
Materials Today Bio 12 (2021) 100142
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
The spatial form periosteal-bone complex promotes bone regeneration by
coordinating macrophage polarization and osteogenic-angiogenic events

C. Zhao a,b,c, P. Qiu a,b,c, M. Li a,b,c, K. Liang a,b, Z. Tang a,b, P. Chen a,b, J. Zhang a,b,
S. Fan a,b,**, X. Lin a,b,*

a Department of Orthopaedic Surgery, Sir Run Run Shaw Hospital, Medical College of Zhejiang University, Hangzhou, China
b Key Laboratory of Musculoskeletal System Degeneration and Regeneration Translational Research of Zhejiang Province, China
A R T I C L E I N F O

Keywords:
Periosteal-bone complex
Macrophage polarization
Stiffness
Osteogenesis
Angiogenesis
Bone healing
* Corresponding author.
** Corresponding author.

E-mail addresses: shunwu_fan@zju.edu.cn (S. Fa
c These authors have contributed equally.

https://doi.org/10.1016/j.mtbio.2021.100142
Received 28 July 2021; Received in revised form 9
Available online 17 September 2021
2590-0064/© 2021 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Bone defects associated with soft tissue injuries are an important cause of deformity that threatens people’s health
and quality of life. Although bone substitutes have been extensively explored, effective biomaterials that can
coordinate early inflammation regulation and subsequent repair events are still lacking. We prepared a spatial
form periosteal bone extracellular matrix (ECM) scaffold, which has advantages in terms of low immunogenicity,
good retention of bioactive ingredients, and a natural spatial structure. The periosteal bone ECM scaffold with the
relatively low-stiffness periosteum (41.6 � 3.7 kPa) could inhibit iNOS and IL-1β expression, which might be
related to actin-mediated YAP translocation. It also helped to promote CD206 expression with the potential in-
fluence of proteins related to immune regulation. Moreover, the scaffold combined the excellent properties of
decalcified bone and periosteum, promoted the formation of blood vessels, and good osteogenic differentiation
(RUNX2, Col 1α1, ALP, OPN, and OCN), and achieved good repair of a cranial defect in rats. This scaffold, with its
natural structural and biological advantages, provides a new idea for bone healing treatment that is aligned with
bone physiology.
1. Introduction

At present, single-phase bone-centered substitutes with high stiffness
(such as bioceramics and bioglasses) are widely utilized because of their
resemblance to the mineral composition of bone [1]. These substitutes
have superiority in osteogenic differentiation [2] but have limited effects
on inflammatory regulation or angiogenesis [3,4]. Researchers have
attempted to modify their properties, for example, by incorpo-
ratingchemical molecules and surface coatings to adjust the local
microenvironment [5,6]. However, these types of artificial synthesis or
single factor addition are dissimilar with natural conditions, and the
specific dosage, presentation rate, and release process are difficult to
control [3]. An ideal biomaterial is thought to be a dynamic control
system that can coordinate early inflammatory regulation and subse-
quent angiogenic, osteogenic differentiation events [7].

It is known that complicated fractures are often accompanied by
damage to adjacent soft tissues, which can aggravate the recruitment of
macrophages to the injury site, and the persistence of inflammation is
detrimental to fracture healing [8]. Studies have shown that the
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proportion of inflammatory cells increased significantly in both the soft
tissue and bone hematoma after injury, but as the repair progresses,
upregulation of antiinflammatory cytokines (such as IL-10) was more
pronounced in the bone hematoma when comparing to that in the soft
tissue hematoma [9,10]. Therefore, reasonable avoidance of inflamma-
tory infiltration from soft tissues is potentially helpful for bone healing,
but the inflammatory blockage is difficult to solve using simple
bone-centered substitutes.

Natural bone is a highly vascularized stiff tissue coated with soft
periosteum, which provides 30%–40% of the blood supply and delivers
nutrients to the cortical bone [11,12]. The periosteum is a physical
barrier that resists excessive penetration of inflammatory cells in trau-
matic environments and provides a supportive microenvironment for
multifunctional mesenchymal stromal cells to accelerate bone remodel-
ing [13]. Our previous study demonstrated that a periosteum-derived
hydrogel could enhance M2 macrophage polarization in the early
repair of bone injury [7]. And many researchers have reported the
importance of preserving the periosteum in cortical healing in different
animal models [14,15]. Given the advantages of natural periosteum
in physical blockage, macrophage regulation, and angiogenesis, we
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Abbreviation

IFN-γ interferon-gamma
VEGF vascular endothelial growth factor
PDGF platelet-derived growth factor
BMP-2 bone morphogenetic protein 2
PBS phosphate buffer solution
SDS sodium dodecyl sulfate
RUNX2 runt-related transcription factor 2
Alp alkaline phosphatase
Ocn osteocalcin
Opn osteoprotegerin
TNF-α tumor necrosis factor-α
IL-1β interleukin-1β
iNOS inducible nitric oxide synthase
Arg1 arginase-1
IL-10 interleukin-10

OCT optimal cutting temperature compound
AFM atomic force microscopy
Micro-CT micro-computed tomography
SEM scanning electron microscope
EDS energy-dispersive X-ray spectroscopy
qPCR quantitative real-time polymerase chain reaction
LAT-A latrunculin A
BMMs bone marrow-derived macrophages
OI osteogenic induction
MSCs marrow mesenchymal cells
DB decellularized bone scaffolds
DCB decellularized decalcified cortical bone
DAPI 40,6-diamidino-2-phenylindole
SD standard deviation
ANOVA one-way analysis of variance
NIH national institutes of health
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intended to prepare a natural spatial form periosteal-bone complex to
regulate macrophage polarization in the early stage of injury and pro-
mote subsequent bone healing.

Macrophages play an important role in the early inflammatory
regulation of bone healing. Under stimulation by interferon-gamma (IFN-
γ), they differentiate into the M1 phenotype and participate in the
removal of necrotic substances and amplification of inflammation [16].
Good bone repair requires timely termination of inflammation and con-
version of M2 macrophages [17] because M2 macrophages can release
biological signals through paracrine signaling to produce positive feed-
back on vascularization and mineralized deposits [6,18–20]. Recently,
there has been a growing recognition that physical properties (such as
stiffness) have a dramatic impact on macrophage phenotype [21]. It has
been reported that macrophages are oriented to M2 polarization on low-
or medium-stiffness gels and tend to M1 polarization on stiff gels [22].
However, the molecular mechanisms underlying the stiffness control of
macrophage phenotypes are still poorly understood. Macrophages cannot
directly perceive the stiffness of the substitutes they adhere to [23],
actomyosin-mediated contractility and actin-mediated cytoskeleton
reorganization are the main modulators for mechanical signal trans-
duction [24]. A previous study demonstrated that macrophages adhered
to a soft fibrin hydrogel had reduced inflammatory phenotypes compared
to those adhered to a stiff hydrogel, which was associated with the
decreased YAP nuclear localization resulting from the reduced cyto-
skeleton aggregation on the soft hydrogel [25]. Thus, we performed a
preliminary exploration of the possible mechanism by which periosteal
bone scaffold regulated the macrophage phenotype from the perspective
of stiffness.

