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Construction of developmentally inspired periosteum-like
tissue for bone regeneration
Kai Dai1,2, Shunshu Deng1,2, Yuanman Yu1,2, Fuwei Zhu1,2, Jing Wang1,2✉ and Changsheng Liu2,3,4✉

The periosteum, a highly vascularized thin tissue, has excellent osteogenic and bone regenerative abilities. The generation of
periosteum-mimicking tissue has become a novel strategy for bone defect repair and regeneration, especially in critical-sized bone
defects caused by trauma and bone tumor resection. Here, we utilized a bone morphogenetic protein-2 (BMP-2)-loaded scaffold to
create periosteum-like tissue (PT) in vivo, mimicking the mesenchymal condensation during native long bone development. We
found that BMP-2-induced endochondral ossification plays an indispensable role in the construction of PTs. Moreover, we
confirmed that BMP-2-induced PTs exhibit a similar architecture to the periosteum and harbor abundant functional periosteum-like
tissue-derived cells (PTDCs), blood vessels, and osteochondral progenitor cells. Interestingly, we found that the addition of
chondroitin sulfate (CS), an essential component of the extracellular matrix (ECM), could further increase the abundance and
enhance the function of recruited PTDCs from the PTs and finally increase the regenerative capacity of the PTs in autologous
transplantation assays, even in old mice. This novel biomimetic strategy for generating PT through in vivo endochondral ossification
deserves further clinical translation.
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INTRODUCTION
The periosteum serves as an attachment surface for skeletal
muscles and ligaments and covers almost the entire bone
surface.1,2 Moreover, the periosteum harbors multiple cell types,
including osteogenic cells and fibroblastic cells, blood vessels, and
nerve endings, which play a central role in bone fracture and defect
repair.3–7 As a thin membrane covers the bone, the periosteum also
consists of multiple extracellular matrices (ECMs), such as collagens
and glycosaminoglycans.8,9 Periosteum-derived cells (PDCs) or
periosteum-derived multipotent mesenchymal stromal cells (MSCs),
as a crucial component of the periosteum, are heterogeneous and
may contain different subpopulations of multipotent stem cells.10,11

PDCs are deeply involved in the generation of bone, cartilage, and
hematopoietic marrow.5,7 A recent study identified a multipotent
and self-renewing type of periosteal stem cell that emerges in the
periosteum.12 Other studies have indicated that leptin receptor-
positive (LepR+) cells, which are also strongly positive for CD140α
(PDGFR-α) and CD105, are the major subpopulations of MSCs that
form bone and adipocytes in adult bone marrow.13–15 LepR+ cells
found in the periosteum may serve as a subpopulation of PDCs that
are essential for bone formation and regeneration.10 Functional
blood vessels, such as type H (strongly positive for CD31 and
endomucin; CD31hiEMCNhi) vessels, are another vital component in
the periosteum that couple angiogenesis and osteogenesis
during bone development and repair processes.10,16,17 Therefore,
the periosteum exhibits an impressive bone regenerative capacity
and can be a potential cellular source for bone regenerative
applications.18,19

The design and fabrication of periosteum-like tissue (PT) could be
an effective strategy for bone repair and reconstruction inspired by
the strong bone regenerative capacity of the periosteum.1,20–24

Clinically, the induced membrane (IM) technique is a mature therapy
for trauma-, bone tumor-, and osteomyelitis-triggered large bone
defects that activates the immune system of individuals to induce
vascularized granulation tissue.25–27 This technology utilizes an
implanted cement spacer, commonly polymethylmethacrylate, to
induce PT at the first stage and involves implantation of the
autologous bone graft with bone marrow aspirate into the defect
area after the removal of the cement spacer at the second stage, but
it is still limited by the incubation time, which is typically over
6 weeks, and the complex surgical procedures.23,28,29 Other studies
have generated PTs utilizing synthetic membranes with or without
exogenous cells, which have a limited regenerative capacity and
require intensive manipulation due to the incorporation of
exogenous cells.1,20,21,30,31 A previous study confirmed that human
periosteal cell-loaded scaffolds could induce ectopic bone formation
in vivo.32 A recent study reported that bone morphogenetic protein-
2 (BMP-2)-induced heterotopic ossification (HO) originates from
abundant recruited multipotent stromal cells coupled with type H
vessels.33 Inspired by this interesting discovery, we hypothesized that
we could utilize BMP-2 to directly and effectively activate the residual
regenerative capacity of individuals to construct multipotent stromal
cell-rich and vascularized PT in vivo.
In this study, we sought to construct PT in vivo using a material

strategy involving BMP-2-initiated endochondral ossification.
Abundant periosteum-like tissue-derived cells (PTDCs) can be
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recruited spontaneously, along with functional blood vessels
invading the PT. We attempted to further regulate the function of
PTs and found that chondroitin sulfate (CS), as an enhancer, could
increase the abundance and promote the osteochondral differ-
entiation and recruitment capacity of recruited PTDCs from PTs.
Autologous transplantation assays also confirmed that the PTs
induced by the BMP-2/CS-loaded scaffold resulted in enhanced
osteogenesis and osseointegration related to the BMP-2-induced
compartment, even in old mice. This strategy for creating in vivo
PT could be further applied to repair complex craniofacial defects,
especially for elderly patients.

RESULTS
Construction of PTs in vivo
Previous studies have shown that BMP-2 induces ectopic bone
formation via endochondral ossification.15,34 CS has been reported
to regulate the osteogenic capacity of BMP-2 in bone defect
repair.35,36 LepR has been utilized as an effective marker for
enriching PDCs.10,14 To confirm the induction of PTs via a
biomaterial strategy, we subcutaneously implanted all three types
of scaffolds (PBS-loaded gelatin scaffold, BMP-loaded gelatin
scaffold, and BMP/CS-loaded gelatin scaffold) into Lepr-cre;
tdTomato mice (Supplementary Fig. 1). The induced PTs were
proven to possess similar architecture to native periosteum and
abundant functional cells, such as LepR+ progenitor cells,
osteoprogenitors, and chondrocytes (Fig. 1). We found that the
implanted scaffolds were surrounded by granulation tissue and
that the granulation tissues from the BMP and BMP/CS groups
were much thicker than the native periosteum and granulation
tissues from the PBS group, whereas the thickness of the
granulation tissue between the BMP and BMP/CS groups showed
no significant difference (Fig. 1a, b). The PTs from the BMP and
BMP/CS groups exhibited a typical compact fibrous architecture
that was similar to that of the native femur periosteum.
Safranin O and TRAP staining further illustrated that mesench-

ymal cells condensed and formed PT at the early stage, typically
1 week after implantation (Fig. 1c–f). Some chondrocytes were
embedded in the PTs from the BMP and BMP/CS groups (Fig. 1c).
TRAP-positive cells were also identified in the PTs from the BMP
and BMP/CS groups, which may contribute to the degradation of
gelatin scaffolds, recruitment of PDCs, and invasion of blood
vessels (Fig. 1e). Although all three types of scaffolds could induce
granulation tissue, which had a similar architecture to the
periosteum, we found abundant periostin, LepR+ progenitor cells,
osteoprogenitors, and chondrocytes lodged in the PTs in the BMP
and BMP/CS groups, whereas little periostin and no osteopro-
genitors or chondrocytes were found in granulation tissue of the
PBS group (Fig. 1c–i). We still found that some LepR+ progenitor
cells migrated into the granulation tissue of the PBS group, which
could be explained by the implanted area being injured and the
LepR+ progenitor cells preferentially migrating into the injury area
spontaneously for tissue regeneration. These results demonstrated
that BMP-2 was indispensable for inducing PTs and confirmed that
both the BMP- and BMP/CS-loaded scaffolds could spontaneously
generate PTs in vivo. LepR+ progenitor cells in PTs were also
confirmed to show osteogenic and chondrogenic differentiation.

