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A B S T R A C T

Repairing critical bone defects is a complex problem in the clinic. The periosteum rich in nerve plays a vital role in
initiating and regulating bone regeneration. However, current studies have paid little attention to repairing nerves
in the periosteum to promote bone regeneration. Thus, it is essential to construct bionic periosteum with the
targeted injured nerves in the periosteum. We coupled phosphatidylserine (PS) targeted aptamers with repair
Schwann cell exosomes to construct exosome@aptamer (EA). Then through PEI, EA was successfully built on the
surface of the electrospun fiber, which was PCL@PEI@exosome@aptamer (PPEA). Through SEM, TEM, and other
technologies, PPEA was characterized. Experiments prove in vivo and in vitro that it has an excellent repair effect
on damaged nerves and regeneration of vascular and bones. In vivo, we confirmed that biomimetic periosteum
has an apparent ability to promote nerve and bone regeneration by using Microcomputer tomography,
hematoxylin-eosin, Masson, and Immunofluorescence. In vitro, we used Immunofluorescence, Real-Time Quan-
titative PCR, Alkaline phosphatase staining, and other tests to confirm that it has central nerve, blood vessel, and
bone regeneration ability. The PPEA biomimetic periosteum has apparent neurogenic, angiogenic, and osteogenic
effects. The PPEA biomimetic periosteum will provide a promising method for treating bone defects.
1. Introduction

The critical bone defect is a complicated problem in clinical practice,
which causes a severe economic burden to patients and society. Many
materials with osteogenic ability have been used to induce bone regen-
eration and even osteoporotic bone regeneration [1–4].

The periosteum plays a significant role in the developmental process
of the bone in the physiological state and the repair process in the
pathological condition by storing progenitor cells and serves as a source
of local growth factors and a scaffold for the recruitment of cells and
other growth factors [5]. Loss of osteogenic-associated cells and
osteogenic-induced signals due to inactivation and removal of the peri-
osteum is a fundamental reason for the poor healing of allogeneic bone
grafts [6]. In recent years, the repair of the periosteum has attractedmore
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and more attention as an indispensable part of the bone tissue repair
process. However, Autologous osteochondral grafts have limited sources
and are prone to deep tissue infection and chronic pain at the harvest site
[7]. Allogeneic osteochondral grafts may also lead to immune reactions
and pathogen transmission [8]. Therefore, building an artificial bio-
mimetic periosteum with structural and functional similarity to natural
periosteum is an effective bone tissue treatment.

The natural periosteum contains large neural networks, which is very
important for the periosteum to promote bone regeneration. Recent
studies revealed that sensory nerves are essential for initiating and
regulating vascular and bone regeneration [7–11]. Tomlinson confirmed
that NGF is a skeletal neurotrophin to promote sensory innervation of
developing long bones, a process critical for normal primary and sec-
ondary ossification [9]. Hu demonstrated that the PGE2/EP4 axis in the
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sensory nerve could participate in bone regeneration by regulating MSCs
differentiation in the bone marrow of mice [10]. Li discovered that
calcitonin gene-related peptide (CGRP) secreted by sensory nerves could
promote bone regeneration, confirming that nerves play an unnoticeable
role in bone tissue healing [11]. Therefore, inducing nerve regeneration
in the periosteum provides a new idea to facilitate the repair of bone
defects. Although autologous nerve grafting remains the gold standard
for peripheral nerve injury, limited sources, repeated surgeries, and
impaired function at the harvest site have limited its use [12–14]. With
the rapid development of tissue engineering, many synthetic nerve grafts
have been used instead of autologous nerve grafts for nerve repair, and
grafts have been improved by introducing various cells and neurotrophic
factors into the grafts. Biomaterials that are biocompatible because they
are inert will lack bioactivity and not provide a suitable microenviron-
ment for nerve regeneration [15]. Therefore, it is crucial to construct a
biocompatible and biologically active pro-neural regeneration bio-
mimetic membrane to repair injured nerves. Angiogenesis plays an
essential role in bone regeneration. Some studies have shown that
mesenchymal stem cells overexpressing Wnt10a can promote skull repair
through VEGF-mediated angiogenesis [16].

Studies showed that exosomes in the nervous system contain miRNAs
that regulate regeneration, with exosomes from Schwann cells promoting
peripheral nerve regeneration [17]. Exosomes are extracellular vesicles
secreted by cells and contain complex RNAs and proteins. As the key
players of intercellular communication, exosomes play a fundamental
role in the physiological and pathological processes of the nervous sys-
tem [18,19]. Accumulating evidence has suggested that exosomes can
treat nerves by mediating axonal regeneration, activating Schwann cells,
promoting vascular regeneration, and regulating inflammation [20].
Although the above evidence demonstrates that Schwann cell-derived
exosomes have a pro-neural regenerative effect, the limited therapeutic
effect is a problem that wemust consider. Recent studies have shown that
when peripheral nerves are injured, myelin and non-myelin Schwann
cells distal to the nerve injury are reprogrammed under the regulation of
the transcription factor C-JUN to generate repair Schwann cells (Bungner
cells) [21]. Compared to normal Schwann cells, these repairing Schwann
cells exhibits powerful functions in guiding and promoting axonal
regeneration [22]. Therefore, it is an excellent strategy to construct tissue
engineering materials with repair Schwann cell exosomes for the repair
process of peripheral nerves.

