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Introduction

The effective repair of bone defects is a challenge in ortho-
paedic surgery.1,2 In recent years, several drawbacks have 
been observed in traditional tissue engineering techniques 
based on living mesenchymal stem cells (MSCs) such as 
insufficient oxygen and blood flow in the microenviron-
ment within the defected bone. These contribute to the 
death of a high percentage of MSCs, ultimately leading to 
the failure of treatment. Moreover, a limitation also exists 
in storage and transportation due to the viability of MSCs.3

In order to solve the above issues, our group used lyo-
philization to develop extracellular matrix (ECM)-based 
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tissue engineered bone (TEB). There are a variety of meth-
ods to obtain ECM. Relative to chemical/enzymatic treat-
ment, freeze-thaw cycles, and mechanical disruption, 
lyophilization is a moderate physical treatment for pre-
serving most proteins. The destruction of cells and DNA 
reduces the antigenicity, but most active proteins remain.4,5 
ECM works as a reservoir of growth factors and cytokines, 
which send signals that regulate cell proliferation and 
migration as well as cell differentiation.6 Bone repair is a 
dynamic process involving multiple cells. The survival, 
homing, and differentiation of MSCs are critical in the suc-
cess of tissue engineering.7 However, the ECM secreted by 
the MSCs alone cannot mimic a complex bone regenera-
tion microenvironment. Recent studies have shown that 
the coupling of osteoblasts and osteoclasts plays a crucial 
role in bone remodelling and bone repair.8

Osteoclasts (OCs) were initially thought to be harmful to 
bone regeneration. With the deciphering of mechanisms that 
control osteoclast differentiation, we have found that the 
role of OCs in bone regeneration is indispensable. Recent 
studies demonstrated that OCs might directly regulate oste-
oblast differentiation, the hematopoietic stem cell (HSC) 
niche, T-cell activation, and the proliferation of tumour and 
stromal cells in bone.9–12 Interestingly, it was observed that 
the cortical bones of Csf1−/− mice were fragile, in which the 
OCs were found to be depleted. Platelet-derived growth 
factor-BB (PDGF-BB) from tartrate-resistant acid phos-
phatase (TRAP+) preosteoclasts residing on the bone sur-
face is capable of temporally and spatially coordinating 
osteogenesis accompanied by angiogenesis during bone 
growth, modelling, and remodelling.13 The depletion of 
mature OCs but the restoration of POCs is on the uptrend in 
treating osteoporosis.14

In the present study, we cocultured POCs and MSCs to 
establish MSC/POC ECM-based TEB. This study aims to 
investigate the effect of MSC/POC on the ECM protein 
profile in order to explore a better cell combination for 
optimizing the engineered ECM-based scaffolds.

Materials and methods

Animals and cells

Four-week-old C57BL/6 mice and 2-month-old Sprague 
Dawley (SD) rats were purchased from Animal Center of 
the Third Military Medical University (Specific Pathogen 
Free laboratory). The laboratory animal use license num-
ber is SYXK (Chongqing) 20170002. The animal labora-
tory adopts the new wind central air conditioning 
ventilation system, and the temperature is 20~26°C, and 
the relative humidity is 40%~70%. All the animals were 
free to move, eat, and drink and treated with the guide-
lines of Third Military Medical University laboratory ani-
mal care and use. Mouse bone marrow-derived MSCs 
(BMMSCs) were isolated from the tibia and femur of 
C57BL/6 mice by flushing with Dulbecco’s Modified 

Eagle Medium (DMEM, HyClone, Logan City, Utah, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Thermo Fisher Scientific, Waltham, Massachusetts, 
USA), 100 U/mL penicillin (Millipore-Sigma, Burlington, 
MA, USA), and 100 g/mL streptomycin sulfate (Millipore-
Sigma), after removal of the epiphysis at both ends. All 
suspension cells from bone marrow were seeded into 
25 cm2 cell culture flasks and cultured in a humidified 
incubator (5% CO2 at 37°C). After 3 days, the floating 
cells were removed, and the adherent cells were cultured 
for 1 week, with the fresh medium replaced every other 
day. When BMMSCs reached 80% density, cells were 
passaged for further expansion.