PTs harbor abundant functional PTDCs
To further verify the abundance and function of PTDCs in the PTs
explanted from the Lepr-cre; tdTomato mice among the PBS, BMP,
and BMP/CS groups, we conducted flow cytometry, CFU-F assays,
and qPCR assays (Fig. 2a). A previous study reported that Lepr-cre;
tdTdtomato+ cells could label PDCs derived from native
periosteum.10 However, in this study, we found that Lepr-cre;
tdTdtomato+ cells could label only a portion of PTDCs in the BMP
and BMP/CS groups but labeled nearly 100% of PTDCs in the PBS
group (Fig. 2b and Supplementary Fig. 2). This phenomenon may

be due to the fact that a large portion of PTDCs in the BMP and
BMP/CS groups differentiated into osteochondral progenitor cells
with the activation of BMP-2 and CS and did not express PTDC
markers, such as PDGFRα. Given this fact, Lepr-cre; tdTdtomato+

cells could label the total PTDCs in the PTs, which consist of
differentiated and undifferentiated PTDC subpopulations. The flow
cytometric data confirmed that the fraction of LepR+ cells in the
BMP (14.53% ± 2.57%) and BMP/CS (19.83% ± 4.49%) groups was
much higher than that in the PBS group (6.12% ± 2.92%; Fig. 2c).
To further evaluate the abundance of undifferentiated PTDCs in
the PBS, BMP, and BMP/CS groups, we defined the phenotype of
undifferentiated PTDCs derived from PTs as CD45−Ter119−CD31−

CD140a + CD105 + and positive for LepR-tdTomato (Fig. 2d and
Supplementary Fig. 2). We found that the PTs in the BMP/CS group
harbored a higher fraction of PTDCs than those in the BMP group
(2.24% ± 0.29% vs. 1.41% ± 0.21%; Fig. 2e). However, the fraction
of PTDCs in the PBS group had the highest fraction of PTDCs
among all three groups, which indicated that the migrated PTDCs
in the PBS group remained undifferentiated and did not undergo
osteogenic and chondrogenic processes (Fig. 2e).
The number of CFU-F colonies in the PBS group was the

highest among all three groups (64.17% ± 8.78%) since the
majority of LepR+ cells in the PBS group were undifferentiated
PTDCs (Fig. 2f). The number of CFU-F colonies in the BMP/CS
group was still higher than that in the BMP group, which was
consistent with the flow cytometric results (57.00 ± 5.30 vs.
45.17 ± 3.77; Fig. 2f). These data confirmed the high fraction
and strong self-renewal capacity of PTDCs from the in vivo-
produced PTs. Moreover, the PTDCs from the BMP/CS group
possessed a stronger self-renewal capacity than the PTDCs from
the BMP group.
We then conducted qPCR analyses to evaluate the functional

gene expression of PTDCs derived from PTs in the PBS, BMP, and
BMP/CS groups (Fig. 2g–i). For chondrogenic genes, such as Sox9
and Acan, we found that the PTDCs from the BMP/CS group
expressed similar levels of the Sox9 gene as those from the BMP
group, but the expression level of the Acan gene increased 1.91-fold
compared to that of the PTDCs from the BMP group (Fig. 2g). The
levels of the Sox9 and Acan genes in PTDCs from the BMP/CS group
were much higher than those in PTDCs from the PBS group, with
increases of 1.98- and 6.51-fold, respectively (Fig. 2g). For osteogenic
genes, such as Runx2 and OPN, we found that the expression levels
in the PTDCs from the BMP and BMP/CS groups were much higher
than those in the PDCs from the PBS group. Moreover, the PTDCs
from the BMP/CS group expressed the highest levels of osteogenic
genes among the three groups. (Fig. 2h).
Moreover, we found that the expression of classic stem cell

maintenance-associated genes, such as CXCL12 and SCF, in the
PTDCs from the BMP/CS group was much higher than that in the
PDCs from the PBS (20.36- and 10.54-fold increases) and BMP
(4.14- and 2.97-fold increases) groups (Fig. 2i). All the quantitative
data above confirmed that PTs in both the BMP and BMP/CS
groups harbored abundant functional PTDCs and that CS could
further increase the fraction of PTDCs in newly generated PTs. The
high expression level of chondrogenic, osteogenic, and stem cell
maintenance-associated genes in the PTDCs derived from the PTs
in the BMP/CS group may indicate that these PTs exhibited an
enhanced capacity for bone defect repair relative to the PTs from
the BMP group.
To further evaluate the fate of PTDCs derived from PTs during

bone reconstruction, we traced the transplanted PTDCs via
lineage-tracing technology and in vivo imaging in allogenic
transplantation assays. We utilized Lepr-Cre; tdTomato mice to
label the PTDCs in the PTs from the PBS, BMP, and BMP/CS
groups and transplanted newly generated PTs onto the critical-
sized calvarial defect area (Fig. 3a, b). Histological analysis
confirmed that transplanted PTs in the BMP and BMP/CS groups
could differentiate into bone tissue as early as 3 weeks after
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transplantation (Fig. 3c, e). The thickness of new bone in the
BMP and BMP/CS groups was higher than that in the PBS group
but was not significantly different between the BMP and BMP/CS
groups (Fig. 3d). Moreover, newly generated bone from both the

BMP and BMP/CS groups underwent active bone remodeling at
all indicated time points, and the number of TRAP + mono-
nuclear cells was much higher in the BMP and BMP/CS groups
than in the PBS groups (Fig. 3e, f).
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Fig. 1 PTs possess a similar architecture to the native periosteum. a–f Histological staining and quantitative analysis of native femur
periosteum and induced tissues from the Lepr-cre; tdTomato mice for H&E (a, b), Safranin O/Fast Green (c, d), and tartrate-resistant acid
phosphatase (TRAP) (e–f) staining (n= 6–10) in the PBS, BMP, and BMP/CS groups. g–l Immunofluorescence staining and quantitative analysis
of periostin (red; g, h), LepR+ cell-derived osteoprogenitors (LepR+Osterix+, yellow; i, j), and LepR+ cell-derived chondrocytes
(LepR+Aggrecan+, yellow; k, l) in the native femur periosteum, PBS, BMP, and BMP/CS groups in the Lepr-cre; tdTomato mice (n= 5–13).
Periostin- and LepR-positive cells are red, Osterix- or Aggrecan-positive cells are green, and DAPI is blue (nucleus). Periosteum (P), periosteum-
like tissue (PT), cortical bone (CB), chondrocyte (CC), material (MA), muscle (MU), not detected (ND). The black dashed line indicates the native
periosteum and induced tissues (a, c, e). The black arrowhead indicates TRAP-positive cells (e). The white dashed line indicates the border of
the periosteum and cortical bone or PT and material (g, i, k). Scale bar, 100 μm. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA followed by Tukey’s post hoc tests or two-tailed Student’s t test
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Further immunofluorescence staining confirmed that the trans-
planted LepR+ PTDCs derived from PTs could achieve long-term
survival after transplantation accompanied by abundant blood
vessels (Fig. 3g, h). Moreover, we observed that the newly generated
bone area in both the BMP/CS group and the BMP group harbored
many LepR+ PTDC-derived cells and Osterix+ osteoprogenitors
(Fig. 3i, j–k). Specifically, the number of Osterix+ osteoprogenitors
and the LepR+Osterix+ osteoprogenitor fraction in the BMP/CS
group were significantly higher than those in the PBS and BMP
groups, and no LepR+Osterix+ osteoprogenitors were found in the
PBS group. In vivo imaging data also confirmed that the LepR+

PDTCs derived from the transplanted PTs in the BMP and BMP/CS

groups could survive and participate in bone reconstruction at week
6 after transplantation (Supplementary Fig. 3). The allotransplantation
assay confirmed that the LepR+ PTDCs derived from the transplanted
PTs could steadily differentiate into Osterix+ cells and participate in
new bone generation after transplantation.

