Que (>136 μM or 10 μg/mL) also played a role in anti-tumor
activity by suppressing angiogenesis [41,42]. In other studies,
Que-containing nHA bioceramic microspheres promoted osteogenesis
and angiogenesis [43]. The concentration that promoted osteogenesis
was much lower than the concentration that inhibited angiogenesis in
tumors [18], suggesting that low concentration Que helped osteogenesis
and angiogenesis. This is similar to the observations in this study where
0.01% and 0.1% Que showed coupling effect of “osteogenesis-angio-
genesis” in a dosage-dependent manner, but 1% Que suppressed the
osteogenesis and angiogenesis. It provided directions for further study of
Que containing biomaterials.

Peripheral nerves participated in bone development and repair by
secreting neurotransmitters, neuropeptides etc. [44]. The lack of
neo-neurovascular network in bone implants might be one of the main
reasons for the delayed or damaged recovery of bone defects [45]. Good
orthopedic biomaterials should promote the repair of neurovascular
network in bone defects. Previous studies also reported Que could
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promote axonal regeneration of peripheral nerve and functional recovery
of nerve [46,47]. In this study, we found 0.1% Que membranes could
promote neurovascular network formation in bone defect area. Que and
MgO have effects on osteogenesis and angiogenesis independently [17,
18,48]. Compared with PLGA/MgO, PLGA/MgO/0.1% Que showed su-
perior osteogenesis and angiogenesis, indicating Que at an appropriate
concentration can enhance osteogenic angiogenesis coupling effect of
MgO, which displaying synergy between Que and MgO.

Wnt/β-Catenin signaling pathway is a canonical osteogenic pathway.
An up regulation of Wnt3a could stimulate β-catenin and increasing
osteogenesis [49]. Both Que and Mg2þ could help bone defect repair by
activating Wnt/β-catenin signaling pathway [22,48,50]. Thus, in this
study we explored possible synergistic effect of both Que and Mg2þ.
Compared with PLGA, MgO could increasing the expression of Wnt3a as
we expected. By adding 0.1% Que, we observed extra increasing of
Wnt3a in 0.1% Que group. 0.1% Que also showed the highest expression
of β-catenin. We suggested that PLGA/MgO/0.1% Que artificial perios-
teum promoted bone repair through activating Wnt/β-catenin pathways.
However, further study on the regulation of Wnt3a and the specific role
of MgO or Que in upregulation of Wnt/β-catenin will be carried out in our
subsequent studies.

5. Conclusion

Artificial periosteum of PLGA/MgO/Que were prepared in this study.
Appropriate concentrations of Que cooperate with MgO exerted osteo-
genic�angiogenic coupling effect, accelerating the repair of bone defects
through activation of theWnt/β-catenin signaling pathway. This suggests
that an appropriate concentration of PLGA/MgO/Que artificial perios-
teum might show a variety of biological activities and has potential for
use as artificial periosteum.
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