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In order to promote effective healing of a bone defect, various bone grafts have been widely implanted
into defect sites. However, several drawbacks, such as immunologic rejection, insufficient tissue healing,
or secondary damage to the donor site, are still concerns. These limitations of the current bone grafts can
be overcome by use of a natural ECM that can influence basic cellular behaviors, such as proliferation,
migration, and differentiation. Herein, we introduce a novel bone decellularized ECM (bdECM) material
extracted from bovine bones via demineralization and decellularization. This sequential process enabled
us to prepare raw material possessing higher contents of native BMP-2 and BMP-7, and a fibrous
microarchitecture resembling the collagen bundle in the ECM was maintained. Furthermore, residual
calcium and phosphate originated from the bovine bone were considerably removed, and contamination
by residual DNA was significantly reduced during the fabrication process. These features enabled the
scaffold successfully promote mineralization of the cultured primary osteoblasts in vitro, which was
significantly better than those from the bone powder or demineralized bone matrix. In a mouse calvarial
defect, new bone formation was improved in the bdECM group and the density of those was also higher
than other groups.
© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.
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Introduction

Bone fractures resulting from trauma, diseases, or pathological
degeneration are hard to treat effectively [1]. To treat a bone defect,
anautologous bone graft has been considered to be the gold standard
medication in many clinical cases[2,3]. However, an autograft can be
a burden on patients with secondary surgery and may be restricted
because of available donor-tissue limitations [4]. Although this
drawback are now advanced by the use of various artificial bone
grafts made of metals, ceramics, or synthetic polymers, their effects
in promoting endogenous bone healing were not hopeful. Unfortu-
nately, they could lead to a clinical immunogenic response [5]. Thus
our eyes are focusing on a natural platform, especially the use of
demineralized bone matrix (DBM)-derived from the native tissue
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was recognized as an alternative for those artificial bone-graft
materials. It is a mineral-deficient animal-derived material pro-
duced by acidic extraction and contains a variety of proteins in bones
[4,5]. Several studies have described its efficacy for osteoinduction in
various animal models [6,7], and growth factors, non-collagenous
proteins and type I collagen in DBM have been known to regulate
the bone regeneration [4,5]. Also, there are various types of
commercialized DBM available, which could be customized for
target tissues [8].

Even though DBM materials have shown an advanced effect in
healing the bone defect than the synthetic materials, there are still
several concerns related to the safety and efficiency [9,10]. These
issues may be involved the manufacturing process of DBM. For
example, raw materials for DBM are fragmented in small
particulates and then immersed in a hydrogen chloride (HCI)
solution to remove residual inorganic components. After washing
process, final product is obtained. However, this process may be
insufficient to expose the fundamental structure of extracellular
matrix (ECM) which could be obtained by HCI solution and it
cannot allow release of entrapped growth factors in the ECM that
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can effectively promote the bone healing. Also, the DBM
commercialized or used in a clinical field does not contain
ECM-like microstructure and cannot release the growth factor
remaining inside of the materials. It is clear that their effect in the
bone healing may not be maximized. Furthermore, residual
cellular component in the DBM can cause unexpected adverse
effects, which may be involved in animal deaths or severe
inflammatory reaction in vivo.

As widely known, a mimicry of ECM in the native tissue is one
of the interesting approaches in tissue engineering [11]. The
ultimate goal of this trial is to reconstruct a 3D microenvironment
including both structural platform and soluble factor delivery
system [11,12]. Because whole tissues in the body have consisted
largely of ECM that influences the biological behavior of cells,
such as cellular adhesion, proliferation, and differentiation. In
fact, mimicking the complex microenvironment as like host tissue
needs further advances [2]. Thus, organ decellularization is used
to make an ECM-rich microenvironment as another option [12].
ECM derived from specific tissues using decellularization still
holds various ECM proteins, such as type I collagen, laminin,
fibronectin, and growth factors, in its entirety [4,11,13,14].
Previously reports have described that specific tissue or organ
derived ECM can preserve proper phenotype in in vitro culture
system, improve differentiation of progenitor cells at relevant
tissue site. These results might be caused that specific tissue or
organ derived ECM provide tissue-specific signals which is
contained physiological relevance and specific biochemical
profiles [14]. In addition, manufacturing process for decellularized
ECM can make them safe to be used as a scaffold by removing
nuclear components and cell membrane antigens, and thus
minimize the immune response [15]. These facts inspired us to
find an alternative platform for bone regeneration that was safe
and much more osteoinductive than DBM.