Many researchers are exploring different directions to solve the low
targeting of exosomes. Among them, the engineering method of chemical
modification is fundamental. Recent studies have shown that phospha-
tidylserine (PS) is a lipid in cells exposed to the surface after axonal injury
[23]. PS is essential in identifying and promoting axon fusion and
regeneration after injury [24]. In this experiment, the PS-aptamer, the
aptamer targeting PS, was synthesized [25]. The aptamer was combined
with the extracted repair Schwann cell exosomes by self-assembly to
construct exosomes with PS targeting, which was Aptamer@Exosome
(EA).

Partial absence or deficiency of the microstructure of the raw nerve
may cause inhibition of axonal extension or misdirected axonal extension
during nerve repair [26]. Numerous studies indicated that fiber-like or
channel-like microstructures arranged longitudinally could guide neurite
growth during neurite growth [27–30]. Recent studies have found that
introducing axially aligned microchannel structures into the bio-scaffold
could effectively guide and significantly facilitate neurite extension and
Schwann cell migration [31,32]. As a common material for bone tissue
engineering, polycaprolactone (PCL) has good biocompatibility, fewer
acid decomposition products, good mechanical properties, and a slow
degradation rate, providing time for tissue remodeling [33,34]. How-
ever, because natural PCL does not have a microstructure similar to the
biological extracellular matrix, it cannot provide a suitable microenvi-
ronment for tissue regeneration. Fortunately, electrostatic spinning
technology has successfully produced electrospun nanofibers with
similar structures to the natural extracellular matrix using a range of
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combinations, including polymers and ceramics as materials [35,36].
Therefore, constructing a biomimetic periosteum with guided micro-
structure by electrospinning technology using PCL as the material is of
great importance for neural and bone regeneration.

This study aimed to construct guided electrospun membranes using
PCL and loaded EA through PEI self-assembly; PEI has a large number of
amino groups and shows a large number of positive charges [37]. In
contrast, electrospun PCL and exosome surfaces both have negative
charges and can load exosomes on PCL via electrostatic interactions [38].
Finally, a biomimetic periosteum with exosome activation was synthe-
sized, which was PCL@PEI@Exosome@PS-Aptamer (PPEA). PEI first
adsorbs protons from acid at decreasing acid-base, and EA was released
from PPEA. Furthermore, in vivo and in vitro experiments will verify the
biomimetic periosteum to promote neuroaxonal fusion, vessel regener-
ation, and bone regeneration. The PPEA biomimetic periosteum will
provide a promising therapeutic approach for bone regeneration (see
Scheme 1).

2. Method

2.1. Preparation of electrospun biomimetic periosteum

The PCL solution was prepared by dissolving PCL particles (12%w/v)
in 2,2,2-trifluoroethanol (TFEA) to prepare the shell solution. To prepare
core-shell nanofibers, the answer was simultaneously pumped from a 10
ml syringe through a spinneret (17 G). A PCL solution with a flow rate of
~ one ml/h was used for coaxial electrospinning at 13 kV using a voltage
regulator DC power supply (Tonli; Shenzhen, China). The vertically ar-
ranged nanofibers are electrospun on a roller, and the distance between
the spinneret and the collector is 10 cm. A roller with a diameter of 15 cm
and a width of 10 mm is connected to a negative voltage of �1.5 kV and
rotates at 3000 rpm. The membranes are placed in 70% ethanol for 3 h to
sterilize.

2.2. Construction of PPEA biomimetic periosteum

2.2.1. Extraction and loading of repaired Schwann cell exosomes
2 ng/ml Transforming growth factor-β (TGF-β) was added to the

medium for 1 h to stimulate the transformation of Schwann cells into
repaired Schwann cell. After the reconstituted Schwann cells were suc-
cessfully constructed, the cell supernatant was extracted. The sample was
moved to a new centrifuge tube, 2000 g, Centrifuge (Microfuge 20R,
Beckman, Germany) at 4 �C for 30min. Then transfer the supernatant to a
new centrifuge tube, 10000 g, Centrifuge, at 4 �C for 45 min to remove
more giant vesicles. Remove the supernatant after 0.45 μ M filter mem-
brane and collect the filtrate. Transfer the filtered liquid to a new
centrifuge tube, and select the Overspeed rotor, 4 �C, 100000 g centri-
fugation (CP100MX, Hitachi, Japan) for 70 min. Remove the supernatant
with 100 μ L precooled 1� PBS re suspension, take 20 μ L for the electron
microscope, 10 μ L as particle size, 10 μ L-extracted protein was used for
Western blot, and the remaining exosomes were stored at �80 �C.