PTs harbor abundant functional blood vessels and osteochondral
progenitor cells
The periosteum has been proven to be a fibrous tissue that harbors
abundant blood vessels and skeletal stem and progenitor cells.5–7

To explore the occurrence of vasculature, as well as skeletal stem
and progenitor cells, in the PTs from the PBS, BMP, and BMP/CS

Lepr-cre; tdTomato

Lepr-cre; tdTomatoPDGFRα-APC

PDGFRα-APC

C
D

45
/T

er
11

9/
C

D
31

-F
IT

C

Gated on live cells

C
D

10
5-

B
V

48
0

Gated on CD45-Ter119-CD31- live cells

FMO Control PBS
BMP BMP/CS

FMO Control PBS
BMP BMP/CS

8.65 11.90 19.70

42.30 7.69 9.78

Lepr-cre; tdTomato+ cells

PTDCs PTDCs PTDCs

Lepr-cre; tdTomato+ cells Lepr-cre; tdTomato+ cells

PBS BMP BMP/CS
b

ed

f g h i

c

PBS
BM

P

BM
P/C

S
0

5

10

15

20

25

30

35

P
er

ce
nt

ag
e 

of
 L
ep

r-
cr
e;

 
td

T
om

at
o+

 c
el

ls
in

 li
ve

 c
el

ls

**

*
***

PBS
BM

P

BM
P/C

S

0

2

4

6

P
er

ce
nt

ag
e 

of
 P

T
D

C
s 

in
liv

e 
ce

lls

*

***

PBS
BM

P

BM
P/C

S

0

20

40

60

80

100

N
um

be
r 

of
 C

F
U

-F

***

*

So
x9

Ac
an

0

2

4

6

8

*

***

***

R
el

at
iv

e 
ex

pr
es

si
on

Ru
nx
2

Op
n

0

2

4

6

8

10

12

14

16

R
el

at
iv

e 
ex

pr
es

si
on

*
***

***

**

Cx
cl1
2

Sc
f

0

5

10

15

20

25

R
el

at
iv

e 
ex

pr
es

si
on

PBS

BMP

BMP/CS

**

***

*

***

Subcutaneous 

PT

7 days

Lepr-Cre; tdTomato mice

Digest

FACS

CFU-F

qPCR (P1)

implantation

a

Fig. 2 Functional PTDCs are lodged in PTs. a Scheme of the experiments for evaluating the function of PTDCs in PTs from the PBS, BMP, and
BMP/CS groups. b–e Representative flow cytometric profiles and quantitative analysis of Lepr-cre; tdTomato+ cells (b, d) and PTDCs
(CD45−Ter119−CD31−CD140a +CD105 +; c, e) from the PBS, BMP, and BMP/CS groups 1 week after subcutaneous implantation in Lepr-cre;
tdTomato mice (n= 6). The Lepr-cre; tdTomato+ cells and CD140a +CD105 +PTDCs were gated on CD45−Ter119−CD31− live cells with the
elimination of debris, dead cells, and doublets/cell aggregates. Data from individual animals are shown as the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA followed by Tukey’s post hoc tests. f Number of colony-forming unit fibroblasts (CFU-Fs) per 1 × 104

enzymatically dissociated cells from the PBS, BMP and BMP/CS groups (n= 6). Data from individual animals are shown as the mean ± SD. *P <
0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s post hoc tests. g–i qPCR analysis of the transcript levels of genes associated
with chondrogenesis (g), osteogenesis (h), and stem cell maintenance (i) in PTDCs from PTs in the PBS, BMP, and BMP/CS groups (n= 3).
Total RNA was extracted from first-passage PTDCs. Data from individual animals are shown as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001,
two-way ANOVA followed by Bonferroni’s post hoc tests

Method for constructing periosteum-like tissue in vivo
K Dai et al.

4

Bone Research            (2022) 10:1 



BMPPBS

a b

BMP/CS

BMPPBS BMP/CS

5 mm

3 
wee

ks

6 
wee

ks
0

200

400

600

800

N
ew

 b
on

e 
th

ic
kn

es
s/

μm * *

PBS BMP BMP/CSd

3 
wee

ks

6 
wee

ks
0

100

200

300

400

500

***
***

PBS BMP BMP/CS

N
au

m
be

r
of

T
R

A
P

+

m
on

on
uc

le
ar

 c
el

ls
/m

m
²

f

3 
wee

ks

6 
wee

ks
0

1

2

3

4

T
yp

e 
H

 b
lo

od
 v

es
se

ls
 fr

ac
tio

n PBS BMP BMP/CS
h

3 
wee

ks

6 
wee

ks
0

500

1 000

1 500

2 000

2 500

  N
um

be
r 

of
 

os
te

rix
+

 os
te

op
ro

ge
ni

to
rs

/m
m

2

**

*

***

*

***

PBS BMP BMP/CS
j

3 
wee

ks

6 
wee

ks
0

10

20

30

40

P
er

ce
nt

ag
e 

of
 L

ep
R

+
 os

te
rix

+

os
te

op
ro

ge
ni

to
rs

 to
 o

st
er

ix
+

os
te

op
ro

ge
ni

to
rs

PBS BMP BMP/CS

*** *
k

c

i

3 
w

ee
ks

6 
w

ee
ks

BM

BM
BM

NB
NB

NB

NB
NB NB

NB

g

e
GT

HB

HB

GT

HB

HB

GT

GT

BM BM

NB

NB

NBNB

BM

BM

NB

NB

NB

NB

NB

NB

BM

HB

GT

NB

NB

HB
GT

HB

NB

NB

HB

GT

GT
HB

NB

NB

100 μm

HB

HB
NB

NB

HB

HB

GT

HB

NB

NB

NB
HB

HB

NB

NB

HB

HB

GT

GT
HB

HB

NB

HB

NB

NB

100 μm

1 mm

200 μm

200 μm

BM BM
NB

NB
NB

H&E

TRAP

3 
w

ee
ks

6 
w

ee
ks

NB

NB

HB

NB

NB

HB

NB
NB

50 μm

50 μm

50 μm

50 μm

100 μm

100 μm

NB

LepR CD31 EMCN DAPI 

3 
w

ee
ks

6 
w

ee
ks

3 
w

ee
ks

6 
w

ee
ks

LepR Osterix EMCN DAPI 

Maginification

PT

7 days Allotransplantation

Wild-type mice
Calvarial defect

Histological analysis
(H&E, TRAP)

Immnunofluorescence 
(EMCN,CD31,Lepr, Osterix)

Subcutaneous 
implantation

Lepr-Cre; tdTomato mice

Fig. 3 Functional PTDCs lodged in PTs participate in osteogenesis and osseointegration during allogenic transplantation. a Scheme of the
experiments for allogenic transplantation with the PTs from the PBS, BMP, and BMP/CS groups. Freeze-dried PBS-, BMP-, or BMP/CS-loaded
scaffolds were subcutaneously implanted in Lepr-cre; tdTomato mice for 1 week (n= 6). Then, the obtained PTs were engraved for
transplantation. b Surgery for allogenic transplantation for critical-sized calvarial defect repair in wild-type mice. Images were taken at the
initial surgical procedure. The red arrowhead indicates animals transplanted with allogenic PT from the PBS group, the black arrowhead
indicates animals transplanted with allogenic PT from the BMP group, and the white arrowhead indicates animals transplanted with allogenic
PT from the BMP/CS group. c–f Representative images and quantitative analysis of H&E (c, d) and TRAP (e, f) staining of cranial samples from
the PBS, BMP, and BMP/CS groups at weeks 3 and 6 after allogenic transplantation in wild-type mice. g–k Representative images and
quantitative analysis of immunofluorescence staining of type H vessels (EMCN + CD31 +, yellow; g, h), Osterix+ osteoprogenitors (red; i, j) and
Lepr-cre; tdTomato donor-derived osteoprogenitors (i, k) in the PBS, BMP, and BMP/CS groups at weeks 3 and 6 after allogenic transplantation
in young mice. Granulation tissue GT, bone marrow BM, new bone NB, host bone HB. The black arrowhead indicates TRAP-positive cells (e).
Lepr-cre; tdTomato-positive cells are white, EMCN-positive cells are green, CD31- and Osterix-positive cells are red, and DAPI is blue (nucleus).
The white dashed line indicates the host bone or new bone area (g, i). The white arrowhead indicates type H blood vessels (g) and
LepR+Osterix+ osteoprogenitors (i). Scale bar (top: low magnification, 1 mm; bottom: high magnification, 200 μm; c, e) and (left: low
magnification, 100 μm; right: high magnification, 50 μm; g, i). Biological replicates are 5–8. Data are presented as the mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, two-way ANOVA followed by Bonferroni’s post hoc tests
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groups, we conducted flow cytometric analysis and immunofluor-
escence staining (Fig. 4a). We confirmed that there were 2.33% ±
1.26%, 3.85% ± 1.90% and 3.69% ± 1.73% CD45−Ter119−CD31 +