Actually, our group has been committed to the study of periosteal-
related biomaterials in bone healing for many years. We reported the
preparation of periosteal ECM scaffold in 2015 [26] and studied the
mechanism of spontaneous mineralization of periosteal ECM scaffold
[27]. We further found that the periosteal ECM gel has the potential to
build a benign immune microenvironment at the early repair of bone
defects [7]. These studies broadened our conventional understanding
and application of the periosteum. In this study, we prepared the peri-
osteal-bone complex by imitating the natural structure, and taking
advantage of the native periosteum to make up for the shortcomings of
the current single-phase bone-centered substitutes in macrophage regu-
lation and vascularization, so as to better promote bone repair.

2. Materials and methods

Animal experiments in this study were conducted at the experimental
animal center of Sir Run Run Shaw Hospital. All protocols were
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performed in accordance with the National Institutes of Health (NIH)
guidelines and the Guidelines for Care and Use of Experimental Animals
of Sir Run Run Shaw Hospital. The research protocols were approved by
the Medical Ethics Committee of Sir Run Run Shaw Hospital.

2.1. Preparation of the periosteal bone scaffold

Femurs were isolated from large white swine at a local slaughter-
house with strict selection criteria (healthy male adult pigs of the same
age, gender, and similar body weights), the muscle and adipose tissue
attached to the surface of the femurs were separated with a scalpel. The
harvested femoral shafts were further cut into pieces (10 mm in length,
6 mm in width, and 2 mm in thickness), washed with sterile phosphate
buffer solution (PBS) three times, and stored in a refrigerator at �80 �C.
The scaffolds were prepared with a two-step method, in brief, samples
were first immersed in a 25% (w/v) EDTA-2Na solution (Macklin
Biochemical Co., Ltd, Shanghai, China) and then decalcified in an ul-
trasonic rapid decalcifier (Pro-Cure Medical Technology Co., Ltd., Hong
Kong, China) at 22 �C with a frequency of 40 kHz for 12 days, the
decalcification solution was replaced every 2 days. After decalcification,
the samples were treated with 1% (w/v) Triton X-100 (Sigma-Aldrich
Corp., Saint Louis, USA) for 24 h, and then 1% (w/v) sodium dodecyl
sulfate (SDS, Sigma-Aldrich Corp., Saint Louis, USA) for 2 h. For keeping
the components and structure of the periosteum as intact as possible, the
periosteum was wrapped with a barrier membrane (Solarbio, Beijing,
China), while the cortical bone part was exposed to the 1% SDS solution
for an additional 34 h. All decellularization processes were performed in
an orbital shaker (Thermo Fisher Scientific, Wilmington, USA) at 4 �C
under 100 rpm oscillation. Finally, all samples were washedwith running
double distilled water for 24 h and sequentially detoxified with 20 mM
Tris-HCl (pH ¼ 8.0) (Sigma-Aldrich, Saint Louis, USA) and 75% ethyl
alcohol for 12 h, respectively, to remove residual SDS [28].

2.2. Scanning electron microscopy and energy-dispersive X-ray analyses

Scanning electron microscopy (SEM) was performed to observe the
microstructure of the native and treated periosteal bone scaffolds. The
samples were fixed in 2.5% (w/v) glutaraldehyde at 4 �C overnight and
washed three times with PBS. Then, the samples were immersed in 1%
(w/v) osmium tetroxide for 2 h and dehydrated in 50%, 70%, 80%, 95%,
and 100% ethanol. After drying in hexamethyldisilazane (Macklin
Biochemical Co., Ltd, Shanghai, China), they were coated with gold to a
thickness of 25 nm under vacuum (K550, Emitech, London, UK) and
immediately observed under a scanning electron microscope (TM-1000,
Hitachi, Tokyo, Japan). Three different regions of bone parts were
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selected for energy-dispersive X-ray spectroscopy (EDS, TM-1000, Hita-
chi, Tokyo, Japan) was performed to determine the distribution of cal-
cium and phosphorus in the native and treated periosteal bone scaffolds.
2.3. Mechanical testing and atomic force microscopy analysis

The mechanical properties of the native and treated periosteal bone
scaffolds were measured using a computer-controlled mechanical test
machine (Z2.5, Zwick/Roell, Ulm, Germany). The scaffolds were placed
flat on an operating table, and then the scaffolds were vertically com-
pressed at a rate of 5 mm/min, and stress—strain curves based on loading
force (F) and displacement (d) were recorded.

Atomic force microscopy (AFM; Icon, Veeco, USA) was used to
obtain the high-resolution topography of the samples, mainly through
interactions between a sharp probe and the samples. The samples were
cut into pieces (width of 5 mm, length of 5 mm, and thickness of 1 mm)
and placed on a clean mica sheet. For each sample, three 10 μm � 10 μm
areas were selected for scanning. After calibration, high-resolution
topography images were acquired. AFM was further used to measure
the mechanical properties of the samples through nanoindentations. For
each sample, force mapping was conducted on nine randomly selected
regions with a peak force setpoint of 2 N for the periosteum part and 15 N
for the cortical bone part to calculate Young’s modulus.
2.4. Quantitative real-time polymerase chain reaction analysis

Quantitative real-time polymerase chain reaction (qPCR) analysis was
performed to evaluate genes related to osteogenic differentiation and the
macrophage phenotype. The total RNA of cells cultured on the scaffolds
was extracted using a universal RNeasy kit (CWBIO, Beijing, China). The
concentrations of the extracted RNA were measured at 260 and 280 nm
using a Nanodrop 8000 spectrophotometer (Thermo Fisher, Billerica,
USA). cDNA was synthesized according to the manufacturer’s in-
structions. PCR amplification was performed in a reaction system con-
taining 10 μL SYBR Premix, 1 μL each PCR upstream primer and PCR
downstream primer, 1 μL cDNA template, and 7 μL ddH2O. The expres-
sion of osteogenesis-related genes (runt-related transcription factor 2,
RUNX2; collagen 1α, Col1a1; alkaline phosphatase, Alp; osteocalcin, Ocn;
osteoprotegerin, Opn), M1 macrophage markers (tumor necrosis factor-α,
TNF-α; interleukin-1β, IL-1β; inducible nitric oxide synthase, iNOS) and M2
macrophagemarkers (CD206; arginase-1, Arg1; interleukin-10, IL-10) were
determined and normalized to that of β-actin (internal reference) using
the 2�ΔΔCt method. The analyzed gene sequences are detailed in Sup-
plementary Table 1.
2.5. Immunofluorescence analysis