2.2.2. Construction of aptamer engineering exosomes
PS aptamer was synthesized by Accurate Biotechnology (Hunan) Co.,

Ltd., and its sequence is 50-AAA GAG-3’. The extracted exosomes with a
concentration of 3*10^9/ml were mixed with 4% PEG-COOH at room
temperature for 24 h and successfully constructed exosome@PEG-COOH.
Exosome@PEG-cooh and PS-aptamer are combined through a conden-
sation reaction. The condensation process is carried out at room tem-
perature, and the EDC activator (D1601, TCI, Japan) is used to catalyze
for 24 h. First, prepare PEI solution (5 � 10 ^-3 moL/l) 10 ml, put PCL
electrospun film into PEI solution, treat it for 1 h by rotating and stirring,
and wash it with distilled water for 5min. Finally, the electrospun peri-
osteum was incubated with exosome extract with a density of 3.99 �
10^4ml-1 for 24 h and, after drying at the critical point, observed by
scanning electron microscope.



Scheme 1. The schematic diagram shows that PPEA electrospun biomimetic periosteum loaded with aptamers engineered exosomes can target injured axons and
regenerate blood vessels and bone.
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2.3. Material characterization

After gold sputter-coating of the specimens, the external morphology
of the biomimetic periosteum was characterized using scanning electron
microscopy (SEM) and described at an operating voltage of 15 kV. The
microstructure of the biomimetic bone membrane was characterized by
transmission electron microscopy (TEM). The Fast Fourier Transform
3

(FFT) analysis of the biomimetic periosteum was performed using
ImageJ. In order to explore the release curve of exosomes in PPEA bio-
mimetic periosteum, the exosomes were washed with PBS for 3 times
after 24 h of loading, and then 0.1cm� 0.1 PPEA biomimetic periosteum
was soaked in 100 μ L PBS was incubated on a horizontal shaking table at
37 �C and 60 rpm for 14 days. HCl and NaOH were used to adjust the pH
of PBS to 6.4, 7.4, and 8.4, respectively, and 80 μ L supernatant and
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supplement 80 μ L fresh PBS, use BCA protein detection kit to detect the
concentration of exosomes in the supernatant.

2.4. Animals and surgical procedures

All animal experiments were reviewed and approved by the Animal
Ethics Committee of Huazhong University of Science and Technology
(Animal ethics number: s2755). All animals are fed in a sterile environ-
ment according to regular feeding practices. Eighteen 6–8week C57BL/6
(female; 30 g) were randomly divided into three groups: (1) PCL group;
(2) PPE group; (3) PPEA group. The cranial defect model was established
according to a previous report [39]. After anesthetizing the rats, the rats'
head hair was shaved, and a 1.5 cm incision was made. Then, after
creating a critical size bone defect of 5 mm in diameter, a periosteumwas
implanted to fill the bone defect, and the wound was sutured closed. The
surgery was performed under aseptic conditions, and postoperative an-
tibiotics were administered to prevent infection. 8 weeks later, the ani-
mals were executed, and all skull bones were collected and fixed in a 4%
paraformaldehyde solution.

2.5. Cell culture

2.5.1. DRG and sensory neuron extraction
Cells were obtained from 3–5-day SD rats. Briefly, after mice were

disinfected, their heads were removed, and the spinal canal was opened.
DRG was extracted using microscopic tweezers and cultured in Dulbec-
co's modified eagle's medium (DMEM; Hyclone Laboratories, USA) con-
taining 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific,
USA). Following adherence to the wall, they were cultured in
Neurobasal-A Medium (Gibco) þ B27 (Gibco). Half of the culture me-
dium was changed the next day and reserved. Sensory neuron cells were
digested with 0.25% trypsin for 45 min, centrifuged, resuspended with
fresh culture medium, planted in a Petri dish, and set aside.

2.5.2. Schwann cells and HUVECs
The Schwann cell line (RSC96), and human umbilical vein endothe-

lial cells (HUVECs) were purchased from Procell (Wuhan, China). It was
cultured in DMEM/F12 basic medium (Hyclone) þ 8% FBS (Hyclone) þ
1% penicillin/streptomycin (Solarbio, Beijing, China). The medium was
changed for three days, and cells were subcultured when they reached
90% confluence.

2.5.3. BMSCs
BMSCs were extracted from the bone marrow. A syringe was used to

absorb the precooled PBS to flush out the bone marrow from the femurs
of 3–5-day SD rats. Next, a low-temperature centrifuge (Microfuge 20R,
Beckman, Germany) was used to centrifuge samples at 1000 rpm for 5
min, following which the supernatant was removed and cultured in
DMEM/F12 basic essentialism (Hyclone) þ 8% FBS (Hyclone) þ 1%
penicillin/streptomycin (Solarbio). The medium was changed for 3 days,
and cells were subcultured when they reached 90% confluence. BMSCs
were identified by immunofluorescence staining of CD29 (Fig. S1).