Sca-1+ total endothelial cells (total ECs) in the PTs from the PBS,
BMP, and BMP/CS groups, respectively (Fig. 4b, c).
Moreover, arteriolar blood vessels and type H vessels serve as

functional blood vessel subtypes that can couple angiogenesis
and osteogenesis.16,17,37 We found 2.62% ± 1.34% and 2.60% ±
1.04% CD45−Ter119−CD31hiSca-1hi arteriolar endothelial cells
(aECs) in the PTs from the BMP and BMP/CS groups, respectively,
which was much higher than that in the PBS group (0.33% ±
0.15%; Fig. 4b, d). The fractions of type H blood cells in the
PTs from the BMP and BMP/CS groups were 2.66% ± 1.38% and
2.64% ± 1.05%, which were also much higher than that in the PBS
group (0.35% ± 0.15%; Fig. 4b, e).
The immunofluorescence staining results also confirmed that the

PTs from both the BMP and BMP/CS groups harbored abundant
functional blood vessels, such as type H blood vessels (Fig. 4f, g). We
further identified abundant Osterix+ osteoprogenitor cells inter-
twined with type H blood vessels in both the BMP and BMP/CS
groups, which may indicate the vigorous osteogenic capacity of the
newly generated PTs (Fig. 4h, i). Moreover, we found Aggrecan+

chondroprogenitor cells embedded in type H blood vessels in both
the BMP and BMP/CS groups, which may indicate that the newly
generated PTs were in an early transitional stage during the
endochondral ossification process (Fig. 4j, k). No Osterix+ osteopro-
genitor cells or Aggrecan+ chondroprogenitor cells were found in
the PBS group. From the data above, we observed that newly
generated PTs in the BMP and BMP/CS groups were abundant in
functional blood vessels and skeletal progenitor cells and may
possess a strong regenerative capacity in bone defect repair. The
results confirmed the similarity between the newly generated PTs
and natural periosteum. Although the quantitative data confirmed
that no significant differences were observed in blood vessels
between the two groups, the number of Osterix+ osteoprogenitors
and Aggrecan+ chondrocytes in the BMP/CS group was significantly
higher than that in the BMP group. These data indicated that the
addition of CS could further increase the number of osteochondral
progenitor cells in induced PTs and may enhance the osteogenic
capacity of PTs.

PTs accelerate calvarial reconstruction and enhance
osseointegration via autologous transplantation
To further evaluate the regenerative capacity of PTs, we
conducted an autologous transplantation assay. In this study,
we first fabricated a critical-sized calvarial defect model and
transplanted autologous PTs into the defect area in the same
mice (Fig. 5a). We observed only a few new bones in both the
BMP and BMP/CS groups at week 3 after transplantation,
whereas the amount of new bone dramatically increased at
week 6 after transplantation (Fig. 5b–d). Specifically, there were
no significant differences in the bone volume/total volume (BV/
TV) ratio among all three groups at week 3 after transplantation,
but the BV/TV ratio in the BMP/CS group was significantly higher
than that in the BMP and control groups at week 6 after
transplantation (Fig. 5b–d). The bone mineral density (BMD)
in the BMP and BMP/CS groups showed a slight increase relative
to the value in the PBS group at week 3 after transplantation, and
the increase became even larger at week 6 after transplantation
compared to the increase at week 3 after transplantation
(Fig. 5e). However, the BMD value showed no significant
difference between the BMP and BMP/CS groups (Fig. 5e). These
data may indicate that the addition of CS could significantly
increase the osteogenic volume and area of transplanted PTs
during bone repair, but CS could only achieve a relative
promotion of the mineralization of transplanted PTs.
Histological analysis also confirmed the microcomputed tomo-

graphy (μCT) imaging data, in which both the BMP and BMP/CS

groups exhibited enhanced osteogenesis and osseointegration
relative to the PBS group at weeks 3 and 6 (Fig. 6a, b) after
transplantation. Immunofluorescence staining confirmed that PTs
from the BMP and BMP/CS groups could facilitate the generation
of vascularized new bone accompanied by abundant Osterix+

osteoprogenitors (Fig. 6c–f). Among all three groups, the BMP/CS
group exhibited stronger osseointegration than the BMP group
(Fig. 6c, e). Moreover, the number of Osterix+ osteoprogenitors in
the BMP and BMP/CS groups was much higher than that in the
PBS groups, and CS further increased the abundance of Osterix+

osteoprogenitors in newly generated bone (Fig. 6e, f). Considering
that CS could not significantly increase the new bone thickness
and type H blood vessel fraction in the BMP/CS group compared
to the BMP group during bone repair, the increase in the
osteogenic volume and area of transplanted PTs during bone
repair may be due to the increase in osteoprogenitor cells in
the BMP/CS group compared to the BMP group.
Bone regenerative and reconstructive capacity declines with

aging, and critical-sized bone defects have become a major
clinical challenge in elderly individuals.38–40 Given this, we
attempted to verify whether autologous PTs could still efficiently
repair critical-sized bone defects in elderly individuals (Fig. 7a).
μCT imaging confirmed that the BMP- and BMP/CS-induced PTs
repaired much greater defect areas than those of the PBS group at
week 6 after transplantation (Fig. 7b). We further confirmed that
the BV/TV ratio and the BMD were higher in both the BMP group
and the BMP/CS group than in the PBS group (Fig. 7c, d). Among
all three groups, the BMP/CS group had the highest value for both
BV/TV and BMD (Fig. 7c, d).
Histological analysis also confirmed that the PTs in the BMP and

BMP/CS groups generated much more new bone than the PTs in
the PBS group (Fig. 7e, f). Moreover, the newly generated bones
differentiated from the PTs in the BMP/CS group could completely
integrate with host bones (HBs), whereas the mineralized HBs and
the newly generated bones were partly separated by soft fibrous
tissues in the BMP group. The newly generated bones in the PBS
group were all derived from mineralized HBs. Immunofluores-
cence staining also confirmed that the newly generated bones
were highly vascularized and abundant in osteoprogenitor cells
(Fig. 7g–j). All these data confirmed that newly generated PTs
could repair critical-sized bone defects via autologous transplan-
tation in both young and old mice and that CS could further
enhance this reconstructive capacity.

DISCUSSION
The periosteum is a fibrous-like tissue enriched in abundant
functional blood vessels and skeletal stem cells that surrounds
almost the entire bone surface and exhibits a strong regenerative
capacity in bone defect repair.10,12 Constructing artificial PTs,
which possess anatomical structures similar to those of the natural
periosteum and harbor abundant functional blood vessels and
PDCs, has become a promising strategy for critical-sized bone
defect repair, especially for elderly patients.20,21,31 Previous
periosteum-mimetic strategies mainly focus on mimicking the
anatomical structure and cellular component of the periosteum
via multiple synthetic or natural materials and exogenous cells,
which ignore the direct and effective activation of the residual
regenerative capacity of individuals in vivo.41–46 In this study, we
provided an in vivo approach for creating PTs by subcutaneously
implanting BMP-2-loaded scaffolds that mimicked mesenchymal
condensation during endochondral ossification. We confirmed
that BMP-2 was indispensable for fabricating PTs and that the
PTDCs lodged in the PTs were deeply involved in the reconstruc-
tion of allogenic critical-sized calvarial defects. Furthermore, we
confirmed that the synergy of BMP-2 and biological materials,
such as CS, could regulate the function of PTDCs in PTs and may
contribute to the enhanced osteogenesis and osseointegration
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of PTs in subsequent autologous transplantation assays in both
young and old mice.
In this study, we chose absorbable gelatin sponges as the carrier

materials for BMP-2 since absorbable gelatin sponges are a widely
clinically used (FDA approved) and cost-effective product. The
combination (FDA-approved carrier materials and BMP-2) adopted
in this strategy would facilitate clinical translation compared to
other synthetic and natural materials. Moreover, absorbable
gelatin sponges have been used clinically for decades, and little
doubt regarding their biocompatibility and immunogenicity has
been reported.47–50 The key points for this strategy are the chosen
bioactive proteins, such as BMP-2 and BMP-7, and the timing for
harvesting PTs, which varies with the dose of proteins loaded in
biomaterials. This cell-free strategy can utilize many kinds of

bioactive protein and biomaterial combinations as long as these
combinations could trigger endochondral ossification.51,52