Bone marrow monocytes (BMMNCs) were separated 
by flushing bone marrow cells from 4-week-old C57BL/6 
mouse femurs and tibia. The BMMNCs were cultured with 
α-MEM supplemented with 10% FBS and maintained in a 
humidified incubator at 37°C in 5% CO2 for 6 h. The 
adherent cells were removed, and non-adherent cells were 
cultured with macrophage colony-stimulating factor 
(M-CSF, 30 ng/mL) and receptor activator of nuclear fac-
tor kappa-Β ligand (RANKL, 100 ng/mL) for 48 h to obtain 
preosteoclasts (TRAP + mononuclear cells) for subsequent 
experiments according to Jie Huang et al.15

Preparation of ECM-based TEBs

Decalcified bone matrix (DBM, Aojing Pharmaceutical 
Technology, Beijing, China) was used as the scaffold 
material. To obtain ECM-based TEBs with varying matu-
rity, MSCs and MSCs plus the POCs complex at a ratio of 
10:1 were seeded onto the scaffolds at 106 cells per scaf-
fold and were further cultured with osteogenic differentia-
tion medium for C57BL/6 mouse BMMSCs (Cyagen 
Biosciences, China) for 7 or 14 days, respectively, that is, 
α-MEM medium supplemented with 10% fetal bovine 
serum, 1% penicillin-streptomycin, 0.05 mM ascorbate, 10 
mM β-Glycerophosphate and 100 nM dexamethasone. 
Then, the cell-based scaffolds on 1 week or 2 weeks were 
lyophilized to generate 7d ECM-based TEBs and 14d 
ECM-based TEBs. The process of lyophilization included 
rinsing of cell-based scaffolds in phosphate buffered saline 
(PBS), freezing at –80°C, lyophilizing for 24 h under ster-
ile conditions followed by storage at –80°C for 3 months 
to reduce immunogenicity.16

Surface morphology of ECM-based TEB

ECM-based TEBs and DBMs were fixed with glutaral-
dehyde, dehydrated in a gradient, and sealed with tert-
butyl alcohol. The scaffolds were then sprayed with 
gold and examined using a scanning electron micro-
scope (S3400 N II; Hitachi, Tokugawa, Japan) with an 
accelerating voltage of 15 kV and a working distance of 
20–30 mm.
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Mixed lymphocyte reaction (MLR) assay

The design of MLR assay was according to 
Thaweesapphithak et al.17 BALB/c spleen lymphocytes 
(SLCs) were treated with mitomycin C (50 µg/mL, 
Sigma) for 30 min at 37°C as stimulator cells. C57BL/6 
SLCs were incubated with 0.5 µM 5(6)-carboxyfluores-
cein diacetate N-succinimidyl ester (CFSE, Sigma, St. 
Louis, MO) at 37°C for 15 min as responder cells. 
Stimulator and responder cells were co-cultured at a ratio 
of 1:1 in 96-well plates (5×105 cells/well). The mixed 
lymphocytes were incubated with RPMI 1640 medium 
and distributed to the following 6 groups: (1) vehicle con-
trol group (mixed DBMs with SLCs), (2) PHA (phytohe-
magglutinin, mixed SLCs incubated with 10 µg/mL PHA), 
(3) MSC-based TEBs (mixed SLCs with MSC-based 
TEBs), (4) MSC/POC-based TEBs (mixed SLCs with 
MSC/POC-based TEBs), (5) MSC ECM-based TEBs 
(mixed SLCs with MSC ECM-based TEBs), and (6) 
MSC/POC ECM-based TEBs (mixed SLCs with MSC/
POC ECM-based TEBs). The cells were incubated with 
RPMI 1640 medium for five days, and cell viability was 
determined using a cell counting kit–8 (CCK–8) assay kit 
(Jiancheng Biotechnology, Nanjing, China).

Fluorescence of MHC-I, MHC-II and DNA

ECM-based TEBs were fixed with 4% paraformalde-
hyde and then incubated with PBS containing 0.3% 
Triton X-100 (Millipore Sigma) and 10% mouse serum 
albumin to allow cells to transmit and block interactions 
with nonspecific proteins. Next, scaffolds were incu-
bated with specific antibodies against major histocom-
patibility complex-I and II (MHC-I and MHC-II, 
Biosciences, Heidelberg, Germany) and then incubated 
with secondary antibody and 4,6-diamidino-2-phenylin-
dole (DAPI, Sigma) in the dark. Finally, MHC-I, MHC-II 
protein, and DNA were detected with a fluorescence 
microscope.

DNA quantification assay

Measuring the amount of double-stranded DNA (dsDNA) 
in the decellularized-extracellular matrix (dECM) is the 
current gold standard for evaluating the degree of success-
ful decellularization. Samples were divided into five 
groups: DBMs, 14d MSC-based TEBs, 14d MSC ECM-
based TEBs, 14d MSC/POC-based TEBs, 14d MSC/POC 
ECM-based TEBs. Samples (~10 mg) were transferred to 
1.5 mL Eppendorf tube and digested in 250 mg/mL papain 
(Sigma-Aldrich) overnight at 60°C. Quant-iTTM PicoGreen® 
dsDNA Reagent and Kits (Invitrogen, Carlsbad, California, 
USA) was employed according to the manufacturer’s pro-
tocol, and the fluorescence was quantified at 520 nm with 
excitation at 480 nm.