In this study, we extracted a novel bone graft substitute, native
bone decellularized ECM (bdECM) from bovine bone via deminer-
alization and decellularization processes. This sequential process
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allows removal of inorganic components from the bone as well as
exposure of ECM structure while maintaining higher contents of
soluble factors. Also, the bdECM was removed residual DNA via
decellularization process that ensure the safety issue different
from the DBM. We hypothesized that bdECM components
including structural proteins and bioactive growth factors would
improve bone regeneration by providing those unique tissue-
specific signals to host cells at the defect sites better than bone
powder and DBM. We confirmed the morphological differences
and whether they included calcium and phosphate by means of
surface analyses that compared bdECM and others. To investigate
the extent of decellularization, the bdECM was stained nucleus and
quantified with DNA. We examined the bdECM and others to see
if they could provide natural growth factors, such as bone
morphogenetic protein 2 and 7 (BMP-2 and BMP-7), to specifically
affect promote osteogenesis. Also, we evaluated whether bdECM
and other groups could induce mineralization of primary isolated
osteoblasts via in vitro osteogenic differentiation. Furthermore,
we did an in vivo animal study using a mouse calvarial defect model
for eight weeks. We used a live micro-computed tomography
(micro-CT) and histological analysis to compare tissue compati-
bility and bone formation between the bdECM and other groups.

Material and methods
Preparation of bone decellularized extracellular matrix

We purchased fresh bovine femurs from cattle aged 24 months
from a qualified butcher shop (Farm Story Hannaeng, Cheongju,
Korea) and received them in segmented tube form (Fig. 1). The
segmented bones were stored at —20°C to maintaining osteoin-
ductive potential. Before we did the demineralization step, bones
were washed in 6 % hydrogen peroxide solution for three days to
remove lipids and some debris. The bones were then vacuum-dried
(OV-11, Jeio Tech, Daejeon, Korea) for one day. The dried bones
were immersed in liquid nitrogen, crushed, and ground to fabricate

4-5 mm bone powder

bone powder

Dialysis for 4-5 days Collection and pH
(4°C) adjustment of bdECM sol’n

Demineralization HCI (0.5 N)

1

bdECM Lyophilize
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Fig. 1. Representative macroscopic images of fabrication procedure about bdECM.
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proper sizes which were 4 x 4 x 4mm? or less for bone powder.
The bone fragments were immersed in 0.5 N hydrogen chloride to
demineralize the calcium, phosphate, and other inorganic
substances for three days. The demineralized bone fragments
were rinsed using 70 % ethanol overnight. The rinsed bone
fragments were frozen, lyophilized overnight, and were then
referred to as demineralized bone matrix (DBM). In the decellula-
rization step, DBMs were soaked in 0.6 N citric acid to decellularize
them for three days, and dialyzed in distilled water to reach pH 7.0.
The resultant material, referred to as bdECM, was rinsed in
phosphate-buffered saline (PBS, Sigma-Aldrich) supplemented
with 1 % w/v penicillin/streptomycin (Sigma-Aldrich) under
continuous agitation overnight at 4 °C to remove residual cellular
material. The bdECM was then snap frozen, lyophilized overnight,
and stored at —20°C until required. To confirm nuclei stain, bone
powder, DBM, and bdECM were embedded in an optimal cutting-
temperature compound at—20°C, sectioned into 12-pm thick
slices, and stained with 4/,6-diamidino-2-phenylindole (DAPI,
DAPI-Vectashield, Vector Laboratories, Burlingame, CA, USA).
Optical (CKX41, Olympus, Tokyo, Japan) and fluorescence micro-
scopes (IX71 inverted microscope; Olympus, Tokyo, Japan) were
used to obtain images of the stained samples for confirming the
stained nuclei.

Morphology and surface characteristics

The morphologies of bone powder, DBM, and bdECM were
investigated via macroscopy and a scanning electron microscope
(SEM, JSM-6510, JEOL Co., Tokyo, Japan). All bone powder, DBM, and
bdECM were sputter-coated (Sputter Coater 108 Auto, Cressington,
Watford, UK) with platinum for 180's prior to SEM measurements.
The crystallographic properties of the bone powder, DBM, and
bdECM were investigated by X-ray diffraction (XRD, Ultima IV,
Rigaku, Tokyo, Japan) measurement. The XRD was activated at 40 KV
and 40 mA with Cu Ko1 radiation (\ = 1.5405 A). The patterns of XRD
were measured ata step-scan of 0.02° and rate of 3° per minute overa
20 range from 20 to 80°. The surface atomic compositions of bone
powder, DBM, and bdECM were measured using X-ray photoelectron
spectroscopy (XPS, Escalab 220i-XL, VG Scientific Instruments, East
Grinstead, UK) at base pressures < 10—10 mbar. The photoelectron
spectra were excited using an Al Ka (1486.6 eV) anode at a constant
power of 100W (15 KV and 10 mA).