2.6. Immunofluorescence

Cells or tissue were fixed with PBS containing 4% PFA for 20 min.
Cells were blocked and permeabilized with PBS containing 0.2% Triton-
100 and 2% fish skin gelatin (Sigma) in a humidified chamber (30 min).
Cells were incubated with primary antibodies against C-JUN (ab40766,
Abcam, USA), NF200 (ab134306, Abcam, USA), OCN (ab133612,
Abcam, USA) overnight at 4 �C and then incubated with fluorescently
labeled secondary antibodies (8889S, Cell Signaling Technology, Bev-
erly, MA, USA) for 1 h. After staining with DAPI (ab228549, Abcam,
USA) for 5 min and observed with a fluorescent microscope (IX73,
Olympus, Tokyo, Japan). Quantitative analysis was performed using
ImageJ.
4

2.7. Western blot analysis

After extraction, the protein samples were separated by poly-
acrylamide electrophoresis according to molecular weight. After
obtaining the desired results, the proteins are transferred to the hybrid-
ization membrane. The membrane is closed with a blocking solution and
incubated with diluted primary antibody against C-JUN (ab40766,
Abcam, USA), β-actin (ab8226, Abcam, USA), Calnexin (ab133615,
Abcam, USA), TSG101 (ab125011, Abcam, USA), JNK3 (ab124956,
Abcam, USA). And the second antibody for 1 h. Moreover, the detection
was performed using a high-sensitivity ECL luminescence instrument
(Gene Gnome XRQ NPC, Cambridge, UK). Quantitative analysis was
performed using ImageJ.
2.8. Real-time quantitative PCR analysis

Total RNA was extracted in strict accordance with the instructions of
Trizol (AG21101, Accurate Biotechnology (Hunan) Co., Ltd., Hunan,
China). The primer sequence is in Table S1. PrimeScript Reverse Tran-
scriptase kit (AG11702-S, Accurate Biotechnology (Hunan)Co., Ltd.,
China) was used to synthesize cDNA. cDNA was quantified using SYBR
Green PCR kit (AG11701-S, Accurate Biotechnology (Hunan)Co., Ltd,
China) for quantitative analysis. The expression of the genes was calcu-
lated by the 2-ΔΔt method.
2.9. Axon target assay

DRG cells were cultured in a six-well plate. After the nerve cells
mature, Blade cutting axon at about 50 μm in front of the cell body. Then
the cells were stained with Nile red. The 50 μl EA was added to the six-
well plate. After 30 min, observed with a fluorescence microscope and
analyzed with ImageJ.
2.10. Tube formation assay

Basement membrane extract (BME) purchased from BD Biosciences
was prepared one day in advance. After adding BME to a 96-well plate to
cover the bottom of the wells, HUVECs and culture medium from DRG on
biomimetic periosteum were co-cultured on the scale (37 �C, 4 h). After
staining with Calcein-AM (ab228556, Abcam, USA), the formation of
tubes on the cell plates were observed with a fluorescent microscope
(IX73, Olympus, Japan). The vascular network was quantified using
ImageJ.
2.11. AR and ALP staining

Cells (1 � 10^xu6) were seeded in a complete culture medium, and
different components of biomimetic periosteum were added to cultivate
the DRG culture medium. After 14 days of culture, cells were fixed with
4% paraformaldehyde and stained with AR (Sigma-Aldrich, St. Louis,
MO, USA) and ALP (Sigma-Aldrich, USA). Images were obtained using a
fluorescence microscope (IX73, Olympus, Tokyo, Japan). Quantitative
analysis was performed using ImageJ.
2.12. Micro-CT

Collected samples were fixed in 4% paraformaldehyde, placed in a
polymethylmethacrylate scaffold, and subjected to micro-CT scanning
(SkyScan 1176, Bruker). The X-ray beam energy was set to 70 kVp, the
intensity was 109 A, and the maximum resolution was 9 μm. After
scanning, the obtained 2D slices were stacked into a 3D model. Bone
volume, bone mineral density, and the number and thickness of trabec-
ulae in the segmented area were calculated.



Fig. 1. Construction of repair Schwann cells. (A) Immunofluorescence detection of C-JUN expression in Schwann cells. (B) Immunofluorescence detection of Schwann
cell morphology. (C) Western blot detection of the expression of C-JUN in Schwann cells. (D)The quantitative analysis of A. (E)The quantitative analysis of B. (F) The
quantitative analysis of C. (G–J) The RT-qPCR detection of the mRNA expression of Olig1, Shh, artemin, and GDNF in Schwann cells. Scale bar ¼ 100 μm in panels (A),
50 μm in panels (B). N ¼ 3,**p＜0.01, ***p＜0.001.
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2.13. HE