Extensive vascularization is an important feature of the
periosteum.3,8,10 Functional blood vessels strongly affect the
osteogenesis and integration of bone transplant in bone defect
areas.16,17 Abundant functional CD31hiEmcnhi type H vessels
emerged in the PTs in both the BMP and BMP/CS groups, which
was similar to the vascularization status in the natural periosteum.
Previous studies have proven that TRAP +macrophage-lineage
cells can secrete PDGF-BB to induce the formation of
CD31hiEmcnhi type H vessels and recruit PDCs, such as LepR+

and CD105 +PDGFRa+ PDCs.10,14,15,53 Interestingly, we found
many TRAP +macrophage-lineage cells in the PTs from the BMP
and BMP/CS groups, and these cells may contribute to the
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formation of highly vascularized and osteochondral progenitor
cell-abundant PTs. We indeed confirmed that the PTs harbored an
extremely high fraction of type H blood vessels and arteriolar
blood vessels. These vascularized and osteochondral progenitor
cell-abundant PTs may be further applied to bone defect repair. In
addition to being highly vascularized, the periosteum is also
abundantly innervated.54,55 Abundant periostin emerged in the
PTs, indicating that the generation of PTs may be regulated by
nerves to some extent.

Previous studies have confirmed that CS could stabilize BMP-2
loaded in implanted scaffolds.36,56,57 In this study, we confirmed
that CS, as an essential component in the extracellular matrix
(ECM), could further enhance the osteogenesis and chondrogen-
esis of PTDCs recruited from PTs. This enhanced differential
capacity of PTDCs may be due to the prolonged half-life of BMP-2.
Moreover, the negative charge of CS facilitated binding to cations,
such as calcium ions, which promoted the osteogenesis of
recruited PDCs.35 Typically, PDCs home to the injury site via a
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classic CXCL12/CXCR4 axis for tissue regeneration.58–61 Here, we
unexpectedly found that CS increased the expression level of
CXCL12 in PTDCs from the PTs in the BMP/CS group, which in turn
recruited more regenerative-associated progenitor cells. This
phenomenon may be the reason why many more PTDCs were
lodged in the PTs from the BMP/CS group than in the PTs from the
BMP group. The high expression of SCF in the PTDCs from the PTs
in the BMP/CS group would also facilitate maintenance of the
quiescent state of recruited hematopoietic stem cells and
accelerate the formation of the marrow cavity in newly generated
bone tissue. Allogenic transplantation assays also confirmed that
the LepR+ PTDCs from the PTs in the BMP/CS group exhibited an
enhanced osteogenic capacity compared to the PTDCs from the
PTs in the BMP group.
Subsequent autologous transplantation assays showed that the

PTs in both the BMP and BMP/CS groups could enhance
osteogenesis and facilitate calvarial defect repair. CS served as
an enhancer and further improved the osteogenesis and
osseointegration of the transplanted PTs in the BMP/CS group
compared to the transplanted PTs in the BMP group, even in old
mice. In old individuals, the senescence of PDCs and the
decreased function of blood vessels hindered the regenerative
capacity.62,63 It is preferable to fabricate highly vascularized and
osteochondral progenitor cell-abundant PTs in undamaged and
blood supply-rich sites since the blood supply and the abundance
of osteochondral progenitor cells are commonly insufficient in
defect sites in old individuals. Moreover, the optimal incubation
time and dosage of BMP and CS for fabricating PTs require further
analysis for confirmation.
This work presents evidence of a novel approach to create PTs

with the aid of BMP-2-loaded scaffolds. PTs were abundant in
PTDCs and functional blood vessels. Moreover, the bone
regenerative capacity of the PTs could be regulated by directly
controlling the properties of biomaterials. We found that CS,
which served as an enhancer, could synergistically enhance the
osteogenesis and osseointegration of PTs by increasing the
abundance and differential capacity of the recruited PTDCs.
Although the specific cellular mechanism for the enhanced
regenerative capacity of the PTs arising from CS still needs further
investigation and more types of enhancers should be identified,
this strategy provides an effective platform for screening vital
cellular mechanisms and functional properties of the natural
periosteum by varied material combinations. Other negatively
charged glycosaminoglycans, such as KS (keratan sulfate), DS
(dermatan sulfate) and hyaluronan (HA), may possess the capacity
to stabilize BMP-2 and bind Ca2+ ions and deserve further
investigation in our following study. Lineage-tracing assays for
dissecting the origin of PTDCs in PTs would be a key point in our
following investigation. As the periosteum plays a central role in
bone defect healing and modeling, these developmentally
inspired PTs derived from an individual and lacking immunologi-
cal rejection deserve further clinical translation.

MATERIALS AND METHODS
Fabrication and characterization of scaffolds
We fabricated PBS-, BMP-, and BMP/CS-loaded gelatin scaffolds
with a conventional freeze-drying method. Briefly, we added
recombinant human BMP-2 (rhBMP-2) solution (30 μg rhBMP-2 in
60 μL of solution) or rhBMP-2 and CS mixed solution (30 μg
rhBMP-2 and 30 μg CS each in 60 μL of solution) or phosphate
buffer solution (PBS, 60 μL) onto a porous absorbable gelatin
scaffold (5 mm in diameter and 5mm in thickness, Jiangxi Xiangen
Co., Ltd., China) under sterile conditions. Next, the PBS-, BMP-, and
BMP/CS-loaded gelatin scaffolds were freeze-dried and stored at
−20 °C for use. RhBMP-2 was provided by Shanghai Rebone
Biomaterials Co., Ltd. CS was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. The mesoporous structures of the scaffold

were characterized by field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800, Japan).

Animals and animal assays
Wild-type C57BL/6 male mice aged 8–10 weeks and 52–56 weeks
used in this study were purchased from the Experimental

Animal Center of East China Normal University. Lepr-Cre;
tdTomato mice were maintained on a C57BL/6 background
and were kindly gifted from Professor Rui Yue from Tongji
University.14 All mice were housed in the animal facility of East
China Normal University. All of the experimental procedures
were approved by the East China Normal University Animal Care
and Use Committees.
We first anaesthetized the mice with 1% (w/v) pentobarbital

sodium solution, shaved the hair on the back, and subcuta-
neously implanted PBS-, BMP-, and BMP/CS-loaded gelatin
scaffolds. We then explanted the tissues induced in the PBS,
BMP, and BMP/CS groups for further analysis or transplantation
1 week after implantation.
Specifically, for verification of the anatomical structure of the

induced tissues and further evaluation of the function of the
induced tissues in the PBS, BMP, and BMP/CS groups, Lepr-Cre;
tdTomato mice were subcutaneously implanted with the scaffolds
mentioned above. Lepr-Cre; tdTomato male mice were randomly
divided into different groups (n= 6), and each mouse in the same
group was subcutaneously implanted with two scaffolds.
To evaluate the function of PTDCs derived from PTs in the PBS,