Assessment of cellular contents

We quantified the DNA contents by adapting previously
reported methods [16,17]. Bone powder, DBM, and bdECM were
digested using pepsin (1 mg/mL) in HCl solution (0.01 M) and
centrifuged at 2,980¢g for 10 min to remove protein remains. The
supernatants were then centrifuged in phenol/chloroform/isoamyl
alcohol (25:24:1, Sigma-Aldrich) at 10,000 g for 30 min. The DNA
was precipitated from the aqueous phase using a 3M sodium
acetate/ethanol solution (v/v=1:20) at —20°C overnight. The
extracted DNA samples were then dehydrated in a vacuum oven
at room temperature and rehydrated in 1x Tris-EDTA buffer
(Sigma-Aldrich). Finally, the concentration of each extracted DNA
sample was measured using a Nanodrop (NanoDrop One, Thermo
Fisher Scientific).

Quantification of BMP-2 and BMP-7 on bone powder, DBM, and
bdECM

For the quantification of BMP-2 and BMP-7, bone powder, DBM,
and bdECM of 10 mg were homogenized in 1 mL of PBS on ice. The
homogenized samples were sonicated for 5min and centrifuged
for 5min at 5000 g. Next, the supernatants were removed and the

remaining samples were analyzed by using ELISA kits for BMP-2
(SEA013Bo, Cloud-Clone Corp., TX, USA) and BMP-7 (E0254Bo,
Bioassay Technology Laboratory, Shanghai, China) according to the
manufacturer's protocol.

In vitro Osteogenic differentiation test

We obtained primary isolated rat osteoblasts from the calvaria
of a neonatal rat (1-2 days old) and cultured them in growth
medium, which was Dulbecco’s modified Eagle’s medium (DMEM,
Corning, NY, USA) supplemented with 10 % fetal bovine serum (FBS,
Corning, NY, USA) and 1 % penicillin / streptomycin until they were
confluent. When the osteoblasts were proliferated confluence, the
media were changed to an osteogenic medium, which was added
to dexamethasone (Sigma-Aldrich) of 100nM, tr-ascorbic acid
(Sigma-Aldrich) of 50 M, g-glycerophosphate (Sigma-Aldrich) of
10 mM, and r-glutamine (Sigma-Aldrich) of 7mM in the growth
medium, and 1 mg of each sample of bone powder, DBM, and
bdECM was placed in Transwell® inserts (Corning, NY, USA). The
osteoblasts were cultured with materials indirectly for two or four
weeks, and the osteogenic medium was changed to fresh medium
every two days. After two or four weeks, cultured osteoblasts were
fixed with 4 % paraformaldehyde (Sigma-Aldrich) for 15 min and
washed twice with PBS. The washed cells were stained with 2 %
Alizarin red S (Sigma-Aldrich) for 15min or 5 % silver nitride
(Sigma-Aldrich) under UV radiation for 30 min.

To evaluate the osteogenic-related gene expression, we isolated
RNA from cells at two and four weeks after differentiation using
the TRIzol reagent (Ambion) following the manufacturer protocol.
The RNA was quantified by absorbance readings at 260 nm and
280 nm using nanodrop. The RNA was purified, and we synthesized
the first-strand cDNA from 1 ug of total RNA using Accupower
RT-PCR premix (Bioneer). Synthesized cDNA was used as a
template for amplification of RUNX2, osteopontin (OPN), osteo-
calcin (OCN), and GAPDH in PCR reactions containing Accupower
PCR premix (Bioneer) and the primers (Table 1). PCR products were
resolved by agarose gel electrophoresis.

