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A B S T R A C T

The abundant neurovascular network in the periosteal fibrous layer is essential for regulating bone homeostasis
and repairing bone defects. However, the majority of the current studies only focus on the structure or function,
and most of them merely involve osteogenesis and angiogenesis, lacking an in-depth study of periosteal neuro-
genesis. In this study, a photothermal double-layer biomimetic periosteum with neurovascular coupling was
proposed. The outer layer of biomimetic periosteum is a conventional electrospinning membrane to prevent soft
tissue invasion, and the inner layer is an oriented nanofiber membrane to promote cell recruitment and angio-
genesis. From the perspective of functional bionics, based on the whitlockite (WH) similar to bone composition,
we doped Nd (the trivalent form of neodymium element) in it as the inducing element of photothermal response
to prepare photothermal whitlockite (Nd@WH). The sustained release of Mg2þ in Nd@WH can effectively pro-
mote the up-regulation of nerve growth factor (NGF) and vascular endothelial growth factor (VEGF). The release
of Ca2þ and PO4

3� ions and photothermal osteogenesis jointly promote bone regeneration. Under the combined
effect of structure and function, the formation of nerves, blood vessels, and related collagens greatly simulates the
microenvironment of extracellular matrix and periosteum regeneration and ultimately promotes bone regenera-
tion. In this study, physical and chemical characterization proved that the bionic periosteum has good flexibility
and operability. The in vitro cell experiment and in vivo calvarial defect model verified that PPCL/Nd@WH bio-
mimetic periosteum had excellent bone tissue regeneration function compared with other groups. Finally, PPCL/
Nd@WH provides a new idea for the design of bionic periosteum.
1. Introduction

The bone defect caused by trauma and disease is still a major chal-
lenge in orthopedics. The design of traditional bone repair materials
mostly ignores the importance of the periosteum for bone integrity and
bone regeneration, especially during fracture repair. Studies have shown
that the primary task is the reconstruction of the periosteum [1]. As the
understanding of bone tissue repair becomes more advanced, periosteum
reconstruction has gradually become one of the research hotspots. The
native periosteum is a thin and tough connective tissue surrounding the
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bone tissue, which not only has an osteogenic but also has an osteoclastic
role in bone homeostasis. The periosteum generally has two layers of
structure, the inner cell layer, and the outer fiber layer. The inner cell
layer contains osteoblasts and mesenchymal stem cells. The outer fiber
layer has abundant neurovascular associated networks and collagen fi-
bers, which can provide nutrients and signaling molecules for bone tissue
and maintain bone homeostasis [2,3]. The ideal bionic periosteum
should have the functions of flexibility, barrier function, and imitation of
the periosteum microenvironment.

Based on the two-layer structure of the natural periosteum, many
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researchers give inspiration from structural bionics. Recent studies have
shown that orientation nanofibers can mimic the topological clues of
fibronectin to accurately control cell alignment and phenotypic expres-
sion. In particular, silk fibroin nanofibers scaffolds simulating extracel-
lular matrix structure can not only induce the directional growth of
neurons but also derivate the growth, migration, and arrangement of
endothelial cells [4–10]. Yang et al. verified that rat mesenchymal stem
cells showed highly arranged tissues on the material through a micro-
pattern design of the surface-oriented structure, which eventually led to
enhanced angiogenesis and osteogenic expression [11]. Zhang et al.
proved that the way BMSCs (Bone marrow-derived mesenchymal stem
cells) deposited collagen and minerals on PCL substrate with micro pat-
terns on oriented structure surface was highly similar to that of natural
bone extracellular matrix [12]. The construction of biomimetic perios-
teum with oriented micropatterns may promote the differentiation of
cells in the defect area into osteoblasts and may promote angiogenesis.
Therefore, it is not difficult to find that material design with a
surface-oriented structure can promote neurogenesis, angiogenesis, and
osteogenesis. Therefore, this excellent structure introduced into the
design of the bionic periosteum can promote the reconstruction of the
periosteum microenvironment in the bone defect.

Besides structural bionic design. functional bionics is also important
in periosteum reconstruction and bone repair. In recent years, more and
more researchers have confirmed that the periosteum plays an important
role in bone repair [1,13–15]. At present, most researchers focus on the
important effect of vascular regeneration on bone repair, ignoring the
important role of nerves in bone repair [16–19]. WH is the
second-highest mineral in human bone. Some studies have shown that
WH can reproduce early bone regeneration by increasing the ion con-
centrations of Ca2þ and PO4

3� and inhibiting the differentiation of oste-
oclasts [20,21]. At the same time, the sustained release of Mg2þ in WH
was proved to promote the secretion of NGF and VEGF [22–25]. WH has
potential as an active substance of neuroangiogenesis and bone forma-
tion in biomimetic periosteum to reconstruct the periosteum microen-
vironment at the defect site.

Photothermal physical stimulation has been widely used in the field
of bone repair in recent years. Near-infrared irradiation can give appro-
priate thermal stimulation (40 � 0.5 �C) to the defect site to promote
bone repair [26–28]. Nd, as an element with photothermal response
characteristics, has gradually attracted people's attention. For this pur-
pose, Nd was doped into WH, and a new type of Nd @ WH was first
developed by hydrothermal synthesis. Based on maintaining the original
Ca2þ, Mg2þ, and PO4

3� ions, the photothermal response performance of
WH was given. It not only maintains the original osteogenesis perfor-
mance but also endows the photothermal response of nanoparticles with
osteogenesis characteristics to achieve the superposition of osteogenesis
effects.