In vivo examination

Rats were randomly divided into three groups (n = 6): DBM 
without ECM proteins (blank control, cultured in the osteo-
genic induction medium for 14 d), MSC ECM-based TEB, 
and MSC/POC ECM-based TEB were implanted into the 
defects and further survived for 3 weeks and 8 weeks. To 
study the regeneration of in situ femoral defects, SD rats 
were anaesthetized intraperitoneally with 0.5% sodium 
pentobarbital at a dose of 15 mg/kg and disinfected with 
iodophor. The rats were fixed on the operating table, and 
both limbs were flexed their knees 90 degrees. Made a 1 cm 
long incision on both sides of the knee joint to cut the skin, 
subcutaneous tissue, and bluntly separated the muscle and 
sarcolemma to fully expose the lower end of the femur, 
including the femoral condyle. The position of the femur 
was tightly fixed with tweezers, and a cylindrical penetrat-
ing defect with a diameter of 3 mm was made from the out-
side of the femoral condyle with a dental drill. In the repair 
experiment, we put the two ECM-based TEBs or two 
DBMs (3 mm×3 mm×3 mm porous scaffold) into the 
defect (the volume of the defect was about 60 mm3, the vol-
ume of two scaffolds was about 54 mm3). After the opera-
tion, the myometrium and skin were rinsed with normal 
saline and the skin was sutured. After the rats were awak-
ened, they were kept in cages under the same conditions. 
Finally, rats were sacrificed, femurs from each group were 
collected and fixed with 4% paraformaldehyde for micro-
computed tomography (micro-CT) analysis. After micro-
CT, samples were decalcified with 10% w/v acid 
(ethylenediaminetetraacetic acid (EDTA)) solution, using 
a series of increasing concentrations of ethanol solution 
(50%–100%). The xylene was dehydrated and finally 
embedded in paraffin for histological examination. Sections 
were obtained from paraffin blocks using a microtome 
(Leica RM2125 RTS, Germany) and stained with Masson’s 
three colours (MT) to investigate the repair of bone defects. 
Fixed specimens were scanned in a micro-CT (GE phoenix 
v—tome—x, Germany) using X-ray radiation (source volt-
age 85 kV and beam current 75 μA) to obtain 3D imaging 
to assess the quality of new bone formation. Quantitative 
assessment of osseointegration at the defective region of 
interest (ROI) had a scan resolution of 25 μm. Bone volume 
fraction, trabecular thickness, trabecular bone number, and 
trabecular bone separation were calculated using VGStudio 
MAX (Volume Graphics, Germany) software.

Preparation of ECM-based TEB extract and 
quantitation of total proteins

7d MSC ECM-based TEBs, 7d MSC/POC ECM-based 
TEBs, 14 d MSC ECM-based TEBs and 14d MSC/POC 
ECM-based TEBs were initially immersed in 2 mL PBS 
and broken up into turbid liquid with an ultrasonic oscilla-
tor. Then samples (n = 20) were centrifuged at 4°C with 
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13,000 rpm for 30 min and reserved the supernatant. The 
total protein concentration of the supernatant was then 
determined using a bicinchoninic acid (BCA) protein 
assay kit (CWBIO, Beijing, China). To eliminate the effect 
of different supernatant protein concentrations on cell 
behaviors, we normalized the supernatant protein concen-
tration to 1 mg/mL with PBS for subsequent experiments.

Cell proliferation assay

The extract of ECM-TEBs was placed separately on the 
upper chamber of a 24-well transwell plate (0.4 µm, 
Millipore). BMMSCs were seeded at the bottom of the 
wells at 105 cells/well and cultured in osteogenic differen-
tiation induction medium. Cell proliferation was deter-
mined by the CCK–8 assay kit on days 1, 3, 5, and 7.

Transwell assay

Cell migration was estimated in the 24-well transwell 
plates (8 microns, Millipore, Darmstadt, Germany). 
BMMSCs were resuspended in serum-free medium at 104 
cells/mL and 1 mL of cell suspension was placed in the 
upper chamber. The extract of the DBMs or ECM-based 
TEBs was placed in the lower chamber. Twenty-four hours 
later, cells migrating to the underside of the filter were 
fixed with 4% paraformaldehyde and stained with DAPI. 
The number of migrated cells was counted in five different 
fields under a microscope (×200), and the data were aver-
aged from three parallel experiments.

Wound healing assay

ECs (106 cells/well) were seeded on 6-well plates and 
incubated at 37°C. When the cells reached 90% density, 
the cell surface was scraped with a 200 µL pipette tip and 
the cells were washed with PBS to remove debris. The 
extract of DBMs or ECM-based TEBs and the serum-free 
medium were mixed at a ratio of 1:1 to prepare a culture 
medium and 2 mL of this medium was added to each well. 
The changes in scratch were observed and recorded with a 
microscope at t = 0 and 12 h. ImageJ was used to measure 
the scratch area. Scratch healing ratio (%) = (A0-A12)/
A0×100%, where A0 represents the initial scratch area 
(t = 0 h) and A12 represents the final scratch area at t = 12 h. 
Five non-overlapping fields were randomly taken from 
each dish, and the test was repeated for three times.