BMP and BMP/CS groups, we conducted allogenic transplantation
in a critical-sized calvarial defect repair assay. We first fabricated
PTs with PBS-, BMP- and BMP/CS-loaded scaffolds after 1 week of
subcutaneous implantation in the Lepr-Cre; tdTomato mice. We
then anaesthetized the mice and further cleared the hair on
the back and head with the aid of depilatory cream. After the
preparatory procedure, we separately explanted the PTs induced
by the PBS-, BMP-, and BMP/CS-loaded scaffolds and sutured the
wound. The PTs were then subjected to PBS and engraved with a
thin-walled circular skin sampler (5 mm diameter). We then
incised the skin-covered cranium and drilled a 5 mm diametric
circular defect on the cranium with a cranial drill (5 mm external
diameter) to construct critical-sized calvarial defects in wild-type
mice. Finally, we placed the engraved PTs onto the defect area
and sutured the skin in the wild-type mice. The mice were kept
warm until they revived. The mouse craniums in the PBS, BMP
and BMP/CS groups were collected for further study 3 or 6 weeks
after implantation.
To evaluate the regenerative capacity of the PTs, we conducted

autologous transplantation in a critical-sized calvarial defect repair
assay. Wild-type male mice aged 8–10 weeks and 52–56 weeks
were randomly divided into the PBS, BMP, and BMP/CS groups
(n= 5–6 for transplantation assays in normal mice and n= 5–6 for
transplantation assay in old mice), and each mouse in the same
group was subcutaneously implanted with one scaffold. We first
fabricated PTs with PBS-, BMP-, and BMP/CS-loaded gelatin
scaffolds 1 week after subcutaneous implantation and trans-
planted the PTs to the defect area in the same wild-type mice. The
mice were kept warm until they revived. The mouse craniums in
all groups were collected for further study at the indicated times
after implantation.

Histochemical staining
Freshly explanted samples were fixed in 4% paraformaldehyde
(PFA) overnight and decalcified in 0.5 mol·L−1 EDTA solution for
another 3 days. The samples were embedded in paraffin and
sectioned into 5 μm slices. The slices were then stained with
hematoxylin/eosin (H&E), Safranin O/Fast Green, and TRAP using
a standard protocol according to the manufacturer’s instructions.
All mounted slices were imaged via digital slide scanners
(Pannoramic MIDI) and analyzed with Fiji.
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Antibodies and staining reagents
For flow cytometry, BV480-anti-CD105 (MJ7-18) and BV650-anti-
CD31 (390) from BD Bioscience; APC-CD140a (APA5), PE-Cy5-anti-
Ter119 (Ter119), PE-Cy5-anti-CD45 (30-F11), and AF700-anti-Ly6A/
E (D7), all from eBioscience; FITC-anti-Ter119 (Ter119), FITC-anti-
CD45 (30-F11), FITC-anti-CD31 (390), from Biolegend; and FITC-
anti-Endomucin (EMCN) from Santa Cruz were used.
For immunofluorescence staining, the following primary anti-

bodies were used: rabbit anti-mouse CD31, rabbit anti-mouse
Aggrecan, rabbit anti-mouse Osterix, and rabbit anti-mouse
periostin all from Abcam; and rat anti-mouse EMCN from Santa
Cruz; the secondary antibodies were as follows: goat-anti-rabbit-
Alexa Fluor 555, goat-anti-rat-Alexa Fluor 488, and goat-anti-
rabbit-Alexa Fluor 488, all from Abcam. Prolong gold antifade
reagent with DAPI from CST was used.

Flow cytometry
For endothelial cell and PTDC staining, the residual scaffolds in PTs
were first discarded, and then, the freshly obtained PTs were
crushed in staining buffer (Biolegend) with a mortar and pestle.
Single-cell suspensions were obtained with an additional digestion
in collagenase solution (Roche Diagnostics) at 37 °C for 30min.
Cell suspensions were then filtered with a 40 μm cell strainer

and spun at 300 × g for 5 min at 4 °C. The supernatant was
removed, and the deposit was resuspended in staining buffer.
Then, the resuspended single cells were stained with an antibody
cocktail for 60 min at 4 °C. After incubation, the cells were washed
and resuspended in adequate staining buffer again and used for
flow cytometric analysis.
Flow cytometric analyses were carried out using a CytoFlex LX

system equipped with CytExpert 2.3 software (Beckman Coulter)
or a Symphony A5 system equipped with Diva 8.0 software (BD
Biosciences). Dead cells were excluded using a Live/Dead Fixable
Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific) or DAPI
solution (1 μg·mL−1). We used fluorescence minus one control to
define the boundaries between the positively and negatively
stained cell populations. Flow cytometric data were analyzed with
FlowJo V10 (Three Star) or CytExpert 2.3.

Immunofluorescence staining
For immunofluorescence staining, decalcified samples were
immersed in 20% sucrose solution overnight, embedded in
optimum cutting temperature compound and sectioned with a
cryotome cryostat (at −20 °C) to 10 µm or 40 µm thickness. The
sections were left at room temperature (RT) for 15 min and then
immersed twice in pure water for 5 min each time. The sections
were then removed and rinsed three times with PBST (1 mL of
Tween 20 in 1 L of 0.01 mol·L−1 PBS) and blocked with 10% (v/v)
goat serum at RT for 1 h. After blocking, the sections were stained
with CD31 (1:100), Osterix (1:200), Aggrecan (1:400), EMCN (1:100),
and periostin (1:200) overnight at 4 °C. As appropriate, the sections
were stained with secondary antibodies labeled with Alexa Fluor
488 (1:400) and Alexa Fluor 555 (1:400) at RT for 1 h and mounted
with Prolong gold antifade reagent with DAPI (CST). The mounted
sections were imaged via laser scanning confocal microscopy
(Leica SP8) and analyzed with Fiji.

CFU-F assay
We first cultured PTDCs from the explanted PTs induced by BMP
and BMP/CS-loaded gelatin scaffolds as described in the proto-
col.13,14 Briefly, we digested the PTs to obtain a single-cell
suspension. For the CFU-F assays, we plated the obtained single-
cell suspensions at a density of 1 × 104 cells/well in 6-well plates
supplied with α-MEM (Gibco) plus 20% fetal bovine serum (Gibco),
10 μmol·L−1 ROCK inhibitor (Y-27632, MCE), and 1% penicillin/
streptomycin (Invitrogen). The cultures were maintained at 37 °C
in a humidified, gas-tight chamber (Thermo Fisher) containing 5%
O2 and 5% CO2 to enhance progenitor survival and proliferation.

CFU-F colonies were counted after 8 days of culture by staining
with 0.1% toluidine blue in 4% PFA solution.

qPCR of PTDCs
We first cultured the digested single-cell suspension mentioned
above at a density of ~1 × 107 cells/100-mm dishes in α-MEM (Gibco)
with 20% FBS qualified (Gibco), 10 μmol·L−1 ROCK inhibitor (Y-27632,
MCE) and 1% penicillin/streptomycin (Invitrogen). We washed the
adherent cells with PBS and replaced the medium with 15mL of
fresh complete medium after an additional 12 h of culture. We
changed the culture medium every 3 days. When the cell confluence
reached 80%–90%, we digested adherent cells and extracted total
RNA from the digested PTDCs using TRIzol reagent (TaKaRa)
according to the manufacturer’s protocol. Reverse transcription of
mRNA was performed using a PrimeScript RT reagent kit (TaKaRa) as
recommended by the manufacturer’s protocol. qPCR was performed
using a Bio-Rad 9600 machine (Bio-Rad) with SYBR Green PCR Master
Mix (TaKaRa). Gapdh was used to normalize the RNA content of
samples. The primer sequences used were as follows: Gapdh: 5′-
AAATGGTGA AGGTCGGTGTGAAC-3′ and 5′-CAACAATCTCCACTTTGC
CACTG-3′; Sox9: 5′-GAGCCGGATCTGAAGAGGGA-3′ and 5′-GCTTGACG
TGTGGCTTGT TC-3′; Acan: 5′-CCTGCTACTTCATCGACCCC-3′ and 5′-
AGATGCTGTTGACTCGAAC CT-3′; Runx2: 5′-TTACCTACACCCCGCCA
GTC-3′ and 5′-TGCTGGTCTGGAAGGGT CC-3′; OPN: 5′-AGCAAG
AAACTCTTCCAAGCAA-3′ and 5′-GTGAGATTCGTCAGA TTCATCCG-3′;
CXCL12: 5′-TGCATCAGTGACGGTAAACCA-3′ and 5′-TTCTTCA GC
CGTGCAACAATC-3′; SCF: 5′-GCCAGAAACTAGATCCTTTACTCCTGA-3′
and 5′-CATAAATGGTTTTGTGACACTGACTCTG-3′.

