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Previous studies have shown that the decalcified bone matrix was a potential candidate for bone regeneration.
However, the decalcified bone matrix has insufficient bone induction ability, so it cannot repair bone defects
alone. Osteoblasts were the main cellular component of bone tissue, and the extracellular matrix secreted
by the osteoblasts was one of the main components of bone formation microenvironment. Therefore, this
study aims to combine decalcified bone matrix and extracellular matrix to construct a new type of bone
reconstruction scaffold. In this study, osteoblasts were cultured on the surface of decalcified bone matrix
and then osteoblasts extracellular matrix modified decalcified bone matrix were isolated and prepared
to compare and evaluate the characteristics of the two materials, including the extracellular matrix and
extracellular matrix residues, cytotoxicity, and bone induction ability. Low cell residue and low content of
deoxyribonucleic acid were observed in osteoblasts extracellular matrix modified decalcified bone matrix.
Compared with decalcified bone matrix, osteoblasts extracellular matrix modified decalcified bone matrix
has more organic matrix proteins in bone tissue, such as type I collagen, osteopontin, and osteocalcin.
When cultured on two kinds of materials, rat bone marrow mesenchymal stem cells have good viability.
Compared with decalcified bone matrix group, the expression of osteogenic gene and protein of rat bone
marrow mesenchymal stem cells in the osteoblasts extracellular matrix modified decalcified bone matrix
group was significantly up-regulated. Our results suggest that osteoblasts may be the ideal seed cells to

improve the performance of engineered bone scaffolds.
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The bone defect was a common problem after trauma and
tumor operation, which will reduce the quality of life of
the patients!'. Vascularized autograft was the standard
treatment for bone defect’?. However, this method
has inevitable defects, which limited the application
of vascularized autograft, such as the lack of donor,
incidence and infection of the donor site. Bone tissue
engineering was considered to be a promising method
to reconstruct the damaged bone. As the most famous
scaffold in bone tissue engineering, decalcified bone
matrix (DBMs) has been widely used as a candidate
material for bone defect repair’®#. Because of its good
biological properties, including biomechanical strength,
biocompatibility, and osteogenic induction, DBMs
shows its advantages as an excellent scaffold for bone
tissue engineering. However, the effect of DBMs on the
repair of bone defects was still controversial. Through
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the previous study on the bone healing of DBMs, it was
found that neither DBMs could not reconstruct the bone
defects alonel®. Therefore, more and more studies have
found that DBMs combined with other bioactive factors
may have a better effect on bone healing. In addition to
the growth factors, inorganic compounds and polymers
were also used to enhance the osteogenic ability of
DBMs. The combination of DBMs, nanostructured
hydroxyapatite, and poly (N-isopropylacrylamide) can
increase the production of Alp and osteocalcin (Ocn)
in human bone marrow mesenchymal stem cells®.
These combination methods can be regarded as the
improvements of DBMs. However, so far, there is no
widely accepted improvement plan.

Extracellular matrix (ECM) secreted by the cells
was considered to be an important part of the tissue
microenvironment, which can affect the fate of the
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stem cells in the microenvironment. ECM secreted by
the smooth muscle cells has been shown to have the
potential to induce the human mesenchymal stromal
cells/stem cells to differentiate into smooth muscle
cells!”. Chondrocytes inoculated on the ECM produced
by human bone marrow stromal cells (BMSC) showed
an increased proliferation rate and a better phenotype
than those inoculated on tissue culture plastics®. ECM
secreted by the human umbilical cord BMSC has been
used as an improver to enhance the ability of DBM to
repair bone defects?. A large number of studies have
shown that ECM secreted by the somatic cells or stem
cells has the potential to enhance the properties of tissue
engineering scaffolds.