The harvested specimens were fixed in a 4% paraformaldehyde so-
lution, dehydrated with alcohol, and transparent with a xylene clearing
5

agent. The transparent tissue blocks were embedded in wax, sectioned
with a microtome, and attached to slides. The samples were dewaxed and
stained with Hematoxylin (H) dye and Eosin (E) dye (ab245880, Abcam,
USA). The sections were dehydrated with alcohol and then made



Fig. 2. Exosome identification and construction of exosome activated biomimetic periosteum. (A, B) TEM exosome identification. (C) Detection of exosome markers
by Western blot. (D, E) The quantitative analysis of B. (F, G) Particle size analysis of exosomes and EA. (H–J) SEM identification of biomimetic periosteum by
electrospinning and biomimetic periosteum loaded with exosomes. Scale bar ¼ 200 nm in panels (A), 2 μm in panels (G, H). N ¼ 3, ***p＜0.001.
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Fig. 3. PPEA biomimetic periosteum releases exosomes to repair nerves and promote axonal regeneration.
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transparent with xylene. The cells were sealed and placed under a mi-
croscope for observation.

2.14. Masson

Paraffin sections were dewaxed to water and then homogenized.
After washing with tap water and distilled water, the nuclei were stained
with Regaud hematoxylin staining (GENTA02077, Gentaur Ltd, UK) or
Weigert hematoxylin solution (HT1079, Merck, USA) for 5–10 min. After
sufficient water washing, the samples were stained with Masson Lixin
Red acidic reddish solution for 5–10 min. After washing with 2% glacial
acetic acid aqueous solution for a few moments, 1% phosphomolybdic
aqueous acid solution was added for 3–5 min, and then directly stained
samples with aniline blue or photo green solution for 5 min. The samples
were sealed with 95% alcohol, anhydrous alcohol, xylene transparent,
and neutral gum. Quantitative analysis of collagen was performed using
ImageJ.

2.15. Enzyme-linked immunosorbent assay (ELISA)

After three days of treatment, the cell culture media were changed.
After three days of culture, extracellular fluid was extracted and stored in
a �80 �C refrigerator. Next, extracellular fluid was removed thrice,
centrifuged at 3000 rpm for 20 min, and the supernatant was collected.
An ELISA Kit (Dignity biology, Shanghai, China) was used to detect
neurotrophic factors, per the manufacturer's instructions. Briefly, stan-
dard and sample wells were established, measure, and sample were
added to their respective holes, treated with 100 μl of the Horseradish
peroxidase (HRP), and incubated at 37 �C for 60 min after sealing the
plate. The supernatant was removed and treated with a chromogenic
agent, and the absorbance (OD) at 450 nmwas analyzed using an enzyme
labeling instrument (Multiskan GO, Thermo Fisher Scientific).

2.16. EdU assay

The proliferation of HUVECs was assessed using the BeyoClick™ EdU
Cell Proliferation Kit (Beyotime, China). After adding the EdU medium
dilution according to themanufacturer's instructions, the culture medium
from DRG on biomimetic periosteum was co-cultured with the cell
samples for three days. The cells were then washed 1–2 times with PBS,
and EdU staining was observed under an inverted fluorescent microscope
(IX73, Olympus, Japan). Quantitative analysis was performed using
ImageJ.

2.17. Statistical analysis

Means and standard deviations were calculated in groups, and data
were presented as mean � standard deviation (SD). Statistical analysis
was performed using one-way ANOVA (GraphPad Software, USA).
Tukey's post hoc test analyzed the statistical significance between groups.
Values of P < 0.05 were considered statistically significant.

3. Results and discussion

3.1. Schwann cells successfully transformed into repair Schwann cells

In recent reports, Schwann cells were reprogrammed and transformed
into repair Schwann cells after sciatic nerve injury [40]. C-JUN, Olig1,
Shh, artemin, and GDNF were significantly up-regulated. Previous
studies showed that TGF- β can up-regulate C-JUN in Schwann cells, and
C-JUN played a vital role in the reprogramming of Schwann cells [41].
We used 2 μg/ml TGF- β to stimulate Schwann cells for 2 h and tried to
construct a repair Schwann cell model. As shown in (Fig. 1A, D), After
TGF- β stimulation, the expression of C-JUN increased significantly,
which was 6.19 times that of the control group. At the same time, the
length of stimulated cells was detected, and it was found that the size
8

increased significantly, which was 3.54 times that of the control group
(Fig. 1B, E). The protein expression of the C-JUN in the cells was also
detected. As shown in the figure, the protein expression was significantly
increased, which was 2.31 times that of the control group (Fig. 1C, F). To
further verify the construction of the repair phenotype, we detected the
mRNA expression of several key markers (Olig1, Shh, artemin, GDNF) in
the cell repair phenotype. As shown in the figure, Olig1 was 2.11 times as
much as that in the control group (Fig. 1G), Shh was 2.51 times as much
(Fig. 1H), artemin was 1.96 times as much (Fig. 1I), and GDNF was 2.49
times as much (Fig. 1J), all showing a significant increase. From the
above results, we successfully constructed the Schwann cell repair
phenotype. Preparation for further extraction of exosomes.