Immunofluorescence analysis was performed to verify the expression
of osteogenic markers and macrophage-associated markers, as well as the
expression and localization of YAP. Cells cultured on scaffolds were fixed
with 4% paraformaldehyde for 20 min and washed twice with PBS. The
nonspecific binding sites were blocked with 5% fetal bovine serum al-
bumin (BSA) for 30 min. Then, the diluted primary antibodies of RUNX2
(1:1600; Cell Signaling Technology, Boston, USA), Col 1α1 (1:400; Cell
Signaling Technology, Boston, USA), iNOS (1:400; Proteintech, Rose-
mount, USA), CD206 (1:400; Proteintech, Rosemount, USA) and YAP
(1:100; Cell Signaling Technology, Boston, USA) were added and incu-
bated overnight in the dark at 4 �C. According to the origin of the primary
antibodies, the corresponding secondary antibodies were selected for
further incubation. DAPI (40,6-Diamidino-2-phenylindole, 1:100; Solar-
bio, Beijing, China) was used to stain the nuclei for 15 min at room
temperature and Phalloidin-iFluor 555 (1:1000; Abcam, Cambridge, UK)
was used to stain the cytoskeleton for 30 min under the same conditions.
The specimens were observed by using a confocal microscope (Nikon,
Tokyo, Japan).
3

2.6. Mouse skeletal muscle–femur injury model

A mouse skeletal muscle–femur injury model, was aimed to deter-
mine the macrophage infiltration in the surrounding tissue at the in-
flammatory stage. Twenty-four healthy 8-week-old male C57BL/6 mice
were fed with sufficient water and food in a 12 h light/12 h dark cycle at
23 � 3 �C. After a week of adaptation, they were intraperitoneally
anesthetized with 40 mg/kg 1% pentobarbital sodium. For creating the
soft tissue–femur injury model, similar published procedures were fol-
lowed [7,29]. In short, a 0.5 mm hole was made using a fine surgical burr
at the middle of the femur condyles, and a stainless-steel pin was inserted
into the intramedullary canal of the femur. Then, a 50% depth femur
segmental defect 2 mm long was created at the middle of the femur. The
quadriceps around the defect were cut at 75% of the width and 50% of
the thickness. The soft tissue–femurs were harvested at one, three, and
seven days after surgery for flow cytometry and immunofluorescence
analysis.

2.7. Subcutaneous implantation

For the angiogenic evaluation, healthy male BALB/c nude mice (4–6
weeks old, n ¼ 8) were fed under the conditions mentioned above and
divided into two groups for subcutaneous implantation. First, the
decellularized decalcified cortical bone (DCB, n ¼ 4) and periosteal bone
scaffolds (n¼ 4) were processed into 5 mm� 5 mm� 1 mm pieces. After
disinfection with iodophor and anesthetization with 1% pentobarbital
sodium 40 mg/kg, a 5 mm longitudinal incision was made on the back of
each nude mouse. A vascular clamp was used to perform inert separation
under the skin to form a cavity, in which the scaffolds were implanted
with sterile forceps. Finally, the incision was closed with a 4–0 absorb-
able suture (Jinhuan Medical Products Co., Ltd, Shanghai, China), and
the surgical area was disinfected with iodophor. After feeding for 4
weeks, all mice were anesthetized to death with 40 mg/kg 3% pento-
barbital sodium, and scaffolds were harvested for analysis. The immune
response of the DCB and periosteal bone scaffolds after subcutaneous
implantation was also explored. Healthy male Sprague-Dawley rats (6–8
weeks old, n ¼ 8) were divided into two groups, and the surgical method
was similar to that described above. They were anesthetized to death
seven days after surgery, and subcutaneous capsular tissues were
collected for analysis.

2.8. Rat cranial bone defect model

Thirty-six healthy adult male Sprague-Dawley rats (weighing
200–250 g, 6–8 weeks old) were used for cranial regeneration. They were
divided into three groups, an empty defect group (n ¼ 12), a DCB group
(n¼ 12) and a periosteal bone group (n¼ 12). All of themwere fed under
the conditions mentioned above. After anesthetization, they were placed
on a surgical plate in a prone position, and their heads were fixed to
expose the surgical area. After disinfecting twice with iodophor and
covering the surgical areas with sterile scarves, 2 cm incisions were
made, and full-thickness critical-sized calvarial defects were created in
the central zone with a cyclovergence (Precision Tools Co., Ltd.,
Shanghai, China). The corresponding scaffolds were implanted to fill in
the defect areas with the periosteum on top. Finally, the scalps were
closed with 4–0 absorbable sutures, and penicillin was injected contin-
uously for 2 days to prevent infection.

2.9. Flow cytometry

Cells from the bone marrow and muscle were collected on days 1, 3,
and 7 to assess changes of macrophage phenotype in the skeletal
muscle–femur injury model. Cells in the femur bone marrow were
flushed out by PBS with a 1 mL syringe, the supernatants were discarded
after centrifugation at a speed of 1500 G/min, and the remaining cells
were incubated with erythrocyte lysis buffer for 10 min at room
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temperature to lyse the erythrocytes. Samples were then collected by
centrifugation for subsequent staining. The collection of cells from the
muscles required chopping of the muscle until there were no visible
particles. The mixtures were digested with 2 μg/mL collagenase (Sigma-
Aldrich Corp., Saint Louis, USA) for 30 min at 37 �C, filtrated with a
40 μm strainer (BD Biosciences, New York, USA), and washed with PBS.
Then, cell suspensions were collected and further digested with trypsin
(Sigma-Aldrich Corp., Saint Louis, USA) for 10 min at 37 �C to yield the
single-cell suspensions. After blocking with 5% BSA for 30 min, cells
collected from the bone marrow and muscles were incubated with pri-
mary antibodies against ACP-conjugated CD11b (1:80; Biolegend, San
Diego, USA), FITC-conjugated CD45 (1:200; Biolegend, San Diego, USA)
and PE-conjugated Ly6C (1:320; Biolegend, San Diego, USA) at 4 �C for
30 min in the dark. Cells were washed with PBS to remove excess anti-
bodies and resuspended in 300 μL PBS for test using a FACSCalibur flow
cytometer (BD Biosciences, New York, USA) and CellQuest software; all
data were analyzed using Flow Jo software.