Cell adhesion detection

To evaluate the cell adhesion capacity of ECM-based 
TEBs, we performed the oscillatory cell adhesion assay 
and prepared 10 composites for each group. MSCs (105 
cells/mL, 30 µL) were seeded onto the two types of ECM-
based TEB and then cultured for 5 min at 37°C. Five cell-
scaffold composites in each group were randomly selected 

to 50 mL centrifuge tubes, which were filled with 10 mL of 
the basic culture medium and shaken at 150 r/min for 2 min 
with the orbital shaker to remove the non-adherent cells. 
Then, all of the ECM-based TEBs, with or without the 
shaking, were removed and re-cultivated in a new 6-well 
plate. Finally, cells with ECM-based TEBs were further 
cultured for 4 h, and the number of cells was determined by 
the CCK–8 assay kit.

Osteogenic differentiation of BMMSCs

The normalized extract of the 14d ECM-based TEBs was 
placed on the upper Boyden chamber of a 24-well plate 
(0.4 µm, Millipore). MSCs (105 cells/well) were cultured 
at the bottom of the wells and incubated with osteogenic 
differentiation induction medium. After 14 days, ALP 
staining and Alizarin Red S staining were performed to 
assess ALP activity and calcium deposition from MSCs, 
respectively. And total RNA extracted by RNAiso Plus 
Reagent (Takara, Kyoto, Japan). cDNA was synthesized 
from 1 mg of total RNA using a PrimeScript Real-Time 
Reagent Kit (Takara) according to the manufacturer’s 
instructions. Real-time quantitative PCR was performed 
using SYBR Premix Ex Taq (Takara). The PCR amplifica-
tions were carried out by the mRNA-specific primers as 
follows: Runx2 (forward) 5’-AGGCAGGTGCTTCAGAA

CTGGG-3,’ (reverse) 5’-GCTGGGTAGTGCATTCGT 
GGGT-3’; Osx (forward) 5’-CCCCACCCCTTAGACA 
CCATGAC-3,’ (reverse) 5’-TGCACCCCCAAACCAA

TGTCCTC-3’; Col1a1 (forward) 5’-GACCTGTGTGT 
TCCCCACTCA-3,’ (reverse) 5’-TGGATAGCGACATCG 
GGCAG-3’ and GAPDH (forward) 5’-AGGTCGGTGT

GAACGGATTTG-3,’ (reverse) 5’-TGTAGACCATGTA 
GTTGAGGTCA-3.’ GAPDH was used as a loading 
control.

Protein expression profiling and bioinformatics 
analysis

The resultant peptide mixture of 14d MSC ECM-based 
TEBs and 14d MSC/POC ECM-based TEBs was labeled 
with an iTRAQ 6Plex labeling kit (Sciex, Beijing, China) 
and then subjected to high pH reverse phase separation and 
nano-HPLC-MS/MS analysis. Moreover, we repeated the 
experiments with three sets of biological replicates. The 
obtained data were subjected to hierarchical clustering of 
unsupervised proteins using the limma R package, then 
Gene Ontology (GO) analysis, and Kyoto Gene and 
Genome Encyclopedia (KEGG) pathway enrichment were 
performed using the cluster Profiler R package.

In vitro release profiles of the cytokines IGFBP5 
and CXCL12

14d MSC ECM-based TEBs and 14d MSC/POC ECM-
based TEBs (n = 10) were individually placed into an 
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Eppendorf tube with 1 mL of PBS (pH 7.2) at 37°C and 
subjected to shaking at 50 rpm/min. We exchanged the 900 
µL buffer with fresh medium on days 1, 2, 3, 5, 7, 9, 12, 
and 14. The cytokine concentrations were measured with 
enzyme-linked immunosorbent assay (ELISA) kits (ELH-
IGFBP5-001, ELH-CXCL12-001; RayBiotech, Norcross, 
GA). The release profiles were generated based on the 
number of cytokines released or the cumulative release at 
individual incubation time points (RayBiotech).

Secretion of the cytokines IGFBP5 and CXCL12 
assay

BMMSCs and POCs were cocultured at a ratio of 10:1 in 
transwells with indirect contact and incubated with osteo-
genic induction medium for 14 days. The cells were 
refreshed with PBS, lysed with radioimmunoprecipitation 
assay (RIPA), and resuspended to obtain a protein solu-
tion. The variations in IGFBP5 and CXCL12 secreted by 
MSCs or POCs before and after coculture were detected 
by ELISA kits.

Biological function of IGFBP5 and CXCL12 
assay

For the IGFBP5 neutralizing assay, the control group was 
the extract of MSC/POC ECM-based TEB incubated with 
bovine serum albumin (BSA). The experimental group 
were MSC/POC ECM-based TEB extract pretreated with 
10 ug/mL recombinant neutralizing mouse IGFBP-5 (R&D 
Systems, Minneapolis, USA) before the application of real-
time PCR, Alizarin Red S staining and ALP staining.