In vivo animal test

The female ICR mice (six weeks old, Dayun, Gyeonggi-do,
Korea) were given an intraperitoneal injection of 2 % avertin
(20 L / g mouse body weight). In the mice, we made a longitudinal
incision in the midline of the cranium from the nasal bone to the
posterior nuchal line. The incised skin was spread to expose the
surface of these parietal bones. We prepared two circular
transosseous defects of 4 mm in the mouse skulls using a surgical
trephine burr (Ace Surgical Supply Co., Brockton, MA, USA) which
was maintained by a low-speed micromotor. The defect site was
frequently cooled down with sterilized PBS to prevent tissue
damage. Five animals (10 defects) were used in each group. The
bone powder, DBM, and bdECM of 1 mg were implanted into each
defect site (n=10). The mice were sacrificed after eight weeks and

Table 1
RT-PCR primer sequence for osteogenic genes.
Gene Primers Annealing
Temperature (°C)
RUNX2 5'-GAACTGATAGGACGCTGACG-3' 55°C
5'-GCTTCTCCAACCCACGAATG-3’
OCN 5'-AGCTCAACCCCAATTGTAGC-3’ 55°C
5-AGCTGTGCCGTCCATACTTT-3'
OPN 5'-TGAAACTCGTGGCTCTGATG-3' 55°C
5'-GATGAACCAAGCGTGGAAAC-3'
GAPDH 5'-GCCATGAGGTCCACCACCCT-3’ 60°C

5’-AAGGTCATCCCAGAGCTG-3’
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harvested to be fixed in a 4 % paraformaldehyde solution. The
animal study was approved by the Institutional Animal Care and
Use Committee at Dankook University (DKU-16-005).

Micro-CT analysis

At 2, 4, 6, and 8 weeks, we anesthetized the mice in each group
in the same way and did live micro-CT scans (Skyscan 1172,
Skyscan, Kontich, Belgium) to analyze new bone formation and
bone density. Micro-CT was set at 50 kV, 500 A, aluminum filter of
0.2 mm and we scanned all specimens. After eight weeks, all mice
of groups were sacrificed, harvested, and analyzed. Scanned
images were reconstructed by using the Skyscan NRecon program.
The Skyscan Dataviewer program presented color meter which is
indicated tissue density that is possible to compare density within
each sample, not group. Following reconstruction, the images in
the region of interest were set up to operate Skyscan CTan and
CTvol programs in order to visualize and quantify the bone volume
per tissue volume (BV/TV) and bone mineral density (BMD). In
Bone powder group, we scanned mouse immediately after
implantation for getting initial results of bone volume and density
(Day 0). After 8 weeks, we quantified the bone volume and density
after deducting the value of Day 0.

Histological analysis

After eight weeks, we fixed the retrieved mouse calvarial tissues
with paraformaldehyde (PFA, Sigma-Aldrich), rinsed with PBS for
removing residual PFA, immersed in Decalcifying Solution-Lite
(Sigma-Aldrich) at room temperature for 6 h. Next the samples
were dehydrated with a graded ethanol series and embedded in
paraffin. The samples were sectioned with a thickness of 6 um by a
microtome (RM2255, Leica, Bensheim, Germany). Sectioned
samples were deparaffinized in xylene, hydrated with a series of
graded ethanol, and stained with hematoxylin & eosin (H&E) and
Goldner’s trichrome staining. We used an optical microscope to
obtain images of the stained samples for confirming the deposition
of mineralization in all groups. The visualized bone-regeneration
area was quantified as percentage ratios of regenerated bone
formation and bone density using Image ] software (National

A) Bone powder

(B)

2 mm

Institutes of Health, Bethesda, MD, USA) with the following
equation.

New bone formation area = ( New bone area ) 100

Bone defect area

New bone area

- - x 100
New bone area + Fibrovascular tissue area

Bone density =

Immunohistochemical analysis

In order to confirm the expression level of osteopontin (OPN),
we randomly selected paraffin sectioned slides (n=3 sectioned
slide/samples of each group) and immersed them in xylene for
deparaffinization. Then samples were hydrated for the precondi-
tioned process to be stained and incubated using blocking buffer
solution, which contained 10 % horse serum and 0.5 % Triton X-100
in PBS at room temperature. The blocked samples were stained
with primary mouse specific antibodies, which were 1:100 diluted
for OPN (Abcam) overnight at 4°C. We used fluorescein-
isothiocyanate conjugated secondary antibodies (Jackson Immuno
Research Laboratories) to visualize them with OPN positive signals
and counterstained them with DAPI. Immunostained samples were
photographed by means of a fluorescence microscope (U-RFLT50,
Olympus, Shinjuku, Japan) at the Cheonan Core Facility Center.