In this study, based on the structural and functional properties of
natural periosteum, a double-layer PCL (Polycaprolactone) nanofiber
membrane with a surface-oriented structure, and loaded with Nd@WH
nanoparticles was developed by combining electrospinning technology
with laser etching technology (Fig. 1). It is denoted as PPCL/Nd@WH.
Firstly, The template with a surface-oriented structure was prepared by
laser etching technique for collecting electrospinning membrane. The
micropattern of the inner layer-oriented structure of the bionic perios-
teum not only provides space for the regular close arrangement of cells in
the body but also provides a specific surface structure for bone formation
and angiogenesis. The outer layer of the bionic periosteum is a conven-
tional electrospinning membrane, which can effectively inhibit the in-
vasion of soft tissue to bone tissue. In addition, in terms of function, Ca2þ

and PO4
3� in Nd@WH can promote early bone regeneration, and

continuously released Mg2þ can effectively promote the regeneration of
nerves and blood vessels. At the same time, photothermal osteogenesis
and ionic interaction together promote bone regeneration in the defect
site. Finally, we proved that the bionic periosteum has good flexibility
and operability by physical and chemical characterization. In vitro cell
2

experiment and in vivo skull defect model verified that PPCL/Nd@WH
biomimetic periosteum had excellent osteoinductive properties and can
enhanced early vascularization and neurogenesis, which prompted
eventual bone regeneration and remodling. Finally, the proposed strat-
egy for the development of PPCL/Nd@WH biomimetic periosteum pro-
vides new insights into the design of biological materials.

2. Materials and methods

2.1. Materials

PCL (Mw ¼ 8000 Da) was purchased from Sigma. Hexafluorin iso-
propanol solvent was obtained from Aladdin. WH and Nd@WH nano-
particles were synthesized by precipitation method according to a certain
proportion of calcium hydroxide, magnesium hydroxide, phosphoric
acid, and neodymium oxide in a water-based system. (all materials were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and were
used as received without further purification). The fetal bovine serum
(FBS) was purchased from Procell Life Science &Technology Co., Ltd.
(China). The CELLSAVING was purchased from NCM Biotech (C40100,
Suzhou, China). The Glass Bottom Cell Culture Dish for confocal micro-
scope photography was purchased from SORFA Life Science (China). The
250 ml culture medium bottles were purchased from Guangzhou Jet Bio-
Filtration Co. Ltd. (China). The FITC-phalloidin and 4'6 diamidino-2-
phenvlindole (DAPI) were purchased from Beijing Solarbio Science &
Technology Co., Ltd. The transwell inserts of 24-well plates was pur-
chased from NEST Biotechnology (725301, Wuxi, China). The SPARK-
script II RT Plus kit (With gDNA Eraser) and 2 � SYBR Green qPCR Mix
(with ROX) were purchased from the (Shandong Sparkjade Biotech-
nology Co., Ltd. (China). The NGF antibody was purchased from AiFang
Biological (SAF005).
2.2. Preparation of different electrospun membranes

2.2.1. Preparation of conventional electrospinning film
The procedure of electrospinningmethod was performed according to

our previously proposed preparation method. In brief, the electro-
spinning solution was added to a syringe (10 mL) with the NO.20 needle.
Needle end and DC positive high voltage power supply connected with
metal clips (Electrostatic spinning machine model SS-2535H). At the
distance (15 cm) from the needle, the roller connecting DC negative high
voltage power supply is placed. Finally, the syringe containing the
spinning solution was placed on the injection pump of the spinning
machine, and the electrospinning nanofibers were collected by the drum.

Three kinds of fibrous membranes, PCL, PCL/WH, and PCL/Nd@WH,
can be collected from this collecting drum. For the PCL spinning solution,
PCL was dissolved in hexafluoroisopropanol to prepare a 10% w w�1

spinning solution. For PCL/WH mixed solution, the synthesized WH was
first dispersed in hexafluoroisopropanol, and then PCL was added to
prepare the PCL/WH solution, where the weight ratio of PCL to WH was
1:1.5. Similarly, PCL/Nd@WH spinning solution with the same propor-
tion was prepared. Three spinning solutions were collected according to
specific parameters. Electrospinning parameters are flow rate 0.08 mm
min�1, positive voltage 5 kV, negative voltage 2 kV, collection distance
15 cm, and drum collection speed 100 rpm min�1.

2.2.2. Preparation of surface micropatterned nanofiber membrane
Different from conventional electrospinning, for PPCL/Nd@WH

nanofiber membrane, the nanofibers were collected using the template
with surface aligned structure. The groove width, ridge width and groove
depth of the orientation template collector were 100 μm, 100 μm, and
100 μm, respectively (RGD100). The spinning solution and spinning
parameters were consistent with PCL/Nd@WH spinning membrane.

All electrospinning nanofiber membranes were vacuum dried over-
night before use to completely remove residual solvents.