Cells from the subcutaneous capsular were also obtained to evaluate
the macrophage phenotype in the subcutaneous implantation models on
day 7. In brief, the capsular was chopped up until there were no visible
particles, then digested with 2 μg/mL collagenase for 30 min at 37 �C,
and filtrated with a 40 μm strainer, and further digested with trypsin for
10 min at 37 �C. The collected cells were treated with Percp-conjugated
F4/80 (1:40; Biolegend, San Diego, USA), PE-conjugated CD11c (1:160;
Biolegend, San Diego, USA) and FITC-conjugated CD206 (1:400; Bio-
legend, San Diego, USA) for further testing.
2.10. In vivo histological analysis

Immunofluorescence was conducted to evaluate the inflammatory
cells infiltration and macrophage polarization surrounding the defect site
in the skeletal muscle–femur injury model and the cranial bone defect
model on day 7. After decalcification, the specimens were embedded in
an optimal cutting temperature compound (OCT) (Solarbio, Beijing,
China) and cut into slices with a thickness of 7 μm using a freezing
microtome (CM1950, Leica, Wetzlar, Germany). Antigen retrieval was
performed with a 1� citrate antigen retrieval solution (Solarbio, Beijing,
China) at 65 �C overnight. After rinsing with PBS three times, the primary
antibodies iNOS (1:400; Proteintech, Rosemount, USA), CD86 (1:200;
Cell Signaling Technology, Boston, USA), and CD206 (1:400; Pro-
teintech, Rosemount, USA) were incubated at 4 �C in the dark overnight.
Then, the corresponding secondary antibody was added to the slices for
specific binding, and the nucleus was stained with DAPI for 10 min at
room temperature. Finally, the stained slices were photographed using a
confocal microscope (Nikon, Tokyo, Japan).

Histological analysis was performed to evaluate bone regeneration.
All cranium specimens were fixed in 4% paraformaldehyde for 24 h and
decalcified with 25% (w/v) EDTA-2Na in an ultrasonic rapid decalcifier
(Pro-Cure Medical Technology Co., Ltd., HongKong, China) for 7 days.
After gradient dehydration, the specimens were embedded in paraffin
and cut into 7 μm slices. H&E staining (Jiancheng Technology Co., Ltd,
Nanjing, China) was performed, and all slides were observed under an
optical microscope (Nikon, Tokyo, Japan).
2.11. Statistical analysis

Data in this study are expressed as mean � standard deviation (SD).
Statistical analyses were performed using one-way analysis of variance
(ANOVA) and unpaired Student’s t-test by SPSS 19.0. Statistical signifi-
cance was set at P < 0.05.
2.12. Other experimental methods

Other experimental methods in this study were detailed in the sup-
plementary data.
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3. Results

3.1. Inflammatory cells accumulated around the injury site and impaired
adjacent osteogenesis

When a fracture occurs, large numbers of inflammatory cells from
circulating blood, surrounding muscles, and internal bone marrow
infiltrate into the defective area. The periosteum acts as a physical barrier
that may help prevent excessive infiltration of inflammatory cells from
the muscle. A skeletal muscle–bone injury model was constructed to
evaluate changes in distribution and quantity of inflammatory cells in the
muscle and bone marrow around the injured area. Flow cytometry results
showed that the proportion of inflammatory cells (CD45þCD11bþLy6Cþ)
in the bone marrow gradually decreased from 36.7% (day 1) to 10.1%
(day 7), but the proportion in the muscle maintained at a high level (from
31.8% on day 1–22.3% on day 7) (Fig. 1A). Immunofluorescence
revealed that cells in both the muscle and bone marrow around the
injured area positively expressed iNOS (M1 macrophage markers) on the
first day, and they gradually decreased by the seventh day (Fig. 1B).
These results suggest that inflammatory cells accumulated around the
injury site, and inflammation in the muscle area subsided relatively
slowly. Then, an injured skeletal muscle model was used to evaluate
whether it affected the adjacent osteogenic differentiation of primary
osteoblasts. After culturing for 7 days, less alkaline phosphatase and
weaker alizarin red staining were observed in the injured group
compared to those in the osteogenic induction (OI) group (Fig. 1C). The
expression of osteogenic genes (RUNX2, ALP, Col 1α1, OCN, and OPN)
was elevated in the injured group compared with those in the control
group, but all of them were markedly lower than those in the OI group
(RUNX2, ALP, Col 1α1, and OCN: P< 0.05; OPN: P > 0.05) (Fig. 1D), this
suggests that muscles damage has potential to affect adjacent osteo-
genesis (the schematic diagram was Fig. 1E). Based on these results, we
proposed to prepare the spatial form periosteal bone scaffold to reason-
ably avoid inflammatory infiltration from skeletal muscles.

3.2. Evaluation of the spatial form periosteal bone scaffold

The periosteal bone scaffolds were prepared to limit inflammatory
infiltration, in which the periosteum functioned as a barrier. After
decellularization, the periosteal bone scaffold was assessed by histolog-
ical staining and by DNA content and fragment size measurements.
Compared with the native scaffolds, H&E and DAPI staining demon-
strated that the nuclei were effectively eliminated from the periosteal
bone scaffolds (Fig. 2A). There were no noticeable DNA bands in either
the bone or periosteum part in the agarose gel separation experiments
(Suppl. Fig. 1C), and the DNA contents were significantly reduced from
97.4 � 14.6 ng/mg dry weight to 8.2 � 3.0 ng/mg in the cortical bone
part (P< 0.05) and from 1739.0� 108.9 ng/mg to 30.7� 14.0 ng/mg in
the periosteum part (P < 0.05) (Fig. 2B). Micro-computed tomography
(micro-CT) was performed to evaluate decalcification, revealing that
mineralized elements were completely removed (Suppl. Fig. 1B).
Therefore, the periosteal bone scaffolds met the decellularization stan-
dards and were well decalcified.

3.3. The spatial form periosteal bone scaffold retained main biological
components and possessed a complete three-dimensional structure

Picrosirius red staining and polarized light observation were used to
assess collagen alignment and structure. Although collagens in the native
scaffold were slightly deeper than those in the periosteal bone scaffold,
their distributions were similar (Fig. 2C). The collagen contents in both
the periosteum and bone part slightly decreased, but there were no sig-
nificant differences between the native and the treated scaffolds in the
periosteum part, as well as in the bone part (Fig. 2D, P > 0.05). The
contents of GAGs in both the periosteum and bone part were lower than
that in the native scaffolds (Fig. 2E, P < 0.05). Overall, the main



Fig. 1. Infiltration of inflammatory cells around the skeletal muscle–femur injury site and the influence of injured skeletal muscles on osteogenesis. (A) Representative
flow cytometry analysis to examine the changes in the number of CD45, CD11b, and Ly6C positive cells in the muscles and bone marrow at the injury site from day 1 to
day 7. (B) Representative immunofluorescence staining of iNOS positive cells around the injured site from day 1 to day 7 (green: iNOS; blue: cell nucleus; red box:
surrounding muscle; white box: bone marrow; white triangle: defect area; BM: bone marrow). (C) Alkaline phosphatase and alizarin red staining of primary calvarial
osteoblasts in the control, injured, and osteogenic induction (OI) groups. (D) Relative mRNA expression of RUNX2, ALP, Col 1α1, OCN, and OPN from primary calvarial
osteoblasts in the control, injured, and OI groups after culturing for 7 days. (E) Schematic diagram of osteogenic induction in the muscle injury group. Data are
presented as mean � SD (n ¼ 4). (Scale bar ¼ 100 μm; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).
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Fig. 2. Validation of the spatial form periosteal bone ECM scaffold and three-dimensional structure evaluation. (A) H&E and DAPI staining of the native and treated
periosteal bone ECM scaffolds. (B) DNA contents of the periosteum part and cortical bone part before and after treatment. (C) Sirius red staining and polarized light
microscopy observations of the types and orientations of collagen in the native and treated periosteal bone ECM scaffold. (D, E) Collagen (D) and GAGs (E) contents in
the periosteum part and cortical bone part before and after treatment. (F) Scanning electron microscopy (SEM) images of the periosteum part, cortical bone part,
interfaces, and Sharpey fibers of the native and treated periosteal bone ECM scaffolds (green: periosteum; gray: cortical bone; red dotted frame: Sharpey fiber). Native:
before treatment; Treated: after treatment. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).

