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A B S T R A C T

Demineralized bone matrix (DBM), has been used as a bone-graft material because of its osteoconductivity and
osteoinductivity. However, the previous research report that supports the single use of DBM is limited by its rapid
resorption caused by the lack of calcium and phosphate. β-Tricalcium phosphate (TCP) is an enriched calcium
phosphate material suitable for bone healing with osteoconductive properties. In this study, we have developed
injectable bone graft by the loading two kinds of TCP in DBM particles and thermo-sensitive DBM-derived
hydrogel (hDBM). TCP powder (pTCP) and TCP granules (gTCP) were loaded into hDBM and DBM, respectively.
The bone formation effect was investigated according to the morphological features of TCP. Residual growth
factor concentrations were investigated; microstructure and morphology were characterized by SEM. In-vitro
studies showed that hDBM/DBM/pTCP and hDBM/DBM/gTCP bone grafts were biocompatible and could pro-
mote osteogenesis by up-regulating the expression of Runx2 and OPN, bone-related genes. In-vivo studies using
the rabbit-femur defect model revealed that the implanted hDBM/DBM/pTCP bone graft showed similar histology
to that of fibrous dysplasia with the expression of CD68, whereas hDBM/DBM/gTCP showed good bone forma-
tion. Loading of gTCP in place of pTCP was noticed as an effective way to improve bone regeneration in an
injectable hDBM/DBM hydrogel-based bone graft.
1. Introduction

Demineralized bone matrix (DBM) is widely used for bone regener-
ation because of its osteoconductivity and osteoinductivity. DBM can
provide some structural support and biochemical advantages to cells for
effective tissue remodeling. Furthermore, extracellular matrix (ECM)
proteins, collagen I, and several growth factors (vascular endothelial
growth factor, VEGF; transforming growth factor β1, TGF-β1; bone
morphogenic proteins, BMPs; and others) are found in the DBM; these
augment osteogenic differentiation and vascularization, as well as induce
bone formation and remodeling [1–3].

For application in bone defects, DBM-derived hydrogel (hDBM) is
being used as a carrier for TCP or other growth factors [4–6]. A
tissue-engineered hydrogel, fabricated from DBM (and consequently
ECM), mimics key attributes of the intrinsic tissue microenvironment
which motivates the delivery of structural support as well as endogenous
bioactive signals [5,7–9]. Macromolecular components of DBM can be
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released spatiotemporally from biological hydrogel as matricryptins
(such as growth factors, small ECM fragments, and peptides), which
stimulate cell-cell and cell-matrix communication, tissue regeneration,
and remodeling [10,11]. Recent studies have shown that native
tissue-derived decellularized bone hydrogels can be used for tissue
healing [12]. Further, DBM hydrogels incorporated with growth factors
which demonstrated improved mineralization and skeletal tissue regen-
eration in chick femur defects [13]. In spite of several advantages, the
restricted use of DBM is inefficient for clinical application due to tissue
collapse after implantation [14,15]. DBM only cannot fulfill the role of
sufficient scaffold owing to lack of calcium/phosphate and causing rapid
resorption before new bone formation occurs.

Therefore, in order to improve DBM's ability for bone-graft material,
mixing DBM with calcium phosphate enriched material may be a key.
One of the most commonly used forms of calcium phosphate for synthetic
bones is β-tricalcium phosphate (TCP), which has been widely studied in
the field of tissue regeneration as a result of its osteoconductivity,
nchunhyang University, Cheonan, South Korea.
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biocompatibility, and bio-resorption [16,17]. In particular, since TCP has
a suitable rate of degradation, it can promote the release of calcium and
phosphorus ions to induce bone formation [18].

In this work, we obtained porcine-derived DBM particles by means of
demineralization and decellularization. Thermo-sensitive DBM-derived
hydrogel (hDBM) is prepared to use as an easy-to-apply for bone grafting.
Also, to improve DBM's capability as a bone graft, it was further modified
with TCP into the hDBM/DBM.