3.2. Construct PPEA electrospun biomimetic periosteum

There will be apparent immune rejection as cells are implanted in the
defect site [42]. As messengers carrying the critical substances of cellular
miRNA and protein, Exosomes are essential for bone regeneration.
Planting exosomes will significantly reduce immune rejection. It is a
promising direction to modify the cells that produce exosomes [43].

Therefore, we successfully constructed and repaired Schwann cell
exosomes through the previous step. Next, we coupled PS aptamer with
exosomes through mPEG-COOH so that exosomes could target PS. As
shown in (Fig. 2A and B), transmission electron microscopy showed that
exosomes were successfully extracted, and PS aptamers were modified to
the surface of exosomes.

Subsequently, we detected the exosome membrane protein. As shown
in (Fig. 2C), the expression of exosome marker Calnexin was decreased,
and TSG101 was significantly increased. PPEA and PPE were 0.46 and
0.32 times that of the control group in Calnexin. PPEA and PPE were 1.96
and 2.11 times that of the control group in TSG101 (Fig. 2C–E). At the
same time, we detected the particle size of the extracted exosomes, and
the diameter of the extracted exosomes was between 30 and 150 nm,
which was consistent with the exosome diameter (Fig. 2F and G). The
above evidence proved that we have successfully extracted the repaired
Schwann cell exosomes and successfully modified the surface of
exosomes.

Polyethylenimine (PEI) is a widely used coupling agent. Because it
has many amino groups, it shows many positive charges, which is very
suitable for use as a coupling agent between PCL and exosomes [44]. As
shown in the figure, SEM shows that the exosomes are successfully
loaded onto electrospun fibers through the electrostatic interaction of
positive and negative charges. We constructed biomimetic periosteal
scaffolds using PCL as raw material by ordered electrospinning technol-
ogy (Fig. S2A). SEM showed that electrospinning technology obtained
the biomimetic periosteum using PCL as raw material. EA was success-
fully loaded on biomimetic periosteal fibers (Fig. 2H–J, Fig. S2C). Finally,
we successfully constructed the biomimetic periosteum (PPEA). We
tested the biocompatibility of the synthetic biomimetic periosteum and
co-cultured the biomimetic periosteumwith PC12 cells, a neural cell line.
As shown in Fig. S3A–I, the biocompatibility of the three kinds of bionic
periosteum is quite good without significant differences. We then
examined the degradation of the bionic periosteum and the survival time
of EA. The bionic periosteum of PPEA was degraded by 52% at 28 days
(Fig. S4). The survival time of exosomes on biomimetic periosteum can
reach 56 days (Fig. S5).

3.3. Targeting and promoting axon regeneration

Next, we are exploring the release of biomimetic periosteum under
different pH conditions. The pH of the microenvironment afthe ter bone
defect was about 6.7 [45]. To mimic the acid-base environment in vivo,
we placed the biomimetic periosteum in PBS buffer at a pH similar to that
in vivo. It can be seen from the figure that after the pH drops to 6.7, the
release of exosomes in PPEA increases significantly, which is 7.48 times
that PCL group (Fig. 3A).



Fig. 4. PPEA biomimetic periosteum affects tubular structure and proliferation of human umbilical vein endothelial cells. (A) Tube forming experiment of biomimetic
periosteum on HUVECs. (B–D) EU detected the effect of biomimetic periosteum on the proliferation of HUVECs. (E) The detection of A (F) is the detection of B-D. Scale
bar ¼ 200 μm in panels (A), Scale bar ¼ 100 μm in panels (B–D). N ¼ 3, *p＜0.05, **p＜0.01.
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To further detect the effect of biomimetic periosteum on nerves. We
first linked exosomes to PS-targeted aptamer through mPEG-COOH for
composing exosomes@ aptamer (EA). As shown in (Fig. 3B), we found
that PS-targeted aptamer with FAM fluorescent group was successfully
9

loaded on exosomes through immunofluorescence.
We then cultured DRG cells and performed axonal targeting experi-

ments. As shown in (Fig. 3C and D), EA successfully targeted the injured
site of nerve axons and enriched in this area. Subsequently, we cultured



Fig. 5. Biomimetic periosteum promotes osteogenic differentiation of BMSCs. (A)RT-qPCR was used to detect the mRNA expression of ALP, OCN, Runx2, and Col1a1
in BMSCs. B Western blot was used to detect the expression of OCN protein in BMSCs. ALP (C) and AR (D) were used to detect the osteogenic transformation of BMSCs
promoted by biomimetic periosteum. E-G is the quantitative analysis of B-D. Scale bar ¼ 200 μm in panels (C, D) N ¼ 3, *p＜0.05, **p＜0.01, ***p＜0.001.
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rat dorsal root ganglion (DRG) species on the biomimetic periosteum.
After two weeks, the increase in axon length in the PPEA group was more
prominent (Fig. 3E–G). Compared with the control group, DRG axons
showed clear guidance; axons grew in one direction (Fig. 3H–J). The
above evidence proved that the PPEA biomimetic periosteum could
significantly promote the regeneration and guidance of nerve axons. We
also quantitatively analyzed the length of DRG axon regeneration
(Fig. 3O).