C. Zhao et al. Materials Today Bio 12 (2021) 100142
biological components of the periosteal bone scaffolds were preserved
after decellularization and decalcification.

SEM images of the periosteal bone scaffolds showed a biphasic
microarchitecture (Fig. 2F). It was noteworthy that Sharpey fibers (the
special structure at the interface) were completely preserved (Fig. 2F).
Collagens in the periosteum part tended to be dense and disordered in the
native scaffolds but became loose and well oriented after treatment
(Fig. 2F). The bone part had a crystal-like form, and there were no sig-
nificant changes in the morphology before and after processing (Fig. 2F);
however, energy-dispersive X-ray spectroscopy (EDS) analysis revealed
that the calcium and phosphorus contents were significantly reduced
6

(Suppl. Fig. 1D and E; P < 0.05). These evidences indicate that the three-
dimensional structures of the periosteal bone scaffold were completely
retained in the absence of calcium and phosphorus.

3.4. The periosteal bone scaffold possessed different physical, mechanical
properties in the periosteum and cortical bone part

The mechanical properties of the periosteal bone scaffold before and
after treatment were assessed, and the stress–strain curves were recor-
ded. The stress-strain curves of both scaffolds were approximately J-
shaped, but there were brief plateauing periods, which were indicative of
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the biphasic structure of the scaffolds. The portion of the curves before
the plateaumainly reflected the mechanical properties of the periosteum,
while that after the plateau reflected mechanical properties of the
cortical bone (Fig. 3A). The physical differences between the periosteum
and cortical bone of the periosteal bone scaffolds were evaluated using
AFM, cord-like fibrous structures were observed in the periosteum part
(Fig. 3B), and granular, crystalline structures were observed in the
cortical bone part (Fig. 3C). Nanoindentation test further reflected the
mechanical properties of the periosteal bone scaffolds. The slope of the
treated periosteum curve was significantly lower than that of the native
periosteum, but there was no significant difference in the slopes of the
native and treated cortical bone curves (Fig. 3D and E). The regional
Fig. 3. Mechanical properties of the spatial form periosteal bone ECM scaffold befo
bone ECM scaffold before and after treatment. (B, C) Representative atomic force mic
treatment. (D, E) Representative nanoindentation curves of the periosteum (D) and
Young’s modulus of the periosteum (F) and cortical bone part (G) before and after tre
before and after treatment. Native: before treatment; Treated: after treatment. Data a
and ***: P < 0.001).
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distribution of Young’s modulus was also presented (Fig. 3F and G); its
variation was similar to that of the nanoindentation test. Specifically,
Young’s modulus of the periosteum part decreased from 75.4 � 5.5 kPa
to 41.6 � 3.7 kPa after treatment (P < 0.05), while no significant change
was observed in the cortical bone part (1426 � 77.9 kPa vs.
1375.8 � 137.5 kPa, P > 0.05) (Fig. 3H).

3.5. The Periosteal bone scaffold inhibit M1 polarization might through
actin-mediated YAP translocation

Bone marrow-derived macrophages (BMMs) were culture on the DCB
and the periosteal bone scaffolds to evaluate their effects on macrophage
re and after treatment. (A) Representative stress–strain curves of the periosteal
roscopy images of the periosteum (B) and cortical bone part (C) before and after
cortical bone part (E) before and after treatment. (F, G) Distribution maps of
atment. (H) Values of Young’s modulus in the periosteum and cortical bone part
re presented as mean � SD (n ¼ 4). (Scale bar ¼ 1 μm; *: P < 0.05, **: P < 0.01,
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polarization. Immunofluorescence revealed that BMMs on the DCB
scaffolds positively expressed iNOS, but almost no positive cells were
observed on the periosteal bone scaffolds (Fig. 4A and B). The expres-
sions of IL-1β, TNF-α, and iNOS in BMMs were analyzed at the gene level
by qPCR after culturing for 24 h. Compared to the DCB group, the
amounts of IL-1β and iNOS significantly decreased in the BMMs seeded
Fig. 4. Periosteal bone scaffold inhibits M1 polarization might through actin-mediate
BMMs cultured on DCB and the periosteal bone scaffolds for 24 h (green: iNOS; red: ph
cells cultured in the same conditions as those in (A). (C, D, E) Relative mRNA expressi
as those in (A). (F) Representative immunofluorescence images of YAP in BMMs cultu
blebbistatin for 6 h (green: YAP; red: phalloidin; blue: nucleus). (G) Quantitative analy
YAP in BMMs in (F); the values were normalized to the DCB group. (I, J) Relative
periosteal bone scaffold for 24 h and treated with LAT. A or blebbistatin for 6 h. LPS: l
bone scaffold. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed abov
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on the periosteal bone scaffolds (Fig. 4C, D, P < 0.05). The amount of
TNF-α also decreased, but the difference was not statistically significant
(Fig. 4E, P> 0.05). These results suggest that the periosteal bone scaffold
could inhibit the M1 polarization of macrophages.

The periosteum part and cortical bone part had different stiffnesses
(Fig. 3H), and YAP has been shown to be related to mechanical
d YAP translocation. (A) Representative immunofluorescence images of iNOS in
alloidin, blue: nucleus; 20� and 80�). (B) Quantitative analysis of iNOS positive
on of IL-1β (C), iNOS (D), and TNF-α (E) in BMMs cultured in the same conditions
red on DCB and the periosteal bone scaffold for 24 h and treated with LAT. A or
sis of YAP nuclear/total ratio in BMMs in (F). (H) Mean fluorescence intensity of
mRNA expression of IL-1β (I) and iNOS (J) in BMMs cultured on DCB and the
ipopolysaccharide; DCB: Decellularized decalcified bone scaffold; P–B: Periosteal
e; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).
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transduction and inflammation regulation [30]; thus, YAP expression
and its nuclear translocation were evaluated to explore the possible
regulatory mechanism of macrophage polarization on composite peri-
osteal bone scaffolds and single-phase DCB scaffolds. A higher mean
fluorescence intensity and nuclear localization of YAP was found in the
BMMs cultured on the stiffer DCB scaffold compared to those on the
composite periosteal bone scaffolds (Fig. 4F, G, H), suggesting that YAP
activity might be related to substrate stiffness. Latrunculin A (LAT. A, an
inhibitor of actin polymerization) and blebbistatin (an inhibitor of
myosin phosphorylation) were chosen to explore the association between
YAP and the cytoskeleton. The application of LAT. A reduced YAP nu-
clear localization, but blebbistatin had little effect (Fig. 4F, G, H).
Moreover, the expression of IL-1β and iNOS was also inhibited in BMMs
cultured on stiffer DCB after LAT. A treatment (Fig. 4I and J), These data
suggest that the composite periosteal bone scaffold was less likely to
induce YAP nuclear localization compared to single-phase cortical bone
and that inhibition of actin-mediated YAP nuclear translocation might be
related to inflammation suppression.