Two different types of TCP (TCP powder, pTCP; TCP granules, gTCP)
were mixed with hDBM/DBM respectively. Micron-sized pTCP can be
expected to provide calcium phosphate ions easily and uniformly. Cy-
lindrical gTCP granules with a diameter of 1 mm and a length of 1 mm
have 7 interconnected channels [18]. gTCP can promote cell migration
through the porous structure, and it can be expected to serve as a suffi-
cient scaffold for the defect site. We examined the bone formation
behavior according to the TCP structural morphology by mixing different
types of TCP with hDBM/DBM.

We have investigated the microstructure, cytocompatibility, and
osteogenic differentiation ability of hDBM, hDBM/DBM, hDBM/DBM/
pTCP, and hDBM/DBM/gTCP bone grafts. Also, comparative bone
regeneration properties based on different TCP morphology with hDBM/
DBM were evaluated by in-vivo performance in a rabbit femoral-defect
model for 1 and 2 months.

2. Materials and methods

2.1. Preparation of porcine bone

Fresh porcine femurs were purchased from a local livestock market
(Cheonan, Korea) and were chopped for further use. The bone was
cleaned and washed with phosphate-buffered saline (PBS) containing
0.1% Gentamicin (Gibco, US). Washed bones were frozen by liquid ni-
trogen and then ground to ~4 mm3 or less, by a commercial grinder
(Han-Il, Korea).

2.2. Demineralization and decellularization of bone matrix

Demineralized bone matrix (DBM) was processed by previously
described protocols [19]. Ground porcine bone matrix was demineral-
ized under continuous stirring @ 300 rpm in 0.5 N HCl (25 ml per 1g of
bone) (DukSan, Korea) at room temperature, for 24 h. After demineral-
ization, the bone matrix was rinsed three times with distilled (DI) water
for 20 min. Then, the lipid in DBM was removed with a 1:1 mixture of
methanol and chloroform for 1hr. The DBM was snap frozen at �80 �C,
lyophilized for 24 h, and stored at �20 �C until required.

For decellularization of DBM, the lyophilized-demineralized bone
matrix was rinsed with DI water and added into a 0.05% trypsin and
0.02% EDTA solution at 37 �C for 24 h (Sigma, US). Then bone matrix
was rinsed in PBS supplemented with 1% w/v penicillin/streptomycin
(Sigma, US) on a stir plate at 4 �C for 24 h. The decellularized bonematrix
was snap frozen at �80 �C, lyophilized for 24 h, and stored at �20 �C
until required.

2.3. Confirmation of DNA contents

DBM was verified by histological analysis and DNA quantification.
For histological analysis, native bone matrix (NBM) and DBM were fixed
with 4% paraformaldehyde (PFA) and dehydrated prior to embedding in
paraffin. NBM and DBM in the paraffin-embedded blocks were sectioned
at 5 μm thickness by microtome (Thermo-Scientific, USA). The sections
of NBM and DBM were stained with hematoxylin and eosin (H & E) to
confirm the removal of cellular contents after decellularization.

For DNA quantification, the total DNA of NBM and DBM were
extracted and quantified it using a DNA Quantification Kit (GeneAll,
104–101, Korea). The extracted DNA from NBM/DBM was run in 1%
agarose gel with a DNA ladder (Biorad, US).
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2.4. Preparation of DBM-derived thermo-sensitive hydrogel

To digest DBM, lyophilized DBM was added to 1 mg/ml pepsin
(Sigma, US) in 0.01 N HCl for a concentration of 20 mg bone matrix per
ml. The suspension was mixed on a stir plate at room temperature for 96
h, until no visible bone matrix remained. To prepare the 10 mg/ml DBM
hydrogel (hDBM), 50 ml of digested DBM, 10ml of 10x PBS, 5 ml of 0.1 N
NaOH, and 35ml of DI water weremixed together and stored at 4 �C until
required.