As the main cellular component of bone, osteoblasts
(OB) play an important role in bone development!'®!!,
OB stimulated by miR-142-5p (a kind of microRNA)
showed enhanced activity, stronger matrix
mineralization, and better fracture healing performance,
even in the aged mouse models!!?. Therefore, OB was
considered to be one of the seed cells in bone tissue
engineering. During bone development, OB can secrete
a series of organic components, such as type I collagen
(Col 1), osteopontin (Opn), and osteocalcin (Ocn)
31, These organic substrates have been proved to be
beneficial to osteogenesis and bone healing. Col-1 was
used to modify the surface of cultured cells to promote
the osteogenic differentiation of dental follicle cells!'*.
Opn has been shown to play a role in mineralization,
cell adhesion, and migration!"). It also interacts with
collagen and hydroxyapatite minerals to determine
the structural characteristics of bonel'él. Tt seems that
ECM secreted by OB may be a candidate for surface
modification of DBMs. Therefore, we speculate that
DBMs modified by ECM may have a stronger ability
of bone induction. In this study, the oxidation-derived
DBMs and OBs-ECM modified DBMs (OEDBMs)
were prepared. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting
(WB) were used to detect the content of Col I, Opn,
Ocn in DBMs and OEDBMs. Besides, the cell viability,
osteogenic gene and protein expression of rat BMSC
were measured by cell counting kit-8, quantitative real-
time polymerase chain reaction (qQRT-PCR), and WB,
respectively.

MATERIALS AND METHODS

Preparation of DBMs

According to the previous study!'®, DBMs from the cow
cortical bones were prepared. In short, the cow cortical
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bones were incubated in the hydrochloric acid (0.6M)
for 72 h (room temperature). The DBMs were then
washed several times with phosphate buffer solution
(PBS) until the pH value was neutral. After desalination
and washing, all samples were cut into 200mm slices
and freeze-dried, and all samples were disinfected with
ethylene oxide.

Preparation of OEDBMs

OBs (BNCC341401, ATCC) (4.0*¥104 cells/cm2) was
inoculated on the surface of DBMs and cultured in
DMEM medium (containing 10 % fetal bovine serum).
After 10 d of culture, OBs in OBs-DBMs was removed.
In short, the OBs-DBMs was washed with PBS for
3 times (10 min each time) and then treated with
0.5 % Triton X-100 (20 mM ammonium hydroxide) for
5 min (37°) to remove OBs. In addition, three times of
PBS washing were performed to eliminate the residual
reagents.

Qualitative and quantitative evaluation of the
secondary decellularization

To qualitatively evaluate the cell residue in OEDBMs,
the samples of DBMs, OBs-DBMs, and OEDBMs
were fixed in 10 % formaldehyde for 2 h (4°). All the
samples were then dehydrated in the graded ethanol
and embedded in paraffin to make 5 mm slices. The
residue of OBs was observed by hematoxylin-eosin
(H&E) staining. The dry weight of all samples was
used for quantitative evaluation. Metalloproteinase K
was used to digest all samples. The mixture of phenol/
chloroform/isoamyl alcohol was used to extract DNA.
The purification process was carried out by sodium
acetate and ethanol. Then the DNA contents of DBM
(n=5), OBs-DBM (n=5), and OEDBM (n=5) were
detected by Quant-iT PicoGreen ds DNA detection kit.

Cytocompatibility of DBM and OEDBM

To evaluate the cytocompatibility of DBM and
OEDBM, rBMSC (BNCC340947, ATCC) (1.0*
104 cells/cm?) was inoculated on the two materials.
The samples were tested by dead/living cell staining at
each time point (1, 3, and 5 d). In short, all samples
were washed with PBS and immersed in dead/living
cell staining reagents (2mM Calcein acetoxymethyl
ester and 4mM propidium iodide) for half an hour, and
then washed 3 times with PBS to remove the residual
stains. The cytocompatibility of the two materials was
observed by a fluorescence inverted microscope. The
average integrated optical densities (IOD/mm?) of the
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living/dead cells in 2 random regions of 5 samples in
each group were collected by Image-Pro Plus 6.0.