3.6. The periosteal bone scaffold promoted M2 polarization and presented
a benign repair microenvironment

For determining whether the periosteal bone scaffold could promote
M2 polarization, the macrophage was analyzed by immunofluorescence.
After culturing for 24 h, BMMs seeded on the periosteal bone scaffold
clearly expressed CD206, while those on the cortical bone did not
(Fig. 5A and B). The mRNA expression of M2 macrophage markers
(CD206, Arg1, and IL-10) was significantly higher in the BMMs seeded on
periosteal bone scaffold than in those on DCB scaffolds (Fig. 5C, D, E;
P < 0.05). Therefore, the periosteal bone scaffold has the potential to
induce M2 polarization of macrophages.

Proteomic analysis was conducted to investigate potential molecules
related to macrophage polarization. AZU1, IGHG, and BGNwere found in
the periosteal bone scaffold, which might be related to immune regula-
tion and assist M2 polarization (Fig. 5F); however, the exact mechanisms
require further study. The proteomic analysis also revealed the possible
molecules related to vascularization (PTN, Col 6A1, and HSPG2),
osteogenesis (OGN), collagen assembly (BGN), andmineralization (SPP1,
PHEX, ASPN, and SPARC) (Fig. 5F). Moreover, proteins related to cell
components, molecular functions (including calcium binding, collagen
binding, cell adhesion, protein-containing complex and integrin binding,
and extracellular matrix structural constituents), and biological processes
(including regulation of cell adhesion, proliferation and migration,
ossification, regulation of angiogenesis, and extracellular matrix orga-
nization) might have a contribution to building a benign microenviron-
ment for regeneration (Fig. 5G, H, I).

3.7. The periosteal bone scaffold facilitated osteogenic differentiation and
angiogenesis

The osteogenesis properties of the periosteal bone scaffold were
evaluated by assessing the expression of RUNX2 on day 7 and Col 1α1 on
day 14 in bone marrow mesenchymal cells (MSCs) seeded on DCB and
the periosteal bone scaffolds. Immunofluorescence showed that both the
DCB and periosteal bone scaffold promoted the positive expression of
RUNX2 and Col1a1 (Fig. 6A and B). The expression of osteogenesis-
related markers (RUNX2, Alp, Col 1α1, Opn, and Ocn) was also verified
by qPCR. These genes were significantly upregulated on day 14 in the
MSCs seeded on the DCB and periosteal bone scaffold compared to those
cultured on polystyrene (Fig. 6C). These results indicate that both DCB
and periosteal bone scaffolds could facilitate osteogenic differentiation.

Next, the angiogenic ability of the periosteal bone scaffold was
evaluated using Matrigel tube formation assay. Compared to the PBS and
DCB groups, extracts from the periosteal bone scaffold induced more
HUVEC tube-like structures (Fig. 6D). And the number of loops and
branching points was significantly higher than those in the PBS and DCB
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groups (P < 0.05), but lower than that in the VEGF-induced group
(P < 0.05) (Fig. 6E and F). Subcutaneous implantation of DCB and the
periosteal bone scaffolds was performed to analyze the infiltration of
blood vessels. Many blood vessels permeated the subperiosteal bone in
the periosteal bone group, but there was almost no noticeable blood
vessel infiltration in the DCB groups (Fig. 6G and H). These results
demonstrate that the periosteal bone scaffold facilitates angiogenesis and
blood vessel infiltration.

3.8. The periosteal bone scaffold exhibited good macrophage regulation at
the subacute stage of implantation

Generally, implantation of substitutes induces inflammatory response
at the early stage, which gradually subsides at the later subacute stage
with macrophage phenotype transformation. In this study, CD86 and
CD206 staining was applied to identify the macrophage infiltration at the
subacute stage (day 7) of implantation. CD86 positive macrophages
aggregated at the defect area in the empty defect group and DCB group,
indicating the failure of M1-to-M2 conversion (Fig. 7A and B). In the
periosteal bone scaffold group, almost no CD86 positive cells were
observed (Fig. 7A and B), the CD206 positive macrophages were iden-
tified, which were mainly distributed around the periosteum region
(Fig. 7A, C). The immune response of the DCB and periosteal bone
scaffolds 7 days after subcutaneous implantation was also explored. Flow
cytometry results showed that the proportion of F4/80þCD11cþ macro-
phages around the periosteal bone scaffolds was lower than that of DCB
scaffolds (percentage of positive cells in F4/80þ cells; DCB: 47.4%,
periosteal bone: 28.0%), while the proportion of F4/80þCD206þ mac-
rophages was higher than that of the DCB group (percentage of positive
cells in F4/80þ cells; DCB: 30.0%, periosteal bone: 52.8%) (Fig. 7D).
These results suggest that the periosteal bone scaffold may have the
potential to regulate macrophage polarization at the subacute stage of
implantation by promoting the M1-to-M2 transformation timely.

3.9. The periosteal bone scaffold accelerated bone healing in vivo

For demonstrating the potential of the periosteal bone scaffold to
accelerate bone regeneration, cranial bone defects were evaluated by
micro-CT scan and histological analysis 4 and 8 weeks after implantation.
As Fig. 8A showed, newly formed bone tissue was observed in all groups,
but the amount of new bone varied among the three groups. The bone
mineral density (BMD) and bone volume/total volume (BV/TV) values in
the periosteal bone scaffold group were significantly higher than those in
the defect and DCB groups (Fig. 7B and C). H&E staining detected
noticeable defects in the empty defect group at both 4 and 8 weeks
(Fig. 8D). In the DCB group, the defect was obvious after 4 weeks, but the
newly generated bone was able to connect the scaffold to the host after 8
weeks (Fig. 8D). In the periosteal bone group, the periosteum was
significantly degraded after 8 weeks; however, many blood vessels
infiltrated the cortical bone surface, and reconnection of the defect was
observed (Fig. 8D). In general, the periosteal bone scaffold promotes
osteogenesis and angiogenesis, accelerating the healing of bone defects.