2.5. Quantification of growth factors

Protein contents in DBM and hDBM were evaluated by quantifying
growth factors with NBM as the control. Concentrations of growth factors
in the DBM and hDBMwere quantified using a Quantikine ELISA Kit. The
concentrations of bone morphogenetic protein-2 (BMP-2, R&D Systems,
DBP200, US), transforming growth factor-β1 (TGF-β1, R&D Systems,
DB100C, US), and vascular endothelial growth factor (VEGF, R&D Sys-
tems, DVE00, US)) were evaluated. For the quantification of the growth
factors, the ELISA kit required a pre-treated bone matrix immersed in 1 N
HCl. The ELISA kits were performed according to the instructions of the
manufacturer.

2.6. Characterization of DBM hydrogel

The gelation of injectable hDBM was confirmed by a tube inversion
test. Briefly, the injectable hDBM was transferred into a microcentrifuge
tube and exposed to a water bath with a temperature of 37 �C. The sol-gel
transition of injectable hDBM was determined by inverting the tubes. Sol
is defined as a free-flowing liquid while gel is a non-flowing solid gel.

Turbidimetric gelation of the hDBM was evaluated as previously re-
ported [19]. Briefly, 100 μl of hDBM was kept at 4 �C and transferred to
96-well plates. The plates were incubated at 37 �C and the absorbance of
the samples was read at 405 nm using a microplate reader (Bio-Tek,
Korea). Turbidimetric gelation of the hDBM was monitored every 2 min
for 40 min. The normalized values were calculated using Equation (1),
where N.A is the normalized absorbance, A is the absorbance at a given
time, A0 is the initial absorbance, and Amax is the maximum absorbance
of the sample. And then used to calculate the following kinetic parame-
ters: The Lag time (TLag) was defined as the intercept of the linear region
of the gelation curve with 0% absorbance, the Time to half gelation (T1/2)
as the time to 50% absorbance, the Time to complete gelation (T1) as the
time to 100% absorbance.

N:A¼ ðA� A0Þ
ðAmax� A0Þ (1)

Viscosity and shear modulus of hDBM at 37 �C were determined using
a Brookfield Viscometer (Model RV, Brookfield, Middleboro, MA, USA)
with an SC4—12RPY sample adapter and an SC4-27 spindle. The vis-
cosity was determined at an increasing shear rate.

2.7. Preparation of β-tricalcium phosphate granules

TCP powders (pTCP) were procured from Inobone Co., Ltd. (Cheonan,
Korea). The particle size of TCP powder is 0.5~1 μm. TCP granules
(gTCP) were prepared by a multi-pass extrusion method as described
previously [18]. The gTCP is cylindrical seven interconnected multi-
channel granule, of 1 mm (d) X 1 mm (h). In order to form these multi-
channel granules channels, carbon powder (Sigma, US) was employed as
a pore former in the process. To prepare cylindrical TCP scaffolds, TCP
and carbon powder were separately combined with a binder (ethylene
vinyl acetate, EVA; Dupont, US) and a lubricant (stearic acid; Daejung,
Korea) using a shear mixer (C.W. Brabender Instruments, Korea). The
mixture was then shaped by warm pressing prior to being mixed together
for extrusion. The TCP shell and carbon core were finally put together to
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manufacture a supply roll for extrusion at a temperature of 120 �C. The
first filaments that passed through were cut, recharged, and extruded for
the second filaments. The scaffolds obtained were carefully collected,
burned, and finally sintered at 1100 �C for 2hr in an air atmosphere to
avoid the formation of α-TCP during sintering. Then the pressure-less
sintering was performed at 1350 �C for 2 h in an air atmosphere.

2.8. Preparation of experimental samples

The experimental samples were grouped as follows: hDBM, hDBM/
DBM, hDBM/DBM/pTCP, and hDBM/DBM/gTCP. 15 w/v% of DBM was
added to the hDBM, then 5 w/v% of pTCP and gTCP were loaded in the
hDBM and DBM, respectively. The samples of each group were sterilized
under UV for 1 h.