Statistical analysis

Quantitative data are presented as means + standard deviation.
Statistical analyses were carried out using Student’s t-test and the
Origin Pro 8 SR4 software (OriginLab Corp., MA, USA). A p< 0.05
was considered to indicate statistical significance.
Results and discussion

Preparation of bdECM

As described earlier, even though implantation of DBM exhibit
regenerative potential in a bone healing, several issues are still

Fig. 2. Morphological characteristics and observation of remaining inorganic components. Representative (A) SEM and (B) micro-CT scan images of bone powder, DBM,

and bdECM.
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Fig. 3. Surface analyses to investigate mineral elements contained in bone powder, DBM, and bdECM. The results of (A) XRD spectra, (B) XPS wide scan, the narrow scan of (C)

Ca2p and (D) P2p.

concerned. For the effective implantation and better handling, they
should be delivered with various carrier molecules [4]. These
platforms might be induced adverse effects because it is hard to be
modeled a desire shape, maintained localization with DBM
particles by degrading carrier. Other issues are residual cellular
components and hiding (masking) the native ECM structure, and
following inhibiting growth factor release. This occurs immune
responses or being less effective in bone regeneration. In the
present study, we performed demineralization process to use
bovine bone for fabricating DBM and added decellularization
process to extract native ECM and to avoid those problems.
Additional decellularization successfully removed the residual
cellular components as well as allowed to be exposed fibrous ECM
structure hided in the DBM. In addition, this product well
dispersed in a water or organic solvents, various form of scaffolds
or hydrogel can be made.

Optimal sequential processes for demineralization and decel-
lularization in preparing bdECM are depicted in Fig. 1. Bovine
femur bone was immersed in hydrogen peroxide to remove lipids
and fragmented to prepare irregular polygonal shapes of 4 mm?
size bone powder. Inorganic elements were removed from the
bone powder by acid extraction for preparation of DBM. The
fabricated DBM, which still maintained irregular polygonal shapes,
was digested and solubilized with citric acid to remove remaining
cellular debris. After the following process, we obtained bdECM
similar to soft tissue like sponge shape. The bdECM was further
evaluated in vitro and in vivo experiments as a biological scaffold
compared to bone powder and DBM.

Characterization of bone powder, DBM, and bdECM

Morphological changes of the specimens going through the
demineralization and decellularization were verified with SEM
(Fig. 2A). The bone-powder group after treatment with hydrogen
peroxide still contained tissue-derived debris on the surface and
looked much rougher than other groups. The DBM group relatively
appeared to have a flatter surface than did bone powder; each face

of polygonal shape was close to the results from previous reports
[18,19]. The bdECM group exhibited clear fibrous structures with
larger pores than did the others. Although both bone powder and
DBM were composed of a dense collagenous matrix with small
pores, they had interconnected pores inside [20,21]. The bdECM
group would provide much more opportunity that host bone-
forming cells would infiltrate inside by revealing a cell-adhesion
motif on the fiber of bdECM.

The presence of inorganic components in the bdECM group was
identified by micro-CT, XRD, and XPS analysis. As depicted in
Fig. 2B, whereas several inorganic components in the bone-
powder group were clearly revealed in a soft X-ray image by micro-
CT, no signals were detected in the DBM and bdECM groups. In
addition, the bone powder exhibited several diffraction peaks of
hydroxyapatite at 26 =25.8 (002, Ca), 31.9 (211, P), 39.7 (310, Ca),
45.5 (203, Ca), and 47.7 (312, P) (Fig. 3A) [13,22]. The quantity of
calcium and phosphate was significantly decreased in the DBM
group, and much lower signals of them were detected in the
bdECM group. The XPS analysis also revealed the consistency of the
results for the presence of inorganics in the ECM (Fig. 3B-D and
Table 2).

The bone-powder group showed calcium and phosphate
contents at 0.6 % (Ca2p, 348eV) and 0.1 % (P2p, 135eV) rates,
respectively. However, the phosphate peak was not detected in
either the DBM or the bdECM group; the only small intensity of
calcium contents appeared at 0.2 % and 0.1 % for each group. As the
demineralization or decellularization progressed, nitrogen (N1s)
contents indicating amine group (3.7 % and 4.6 % at 401 eV) newly

Table 2
XPS atomic analysis of bone powder, DBM, and bdECM.

Materials Atomic %

Cls Ols Nis Ca2p P2p
Bone powder 80.5 18.8 - 0.6 0.1
DBM 78.6 17.5 3.7 0.2 -
bdECM 79.7 15.6 4.6 0.1 -
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appeared in the DBM and bdECM groups, indicating that relative
protein contents were increased, or a basement protein layer
was exposed by removing the inorganic contents. Thus, we
found that most inorganic components were removed during the
demineralization.