Fig. 1. Construction and repair process of photothermal double-layer biomimetic periosteum.
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2.2.3. Characteristics of nanoparticles and membranes
the X-ray diffraction (XRD) and scanning electron microscopy (SEM)

were used to verify the successful preparation of Nd@WH nanoparticles.
The physical and chemical properties of different nanofiber membranes
were tested by SEM, XRD, energy dispersive X-ray spectroscopy (EDS),
tensile properties, photothermal response properties, and inductively
coupled plasma optical emission spectroscopy (ICP-OES). The detailed
procedures are shown in SI.
2.3. In vitro characterization of osteogenic experiment

Immunofluorescence and CCK-8 were used to verify the biocompat-
ibility of cells on materials. The osteogenic differentiation ability of the
cells was verified by Sirius red staining, Alizarin red staining, and Real-
Time PCR analysis. The functional characterization of neurovascular
was performed by migration assay and qPCR analysis. The detailed
procedures are shown in SI.
3

2.4. In vivo regeneration of neurovascular and bone

Firstly, the angiogenesis effect of different nanofiber membranes in
vivo was verified by a subcutaneous animal model. Secondly, immuno-
fluorescence staining of nerve and blood vessels with specific markers
NGF and CD31 was used to verify the regeneration of nerve and blood
vessels in the rat skull defect model. Finally, in the rat skull defect model,
Microcomputed Tomography Analysis and histological staining were
used to verify the bone regeneration at the defect site. The detailed
procedures are shown in SI.
2.5. Statistical analysis

The data were analyzed by GraphPad Prism 9. All data are expressed
as mean � standard deviation (SD). one-way analysis of variance
(ANOVA) was used to test the differences among groups. The student's t-
test was used to assess statistically significant differences in the data
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between groups. Values of P < 0.05 were considered statistically
significant.

3. Result

3.1. Characterization of nanofibers membrane

Firstly, as Confirmed by XRD and SEM, Nd@WH was successfully
synthesized by the hydrothermal method (Fig. S1). In this study, as
shown in Fig. 1, PCL nanofiber membranes were collected by a template
collector, and one-step fabrication of micropatterned nanofiber mem-
branes was denoted as PPCL. The SEM images confirmed the successful
patterning of the nanofiber membranes. The micropattern size is RGD100
(Fig. 2A). PCL, PCL/WH, PCL/Nd@WH, and PPCL/Nd@WH nanofiber
membranes were prepared according to the materials. Their surface
morphology was observed by SEM. SEM images show that the 3D porous
network is formed by nanofibers with a uniform diameter (Fig. 2B). The
diameter was measured by Image-J software, and the average diameters
of PCL, PCL/WH, PCL/Nd@WH, and PPCL/Nd@WH were 1060.91 �
79.18 nm, 1333.79 � 378.86 nm, 1124.50 � 235.44 nm, and 1212.52 �
305.83 nm, respectively (Fig. 2B). The three-dimensional morphology of
all groups was obtained using micrographs of the three-dimensional
surface morphology to simulate all groups. Based on this, the porous
structure of the fiber membrane was observed (Fig. 2C).

EDS (Fig. 3D and Fig. S2) was used to determine the chemical
composition and element distribution uniformity of the fiber membrane.
According to the element distribution, the observation results showed
Fig. 2. Morphology characterization of the membrane. (A) (B) SEM

4

that WH and Nd@WH nanoparticles were uniformly distributed in the
fibers. Meanwhile, photothermal characteristic element Nd was detected
in PCL/Nd@WH nanofilm.

XRD was used to further verify the chemical composition of PCL/WH
and PCL/Nd@WH nanofiber membranes. For PCL, PCL/WH, and PCL/
Nd@WHdiffraction curves, the characteristics are 2θ: 21.40� and 23.86�,
2θ: 28.12�, 31.65�, and 35.24�, 2θ: 27.85�, 31.57�, 33.25� (Fig. 3A).
These peaks were observed in the XRD patterns of different nanofiber
membranes. The results showed that nanoparticles WH and Nd@WH
were successfully incorporated into PCL fibers. The hydrophilicity of the
fiber membrane was evaluated by testing the water contact angle. The
water contact angles of PCL, PCL/WH, PCL/Nd@WH, and PPCL/
Nd@WH were 144.20� � 0.37�, 136.30� � 0.99�, 135.80� � 6.4�, and
135.93� � 2.52�, respectively. On the fiber membrane containing
nanoparticles, the water contact angle may decrease slightly compared
with PCL due to the release of Ca2þ (Fig. 3C). The mechanical properties
of nanofiber membranes were determined by a tensile strength test
(Fig. 3B and Figs. S3–S5). The tensile stresses of PCL, PCL/WH, PCL/
Nd@WH, and PPCL/Nd@WH were 4.97 � 0.67 MPa, 0.76 � 0.16 MPa,
0.86 � 0.22 MPa, and 0.91 � 0.09 MPa, respectively. The Young's
modulus is 0.007 � 0.0009 MPa, 0.003 � 0.0002 MPa, 0.002 � 0.0004
MPa, and 0.002 � 0.0001 MPa, respectively. The tensile stress and
Young's modulus show similar trends. The fracture strain of PCL showed
the maximum value (733.32 � 51.43%). PCL/Nd@WH and PPCL/
Nd@WH exhibited similar fracture strains. According to the mechanical
test, the nanofibers with two kinds of nanoparticles had similar me-
chanical properties, which were lower than those of PCL.
micrographs; (C) 3D surface morphology microphotographs.