Then, we detected the extracted DRG protein by Western blot. It can
be seen from the figure that JNK3 in the PPEA group is significantly
higher than that in the control group, which is 4.03 times that in the
control group (Fig. 3K, M). We then detected JNK3 in sensory nerves by
qRT PCR and immunofluorescence staining. As shown in (Fig. S6A and
B), the expression of JNK3 in the nerve stimulated by EA increased
significantly, which was 1.98 times that of the control group. Similarly,
EA stimulation also considerably increased the expression of JNK3
mRNA, which was 8.05 times that of the control group (Fig. S6 C). This
may be, after the exosome targets the injured nerve site, the exosome
outer membrane combines with the nerve at the defect site to release the
up-regulated JNK3 in exosomes into cells and then up-regulate the
10
intracellular JNK3 protein. JNK3 protein is a member of the C-JUN
protein family. Then we stained the vesicles of axons with FM1-43. The
figure shows that the number of cysts in the PPEA group is 2.07 times that
of the control group (Fig. 3L). The above evidence proves that PPEA may
promote vesicle transport through the JNK MAPK pathway.

Subsequently, we detected the neuropeptide secreted by DRG. As
shown in the figure, the concentration of substance P (SP) in the PPEA
biomimetic periosteum group was 2.11 ng/ml, 1.82 times that of the
control group (Fig. 3P, Q). And the concentration of calcitonin gene-
related peptide in the PPEA biomimetic periosteum group was 27.16
pg/ml, 2.71times than that of the control group (Fig. 3I). These results
showed that the PPEA biomimetic periosteum group could significantly
promote the secretion of two central neuropeptides (SP and CGRP) from
peripheral nerves. According to the literature, neuropeptide plays a vital
role in initiating and regulating the repair of bone defects.

(A) Under different pH conditions, the release of exosomes. (B-D) EA
and EA target PS in axonal damage. (E-G) Immunofluorescence was used
to detect DRG axon regeneration. (H-J) The quantitative analysis of DRG
axon direction. (K) The changes in the JNK3 MAPK pathway in nerve
cells were detected by Western blot. (L) Changes of vesicles, (M, N)



Fig. 6. Biomimetic periosteum promotes skull repair. (A) Horizontal scanning of bone defect area by micro-CT. (B) Coronal scanning of defect area by micro-CT. (C)
3D surface analysis of skull defect area. BMD analysis of new bone formation in D defect area and statistical analysis of coverage area of new bone regeneration in E
defect area. Scale bar ¼ 5 mm in panels (A, B). N ¼ 5, **p＜0.01.
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Quantification of K and L.(O) Quantification of axonal regeneration
length. ELISA detection of SP (P) and CGRP (Q) in cell supernatant. Scale
bar ¼ 20 μm in panels (B, D), Scale bar ¼ 100 μm in panels (L), Scale bar
¼ 200 μm in panels (C, E-G). N ¼ 3, *p＜0.05, **p＜0.01, ***p＜0.001.
3.4. Biomimetic periosteum promotes the proliferation of vascular
endothelial cells and angiogenesis through DRG

Next, we added the culture medium of biomimetic periosteal culture
DRG to the culture of HUVECs, and cultured HUVECs for 2 h. As shown in
the figure, the tube forming effect of the PPEA biomimetic periosteum
group was significantly enhanced, and the number of lines was 7.30
times that of the control group (Fig.4A, E). Subsequently, we detected the
proliferation of HUVECs. As shown in the figure (Fig. 4B-D, F), the
fluorescence intensity of the PPEA biomimetic periosteum group was
significantly enhanced, which was 4.00 times that of the control group.
The above evidence proves that neuropeptides produced by DRG
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cultured in PPEA biomimetic periosteum can substantially promote the
proliferation and tube formation of HUVECs.
3.5. Biomimetic periosteum promotes the osteogenic transformation of
MSCs through DRG

In previous reports, neuropeptide SP and CGRP have significant
regulatory effects on bone regeneration [46]. Therefore, we co-cultured
the culture medium of biomimetic periosteal cultured DRG with
BMSCs. As shown in the figure, we first detected the mRNA expression of
osteogenesis-related markers (Alkaline phosphatase (ALP), Osteocalcin
(OCN), Runx2, and Col1a1). The biomimetic periosteum group showed
significant up-regulation, which was 2.13, 1.99, 2.56, and 3.01 times that
of the control group (Fig. 5A). Subsequently, we extracted the co-cultured
proteins for detection. The figure shows that OCN was significantly
up-regulated, 6.46 times more than the control (Fig. 5B, E). Finally, we
used (alkaline phosphatase) ALP to detect the osteogenic effect. The