Configuration of cellular nucleus and quantification of contained DNA
and BMPs

One major issue in preparing biological scaffolds using decellu-
larization is how to completely remove the cellular contents that can
cause an immunogenic response during the fabrication process. For
example, residual DNA can harm the host cells or induce an M1-type
macrophage response around the host-implanted area [23,24],
and an oligosaccharide molecule, galactose-a1,3-galactosyl-g,4-N-
acetylglucosamine (a-Gal) epitope, which is discovered at cell
surfaces in non-primate mammals, including pigs and cows, can
cause an immunogenic response in the human body [4,13]. Thus,
cellular contents in the decellularized scaffolds should be
removed to prevent the possibility of the immune response. In
previous literature, the efficacy of decellularization was defined
via minimal criteria that prove the extent of the removal of nuclei
and possession of double-stranded DNA of less than 50 ng per mg
initial dry weight of the decellularized product [4,13,15,23,24].
Thus, we measured the residual DNA contents and visualized the
presence of nuclei by staining DAPI in DBM and bdECM (Fig. 4A).
In the stained results, the bdECM group was hardly stained with
DAPI, whereas several nuclei were stained in the DBM group. We
found that removal of cellular content was effective using
decellularization. The DNA content in the bdECM group was
23.96 & 1.53 ng/mg dry weight, which was significantly less than
that in the bone powder (113.53 +8.92 ng/mg dry weight) and
DBM (72.73 £0.41 ng/mg dry weight) groups (Fig. 4B). The DNA

(A)

bdECM

DBM

Bone bdECM

powder

content of the bdECM group was much lower than 50 ng/mg dry
weight, which was completely decellularized and satisfied the
minimum standards of immune response available in medical
applications [4,15,23]. Also, the decellularization step itself might
remove the remaining a-Gal epitope during the process, and
small amounts of the o-Gal epitope are too little to cause an
adverse effect in the host [4,25]. On the other hand, DNA contents
from the DBM group in our experiments were higher than those
from other reports [4,13]. In preparation of DBM, we did not
use the organic solvents for delipidation as a washing step
after demineralization. Although demineralization can remove
residual DNA sufficiently [26], it can destroy the ECM ultrastruc-
ture [23], damage structural superficial [27], and cause carcino-
genesis [28]. Thus, we minimized use of a hazardous solvent
for conservation of a physiologically relevant environment and
ECM-incorporated growth factors in extracted bdECM.

The preserved amount of BMPs after demineralization merely
lies within the nanogram range of DBM; moreover, the absolute
amount of BMP per DBM product differs between various batches
of the same DBM product. A number of studies using DBM have
showed adverse effects that were appeared a significant reduction
of mineralization in in vitro osteogenic differentiation test
using DBM-present medium and poor bone formation and acute
toxic reaction using implantation of DBM [4,9,10,29]. Herein, we
determined whether our sequential process for bdECM can
preserve BMPs in the material or easily release BMPs from the
material. As shown in Fig. 4C, BMP-2 content in the bdECM group
was 34.75 + 2.77 pg/mg dry weight, which was significantly higher
than that of the bone powder (24.04+2.91pg/mg) or DBM
(25.35+1.28 pg/mg) groups. Also, BMP-7 content in the bdECM
(12.25+0.43ng/mg) group was higher than that in the bone
powder (9.92 +0.20 ng/mg) or DBM (12.16 + 0.23 ng/mg) groups
(Fig. 4D). In these results, we ground bone powder and DBM to
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Fig. 4. Assessment of residual cellular components and quantification of osteogenic-related proteins in bone powder, DBM, and bdECM. (A) Representative images of
DAPI-stained DBM and bdECM. Scale bar indicate 100 um. (B) Quantification results of DNA contents in bone powder, DBM, and bdECM (p* < 0.05). Quantification results of
(C) BMP-2 (p* < 0.05) and (D) BMP-7 in bone powder, DBM, and bdECM (p* < 0.05 compared to the bone-powder group).
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investigate the contents of BMP-2 and BMP-7. If bone powder and
DBM were not ground, both groups eluted much less amount of
BMP-2 and BMP-7 that after grinding samples. This results might
be indicated that if bone powder and the DBM is implanted in vivo,
they are hard to lead the osteogenic effect. On the contrary, bdECM
easily exposed those osteogenic related proteins on its ECM
structures because it was possible to water-soluble. These facts
indicated that the bdECM could be improved biological interaction
with host cells by providing osteoinductive molecules and similar
native physiologically relevant signal to attract cells from the
implant area [11].