Fig. 3. (A) XRD diffraction of WH and Nd@WH nanoparticles and different nanofiber membranes. (B) stress-strain curve. (C) water contact angle. (D) elemental
analysis microphotographs. (E) photothermal heating curves. (F) Ion release of Ca2þ, Mg2þ, and PO4

3�.
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To determine the ion release behavior of the two nanoparticles, we
measured the ion release characteristics of different nanocomposite films
in the Tris-HCL buffer medium by inductively coupled plasma emission
spectroscopy (Fig. 3F). The cumulative release curve showed that the
release amount of Ca2þ, Mg2þ, and PO4

3� in WH was 2–3 times that of
Nd@WH. And with the extension of time, the release amount of each ion
showed an upward trend. In terms of this experiment, the release amount
reached the highest at 12 days, but due to the additional amount being
fixed, it is predicted that the ion release will reach equilibrium after a
certain time point in the future. The release amounts of Ca2þ, Mg2þ, and
PO4

3� in WH were 63.71 ppm, 2.98 ppm, and 32.35 ppm, respectively.
The release amounts of Ca2þ, Mg2þ, and PO4

3� in Nd@WH were 26.20
ppm, 1.38 ppm, and 12.32 ppm, respectively.

The biodegradability of all nanofiber membranes was studied by in-
cubation in PBS solution at 37 �C for 12 weeks. Through the study of PH
degradation (Fig. S6), it was found that all fiber membranes showed
degradation acidity. It could be observed that the degradation acidity of
PCL/WH was greater than that of PCL/Nd@WH, indicating that PCL/
Nd@WH implantation in vivo had a smaller impact on local pH. The
degradation experiment (Fig. S7) showed that the weight loss rate of PCL
fiber membrane reached 5.17 � 0.82% after 12 weeks. The weight loss
rate of PCL/WHwas the highest after 12 weeks, reaching 18.66� 0.52%.
PCL/Nd@WH and PPCL/Nd@WH showed similar degradation results,
ranging from 8.8% to 8.9%. The results of weight loss show that the
incorporation of nanoparticles can significantly improve the degradation
effect of nanofiber membranes.
5

In terms of photothermal conversion mechanism, Nd rapidly relaxes
to metastable state by radiationless process under 808 nm near-infrared
excitation. Radiation is attenuated to a lower energy state in the meta-
stable state, and phonon-assisted attenuation occurs in the ground state,
resulting in photothermal conversion and heat generation. Then in order
to verify the photothermal properties of PPCL/Nd@WH nanofiber
membranes. The temperature change of the nanofiber membrane under
808 nm NIR irradiation (0.5 W/cm2) was recorded by the UNi260B
infrared thermal imager (Fig. 4). Nanofiber membranes were irradiated
with different irradiation powers, and the heating equilibrium temper-
ature was recorded. At the power of 0.6 W/cm2, the temperature finally
stabilized at about 42 �C, higher than the required temperature for
osteogenesis (40.5 � 0.5 �C). At the power of 0.5 W/cm2, the tempera-
ture is stable at about 40 �C, which meets the temperature required for
osteogenesis. Therefore, 0.5 W/cm2 power was selected for subsequent
experiments (Fig. 4B).

However, the temperature of PCL and PCL/WH nanofiber membranes
did not change significantly under the same NIR irradiation. The results
of the photothermal heating curve show that the fiber membrane con-
taining Nd@WH nanoparticles can reach the temperature balance after
100 s, and the temperature remains at the temperature required for
osteogenesis (Fig. 3E). After that, PPCL/Nd@WH nanofiber membrane
showed no significant difference in photothermal properties before and
after irradiation during the five open/close cycles, indicating that the
nanofiber membrane had excellent photothermal properties (Fig. 4C).



Fig. 4. (A) Infrared thermal imaging maps of different nanofiber membranes with the highest temperature symbol in the irradiation region. (B) Photothermal heating
curve of membrane irradiated by 808 nm laser (0.6 W/cm2 0.5 W/cm2). (C) Temperature change of PPCL/Nd@WH during five ON/OFF cycles.

Fig. 5. Biocompatibility of different nanofiber membranes. (A) 3 and 5 days of BMSCs morphology. (B) CCK-8 determination of BMSCs proliferation after 1, 3, and 5
days (SD represents an intergroup error, ns represents no significant difference, ****p < 0.0001).