For the CXCL12 neutralizing assay, the extract of 
MSC/POC ECM-based TEBs was treated with 10 μg/mL 
of the anti-mouse CXCL12/SDF-1 antibody (R&D 
Systems) or BSA, and the transwell assay and wound heal-
ing assay were performed.

Statistical analysis

Unpaired two-tailed Student’s t-test was used for compari-
son between two groups and one-way analysis of variance 
(ANOVA) with Bonferroni post hoc test was applied for 
multiple comparisons. Three independent experiments were 
used for the various in vitro experiments. The results were 
displayed as the mean ± standard deviation for n =3 samples 
per group in all cases unless otherwise indicated. For all the 
experiments, p < 0.05 was considered to be significant and 
was indicated by ‘*’; p < 0.01 was indicated by ‘**’.

Results

Fabrication and characterization of MSC/POC 
ECM-based TEBs

In the present study, we first successfully induced 
BMMNCs into preosteoclasts, which were characterized 

by TRAP-positive monocytes (Figure 1(a)) and then con-
structed MSC ECM-based TEBs and MSC/POC ECM-
based TEBs.18 The specific contents were as follows: 
BMMSCs were first implanted on DBMs and then the cell-
based TEBs were decellularized. (Figure 1(b)).19 POCs 
plus MSCs or MSCs alone were implanted on DBMs for 
up to 7 or 14 days and the result showed MSC/POC group 
accumulated abundant proteins at 14 days (Figure 1(c)). 
Typical cell coating was present on the surface of the scaf-
fold under scanning electron microscopy, and only cell 
debris and extracellular matrix remained on the surface 
instead of normal cell morphology after decellularization 
(Figure 1(e)).

The results from MLR experiments suggested that lyo-
philization was effective in decreasing immunogenicity 
(Figure 1(d)). Almost no nuclear DNA was detected 
through DAPI staining in ECM-based TEBs. Besides, the 
fluorescence results suggested that the level of MHC-I and 
MHC-II antigens reduced significantly. The ECM-based 
TEBs showed lower antigenic components (MHC-I, 
MHC-II, and DNA fragments) and were more biocompat-
ible than cell-based TEB (Figure 1(f)). Significantly 
decreased DNA content was observed after lyophilization 
and storing at -80°C for 3 months compared to those of the 
cell-based TEB. 14d MSC ECM-based TEBs and 14d 
MSC/POC ECM-based TEBs contained < 50 ng/mg 
dsDNA. Above all, we can conclude that samples have 
been sufficiently decellularized (Figure 1(g)).

In vivo bone regeneration capacity of MSC/POC 
ECM-based TEBs

A rat bone defect model was established to investigate 
the therapeutic potential of MSC/POC ECM-based TEB 
in bone defects. The rats were sacrificed at 3 weeks and 
8 weeks after implantation and their femurs were dis-
sected. Newly formed bones were examined quantita-
tively by Micro-CT and evaluated qualitatively by 
Masson staining after decalcifying the femoral samples. 
Histological evidence showed that MSC/POC ECM-
based TEBs increased the newly formed bone tissues, 
compared with the DBMs and MSC ECM-based TEBs 
(Figure 2(a) and (b)). Consistent with the Masson stain-
ing results, the 3D reconstructed view showed rarely 
new bones regenerated in the control group (Figure 
2(c)), while moderate amounts of new bone appeared in 
the MSC group.

To our satisfaction, abundant new bone formation was 
observed within the femoral defect site, after implantation 
of the MSC/POC ECM-based TEBs. Quantitative analysis 
of BV/TV and the number of trabecular bones (Tb.N) 
showed a significant improvement in the MSC/POC group 
compared with the other groups. However, there were no 
apparent differences in trabecular thickness (Tb. Th) and 
trabecular separation (Tb. Sp) among the three groups 
(Figure 2(d)). All the above results indicated that MSC/
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POC ECM-based TEBs significantly promoted bone 
regeneration in vivo.

Proteins released from MSC/POC ECM-based 
TEBs promoted the migration, adhesion and 
osteogenic differentiation of BMMSCs

In order to investigate the impact of maturity for seed cells 
on total protein deposition, we established two groups: 
cell-scaffold complex is cultured in vitro for 7 or 14 days. 