2.9. SEM analysis

Microstructure of hDBM, DBM, TCP powders, and TCP granules were
observed by using a scanning electron microscope (SEM, JSM-6701F,
Japan) in each sample group. SEM observation was carried out to
investigate the microstructures of injectable bone grafts. The samples
were freeze-dried and sputter coated with platinum (Cressington Scien-
tific Instruments, UK) prior to examination.

2.10. Cell culture

The pre-osteoblast cells, MC3T3-E1 (ATCC, CRL-2593, US) were
cultured in a growthmediumwith a minimum essential medium (α-mem,
Welgene, Korea) which contained 10% fetal bovine serum (FBS, Corning,
US) and 1% penicillin/streptomycin (PS, Welgene, Korea).

For the osteo-differentiation, MC3T3-E1 cells were cultured with an
osteogenic medium, which consisted of α-mem, 10% FBS, 1% PS, 10 nM
dexamethasone (Sigma, US), 10 μg/mL L-Ascorbic acid (Sigma, US), and
10 mM β-glycerophosphate disodium salt hydrate (Sigma, US). These
cells were maintained at 37 �C in a 5% CO2 incubator (Thermo Fisher
Scientific, US).

2.11. Cell viability test

For evaluating the indirect cell viability, 104 MC3T3-E1 cells were
seeded onto each well of 24 well plates. All the samples were placed into
a hanging insert well above the cells (SPLInsert™ Hanging 35124, SPL,
Korea).

To verify cytotoxicity, after 1, 3, and 7 days of cell growth, the
hanging insert well with samples was removed. 100 μl of 3-[4,5-dime-
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA)
was added to the medium, which included cells. After 4 h of incubation,
the medium was removed, 1 mL dimethyl sulfoxide (DMSO, Sigma, USA)
was added, then it was incubated for 4 h. The optical density (OD) (200 μl
of supernatant) was measured at 595 nm using an ELIZA plate reader
(Bio-Tek, Korea). The cell proliferation (%) was calculated using Equa-
tion 2:

Cell proliferation (%)¼ (O.D values of sample/O. D values of control)
x 100 (2)

For actin cytoskeleton staining, cells were fixed with 4% para-
formaldehyde for 15 min, after 1, 3, and 7 days of incubation, blocked in
2.5% bovine serum albumin for 1 h, then stained with Alexa 488-conju-
gated phalloidin at 1 h and Hoechst for 5 min. The morphology of the
cells spreading was observed under a confocal microscope (FV10i-W,
Olympus, USA) using FV10-ASW 4.2 viewer software.

2.12. Western blot analysis

Cells seeded in wells containing samples in hanging insert wells were
incubated for two days, then the medium was replaced with the osteo-
genic medium. They were then incubated for 7 and, 14 days and collected
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for Western blot analysis. Total protein was extracted using RIPA buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% NP40, 0.5% Sodium deoxycholate,
0.1% Sodium dodecyl sulfate, and 1% protease inhibitor); all these re-
agents were purchased from Sigma, US.

At first, cells were lysed in RIPA buffer for 30 min at 4 �C. To obtain
the supernatant of lysed cells, centrifugation was done at 12,000 rpm for
20 min. The concentration of total protein of each sample was calculated
using a protein assay dye reagent concentrate (Biorad, US) following the
Bradford method. At that point, the same amount of protein was loaded
onto 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, Biorad, US) and transferred into the polyvinylidene
difluoride (PVDF, Biorad, US). Next, PVDF was blocked with 3% BSA for
1 h. Finally, PVDF was incubated with primary antibodies, Collagen 1
(COL1, Santacruz, US), Runt-related transcription factor 2 (RUNX2,
Abcam, UK), and osteopontin (OPN, Novus, US) at 4 �C. Anti-β-actin
(Santa Cruz, US) was used as a loading control for protein expressions
across samples. After 24 h, membranes were again incubated with HRP-
conjugated secondary antibodies of HRP-rabbit IgG (Cell Signaling, US)
or HRP-mouse IgG (Cell Signaling, US) for 1 h at room temperature. The
specific protein expressions were visualized using chemiluminescence
(GE Health care, US) and ChemiDoc™ XRSþ (Biorad, US). We quantified
the Western blot band image using Image J software (NIH, US).
2.13. In-vivo analysis