4. Discussion

In this study, we prepared a spatial form periosteal bone ECM scaffold,
which coordinated macrophage polarization and promoted bone healing.
Specifically, the periosteal bone ECM scaffold had the advantages of low
immunogenicity, natural bioactive ingredients, and spatial structure. The
periosteal bone ECM scaffold could inhibit M1macrophage polarization by
covering the relatively low-stiffness periosteum, which might be regulated
by actin-mediated YAP translocation. It also promoted the M2 conversion
of macrophages with the potential influence of proteins related to immune
regulation. The effective regulation of early inflammation helped to
reshape the local microenvironment, provided positive feedback for sub-
sequent bone healing events, and promoted periosteal bone scaffold to



Fig. 5. The periosteal bone scaffold promoted M2 polarization and presented a benign repair microenvironment. (A) Representative immunofluorescence images of
CD206 in BMMs cultured on DCB and the periosteal bone scaffolds for 24 h (green: CD206; red: phalloidin; blue: nucleus; 20 � and 80 � ). (B) Quantitative analysis of
CD206 positive cells cultured in the same conditions as those in (A). (C, D, E) Relative mRNA expression of CD206 (C), Arg-1 (D), and IL-10 (E) in BMMs cultured in the
same conditions as those in (A). (F) Proteins that might be involved in immune regulation, vascularization, and regeneration in the periosteum, and proteins that might
participate in mineralization, ossification, and collagen assembly in cortical bone. (G, H, I) Mass spectrometry results of the periosteal bone scaffold in aspects of cell
components (G), biological process (H), and molecular functions (I). LPS: lipopolysaccharide; DCB: Decellularized decalcified bone scaffold; P–B: Periosteal bone
scaffold. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).

C. Zhao et al. Materials Today Bio 12 (2021) 100142
perform the functions of osteogenesis and angiogenesis. Finally, the spatial
form periosteal bone scaffold was proved to promote effective bone heal-
ing in the rat cranial defect model.

Currently, bone defects associated with soft tissue injuries are still a
major disease affecting human health and incur large medical expenses
[31,32]. In this study, inflammatory cells were observed in the soft tissue
surrounding the defect area (Fig. 1B), and the decrease of inflammatory
cells in muscle was less pronounced than that in bone marrow (Fig. 1A),
which is similar to a previous report [9]. One possible reason is that the
bone marrow environment with the surrounding periosteum and cortical
10
bone had better prerequisites for regeneration than muscle. However,
current widely used single-phase inorganic biomaterials provide rela-
tively limited inflammatory regulation [3,4]. With increased awareness
of the importance of the periosteum and the emergence of various arti-
ficial periosteal substitutes, its remarkable abilities for immune regula-
tion and regeneration have become increasingly prominent [7,26,33].
Therefore, we prepared the periosteal bone scaffold to avoid excessive
infiltration of inflammatory cells derived from soft tissue and to coordi-
nate early inflammatory and subsequent osteogenesis, angiogenesis
events by imitating natural bone repair mechanisms.



Fig. 6. The spatial form periosteal bone scaffold promoted osteogenesis and angiogenesis. (A, B) Representative immunofluorescence images showing the expression
of RUNX2 (A) and Col 1α1 (B) in the MSCs cultured on the decellularized decalcified cortical bone (DCB), and periosteal bone scaffold for 7 and 14 days respectively
(green: RUNX2 or Col 1α1; red: phalloidin; blue: nucleus). (C) Relative mRNA expression of RUNX2, ALP, Col1α1, OCN, and OPN in MSCs cultured in polystyrene plate,
the DCB and periosteal bone scaffolds for 14 days. (D) Tube formation images in the phosphate buffer solution (PBS), DCB, periosteal bone scaffold, and vascular
endothelial growth factor (VEGF) groups. (E, F) Quantitative analysis of loops (E) and intersection nodes (F) in D), three representative pictures were selected in each
group for statistics. (G) H&E images revealed vascular infiltration 4 weeks after subcutaneous implantation in the DCB and periosteal bone scaffold groups. (H)
Quantitative analysis of infiltrated vessels in the DCB and periosteal bone scaffold groups 4 weeks after subcutaneous implantation. DCB: Decellularized decalcified
bone scaffold; P–B: Periosteal bone scaffold. Black triangle: blood vessel. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed above; *: P < 0.05, **:
P < 0.01, and ***: P < 0.001).
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Fig. 7. The spatial form periosteal bone scaffold regulated macrophage polarization at an early stage of implantation of cranial defects. (A) Representative immu-
nofluorescence images of CD86 (red) and CD206 (green) positive macrophages in empty defect, DCB, and periosteal bone scaffold groups at day 7 (green: CD206; red:
CD86; blue: nucleus; the white dotted box represented the implanted scaffolds). (B, C) Quantitative analysis of CD86 (B) and CD206 (C) positive cells in the empty
defect, DCB, and periosteal bone scaffold groups. (D) Representative flow cytometry analysis of F4/80, CD11c, and CD206 positive macrophages in the DCB and
periosteal bone scaffold groups on day 7 of the subcutaneous embedding experiments. DCB: Decellularized decalcified bone. P–B: Periosteal bone scaffold. White
triangle: periosteum. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).
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To date, several studies have explored a similar structure. Danielle
et al. constructed an artificial periosteum using polyethylene glycol
hydrogel combined withMSCs and covered it on the surface of allogeneic
bone [12]. And Khademhosseini et al. developed a microgrooved struc-
ture using polylactic acid-glycolic acid nanosheets to mimic the perios-
teal bone structure [11]. The tight attachment of the periosteum to the
cortical bone is attributed to Sharpey fibers, which are nail-like structures
in the periosteal fiber layer that insert into the cortical bone [34]; these
12
designs were still far from the natural spatial structure. Yu et al. simu-
lated the composite structure using an extracellular matrix derived from
pre-osteoblasts and a gelatin methacryloyl hydrogel [35]. This scaffold
had good biocompatibility, but the immunomodulatory role of the
periosteum in bone healing was ignored. We acquired the periosteal bone
complex via decellularization and demineralization, which preserved the
natural composite structure, bioactive components and provided a
framework for vessel penetration and osteogenesis differentiation. It also



Fig. 8. The spatial form periosteal bone scaffold promoted to achieve good bone healing. (A) Mineralization of the calvarial defects evaluated by micro-CT 4 and 8
weeks after implantation. (B, C) Quantitative analysis of the BMD (B) and BV/TV (C) of the regenerated bone 4 and 8 weeks after implantation. (D) H&E staining of the
calvarial defects 4 and 8 weeks after implantation. High magnification images of the regions highlighted by the black box are shown below. DCB: Decellularized
decalcified bone; P–B: Periosteal bone scaffold. Data are presented as mean � SD (n ¼ 4). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, and ***: P < 0.001).
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participated in macrophage regulation at the damaged areas and pro-
vided positive feedback for subsequent bone healing.