In vivo imaging
To evaluate the survival and proliferation of PTDCs from transplanted
PTs in the PBS, BMP, and BMP/CS groups after allogenic transplanta-
tion, we conducted an in vivo imaging assay. The mice treated with
PTs from the PBS, BMP, and BMP/CS groups were imaged at week 6
after transplantation using IVIS Spectrum CT (Perkin Elmer). The mice
were imaged as a standard mouse model for fluorescence and CT
imaging. The resolution for CT was 425 μm. Fluorescence intensity
was analyzed by Living Image Software 4.4.

μCT imaging
For the cranium collected from autologous transplantation assays,
we used high-resolution µCT (Skyscan 1272, Skyscan) to evaluate
the repair effect. The scanner was set at a voltage of 60 kV, a
current of 160 µA and a resolution of 9.0 µm per pixel. BV/TV and
BMD were calculated with CTAn.

Statistical analysis
The statistical analysis was conducted using unpaired, two-tailed
Student’s t tests between two groups. For more than two groups,
the statistical analysis was conducted with one-way ANOVA,
followed by Tukey’s multiple comparison tests, or two-way
ANOVA, followed by Bonferroni’s multiple comparison tests,
as indicated in the figure caption. All data represented as the
mean ± SD were analyzed with GraphPad Prism 7. *P < 0.05, **P <
0.01, and ***P < 0.001.

ACKNOWLEDGEMENTS
We thank Prof. R. Yue at Tongji University for his kind donation of Lepr-Cre; tdTomato
mice and C. Y. MO at Tongji University for her technical support in sample digestion. We
thank T. Shen at East China University of Science and Technology (ECUST) for her
technical support in the in vivo imaging assay. Our work on laser scanning confocal
microscopy imaging was performed at the National Center for Protein Science Shanghai
with the aid of F. M. Liu and Y. Yu. Our flow cytometry work was performed at Shanghai
Jiao Tong University School of Medicine (SHSMU) Flow Cytometry Core with the aid of
R. Fu, X. Zhang, and C. Guo, as well as East China University of Science and Technology
State Key Laboratory of Bioreactor Engineering Flow Cytometry Core with the aid of
C Wang and Y. L. Xia. This research was supported by the National Natural Science
Foundation of China for Innovative Research Groups (No. 51621002), the National Key

Method for constructing periosteum-like tissue in vivo
K Dai et al.

12

Bone Research            (2022) 10:1 



R&D Program of China (NO. 2018YFE0201500), the National Natural Science Foundation
of China (No. 31870953), the Foundation of Frontiers Science Center for Materiobiology
and Dynamic Chemistry (NO. JKVD1211002), and the Weigao Project of Chinese
Academy of Sciences [NO. (2020) 005].

AUTHOR CONTRIBUTIONS
K.D. conceived and designed the experiments. K.D. and S.D. conducted the in vitro
experiments. K.D. and S.D. conducted the in vivo experiments. K.D. and F.Z.
conducted the histological analysis. K.D., Y.Y., F.Z., and S.D. analyzed the results. K.D.,
C.L., and J.W. wrote the paper. J.W. and C.L. supervised the study.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41413-021-00166-w.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Baldwin, J. G. et al. Periosteum tissue engineering in an orthotopic in vivo plat-

form. Biomaterials 121, 193–204 (2017).
2. Shafiee, A. et al. Fetal Bone Marrow-Derived Mesenchymal Stem/Stromal Cells

Enhance Humanization and Bone Formation of BMP7 Loaded Scaffolds. Bio-
technol. J. 12, 1700414 (2017).

3. Allen, M. R., Hock, J. M. & Burr, D. B. Periosteum: biology, regulation, and response
to osteoporosis therapies. Bone 35, 1003–1012 (2004).

4. Colnot, C. Skeletal cell fate decisions within periosteum and bone marrow during
bone regeneration. J. Bone Miner. Res. 24, 274–282 (2009).

5. Murao, H., Yamamoto, K., Matsuda, S. & Akiyama, H. Periosteal cells are a major
source of soft callus in bone fracture. J. Bone Miner. Metab. 31, 390–398 (2013).

6. Chang, H. & Knothe Tate, M. L. Concise Review: The Periosteum: Tapping into a
Reservoir of Clinically Useful Progenitor Cells. Stem Cells Transl. Med. 1, 480–491
(2012).

7. Orwoll, E. S. Toward an Expanded Understanding of the Role of the Periosteum in
Skeletal Health. J. Bone Miner. Res. 18, 949–954 (2003).

8. Zhang, X. et al. A perspective: engineering periosteum for structural bone graft
healing. Clin. Orthop. Relat. Res. 466, 1777–1787 (2008).

9. Lin, Z., Fateh, A., Salem, D. M. & Intini, G. Periosteum: biology and applications in
craniofacial bone regeneration. J. Dent. Res. 93, 109–116 (2014).

10. Gao, B. et al. Macrophage-lineage TRAP+ cells recruit periosteum-derived cells for
periosteal osteogenesis and regeneration. J. Clin. Investig. 129, 2578–2594 (2019).

11. Chaudhury, H., Raborn, E., Goldie, L. C. & Hirschi, K. K. Stem Cell-Derived Vascular
Endothelial Cells and Their Potential Application in Regenerative Medicine. Cells
Tissues Organs 195, 41–47 (2012).

12. Debnath, S. et al. Discovery of a periosteal stem cell mediating intramembranous
bone formation. Nature 562, 133–139 (2018).

13. Yue, R. et al. Leptin Receptor Promotes Adipogenesis and Reduces Osteogenesis
by Regulating Mesenchymal Stromal Cells in Adult Bone Marrow. Cell Stem Cell
18, 782–796 (2016).

14. Zhou, B. O. et al. Leptin-receptor-expressing mesenchymal stromal cells represent
the main source of bone formed by adult bone marrow. Cell Stem Cell 15, 154–168
(2014).

15. Chan, C. K. F. et al. Endochondral ossification is required for haematopoietic stem-
cell niche formation. Nature 457, 490–494 (2009).

16. Kusumbe, A. P., Ramasamy, S. K. & Adams, R. H. Coupling of angiogenesis and
osteogenesis by a specific vessel subtype in bone. Nature 507, 323–328 (2014).

17. Kusumbe, A. P. et al. Age-dependent modulation of vascular niches for haema-
topoietic stem cells. Nature 532, 380–384 (2016).

18. Arnsdorf, E. J., Jones, L. M., Carter, D. R. & Jacobs, C. R. The periosteum as a cellular
source for functional tissue engineering. Tissue Eng. Part A 15, 2637–2642 (2009).

19. Zhang, X. et al. Periosteal progenitor cell fate in segmental cortical bone graft
transplantations: implications for functional tissue engineering. J. Bone Miner. Res.
20, 2124–2137 (2005).

20. Wang, T. et al. Layer-by-layer nanofiber-enabled engineering of biomimetic
periosteum for bone repair and reconstruction. Biomaterials 182, 279–288 (2018).

21. Qiu, P. et al. Periosteal matrix-derived hydrogel promotes bone repair through an
early immune regulation coupled with enhanced angio- and osteogenesis. Bio-
materials 227, 119552 (2020).

22. Mizuno, H. et al. A Novel Approach to Regenerating Periodontal Tissue by
Grafting Autologous Cultured Periosteum. Tissue Eng. 12, 1227–1335 (2006).

23. Cuthbert, R. J. et al. Induced periosteum a complex cellular scaffold for the
treatment of large bone defects. Bone 57, 484–492 (2013).

24. Yang, G. et al. Bioinspired membrane provides periosteum-mimetic micro-
environment for accelerating vascularized bone regeneration. Biomaterials 268,
120561 (2021).

25. Oh, Y., Yoshii, T. & Okawa, A. Ankle arthrodesis using a modified Masquelet induced
membrane technique for open ankle fracture with a substantial osteochondral
defect: a case report of novel surgical technique. Injury 50, 2128–2135 (2019).