The changes in the biological behavior of BMMSCs under 
the influence of deposited proteins were then explored. 
The proliferation assay results showed that the 14d MSC/
POC group significantly enhanced the propagation of 
BMMSCs, and there was no discernible difference among 
14d MSC group, 7d MSC group and 7d MSC/POC group 
(Figure 3(a)). BMMSCs recruited to the bone defect sites 
to participate in tissue repair and cell migration is critical 
for bone regeneration. Wound healing and transwell migra-
tion assay showed that MSC/POC ECM both at 7 days or 

Figure 1. Fabrication and characterization of MSC/POC ECM-based TEBs. (a) Pre-osteoclasts (POCs) presented TRAP-positive 
staining. Scale bars: 200 μm. (b) Schematic illustration of ECM-based TEB fabrication. (c) Quantitative analysis of the total proteins 
retained on ECM-based TEBs. (d) Biocompatibility analysis of ECM-based TEBs using a mixed lymphocyte reaction (MLR) assay. 
(e) Surface morphology of ECM-based TEBs under scanning electron microscopy (SEM). Scale bars are 100 μm and 50 μm. (f) 
Fluorescence staining of DAPI as well as MHC-I and MHC-II. Scale bars: 200 μm. **p < 0.01, *p < 0.05, NS: no significance. (g) 
Quantification of DNA before and after lyophilization. DNA was nearly completely removed, ***p < 0.001.
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14 days recruited more BMMSCs (Figure 3(b) and (c)). 
The analysis of the cell adhesion of two ECM-based TEBs 
revealed that the MSC/POC group conglutinated more 
BMMSCs on porous scaffolds (Figure 3(d)). As far as 
osteogenesis was concerned, marker genes Runx2, Col1a1, 
and Osx revealed that the MSC/POC group had advan-
tages in osteogenic differentiation (Figure 3(e)) and ALP 
and Alizarin Red S staining results also verified this find-
ing (Figure 3(f)). Thus, it can be concluded that the active 
proteins released from MSC/POC ECM-based TEBs 
enhanced proliferation, migration, adhesion, and osteo-
genic differentiation of BMMSCs.

Proteomic analysis of ECM-based TEBs

Plenty of evidence has shown that MSC/POC ECM-based 
TEBs can repair bone defects more effectively than MSCs 
alone both in vitro and in vivo, yet it is unclear that which 
specific soluble active proteins of the extracellular matrix 
are responsible for such function. Hence, we performed an 
iTRAQ-labeled MS proteomic analysis to find out crucial 

different components of ECM. First protein expressions 
were normalized and then differentially expressed proteins 
were compared between MSC/POC group and MSC group 
(Supplemental Table S1). An absolute value of logFC ⩾ 0.1 
and a p-value < 0.05 were set as a significantly different 
threshold. The volcano plot exhibited a differential protein 
profile (Figure 4(a)), in which the introduction of POCs 
caused dramatic changes in proteomics, with a total of 324 
proteins upregulated and 284 proteins downregulated. Top 
50 distinct proteins were listed in the form of a heat map 
(Figure 4(b)). Next, we conducted enrichment of functions 
and signalling pathways of the 608 differentially expressed 
proteins by Gene Ontology (GO). The Supplemental Table 
S2 listed the six major biological processes closely associ-
ated with osteogenesis included osteoblast differentiation, 
mesenchymal cell differentiation, mesenchymal develop-
ment, tissue remodelling, and muscle cell proliferation and 
tissue of extracellular matrix, in which IGFBP5 accounted 
for a considerable proportion (Figure 4(c)). Besides, 
IGFBP5 has been reported to be closely related to osteo-
blast differentiation. Finally, an analysis of KEGG pathway 

Figure 2. MSC/POC ECM-based TEBs promote bone regeneration in vivo. (a, b) Representative images of the Masson staining. 
Scale bars are 500 μm and 100 μm. (c) Representative images of 3D micro-CT reconstruction. Scale bars: 1 cm. (d) Quantitative 
analysis of micro-CT; **p < 0.01, *p < 0.05, NS: no significance.
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enrichment among the 608 differentially expressed proteins 
found that several pathways mainly reflected ‘cell adhe-
sion’ and ‘cell migration’ such as rheumatoid arthritis, cell 
adhesion molecules (CAMs), ECM-receptor interactions, 
actin-regulated cytoskeleton, and leukocyte transendothe-
lial migration (Supplemental Tables S3 and S4). Similarly, 
CXCL12 was identified as the most prominent player in 
KEGG pathway enrichment statistics, which closely related 
to cell migration (Figure 4(d)).

IGFBP5 and CXCL12 released from the MSC/
POC ECM-based TEBs separately enhanced 
osteoblastic differentiation and migration of 
BMMSCs
We first measured and mapped these two cytokines’ 
release profiles and cumulative total release from ECM-
based TEB. The release of IGFBP5 from MSC/POC 
ECM-based TEBs sustained for approximately 12 days. 