For the preparation process, a literature search found few reports of
acellular cortical bone scaffolds. Ko et al. once performed rat calvaria
decellularization using a solution containing 0.5% SDS and 0.1%
ammonium hydroxide for 3 weeks [36]. Our group previously reported
the preparation of the periosteum scaffold using 2% Triton X-100 for 12 h
13
and 1% SDS for 2 h [26]. By combining these parameters, the periosteal
bone scaffold was decellularized with a mild, two-step protocol. After
demineralization, 1% Triton X-100 was used to lyse cells for 12 h, and
then treated with 1% SDS for 2 h; these steps helped to remove cellular
components in the the periosteum part. As the cortical bone part was
more compact, we wrapped the periosteum with a barrier membrane to
expose cortical bone for a continued 34 h of 1% SDS treatment. The
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preparation of periosteal bone scaffolds was comprehensively tested by
H&E, DNA contents, and fragment sizes evaluation, all of which met the
standards of complete decellularization.

Two major bioactive components (collagens and GAGs) in the peri-
osteal bone scaffold were evaluated. Collagens are important compo-
nents of the periosteum and bone [33], the contents in the periosteum
decreased after treatment, but the difference was not significant.
Compared with the previously reported periosteum protocol, the dura-
tion of SDS treatment in this study was longer, which might have influ-
enced the decrease in collagen contents [37,38]. GAGs play a critical role
in the preservation of biological growth factors [39]. Although decreased
amounts of GAGs were observed both in the periosteum and cortical bone
parts, these trends were consistent with previous reports, which might be
due to their high sensitivity to detergent solutions [26,40]. Structurally,
SEM observations demonstrated that the Sharpey fibers remained intact
after treatment, which was a core indicator for the successful preparation
of spatial form periosteal bone scaffolds. The periosteal collagen was well
preserved, and the distribution was more orderly after treatment. Studies
have reported that the distribution of periosteal collagen is consistent
with the preferential direction of bone remodeling [41,42]. Therefore,
the orderly distribution of periosteal collagen might be conducive to
bone healing. In addition, pore-like structures were observed in the
subperiosteal bone, which might facilitate the penetration of blood
vessels.

Mechanical and nanoindentation tests indicated that the periosteum
and cortical bone part in the periosteal bone scaffold had different me-
chanical properties and that Young’s modulus of periosteum was
considerably lower than that of the cortical bone. Recently, stiffness has
attracted increasing attention owing to its important role in cell
morphology, cell function, and mechanisms related to the occurrence of
diseases [2,43,44]. Numbers of studies have reported that simply
increasing the stiffness of substitutes without any additional factors can
promote osteogenic differentiation of MSCs [2,45]. However, in the
regulation of macrophages, stiff matrices tend to induce M1 polarization,
while soft matrices are conducive to M2 transformation [22,46]. This
may be the reason that traditional rigid inorganic biomaterials have clear
advantages in osteogenesis, but difficult to realize the timely conversion
of M1-to-M2 in early bone repair. In this study, BMMs seeded on com-
posite periosteal bone scaffolds exhibited less expression of M1
macrophage-related markers, a preliminary investigation on the mech-
anism of how stiffness affects macrophage phenotypes was thus con-
ducted. Macrophages mainly perceived stiffness through integrins and
adhesion molecules on the cell surface [47,48], which connect to the
cytoskeleton (actin, microtubules or intermediate filaments) or the sub-
cellular structures [49,50]. The phenotype and function of macrophages
were further regulated by transcription factors (e.g., YAP/TAZ, NF-κB)
and epigenetic modifications [51,52]. Actin plays an important role in
the macrophage mechanical signal transduction, Nikhil Jain et al. used
3D micropores and 2D micropatterns to limit the spread of macrophages,
which inhibited the inflammatory gene expression profile by reducing
actin polymerization [53]. Evidence further showed that YAP (a medi-
ator of mechanotransduction) could reprogram macrophage phenotypes
in many diseases [54–56]. The results in this study indicated that YAP
activity might be related to stiffness, and inhibition of actin-mediated
nuclear translocation of YAP had the potential for inflammatory sup-
pression. Wendy F. Liu et al. obtained a similar conclusion supporting
this hypothesis, and they found that matrix stiffness tuned the macro-
phage inflammatory response through the transcriptional coactivator
YAP mediated by actin polymerization [25].

The spatial form periosteal bone scaffold realized M1-to-M2 conver-
sion in the early stage of bone healing, which provided a supportive
microenvironment for subsequent osteogenesis and vascularization.
Studies have shown that M2 macrophages secrete a higher amount of
BMP-2 than M0 or M1 macrophages [57], which can activate Smad1 and
then promote the nuclear transfer of RUNX-2, thereby up-regulating the
expression of osteogenic genes such as ALP and OCN in osteogenic
14
precursor cells [58,59]. Gene expression analysis indicated that the
periosteal bone scaffold promoted osteogenic differentiation; this was
also supported by the presence of relevant proteins that provided a
suitable osteogenic and mineralization microenvironment. Angiogenesis
mainly includes the process of sprouting, anastomosis, and maturation
[60]. M2 macrophages play an important role in the formation of blood
vessels, which can promote germination by secreting high levels of
MMP-9 and can also promote PDGF-BB to participate in anastomosis to
mature [18]. Hashimoto et al. reported that neovascularization was
achieved 6 months after subcutaneous implantation of decellularized
bone matrix [61]. In contrast, clear vascular infiltration was observed in
the fourth week in this study, and the infiltrating blood vessels were
mainly distributed at the subperiosteal bone, where more pore-like
structures were shown by SEM. Vascular infiltration might also be
related to proteins that promote angiogenesis and regulate blood vessel
diameter or structure. Finally, transplantation of the periosteal bone
scaffold showed newly formed bone in vivo, and the underlying mech-
anism might be attributed to the bioactive components, complete struc-
ture, related functional proteins, and macrophage regulation of the
periosteal bone scaffold [62–64].

However, this study still had several limitations. First, a preliminary
study on the connection between actin-mediated YAP translocation and
macrophage phenotypes was conducted; its precise mechanism requires
more conclusive studies. Second, proteins that promoted osteogenesis
and angiogenesis were detected by mass spectrometry, but the specific
mechanisms remain unclear and require further investigation. Third,
studies could be performed to test the periosteal bone scaffold in large
animal models for future clinical application. In general, the preparation
of periosteal bone scaffold provide new ideas for the repair of bone de-
fects and also provide references for the preparation and application of
similar complex physiological structures, such as cartilage-bone complex.
The goal of decellularization is to promote host cell infiltration and ECM
remodeling and ultimately achieve transplantation replacement [65].
Porcine-derived decellularized materials have abundant sources, there
will be more forms of ECM-derived materials in the future [66], such as
surface coatings, cell sheets, and polymer-coupled modified decellular-
ized organs, to adapt to different clinical environments and expand the
scope of potential clinical applications. And we also look forward to the
application and success of more valuable decellularized materials in
clinical orthopaedical patients, not limited to animal models.

5. Conclusion

The preparation of spatial form periosteal bone scaffold has achieved
the complete retention of the composite structures and good reservation
of bioactive components. Combined with the excellent osteogenesis and
vascularization characteristics, the periosteal bone scaffold realized the
timely M1-to-M2 conversion in early bone healing and promoted the
subsequent regeneration, providing a new strategy for the clinical
treatment of severe bone defects.
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