26. Azi, M. L. et al. Bone union with an in situ spacer after the first stage of the
induced membrane technique. Injury 48, S17–S20 (2017).

27. Ronga, M. et al. Masquelet technique for the treatment of a severe acute tibial
bone loss. Injury 45, S111–S115 (2014).

28. Luo, F. et al. Induced membrane technique combined with two-stage internal
fixation for the treatment of tibial osteomyelitis defects. Injury 48, 1623–1627
(2017).

29. Giannoudis, P. V., Harwood, P. J., Tosounidis, T. & Kanakaris, N. K. Restoration of
long bone defects treated with the induced membrane technique: protocol and
outcomes. Injury 47, S53–S61 (2016).

30. Schönmeyr, B. et al. Synthesis of a tissue-engineered periosteum with acellular
dermal matrix and cultured mesenchymal stem cells. Tissue Eng. Part A 15,
1833–1841 (2009).

31. El Backly, R. M. et al. A platelet-rich plasma-based membrane as a periosteal
substitute with enhanced osteogenic and angiogenic properties: a new concept
for bone repair. Tissue Eng. Part A 19, 152–165 (2013).

32. Schantz, J.-T. et al. Induction of Ectopic Bone Formation by Using Human Peri-
osteal Cells in Combination With a Novel Scaffold Technology. Cell Transpl. 11,
125–138 (2002).

33. Wang, X. et al. Inhibition of overactive TGF-β attenuates progression of hetero-
topic ossification in mice. Nat. Commun. 9, 551 (2018).

34. Chan, C. K. F. et al. Identification and specification of the mouse skeletal stem cell.
Cell 160, 285–298 (2015).

35. Kim, H. D. et al. Chondroitin Sulfate-Based Biomineralizing Surface Hydrogels for
Bone Tissue Engineering. ACS Appl. Mater. Interfac. 9, 21639–21650 (2017).

36. Huang, B. et al. Localization and promotion of recombinant human bone mor-
phogenetic protein-2 bioactivity on extracellular matrix mimetic chondroitin
sulfate-functionalized calcium phosphate cement scaffolds. Acta Biomater. 71,
184–199 (2018).

37. Maryanovich, M. et al. Adrenergic nerve degeneration in bone marrow drives
aging of the hematopoietic stem cell niche. Nat. Med. 24, 782–791 (2018).

38. Fan, W., Crawford, R. & Xiao, Y. Structural and cellular differences between
metaphyseal and diaphyseal periosteum in different aged rats. Bone 42, 81–89
(2008).

39. Vozzi, G. et al. In vitro lifespan and senescent behaviour of human periosteal
derived stem cells. Bone 88, 1–12 (2016).

40. Yukata, K. et al. Aging periosteal progenitor cells have reduced regenerative
responsiveness to bone injury and to the anabolic actions of PTH 1-34 treatment.
Bone 62, 79–89 (2014).

41. Shi, X. et al. Periosteum-Mimetic Structures Made from Freestanding Micro-
grooved Nanosheets. Adv. Mater. 26, 3290–3296 (2014).

42. Wu, L. et al. Hierarchical micro/nanofibrous membranes of sustained releasing
VEGF for periosteal regeneration. Biomaterials 227, 119555 (2020).

43. Ren, L. et al. Fabrication, vascularization and osteogenic properties of a novel
synthetic biomimetic induced membrane for the treatment of large bone
defects. Bone 64, 173–182 (2014).

44. Caridade, S. G. & Mano, J. F. Engineering Membranes for Bone Regeneration.
Tissue Eng. Part A 23, 1502–1533 (2017).

45. Chen, K. et al. Decellularized periosteum as a potential biologic scaffold for bone
tissue engineering. Acta Biomater. 19, 46–55 (2015).

46. Tao, F. et al. Carboxymethyl chitosan/sodium alginate-based micron-fibers fab-
ricated by emulsion electrospinning for periosteal tissue engineering. Mater. Des.
194, 108849 (2020).

47. Achneck, H. E. et al. A comprehensive review of topical hemostatic agents: effi-
cacy and recommendations for use. Ann. Surg. 251, 217–228 (2010).

48. Barnard, J. & Millner, R. A review of topical hemostatic agents for use in cardiac
surgery. Ann. Thorac. Surg. 88, 1377–1383 (2009).

49. Lynn, A. K., Yannas, I. V. & Bonfield, W. Antigenicity and immunogenicity of
collagen. J. Biomed. Mater. Res. B. Appl. Biomater. 71, 343–354 (2004).

50. Palm, M. D. & Altman, J. S. Topical hemostatic agents: a review. Dermatol. Surg.
34, 431–445 (2008).

51. Fennema, E. M. et al. Ectopic bone formation by aggregated mesenchymal stem
cells from bone marrow and adipose tissue: A comparative study. J. Tissue Eng.
Regen. Med. 12, e150–e158 (2018).

52. Stüdle, C. et al. Spatially confined induction of endochondral ossification by
functionalized hydrogels for ectopic engineering of osteochondral tissues. Bio-
materials 171, 219–229 (2018).

53. Xie, H. et al. PDGF-BB secreted by preosteoclasts induces angiogenesis during
coupling with osteogenesis. Nat. Med. 20, 1270–1278 (2014).

Method for constructing periosteum-like tissue in vivo
K Dai et al.

13

Bone Research            (2022) 10:1 

https://doi.org/10.1038/s41413-021-00166-w


54. Wan, Q. Q. et al. Simultaneous regeneration of bone and nerves through materials
and architectural design: are we there yet? Adv. Funct. Mater. 30, 1–33 (2020).

55. Wan, Q. et al. Crosstalk between Bone and Nerves within Bone. Adv. Sci. 8,
2003390 (2021).

56. Andrews, S. et al. Chondroitin Sulfate Glycosaminoglycan Scaffolds for Cell and
Recombinant Protein-Based Bone Regeneration. Stem Cells Transl. Med. 8, 575–585
(2019).

57. Anjum, F. et al. Enzyme responsive GAG-based natural-synthetic hybrid hydrogel
for tunable growth factor delivery and stem cell differentiation. Biomaterials 87,
104–117 (2016).

58. Chen, P. et al. Radially oriented collagen scaffold with SDF-1 promotes osteo-
chondral repair by facilitating cell homing. Biomaterials 39, 114–123 (2015).

59. Marquez-Curtis, L. A. & Janowska-Wieczorek, A. Enhancing the Migration Ability
of Mesenchymal Stromal Cells by Targeting the SDF-1/CXCR4 Axis. Biomed. Res.
Int. 2013, 1–15 (2013).

60. Otsuru, S. et al. Circulating Bone Marrow-Derived Osteoblast Progenitor Cells Are
Recruited to the Bone-Forming Site by the CXCR4/Stromal Cell-Derived Factor-1
Pathway. Stem Cells 26, 223–234 (2008).

61. Wynn, R. F. et al. A small proportion of mesenchymal stem cells strongly
expresses functionally active CXCR4 receptor capable of promoting migration to
bone marrow. Blood 104, 2643–2645 (2004).

62. Rurali, E. et al. BM ageing: Implication for cell therapy with EPCs. Mech. Ageing
Dev. 159, 4–13 (2016).

63. Alt, E. U. et al. Aging alters tissue resident mesenchymal stem cell properties.
Stem Cell Res. 8, 215–225 (2012).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

Method for constructing periosteum-like tissue in vivo
K Dai et al.

14

Bone Research            (2022) 10:1 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Construction of developmentally inspired periosteum-like tissue for bone regeneration
	Introduction
	Results
	Construction of PTs in�vivo
	PTs harbor abundant functional PTDCs
	PTs harbor abundant functional blood vessels and osteochondral progenitor cells
	PTs accelerate calvarial reconstruction and enhance osseointegration via autologous transplantation

	Discussion
	Materials and methods
	Fabrication and characterization of scaffolds
	Animals and animal assays
	Histochemical staining
	Antibodies and staining reagents
	Flow cytometry
	Immunofluorescence staining
	CFU-F assay
	qPCR of PTDCs
	In vivo imaging
	&#x003BC;CT imaging
	Statistical analysis

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