Male New Zealand White Rabbits (14 weeks old) were purchased
from JSBIO (Korea). The animals were maintained under a temperature
of 22 �C–24 �C and 12 h shift of the light-dark cycle. All procedures
followed the rules of our Institutional Animal Care and Use Committee
(Soonchunhyang University, South Korea). All surgical procedures were
carried out under inhalational anesthesia using isoflurane (Piramal,
India). The experiments were conducted in triplicate for each group. The
rabbits were randomly grouped as follows: hDBM, hDBM/DBM, hDBM/
DBM/pTCP, and hDBM/DBM/gTCP. After a septic preparation of the
surgical field using 70% ethanol and povidone-iodine. an incision was
made over the distal femoral head and a hole (5 mm � 6 mm) was then
created in the femur using a trephine drill. Each scaffold was placed in
the hole, by injecting using a syringe barrel (Inobone, Korea; shown in
Fig 3 d-g), and the wound was then sutured. Antibiotics (Baytril, Bayer,
Korea) and a painkiller (Maritrol, JEILPHARM, Korea) were adminis-
tered for three days postoperatively. At 1 and, 2 months after implanta-
tion, animals were sacrificed, and the implanted site was harvested. All
procedures were performed in accordance with the rules of our Institu-
tional Animal Care and Use Committee (Approval number: SCH 22-0105)
2.14. Micro-CT analysis

At 1 month and 2 months after implantation, the rabbit femur was
harvested for micro-CT analysis. The examinations were implemented by
a Skyscan 1172 micro-CT scanner equipped with a software version 1.5,
11-megapixel camera (camera pixel size of 8.81 μm). The image acqui-
sition was performed with a source voltage of 70 kV and current of 120
μA, image pixel size of 13.28 μm, and rotations of 360ᵒ with a step of 7ᵒ,
with a flat-field correction. All data scans were processed via batch
reconstruction using Nrecon software version 1.6.9.8. Standard data
reconstruction was performedwith corresponding ring artifact correction
and post-alignment compensation. The resulting data sets were
composed of bitmap image files measuring 2000 � 1336 pixels. Rotation
and reorientation of the reconstructed data were performed using Data
viewer software version 1.5.1. Percent bone volume [bone volume (BV)/
tissue volume (TV)%] was determined as follows. Two regions of interest
(ROIs) for each bone micro-CT image were selected. One is the entire
defect area (TV), and the other is the bone matrix in the defect area (BV).
For each thresholded ROI, we were able to calculate the BV/TV (%).
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2.15. Histological examination

The extracted bone samples were fixed in a 10% neutral buffered
formalin (Polyscience, Inc. US) for 3 days and decalcified with 5% nitric
acid (Sigma, USA). The specimens were dehydrated serially with ethanol
and embedded with paraffin. They were then sectioned at 5 μm using a
microtome (Thermo-Scientific, USA) and placed on a coated slide glass.
Next, the sections were stained with Harris's alumHematoxylin and eosin
and Masson's trichrome method to measure the collagen fibers [20].
Finally, they were visualized under an Olympus BX 53 microscope.

Immuno-histological staining was performed using primary anti-
bodies and developed using a diaminobenzidine (DAB) substrate kit
(Abcam, ab64238, UK), following the manufacturer's instructions.
Briefly, sections were blocked with 3% BSA, then incubated with primary
antibodies of CD68 (BioRad, USA) at 4 �C for 24 h. After washing them
with wash buffer, samples were incubated with Envision/HRP antibody
and DAB substrate chromogen solution in order to detect the specific
protein as a deep brown color.