Detection of ECM

The total ECM proteins were extracted by RIPA lysis
buffer, and the content of ECM in OEDBMs was
quantitatively detected by the enhanced BCA protein
detection kit, and DBMs were used as control. After
quantification, all samples were mixed with SDS-PAGE
sample loading buffer, and then heated at 100° for
5 min to denature all proteins. Subsequently, SDS-
PAGE protein separation and WB analysis were carried
out. In short, all samples were separated with 10 % SDS-
PAGE, the gel was stained with Coomassie brilliant
blue staining solution. For WB, a Bio-Rad wet blotting
system (Bio-Rad Laboratories, Hercules, CA) was used
to transfer all proteins on the gel to the 0.2 mm PVDF
membrane. The PVDF membrane was immersed in 5 %
skim milk at room temperature to blocking the antigen
sites for 2 h. Then the primary antibody was added and
incubated overnight at 4° (mouse anti-glyceraldehyde-
3-phosphate dehydrogenase, mouse anti-Opn, mouse
anti-Col I, and mouse anti-Ocn). After washing with
TBST for 6 times, remove the excess antibody. The
membrane was then incubated with HRP-labeled goat
anti-mouse secondary antibody at room temperature for
2 h. The excess secondary antibody was eliminated by
TBST washing. After washing, the color was developed
with enhanced chemiluminescence (ECL) and observed
with a CCD camera gel imaging system.

Osteogenic induction ability of OEDBMs

The bone induction ability of OEDBM was evaluated
by quantitative real-time polymerase chain reaction
(RT-PCR). rBMSC (1.0£105 cells/cm?) was cultured on
OEDBM for 3, 7, and 10 d, and the expression of bone
specific genes in rBMSCs was detected at each time
point. The rBMSC cultured in 6-well plate was used
as control. Total RNA was extracted by TRIzol (Life)
and cDNA was synthesized by reverse transcription kit

(Tokyo Takara, Japan). The primers for bone specific
gene identification (Table 1) were synthesized by
iGeneTech Co. Ltd. (Beijing, China). SYBR green
Supermix and Roche photocycler 96 systems were used
for RT-qPCR. To normalize the expression of the target
gene, the GAPDH gene was used as a reference. All the
data were

WB analysis of osteogenic proteins

The experiment method was described in the 1.5 section.
The antibodies used in this section were anti-GAPDH,
anti-Ocn, anti-Runx2, anti-Alp, and HRP labeled goat
anti-mouse secondary antibody.

Statistical analysis

All data were expressed as meantstandard deviation
(SD) and analyzed with SPSS 22.0. For the comparison
between the two groups, 2-tailed t-test was used to
detect the significance of the data. For multi-group
comparison, one-way analysis of variance was used
to analyze the significance of the data. p<(0.05 was
considered to be statistically significant.

Results

H&E staining was used for qualitative evaluation,
and the results showed the role of decellularization in
DBM, OBs-DBM, and OEDBM. There were abundant
cells on the surface of OBs-DBMs, while low residual
cells were observed in DBMs and OEDBMs (fig. 1A-
fig. 1C). In addition, the DNA content in the three
groups was used for the quantitative evaluation of
decellularization. The DNA content (mg/ng) of the
three groups was 19.70+2.40 (DBMs), 153.77+10.93
(OBs-DBMs), and 23.10+2.12 (OEBMs). Compared
with OBs-DBMSs, the content of DNA in DBMs
(p=0.004) and OEDBMs (p=0.005) groups decreased
significantly. There was no significant difference
between DBMs and OEDBMs group (p=0.364). The
results showed that the decellularization was succeeded
in DBMs and OEDBMs groups (fig. 1 D).