Effects of bone powder, DBM, and bdECM on osteogenic differentiation
and mineralization in vitro

We investigated the ability to induce osteogenic differentia-
tion using isolated primary osteoblasts with bone powder, DBM,
and bdECM (Fig. 5). Our materials were put inside transwell insert
and then osteoblasts were cultured at the bottom of the plate. In
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©
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this experimental condition, the released factor from the
materials can affect the differentiation of the osteoblasts without
direct contact. We progressed to investigate calcium deposition
via Von Kossa and Alizarin Red S staining after two and four
weeks. Two weeks later, calcium deposition was clearly observed
in the bdECM group, but no deposition or partial deposition of
calcium was found in the bone powder and DBM groups (Fig. 5A).
After four weeks of differentiation, overall calcium deposition
trend was similar to the two- week results: bdECM exhibited
better calcium deposition than did the other groups (Fig. 5B). This
differentiation-inducing ability of the bdECM was re-verified by
measuring the expressions of osteogenic-related genes, such as
RUNX2, OCN, and OPN, after two and four weeks (Fig. 5C). The
RUNX2, an early marker of osteogenic differentiation, was
expressed in all experimental groups at two weeks, but no group
was expressed after four weeks of differentiation, indicating that
the cells on the materials were at initial differentiation status.
Even though OPN expression in all groups was not significantly
increased at two and four weeks, we found that the bdECM group

DBM bdECM

g ?

Bone powder DBM

bdECM

Bone powder DBM bdECM

Fig. 5. Invitro osteogenic differentiation test on each group. Representative images of von Kossa and Alizarin Red S staining of osteoblasts cultured with bone powder, DBM,
and bdECM for (A) two and (B) four weeks. (C) RT-PCR was done to investigate the osteogenic-related gene expressions of RUNX2, OCN, and OPN on bone powder, DBM, and

bdECM for two and four weeks.
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allowed the cell lead to the late stage of the differentiation, as
compared to other groups at four weeks.

Previously, Grayson et al. demonstrated that human mesen-
chymal stem cells that were cultured in decellularized bovine
trabecular bone scaffolds for five weeks were successfully
differentiated into specific target-related tissues [30,31]. Consis-
tent with their results, our bdECM group induced higher mineral
deposition and osteogenic-related gene expressions more than did
the other groups. The reasons can be deduced from the presence or
exposure of BMPs in the bdECM group. Because we already
measured the contents of BMPs (Fig. 4C, D), bdECM might release
much more osteogenic biomolecules and improve osteogenic
differentiation. Also, we supposed that cultured osteoblasts
provided tissue-specific signals to differentiate into an osteogenic
phenotype favorably from bdECM. These facts showed that tissue-
specific ECM would play a critical role with regulated cellular
differentiation.

In vivo animal test

For proving the bone-regeneration capacity of each group, we
implanted the orthotopic graft as three experimental samples into
the mouse calvarial defects, and examined newly formed bone
volume (BV) per tissue volume (TV) and bone mineral density
(BMD) (Fig. 6). We tracked newly formed bone in each group to use
live micro-CT at 2, 4, 6 and 8 weeks. During the experimental
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period, the bone-powder group had a tendency to scan because of
its mineral contents at the entire defect area (Fig. 6A). For the
initial two weeks, no mineral deposition was detected in either
the DBM or the bdECM group in three-dimensional (3D) images,
however, a small amount of mineral contents was observed in the
bdECM group in soft X-ray sagittal and transaxial images. Four
weeks later, the bdECM groups promoted bone mineralization in
both 3D images and soft X-ray images better than did the other
groups. The bone thickness of bdECM was more significantly
increased than was those from other groups, whereas the DBM
group did not show any mineral deposition in the defect site
during the experimental period. The quantification of BV per TV
and BMD showed the defect area 8 weeks after the implantation
(Fig. 6B, 6C). The bdECM group (8.21+6.87 %) showed signifi-
cantly higher results for newly formed BV than did the bone-
powder (1.27 +3.84 %) or DBM (1.09 +0.59 %) groups. Likewise,
the bdECM group (0.71+0.18 g/mm?) had significantly higher
BMD than did the bone-powder (0.12+0.50g/mm?>) or DBM
(0.23 £0.12 g/mm?) groups. These results show that osteoinduc-
tivity of BMPs was effective in the bone-healing process.