Q. Li et al. Materials Today Bio 18 (2023) 100536
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3.2. Evaluations of in vitro performance

3.2.1. In vitro biocompatibility
In this study, BMSCs were used to evaluate the effects of different

nanofiber membranes on initial cell adhesion and proliferation. Fig. 5A
shows that cells on different fibrous membranes do not show obvious
inhibition over time. BMSCs proliferation was observed in different
specimens. However, there was no significant difference in the cell
compatibility between the pure PCL group and the other four groups
within 1 and 3 days, indicating that WH and Nd@WH doping had no
obvious cytotoxicity to BMSCs. At the same time, the comparison be-
tween PPCL/Nd@WH and PPCL/Nd@WH (þ) groups at 1, 3, and 5 days
showed that the application of external heating stimuli had no significant
effect on cell activity. These structures suggest that surface micro-
patterning and photothermal stimulation have no significant effect on
cell growth and proliferation (Fig. 5B). Compared with other control
groups, the cells on PPCL/Nd@WH showed an obvious directional
alignment trend. This provides an excellent surface structure for cell
arrangement and angiogenesis.

3.2.2. Osteogenic differentiation
Many studies have shown that periosteal materials need excellent

angiogenesis and bone-setting induction. Ca2þ, Mg2þ, and PO4
3� in vivo

can promote osteogenic differentiation and mineralization, and play a
Fig. 6. Evaluation of osteogenic differentiation of cells in different membranes. (A) Si
analysis. (C) ARS qualitative analysis on days 14 and 21. (D) ARS quantitative analysi
(G) OPN (SD represents an intergroup error, ns represents no significant difference,

7

key role in the proliferation and differentiation of stem cells [29,30]. In
preosteogenesis, Sirius red staining in Fig. 6A was used to evaluate the
ability of each group to produce collagen fibers. By comparing the 7-day
results to assess the effect of doping with Nd elements, we found that
PCL/WH promoted collagen secretion better than PCL/Nd@WH. How-
ever, for the effect of surface alignment structure, the collagen secretion
of PPCL/Nd@WH was slightly larger than that of PCL/Nd@WH. Finally,
the effect of external photothermal stimulation on collagen fiber secre-
tion was discussed. The results showed that the group with external
photothermal stimulation was better than the group without stimulation.
In addition, the results of the secretion of collagen fibers also showed a
similar trend at 7 and 14 days (Fig. 6B). Further, at the late stage of
osteogenesis, we used alizarin red staining to count the amount of cal-
cium deposition secreted by each group of osteoblasts after maturation to
evaluate the differences in the osteogenic properties of each group in vitro
(Fig. 6C). The results of 14 days and 21 days showed that PCL/WH and
PCL/Nd@WH had the same calcium deposition, and the results were not
significantly different. In the meantime, the introduction of surface
micropatterns did not significantly affect calcium deposition. However,
when the temperature-induced by photothermal stimulation increased,
the calcium deposition increased significantly, and the PPCL/Nd@WH
(þ) group had the highest calcium deposition (Fig. 6D).

Here, RT-PCR was used to detect the expression of osteogenic dif-
ferentiation genes, such as collagen type I (COL I), osteocalcin (OCN),
rius red staining qualitative analysis on days 7 and 14. (B) Sirius red quantitative
s. The expression level of specific genes osteogenesis at 7 days (E) COL-I (F) OCN
*p < 0.05，**p < 0.01，***p < 0.001，****p < 0.0001).



Q. Li et al. Materials Today Bio 18 (2023) 100536
and osteopontin (OPN), in BMSCs. From Fig. 6E and F, we can also see a
similar trend that the PCL/WH and PCL/Nd@WH groups are similar in
the amount of COL I and OCN secretion. However, when combining the
surface-arranged structure with external photothermal stimulation, we
found that the secretion of COL I and OCN was subsequently significantly
increased. The results in Fig. 6G also suggest that the addition of surface-
arranged structures and external photothermal stimulation have a syn-
ergistic effect on OPN secretion. Based on the above analysis, we can
conclude that the application of the surface alignment structure in
combination with external photothermal stimulation proved to be
beneficial in regulating the osteogenic differentiation of BMSCs.

3.2.3. Neuroangiogenesis of PPCL/Nd@WH
We evaluated the effects of spun membranes on biocompatibility and

neuroangiogenesis of neuronal cells and vascular endothelial cells,
respectively.

As shown in Fig. 7A and B, there was no significant toxicity of the
spun film to RAECs in each group, and also no significant inhibition of
cell proliferation was seen. F-actin staining showed that the morphology
of RAECs was not significantly affected (Fig. 7C). Here, RT-PCR was used
to detect the expression of angiogenesis-related genes, such as CD31
(Fig. 7D) and eNOS (Fig. 7E). In terms of the expression of CD31 and
eNOS, the PCL/WH, PCL/Nd@WH, PPCL/Nd@WH and PPCL/
Nd@WH(þ) groups all showed obviously higher expression than the PCL
group, among which the PPCL/Nd@WH(þ) group always had the
highest expression. As for the cell migration experiment (Fig. 7F and H),
PCL/WH, PCL/Nd@WH and PPCL/Nd@WH groups had better promot-
ing migration effect to REACs compared with PCL group, and PCL/
Nd@WH group was higher than PCL/WH group, but there was no sig-
nificant difference between PCL/Nd@WH group and PPCL/Nd@WH
group. Compared with other groups, the PPCL/Nd@WH(þ) group had
the best effect, indicating that photothermal treatment could promote the
migration of RAECs. The above results indicated that the combined
application of photothermal treatment and PPCL/Nd@WH was more
favorable to promote neovascularization and the formation of periosteal
vessels. A subcutaneous implantation experiment was used to verify the
angiogenesis ability of each group. Five nanofibrous membranes were
implanted between the skin and muscle of the SD rat's back. During the
14-day procedure, external photothermal stimulation was performed
every other day at 0.5 W/cm2 for 5 min. As shown in Figs. S8 and S9, the
rat subcutaneous implantation experiment was stimulated and recorded
temperature every 1 min. The results showed that after 1 min of inter-
ference, the defect material could be heated to about 40 �C. After 14 days,
by H&E, Masson staining, and CD31 immunohistochemical staining
(Fig. 7H), we could see the difference in angiogenic ability between the
groups. The results showed that the angiogenesis ability of the PCL/WH
group was higher than that of the PCL/Nd@WH group due to the high
release of Mg2þ. The study found that when the surface of the material
has an arranged structure, it can also promote angiogenesis. Therefore,
the combined effect due to surface topography and ion release was
considered. Therefore, PPCL/Nd@WH and PPCL/Nd@WH (þ) had a
significant angiogenic effect.