2.16. Statistical analysis

All experimental data are expressed as the mean� standard deviation
(SD). The Student's t-test was used to compare the data between two
groups, and using two-way Analysis of Variance (ANOVA) with Tukey's
multiple comparison test was conducted to compare the data from mul-
tiple groups. Statistical analyses were performed using the GraphPad
Prism 5.0 program. The significance levels were p < 0.001***, p <

0.01**, p < 0.05*.

3. Results and discussion

3.1. Characterization of DBM

Fresh porcine bone particles were demineralized using acid extraction
to remove the mineral content (Fig. 1a and b). The lipid was removed by
chloroform/methanol, and an enzymatic decellularization procedure was
applied with trypsin and EDTA to produce decellularized matrix particles
(DBM) [19]. Effective decellularization of the tissue was confirmed with
native bone matrix (NBM) (Fig. 1c) by reduction of the visible nuclei, as
observed in hematoxylin and eosin (H&E) staining (Fig. 1d). Quantifi-
cation of double-strand DNA (dsDNA) from NBM and DBM revealed the
significant reduction in DBM of 3.43 � 1.7 ng/mg (initial dry weight)
whereas the content of dsDNA was quite high in NBM, 69.1 � 3.4 ng/mg
(p < 0.005) (initial dry weight; Fig. 1e). The residual DNA content of
DBM was significantly lower than in the 50 ng of dsDNA which is a
reference recommended for complete decellularization [21].
Fig. 1. Ground native bone matrix (NBM) (a) and demineralized bone matrix (DBM)
of porcine bone before (c) and after demineralization and decellularization (d). DNA
residual DNA before and after demineralization and decellularization (f). Growth fa
0.005; ***, p < 0.001).
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Correspondingly, there was no visible fragment of DNA in DBM while
electrophoresed using 1% agarose gel (Fig. 1f), demonstrating successful
decellularization.

Further, the presence of the essential growth factors such as BMP-2,
TGF-β1, and VEGF in both NBM, as well as DBM, were measured, as
shown in Fig. 1g. NBM showed 760.4� 14.7 pg/g of BMP-2, 712.1� 4.4
pg/g TGF-β1, and 605.2 � 7.4 pg/g of VEGF, whereas DBM revealed
346.7 � 20.1 pg/g of BMP-2, 152.2 � 22.3 pg/g TGF-β1 and 57.5 � 0.61
pg/g of VEGF. TGF-β1 is an important mitogenic factor, which modifies
bone resorption as well as regeneration. VEGF stimulates both osteo-
genesis and angiogenesis, and BMP-2 is implicated in activating the
endothelial cells for angiogenesis [22,23]. The concentration of the
remaining growth factor in DBM was found much lower compared to
NBM (p < 0.001), owing to successful demineralization and decellula-
rization, on the other hand, there is a possibility that the exposed residual
growth factor could be applied to host cells to promote osteogenesis [24].
3.2. Characterization of hDBM

DBM can be easily dissolved in organic solvents, so hydrogel of DBM
can be made by pepsin. After neutralization with the physiological con-
dition, hDBM can be formed thermo-sensitive hydrogel [19]. Although
the hDBM can hold its shape in 37 �C conditions, it deforms easily under
stress conditions.