TABLE 1: THE PRIMERS USED FOR THE DETECTION OF THE BONE SPECIFIC GENES

Genes 5’-3’ Primer sequences Production size (bp)
Alp Forward CATCGGACCCTGCCTTAC 169
Reverse GGAGACGCCCATACCATC
Gapdh Forward GCAAGTTCAACGGCACAG 140
Reverse GCCAGTAGACTCCACGACAT
On Forward GCACCACTCGCTTCTTTG 103
Reverse TTGTTGATGTCCTGCTCCT
Runx2 Forward CCCAGTATGAGAGTAGGTGTCC 149
Reverse GGGTAAGACTGGTCATAGGACC
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Similar tBMSCs activity was observed at all-time
points in DBMs and OEDBMs group. According to the
mean [OD analysis, it showed that the cells proliferated
well with the extension of culture time (fig. 2A). There
was no significant difference between the two groups
at each time point (Ist d, p=0.346; 3rd d, p=0.902;
5th d, p=0.229). Similarly, there was no significant
difference in the red fluorescence mean 10D between
the two groups at each time point (fig. 2B) (1st d,
p=0.057; 3rd d, p=0.429; 5th d, p=0.452). These results
showed that there was no significant difference in the
cytocompatibility between DBMs and OEDBMs.

The contents of the total protein and bone-associated
protein in DBM group and OEDBM group were detected
by SDS-PAGE and WB. As shown by SDS-PAGE
(fig. 3A), the expression of the protein in OEDBMs
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group was significantly higher than that in DBMs group.
In the OEDBMs group, a significant increase in protein
expression was observed in the range of 15 to 170 kDa.
On the contrary, the protein expression in DBMs was
significantly low (p<0.05), and the difference between
them was significant (p<0.05). Also, compared with
DBMs, higher expression levels of Col I, Ocn, and Opn
were detected in the OEDBMs group (fig. 3B). This
may indicate that OEDBMs has more ECM in the case
of low cell residue.

To evaluate the bone induction ability of OEDBMs,
the expression levels of On, Runx2, and Alp genes in
rBMSCs were analyzed. Compared with the DBMs
group, the level of on in the OEDBMs group increased
significantly at all-time points (fig. 4A- fig. 4C). A
similar trend was observed in the expression level of
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Fig. 5: Expression of On, Runx2, and Alp protein in each group

Alp (fig 4C). The expression level of Runx2 in the
OEDBMs group was significantly higher than that in
the DBMs group at the 7" and 10" d (fig. 4B). At all-
time points, the expression level of all genes in the two
experimental groups was higher than that in the control
group (fig 4A- fig. 4C).

The result of WB was similar to that of gene expression.
At each time point, the protein expression level in the
OEDBMSs group was the highest (fig. SA- fig. 4C). The
results showed that OEDBMs had stronger osteogenic
induction ability than DBMs and petri dish.
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DISCUSSION AND RESULTS

In this study, two kinds of materials, DBMs and
OEDBMs were prepared. The two materials were
compared and analyzed to reflect the differences in cell
residue, cytocompatibility, ECM, and bone induction.
H&E staining and DNA content detection showed that
OEDBMs had low cell residue similar to DBMs, and
OEDBMSs had the same cytocompatibility as DBMs.
SDS-PAGE and WB analysis showed that compared
with DBMs, Col I, Opn, and Ocn protein was highly
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expressed in OEDBMs. The results of osteogenic
differentiation of rBMSCs in vitro showed that
OEDBMs had a stronger ability of bone induction.

Low immunogenicity was the basic requirement
of good scaffolds, which was very important for
implantation. For decellularization scaffolds, low
immunogenicity means low cell residue, which depends
on the effective decellularization!!”-'®, Detergent (SDS,
Triton X-100, sodium deoxycholate) and nucleases
(deoxyribonuclease and ribonuclease) were usually
used to remove the cells because of their excellent
decellularization effect. In this study, detergents and
nucleases were combined to prepare DBMs. Our DBMs
showed similar results of H&E staining and DNA
content to those of previous studies!!*2?%. After the first
decellularization, DBMs was recellularized with OBs
to harvest the secreted ECM, and partially simulate
the microenvironment of bone development. After 10
d of culture, Triton X-100 and ammonium hydroxide
were used for the second decellularization to reduce the
immunogenicity of OEDBMs. In fact, this scheme has
been widely used to collect the cell-derived ECM2!22],
H&E staining and DNA content were also showed that
the second decellularization was effective.