To verify the neurogenic activity of PPCL/Nd@WH, we co-cultured
the nanofiber membranes with RSCs. After 1 and 3 days, CCK8 results
showed that the membrane had not significantly cytotoxic to RSCs
(Fig. 8A), and the live-dead staining showed that most of the cells were
alive (green color) indicating that the spun films had good cytocompat-
ibility for RSCs (Fig. 8B). Cell migration experiments of RSCs showed that
both WH and Nd@WH-doped membranes had a significant promotion
effect, and the PPCL/Nd@WH(þ) group had the optimal effect, which
indicated that photothermal treatment had a certain promotion effect on
cell migration (Fig. 8C and D)and from the gene expression of NGF and
S100 (Fig. 8E and F), both WH and Nd@WH could highly promote the
expression of neural-related genes. The PPCL/Nd@WH(þ) group also
had the best pro-neural effect, which indicated that photothermal
treatment combined with PPCL/Nd@WH could significantly promote
8

neurovascularization and facilitate the neurovascular network recon-
struction in the periosteum.

3.3. Evaluations in vivo performance

3.3.1. Evaluation of osteogenesis in vivo of calvarial defect model
As shown in Fig. S10A, the regeneration of periosteum and bone

defect was demonstrated by the calvarial defect model of SD rats in vivo,
and the periosteum was removed during the operation. During the 8-
week procedure, external photothermal stimulation was performed
every other day at 0.5 W/cm2 for 5 min. As shown in Figs. S10B and
S10C, the rat calvarial defect was stimulated and recorded every 1 min.
The results showed that after 1 min of interference, the defect material
could be heated to about 40 �C, and the temperature would remain at the
target temperature of 40.5 � 0.5 �C after 1 min.

To verify the neurovascularization function and photothermal of
PPCL/Nd@WH, we implanted the material into the calvarial defect
model of SD rats and performed NGF and CD31 immunofluorescence
staining on the 7th day after implantation. Fig. 9A showed nuclear DAPI
staining, NGF, and CD31 immunofluorescence staining results. In this
study, the nerve repair effect was evaluated by the expression level of
NGF protein, and angiogenesis was evaluated by the expression level of
CD31. It was found that compared with other groups, the expression
levels of NGF and CD31 in the pure PCL nanofiber membrane group were
the lowest. The expression of NGF and CD31 in PCL/Nd@WH nanofibers
was lower than that in PCL/WH nanofibers. The ICP results in Fig. 4F
showed that the release amount of Mg2þ in PCL/WH was double that in
PCL/Nd@WH, indicating that the release amount of ions was directly
related to the expression level of proteins.

There is also evidence that surface micropatterns are directly related
to angiogenesis, and surface-oriented structures can significantly in-
crease the probability of angiogenesis. Therefore, CD31 expression in
PPCL/Nd@WH and PPCL/Nd@WH (þ) groups was higher than that in
PCL/Nd@WH. Most importantly, the above results showed that the
PPCL/Nd@WH (þ) group showed the highest expression of NGF protein
and CD31 under the combined action of photothermal, surface micro-
patterns, and ion release, that is, the production area of nerve fibers and
vascular networks was the largest. (Fig. 9B and C). This result was
significantly different from PCL. Combined with the above studies, it was
found that angiogenesis in the rat subcutaneous angiogenesis model and
rat calvarial defect model had the same trend.

After 8 weeks, microscopic CT and histological analysis were per-
formed. Firstly, 3D reconstruction was conducted on the defect site. As
shown in Fig. 10A, PPCL/Nd@WH (þ) has a significantly better repair
effect, indicating the synergistic effect of ion release and photothermal
stimulation on promoting osteogenesis. Compared with the pure PCL
material control group, WH and Nd@WH nanofiber membranes have
better osteogenic properties. This is because WH and Nd@WH can
release Ca2þ, PO4

3� ions to further promote osteogenesis. Subsequently,
we further investigated the 3D reconstruction by analyzing the bone
volume fraction. In the analysis of bone volume fraction, the value of the
PPCL/Nd@WH (þ) group was 2.5 times that of the PCL material control
group (Fig. 10B). The bone volume fractions of PCL/WH, PCL/Nd@WH,
and PPCL/Nd@WH were 36.65%, 41.61%, and 54.65%, respectively.
Importantly, these results are consistent with the trend of microscopic
CT.