Many researchers recently suggested that decellularized ECM
derived from various tissues could promote their functions in
an appropriate site by expected properties in vivo condition
[14,32,33]. For instance, Karalashvili and colleagues implanted a
decellularized, large bovine bone graft into the traumatic defect
of human maxillofacial bone for reconstruction [33]. They
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Fig. 6. Evaluation of bone regeneration in mouse calvarial defect via live micro-CT. (A) Representative live micro-CT images of bone powder, DBM, and bdECM at each
time point. Arrow heads indicate the defects margin. Quantification of (B) BV/TV and (C) BMD of bone powder, DBM, and bdECM at 8 weeks (p* < 0.05 compared to the

bone-powder group).
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demonstrated that the decellularized bovine bone graft was
well-integrated with the host bone, and no complications were
revealed for a year after implantation. Taken together, decellular-
ized ECM derived from the tissues can provide specific tissue
signals, which represented a binding motif and physiologically
relevant and unique biochemical profiles dependent upon the
derived tissues [14].

Histological and immunohistochemical analysis

We did a histological and immunohistochemical analysis to
investigate more detailed histomorphological differences between
these three group (Fig. 7). In H&E and Goldner’s trichrome staining
(Fig. 7A, B), the bone-powder group induced inflammatory
responses; the implanted scaffold was surrounded by fibrotic tissues
and new bone was partially integrated with the scaffold, consistent
with micro-CT analysis. Additionally, the DBM-treated group had a
mild immunogenic response at the defect area. As we saw in Fig. 4C
and 4D, bone powder and DBM also possessed growth factors to
induce bone regeneration, but these inflammatory reactions
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intensified the fibrosis and could be prevented signaling pathway
for performing bone regeneration by host bone-forming cells.
However, the bdECM group had well-integrated and newly formed
bone with the host tissue, with thicker bone than from the
other groups. We did not find any mild immunogenic tissues around
the bdECM-implanted area. The newly formed bone area was
65.31 & 14.87 % of the bdECM group, which was a significantly higher
amount of 9.45+7.97 % of bone powder and 7.16 +3.96 % of the
DBM groups (Fig. 7C). As is consistent with the results of the
bone-formation area, the bdECM group (81.18+8.43 %) was
observed to have better bone mineral density than did the bone-
powder (1.34+0.3 %) and DBM (2.324+0.88 %) groups (Fig. 7D).
Furthermore, the results of immunohistochemical staining with
OPN, which is a very important osteogenic differentiation marker,
also showed a higher positive expression in the bdECM-treated
group than in the other groups (Fig. 7E).

As we have already confirmed that bdECM provided BMP-2 and
BMP-7, these natural BMPs derived from bovine bone could
improve new bone regeneration. [34] These growth factors can
affect the recruitment of mesenchymal stem cells as well as
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Fig. 7. Histological and immunohistochemical analysis of retrieved samples for mouse calvarial bone regeneration. Representative images of (A) H&E and (B) Goldner’s
trichrome staining of bone powder, DBM, and bdECM groups after eight weeks. Black arrowheads indicate the defect margin. The quantification of (C) newly formed bone
formation area and (D) bond density after eight weeks (p* < 0.05). (E) Representative immunofluorescence staining images of OPN and DAPI at defect sites with each group.

White arrowheads indicate defect margins.
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osteoblast adhesion and induction of osteogenesis at the defect site
[34]. Also, these proteins activate to produce ECM proteins from
osteoblasts by inhibiting metalloproteinases, which are known as
regulating ECM production and degradation as a proteolytic
enzyme [34,35]. For these reasons connected with our results, the
effectiveness of bdECM was considered to induce positive
consequences by providing the simultaneously physiological
relevant signal for improving cell adhesion and growth that
affected cell recruitment and differentiation better than did the
other groups.

Conclusion

In the present study, we introduced a bdECM scaffold as a novel
platform for effective bone regeneration. Through simple demin-
eralization and decellularization, we have been able to manufac-
ture the scaffold that minimizes DNA contamination and meets the
minimum standards of immune response that can be used
in medical applications. The bdECM had higher concentrated
amounts of bone-forming bioactive molecules (BMP-2 and BMP-7)
and a fibrous structure mimicking the microenvironment of native
ECM. These features enabled the cells on the matrix to exhibit
higher mineralization and expressions of bone-maturation-related
genes. Therefore, bdECM implanted in the mouse calvarial defect
model improved not only new bone formation without any further
inflammatory reaction, but also mature bone regeneration during
bone development. We emphasized that the bdECM is possible to
provide tissue-specific physiological signals and biochemical
profiles and propose that a decellularized platform including
our bdECM may replace sufficiently autologous bone and DBM.
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