Fig. 7. Biomimetic periosteum promotes bone regeneration of skull defect. (A) HE is staining of bone defect repair by biomimetic periosteum. (B) Masson staining of
bone defect repaired by biomimetic periosteum. (C) The statistical analysis of newly formed collagen in the bone defect area. Scale bar ¼ 200 μm in whole slice, 50 μm
in enlarge. N ¼ 5, *p＜0.05, **p＜0.01.
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biomimetic periosteum group had a significant promoting development,
which was 8.25 times that of the control group (Fig. 5C, F). At the same
time, we used alizarin red staining to detect the osteogenic effect. With
the same effect, the biomimetic periosteum group showed a significant
osteogenic impact, which was 4.32 times that of the control group
(Fig. 5D, G). That evidence indicates that biomimetic periosteum can
promote the osteogenesis of BMSCs by stimulating the secretion of
neuropeptides. This PPEA biomimetic periosteum is also a further
enrichment of the previously reported theory of nerve-promoting
osteogenesis.
3.6. In vivo, biomimetic periosteum promotes bone regeneration

Subsequently, micro-CT detection shows that biomimetic periosteum
can significantly promote nerve and bone regeneration in vivo; as shown
in the figure, micro-CT detection shows that PPEA biomimetic
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periosteum can significantly promote skull repair 2.10 times more than
that of the control group (Fig. 6A-C, E). BMD also increased significantly,
which was 2.23 times that of the control group (Fig. 6 D). These results
show that PPEA biomimetic periosteum can substantially promote the
repair of bone defects in vivo.
3.7. In vivo, biomimetic periosteum promotes collagen formation

Collagen formation is the critical factor in bone regeneration after a
bone defect [47]. Promoting collagen formation is an urgent problem in
bone regeneration. Subsequently, we detected the collagen formed in the
skull defect bone. As shown in the figure, the PPEA biomimetic perios-
teum group significantly promoted collagen formation in the skull defect
area, which was 3.71 times that of the control group. The PPEA bio-
mimetic periosteum was also higher than the PCL group, indicating that
exosomes significantly promoted collagen formation (Fig. 7A–C). The



Fig. 8. Biomimetic periosteum promotes nerve regeneration and bone regeneration of bone defects. (A–C) NF200, OCN staining immunofluorescence detection of
bone defect in PCL, PPE, PPEA group. (D) The quantitative analysis of nerve regeneration in A-C. (E) The quantitative analysis of bone regeneration in A-C. Scale bar ¼
200 μm in whole slice, 50 μm in enlarge.N ¼ 5, *p＜0.05, **p＜0.01.
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above results also confirmed that biomimetic periosteum could promote
the repair of skull defects.
3.8. In vivo, the PPEA biomimetic periosteum promotes nerve regeneration
and bone regeneration

Since nerve plays a crucial role in initiating and regulating bone
regeneration [48], whether biomimetic periosteum can promote the
formation of nerve and bone in vivo needs to be further explored.
Therefore, we performed Neurofilament 200 (NF200) and OCN (osteo-
calcin) immunofluorescence staining on skull sections. As shown in the
figure, the biomimetic periosteum group has a significant promoting
effect on nerves (NF200) (Fig. 8A–C, D), which is that of the control
group. At the same time, the biomimetic periosteum group also signifi-
cantly promoted OCN expression, which was 2.52 times that of the
13
control group (Fig. 8A–C, E). The above results showed that the bio-
mimetic periosteum could significantly promote skull defects' nerve
regeneration and bone regeneration.
3.9. In vivo, the PPEA biomimetic periosteum promotes angiogenesis

Subsequently, we used immunofluorescence staining of CD31 to
detect the angiogenic ability of the biomimetic periosteum. As shown in
Fig. 9, the number of angiogenesis in the PPEA group was the largest,
which was * * times that in the PCL group.

4. Conclusions

We have successfully constructed a PPEA biomimetic periosteum and
confirmed that the biomimetic periosteum could release EA in an acidic



Fig. 9. Biomimetic periosteum promotes angiogenesis of bone defects. (A–C) CD31 staining immunofluorescence detection of bone defect in PCL, PPE, PPEA group.
(D) The quantitative analysis of angiogenesis in A-C. Scale bar ¼ 200 μm in whole slice, 100 μm in enlarge. N ¼ 5, **p＜0.01, ***p＜0.001.
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microenvironment and significantly induce nerve, blood vessel, and bone
regeneration in vivo and in vitro experiments. Secreted EA can target
injured axons, significantly promote neurovascular and bone regenera-
tion, and provide a clear signal for remodeling the bone regeneration
microenvironment. This PPEA biomimetic periosteum offers an attrac-
tive therapeutic strategy for bone regeneration and a better way for
regenerative medicine by combining this active exosome with
electrospinning.
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