Histological examination was investigated to further verify the
microscopic details of the defect area. Before analysis, the defective and
adjacent sites of material, new bone, and host bone were distinguished
and labeled in the low field of view. As shown in H&E and Masson tri-
chrome staining images (Fig. 10C), compared with other groups, PPCL/
Nd@WH (þ) coated defect areas formed more osteogenic arrays. At 8-
week, a red color could be observed in Masson staining, which indi-
cated the formation of regular lamellar bone in the bone tissue.
Furthermore, Masson staining also showed that the PPCL/Nd@WH (þ)
group had more pronounced and continuous collagen matrix deposition



Fig. 7. Evaluation of angiogenesis of RAECs with different membranes. CCK-8 assay (A) and Live/dead assay of RAECs (B). (C) The morphology of RAECs cell. (D) The
relative gene expression of RAECs cultured directly on different membranes at 1 day about eNOS (D) and CD31 (E). The representative images (F) and quantitative
results (G) of transwell assay of RAECs cultured with different membranes. H&E, Masson, and CD31 histological images of different nanofiber membranes in sub-
cutaneous model validation (Black arrows represent blood vessels, ns represents no significant difference, *p < 0.05，**p < 0.01，***p < 0.001，****p < 0.0001).
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Fig. 8. Evaluation of angiogenesis of RAECs with different membranes. CCK-8 assay (A) and Live/dead assay of RSCs (B). The representative images (C) and
quantitative results (D) of transwell assay of RAECs cultured with different membranes. The relative gene expression of RSCs cultured directly on different membranes
at 1 day about NGF (E) and S100 (F). (ns represents no significant difference, *p < 0.05，**p < 0.01，***p < 0.001，****p < 0.0001).
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compared to the other groups. And compared to the material control
group (PCL group), bone formation was higher in the other material
groups, which are our expected results. At the same time, OCN (osteo-
genic marker) immunohistochemical staining also showed that PPCL/
Nd@WH (þ) can promote bone formation (Fig. S10), which is consistent
with the results of microscopic CT and Masson staining.

The regeneration of periosteum and bone was verified in animal ex-
periments. It is well known that regeneration is a complex process. The
co-staining of NGF and VEGF proved that nerve and blood vessels were
accompanied by growth in endogenous periosteal regeneration. On the
other hand, the results of in vitro cell proliferation experiment showed
that the cells had the tendency of oriented growth on the electrospinning
membrane. This demonstrates that the periosteum can help achieve
simultaneously regeneration in structure and function. And the combi-
nation of ionic action and photothermal osteogenesis can further pro-
mote bone formation and ultimately achieve bone regeneration.

As is well-known to all, the periosteum is a highly complex structure.
Thus, to achieve all its functions, it lacks practical feasibility as far as it is
concerned. Consequently, there is still a gap between the bionic perios-
teum and the natural periosteum, and further improvements are still
needed.
10
4. Discussion

Compared with the current popular periosteal reconstruction
methods, inspired by the structure and function of natural periosteum,
the spinning template with a surface-oriented structure was prepared by
laser etching technology. The template was fixed on the collector, and the
photothermal double-layer bionic periosteum with nerve-vascular
coupling regeneration was prepared by electrospinning technology.

The periosteum is a double connective tissue membrane with rich cell
sources [1,15]. In this study, a double-layer biomimetic periosteum was
constructed by imitating the double-layer structure of natural perios-
teum. The outer layer of the bionic periosteum not only provides early
barrier function but also avoids soft tissue invasion into bone defects
[31–34]. The repair of bone defects was also accelerated through neu-
rovascular reconstruction, cell recruitment, and bone regeneration. The
inner layer of the bionic periosteum promotes the regeneration of nerve
vessels and bones through topological clues of surface topography [5,35].
Firstly, structural bionics is realized. the surface-oriented micropatterns
of PPCL/Nd@WH were successfully constructed by SEM, while the
PCL/Nd@WH group without surface-oriented micropatterns showed the
surface morphology of the conventional electrospinning membrane. The



Fig. 9. (A) Expression node of neurovascularization in rat calvarial defect experiment. (B) 7 days after implantation, each material group showed different fluo-
rescence intensity. Quantitative analysis of (C) CD31 and (D) NGF. (ns represents no significant difference, *p < 0.05，**p < 0.01，***p < 0.001，****p < 0.0001).
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SEM results showed that the bi-layer biomimetic periosteum with
different functions was successfully prepared in this study (Fig. 2).
Through cell proliferation experiment, PPCL/Nd@WH group with
surface-oriented micropatterns can observe the orientation arrangement
of cells (Fig. 5). By testing the secretion of collagen fibers, the deposition
of calcium nodules, and the expression of osteogenic-related genes, it can
11
be intuitively seen from the data that the expression of PPCL/Nd@WH
small-component bone in the patterned group was significantly higher
than that in the PCL/Nd@WH group without patterning (Fig. 6). Finally,
the angiogenesis ability and osteogenic ability of the PPCL/Nd@WH
group were compared with PCL/Nd@WH group in the subcutaneous
angiogenesis experiment and rat skull defect model (Figs. S8–10).