Figure 3. Proteins released from MSC/POC ECM-based TEBs promoted the migration, adhesion and osteogenic differentiation 
of MSCs. (a) Extracts from 14-d MSC/POC ECM-based TEBs enhanced the proliferation of MSCs as determined by the CCK–8 
assay. (b) DAPI fluorescence of MSC invasion ability by the transwell assay. (c) Scratch area of ECs in different intervention groups 
at 0 h and 12 h after the scratch was made. Scale bars are 200 μm. (d) Adhesion capacity assessed by the proportion of cells retained 
in the scaffolds within 6 h. (e) Extracts from MSC/POC ECM-based TEBs enhanced osteogenic gene expression, including Runx2, 
Col1a1, and Osx, GAPDH was used as a loading control. (f) Representative images of MSCs osteogenic differentiation determined 
by Alizarin Red S staining and ALP staining. Scale bars are 1 cm. **p < 0.01, *p < 0.05, NS: no significance.
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However, a more rapid release in MSC ECM-based TEBs 
and a cumulative total protein reached a peak on the third 
day. As for CXCL12, the release durations were approxi-
mately 12 days, while the introduction of POCs delivered 
more CXCL12 (Figure 5(a)). Co-cultivation results 
revealed POCs secreted more IGFBP5 and CXCL12, 
owing to the indirect interaction with BMMSCs. At the 
same time, BMMSCs were not sensitive to this interaction 
(Figure 5(b)).

Furthermore, in order to verify the effect of IGFBP5 on 
osteoblastic differentiation of BMMSCs, neutralizing anti-
bodies were used to block its vitality. A decrease in the 
expression of the osteogenic differentiation-expressing 
gene was obtained on the addition of the antibody, which 

was in line with the results of the Alizarin Red S staining 
and the calcium-cobalt ALP staining (Figure 5(c) and (d)). 
CXCL12 promoted BMMSCs migration and the findings 
were confirmed in wound healing assay and transwell 
migration assay results (Figure 5(e) and (f)).

Discussion

MSC-based TEBs, as a research hotspot, suffered from 
several limitations.20–22 The observation of massive cell 
death during storage and transportation prompted us to 
adopt alternative methods. Increasing evidence showed 
that ECM-based TEB was capable of delivering biological 
signals, such as cell adhesion sites, which is analogous to 

Figure 4. Proteomic analysis of ECM-based TEBs. (a) Volcano plot for the differential proteins profile. (b) Heatmap of the top 
50 differentially expressed proteins. (c) Gene Ontology (GO) enrichment of the 608 differentially expressed proteins. (d) KEGG 
enrichment of the 608 differentially expressed proteins.
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bone regeneration microenvironments and a new strategy 
for tissue repair.23–26 Previous studies conducted by our 
group have found that MSC ECM-based TEBs released a 
variety of active proteins with osteogenesis activity and 
increased osteoinductivity. In the present study, we dem-
onstrated that MSC/POC ECM-based TEBs significantly 
enhanced osteogenesis in a rat femur defect model com-
pared with MSC ECM-based TEBs. Moreover, it has been 

reported that Runx2 began to decline on day 16 during 
osteogenic differentiation, similar to OSX. However, 
Col1a1 decreased only at the terminal differentiation stage. 
We chose the 14-day time point for testing osteogenic 
marker genes and staining to try to reflect both the degree 
of osteogenic differentiation and the accumulation of type 
I collagen in vitro experiments.27 Furthermore, in vitro 
studies highlighted the fact that active proteins released 

Figure 5. IGFBP5 and CXCL12 released from the MSC/POC ECM-based TEBs enhanced the osteogenic differentiation and 
migration. (a) Release profiles and cumulative total proteins of IGFBP5 and CXCL12 over 15 days. (b) POCs released more IGFBP5 
and CXCL12 owing to the indirect co-culture with MSCs. (c) IGFBP5 antibody reduced the expression of osteogenic marker genes, 
including Runx2, Col1a1, and Osx, GAPDH was used as a loading control. (d) Representative images and qualitative analysis of MSC 
Alizarin Red S staining and ALP staining. Scale bars are 1 cm. (e, f) Qualitative analysis of the MSC invasion ability by the transwell 
assay and the migration ability by the wound healing assay. Scale bars are 200 μm. **p < 0.01, *p < 0.05, NS: no significance.
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from the MSC/POC ECM-based TEBs, especially, 
IGFBP5 and CXCL12, significantly promoted migration 
and osteogenic differentiation of BMMSCs.

Moreover, repairing critical-size segmental bone 
defects requires enormous amounts of MSCs, which com-
pels us to face the problem of limited sources in seed 
cells.28,29 On the one hand, insufficient oxygen and blood 
flow in the microenvironment within the defected bone 
contributed to the death of a high percentage of MSCs, 
ultimately leading to the failure of treatment. On the other 
hand, a limitation also exists in storage and transportation 
due to the viability of MSCs.30 Therefore, we employed 
lyophilization to reduce the antigenicity of cell-based scaf-
folds. After lyophilization, the significant antigens (MHC-I 
and MHC-II) causing an immune rejection reduced. DAPI 
staining also revealed that another important antigenic 
substance (DNA) was almost exhausted. Then, we ana-
lyzed histocompatibility by the MLR method and DNA 
quantification assay, and these results added credence to 
the view that decellularization significantly enhanced the 
histocompatibility.