Considering the possible cytotoxicity of detergents
and nucleases, the cytocompatibility of OEDBMs
was tested in this study, with DBMs as the control
group®?4, According to the results of staining and
fluorescence intensity of dead/living cells, DBMs and
OEDBMSs showed that the green fluorescence intensity
of living cells and living cells increased gradually with
the extension of culture time. Although the difference
was not significant (p>0.05), the green fluorescence
intensity of OEDBMs was always higher than that of
DBMs at all-time points, which may be related to the
expression of Opn, Ocn, and Col I. Therefore, it is
speculated that OEDBMs has good cytocompatibility
similar to DBMs.

Simulating the microenvironment of bone development
is another goal of this study. ECM secreted by OBs and
OB plays an important role in bone development and
remodeling!*>*®!, Therefore, the matrix proteins secreted
by OBs were considered to be important components in
simulating the microenvironment of bone development.
In this study, OBs proliferated well on the surface of
DBMSs, and they secreted rich ECM. The difference
of the total protein between DBMs and OEDBMs was
found by SDS-PAGE. DBMs only expressed high
molecular weight proteins, while OEDBMs contains
a large number of proteins with different molecular
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weights. Because a large amount of ECM was secreted
by the OBs, the organic matrix proteins (Ocn, Opn, and
Col I) in OEDBMs were higher than that in DBMs.

There were two main organic phases in bone tissue,
collagen and non-collagen protein. Ocn and Opn
account for 20 % and 10 % of non-collagen protein,
respectively?. As the most abundant non-collagen
protein in bone, Ocn plays an important role in the
bone development!?®!, especially mineralization'®’. As a
recognized marker of osteogenesis, Opn also enhances
the osteogenic differentiation and bone formation of
stem cellsPY., In addition, Ocn and Opn have synergistic
enhancement effect on osteogenic differentiation of
human bone marrow mesenchymal stem cells/stromal
cellsB. Both Ocn and Opn have the potential to induce
angiogenesis, which was essential for bone development
and regeneration®**4. Col 1 was also very important
for mineralization in the process of bone formation!'®!.
Previous studies have shown that Col I can be used as a
substrate to promote osteogenic differentiation of stem
cells®, Therefore, the difference of protein expression
in Ocn, Opn, and Col I indicates that the bone induction
ability of DBMs and OEDBMs may be different.

BMSCs were considered to be an ideal seed cell for bone
tissue engineering. Therefore, BMSCs was selected for
osteogenic differentiation in this study. As markers of
osteogenesis, On, Runx2, and Alp have been used to
detect the osteogenic differentiation of stem cells?>],
In addition, the inducing ability of DBMs to promote
osteogenic differentiation of BMSCs has been widely
reported®®!. Similarly, in this study, stronger osteogenic
differentiation of DBMs was observed when inoculated
with rBMSCs. In terms of gene expression and protein
expression, the expression levels of On, Runx2, and
Alp were the highest in OEDBMs group. These results
were consistent with the previous studies, which have
demonstrated the enhanced effect of Opn, Ocn, and Col
I on the osteogenic differentiation of stem cells!!®32l,
Therefore, OEDBMs had more advantages than
DBMs in simulating the microenvironment of bone
development, and has a stronger ability to promote the
osteogenic differentiation of rBMSCs.

To sum up, OEDBMSs preserves OBs-ECM and low
cell residues. Compared with DBMs and petri dishes,
rBMSCs inoculated on OEDBMs showed stronger
osteogenic differentiation potential. OBs-ECM can
be used as a promising tool to modify the surface
of scaffolds to create a potentially better biological
scaffold for bone remodeling.
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