Fig. 10. Analysis of osteogenic properties of different nanofiber membranes. (A) 3D reconstruction images of the defect area. (B) volume fraction of bone (BV/TV) (SD
represents intergroup error, *p < 0.05，**p < 0.01). (C) histological analysis of H&E and Masson staining (black arrows for continuous collagen fibers, M for ma-
terials, NB for newly formed bone).

Q. Li et al. Materials Today Bio 18 (2023) 100536
Periosteum has three functions. First, the periosteum has abundant
cell sources; secondly, the periosteum can also provide necessary growth
factors to regulate bone homeostasis; third, under the stimulation of
external mechanical force, periosteal-derived cells respond quickly and
can activate Wnt and BMP signaling pathways to promoting bone for-
mation [15,36–39]. So the functional bionics of the periosteum should be
valued [14]. Based on WH, we doped characteristic photothermal
response Nd element in WH by hydrothermal synthesis method, and
finally endowed WH with photothermal response performance, namely
Nd@WH. The functional ions of WH and Nd@WH were similar, and the
ion release in different biomimetic periosteums was measured by
inductively coupled plasma emission spectrometry (Fig. 3F). The results
showed that Ca2þ, Mg2þ, and PO4

3� were released from PCL/Nd@WH
and PCL/WH. It is well known that Ca2þ and PO4

3� are necessary inor-
ganic ions in the process of bone formation, which are involved in bone
remodeling. On this basis, the cell biocompatibility and osteogenic dif-
ferentiation ability of PCL/WH and PCL/Nd@WHwere tested, and it was
found that the cell biocompatibility of PCL\WH and PCL/Nd@WH had no
significant influence (Fig. 5), but the osteogenic differentiation ability of
PCL\WH was significantly higher than that of PCL/Nd@WH (Fig. 6). In
addition, Mg2þ is a potential active factor in promoting neuro-
vascularization. studies have shown that sustained release of Mg2þ can
effectively promote the release of VEGF. Therefore, in vitro experiments
verified that it can significantly promote angiogenesis (Fig. 7), and at the
same time through the verification of the rat subcutaneous angiogenesis
model and skull defect model, it was observed that the angiogenesis ef-
fect of PCL/WH and PCL/Nd@WH groups was good (Fig. S11). At the
12
same time, some literature showed that the continuous release of Mg2þ

could effectively promote the release of NGF. Therefore, in the rat skull
defect model, the immunofluorescence staining intensity of NGF and
CD31 was used to express the regeneration of nerve and blood vessels in
the defect area. The results showed that compared with other groups, the
fluorescence intensity of PCL/WH and PCL/Nd@WH groups were higher,
indicating that their neurovascularization effect was good (Figs. 7–9).

Some studies have shown that elevated temperature in the fracture
site is closely related to new bone formation. Heat above the body tem-
perature of about 3 �C can stimulate animal bone growth [28,40,41]. So
we can point out that when the temperature is about 40 �C, the tem-
perature will stimulate bone regeneration in the defect site. In this study,
the Nd element was stimulated by near-infrared light to generate heat,
thereby promoting bone regeneration. Firstly, the photothermal response
of PPCL/Nd@WH was verified by photothermal response performance.
The results showed that the PPCL/Nd@WH bionic periosteum had good
photothermal response characteristics under 808 nm wavelength
near-infrared irradiation, and this bionic periosteum could rapidly rise to
about 40 �C in 60 s (Fig. 3E). A large number of kinds of literature proved
that the bone regeneration of the defect site was significantly improved
under this temperature. Compared with PPCL/Nd@WH， the
PPCL/Nd@WH(þ) group showed an excellent osteogenic differentiation
effect was subjected to external near-infrared physical stimulation. In
particular, this study found that the external near-infrared stimulation
group PPCL/Nd@WH(þ), the neurovascular effect is obvious. However,
its mechanism remains unclear and needs further study.

Therefore, through the double bionics of structure and function, the
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double bionic periosteum with good interlayer binding force was con-
structed by integrated molding. The good flexibility and operability of
the PPCL/Nd@WH bionic periosteum were verified by tensile properties
(Fig. 3B). PPCL/Nd@WH biomimetic periosteum can effectively repair
the defect site of rat skull model under the common stimulation of surface
orientation micropattern, photothermal effect, and ion effect.

5. Conclusion

In summary, inspired by the structure and function of the periosteum,
we successfully developed a neurovascularized double-layer nanofiber
membrane as a biomimetic periosteum. Through the release of Mg2þ ions
from Nd@WH nanoparticles in nanofiber membrane with surface
alignment structure, the formation of endogenous periosteum was
induced and the regeneration of internal and external source composite
periosteum was realized. The regeneration of the periosteum was further
confirmed by the detection of increased secretion of VEGF and NGF
factors. This was necessary for nerve and vascular growth to demonstrate
the simultaneous growth of nerves and blood vessels. Combined with
surface micropatterning, electrospinning, and photothermal bone for-
mation, the periosteum can accelerate bone formation. Therefore, in this
study, a double-layer nanofiber membrane as biomimetic periosteum
may bring great hope for the clinical treatment of secondary surgery
caused by a bone defect or nonunion.
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