Recently, OCs have been recognized as essential par-
ticipants in bone remodelling and repair.31 Evidence also 
suggests that preosteoclasts can trigger blood vessels and 
nerves to promote bone formation.32 No one has so far 
applied MSCs and POCs together as seed cells for tissue-
engineered bone. Considering the functional role of pre-
osteoclasts in bone homeostasis and bone repair, we 
introduced osteoclast precursors in combination with 
MSCs to develop MSC/POC ECM-based TEBs to enhance 
osteogenesis. Micro-CT 3D reconstruction and histologi-
cal examinations of this study verified that the application 
of MSC/POC ECM-based TEBs significantly enhanced 
bone regeneration when compared with MSC ECM-based 
TEBs in vivo.

We further investigated to elucidate the molecular 
mechanism behind the enhancement of osteogenesis by 
MSC/POC ECM-based TEBs. Bioinformatics analysis 
manifested that these distinctly different proteins between 
MSC/POC ECM-based TEBs and MSC ECM-based TEBs 
are primarily associated with osteogenic differentiation, 
cell migration, cell adhesion, and ECM-receptor interac-
tions. IGFBP5 and CXCL12 appeared most frequently 
among all enriched signaling pathways. Evidence suggests 
that IGFBP5 also stimulates osteoblasts activity and bone 
proliferation in ovariectomized mice.33 Based on in vitro 
and in vivo studies, most of IGFBP5 was found to be 
secreted by preosteoclasts. These proteins get accumulated 
in the bone matrix and indeed promote BMMSCs osteo-
genic differentiation, which indicate IGFBP5 may be nec-
essary for healthy bone remodeling.34–36 Therefore, we 
hypothesize that IGFBP5 plays a leading role in the inten-
sive osteogenic effect of the MSC/POC combination. On 
the one hand, the effect of this proteins on the osteogenic 
differentiation was then investigated by neutralizing anti-
bodies and it was observed that the osteogenic genes 

expressions of BMMSCs, including Runx2, Osx, and 
Col1a1, were partially inhibited, which was in agreement 
with Alizarin Red S staining and ALP staining results. On 
the other hand, IGFBP5 antibody may inhibit cell prolif-
eration and facilitate apoptosis of MSCs through activat-
ing the ERK/MAPK axis, which could be partly responsible 
for the decreased in ALP and Alizarin Red S staining.37,38 
At the same time, we can also conclude that MSC/POC 
ECM-based TEBs enhanced osteogenesis cannot be attrib-
uted entirely to IGFBP5 and there are other mechanisms, 
yet to be explored.

ECM-based TEBs are more likely to recruit host cells to 
participate in tissue repair compared to cell-based tissue 
engineering therapy.39 Abundant evidence has suggested 
that the CXCL12-CXCR4 axis is an essential regulator of 
cell mobilization and chemotaxis during tissue regenera-
tion, which makes widespread use of CXCL12 in engi-
neering regenerative medicine technologies.40,41 In the 
present study, CXCL12 was significantly elevated in the 
MSC/POC group and played a crucial role in recruiting 
host cells for bone regeneration, as detected through the 
ELISA kit and neutralizing antibody. In vitro experiments 
showed that the migration of BMMSCs was visibly inhib-
ited after the addition of a neutralization antibody for 
CXCL12. All these findings indicated that CXCL12 is a 
vital recruitment factor.

It is well-known that cell adhesion is critical for tissue-
engineered bone. The surface characteristics of the scaf-
folds determine cell shape and proliferation to maintain 
proper cellular function and tissue integrity.42,43 Without 
strong stickiness, a series of cellular events may not occur 
in a dynamic environment. CAMs anchor cells to the 
matrix and send location signals that direct cell transporta-
tion and differentiation.44 Our study showed a significant 
upregulation of cell adhesion molecules in MSC/POC 
ECM-based TEBs, including NCAM1, ICAM1, ALCAM, 
and ITGB2, which were in line with cell adhesion results 
observed in vitro. Further in-depth research is needed to 
confirm the role of CAMs on ECM-based TEBs for par-
ticipating in bone repair.

Conclusion

In this present study, we provided evidence that MSC/
POC ECM-based TEBs visibly promoted bone regenera-
tion in a rat model of femoral defects. The underlying 
mechanism appeared to be the activation and recruitment 
of endogenous BMMSCs at the bone defect site, which 
was also verified by the biological function of soluble 
proteins released from ECM-based TEBs. Furthermore, 
CXCL12 and IGFBP5 from MSC/POC ECM-based TEBs 
participated in the recruitment of host cells and promoted 
osteogenic differentiation during bone regeneration, 
respectively. We optimize the ECM-based TEBs by intro-
ducing POCs, which will provide new insight for bone 
tissue engineering.
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