After preparing the hDBM, the rheological characteristics of the
hDBMwere determined. The gelation of injectable hDBM happened after
exposure to 37 �C as confirmed by the tube inversion test (Fig. 2a) and
turbidimetric gelation (Fig. 2b). The Tlag, T1/2, and T1 were measured at
1.45 � 0.34 min, 12.24 � 0.78 min, and 18.03 � 0.76 min, respectively.
The gelation was started at 1.45 � 0.34 min and the gelation of hDBM
was fully formed after 18.03 � 0.76 min at 37 �C. The viscosity was
calculated using an increasing shear rate at 37 �C. The result showed that
the viscosity decreased when the shear rate increased (from 1.25 Pa to
0.017Pa) (Fig. 2c). Additionally, the shear stress showed a decrease with
increasing time (Fig. 2d). hDBMhas the self-gelling ability at 37 �C after a
certain time period under static conditions. Under stress this becomes
fragile which is clearly evidenced by Fig. 2d. Due to the absence of
crosslinking agent with hDBM, it became weak under rotation of the
spindle while performing the experiment. In this study, hDBM was used
to improve the sample injection capability. Moreover, thermo-sensitive
DBM could prevent sample scattering during irrigation at surgical
treatment.

Interestingly, growth factors were present even after digestion, the
presence of the BMP-2, TGF-β1, and VEGF, in hDBM was measured, as
shown in Fig. 2e. The concentrations of BMP-2, TGF-β1, and VEGF were
157.7 � 1.76, 19.4 � 5.7, and 15 � 2.8 pg/ml, respectively.
after demineralization and decellularization (b). Hematoxylin and eosin staining
quantification in ng/mg of NBM and DBM (e), with gel electrophoresis to detect
ctors (BMP-2, TGF-β1, and VEGF) quantification of NBM and DBM (g). (**, p <



Fig. 2. Gelation and rheological properties of injectable DBM hydrogel (hDBM). Tube inversion test confirmed the gelation of thermosensitive hDBM after exposure at
37 �C (a). Representative curve of turbidimetric gelation of hDBM (b), change in viscosity at different shear rate (c), and change in shear stress of hDBM with respect to
time (d). Growth factors (BMP-2, TGF-β1, and VEGF) quantification of hDBM (10 mg/ml) (e).
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These results suggested that the use of thermo-sensitive gelation-
forming hDBM improves injection performance, allowing samples to be
easily applied to defects. And residual growth factors in hDBM could
promote bone healing.

3.3. Microstructure of graft samples

In the present study, a combination of DBM and TCP has been pre-
pared, which would probably create a composite with improved osteo-
conductivity and osteoinductivity. TCP powder and TCP granules (each
15 w/v %) were applied in hDBM and DBM. Fig. 3a–c shows the
microstructure of DBM, pTCP and gTCP. Fig. 3d–g represents the pho-
tographs of hDBM, hDBM/DBM, hDBM/DBM/pTCP, and hDBM/DBM/
gTCP grafts preparedwith an injectable type that provides easy-to-handle
implants. Those graft types were made possible by the loading of thermo-
sensitive hDBM.

Microstructure of lyophilized samples of hDBM, hDBM/DBM, hDBM/
DBM/pTCP, and hDBM/DBM/gTCP were investigated to confirm the
morphology and distribution of hDBM, DBM, and TCPs (Fig. 3h–k). The
hDBM showed typical hydrogel morphologies of fibrous ECM structures
in all bone-graft samples as indicated in yellow arrows. Also, DBM, pTCP,
and gTCP of distribution (red arrows, blue stars, and green dotted line,
respectively) were found among hDBM nanofibers that appeared to
interconnect pores. The high magnification images of hDBM and DBM
revealed distinctively smooth surfaces (Fig. 3h-I, SI:Fig SI.2a). It was
found that the micron-sized pTCP was well distributed within composite
DBM and hDBM (Fig. 3j, SI:Fig SI.2b) and gTCP exhibited a granular
structure including micropores without any irregularities (Fig. 3k).

3.4. Cell viability and cell proliferation

To assess the cytocompatibility of hDBM, hDBM/DBM, hDBM/DBM/
pTCP, and hDBM/DBM/gTCP grafts, the samples were seeded with pre-
osteoblast cells (MC3T3-E1). For cellular viability and proliferation, the
MTT assay was evaluated after 1, 3, and 7 days of incubation (Fig. 4a).
The cell viability showed no significant differences between the hDBM,
hDBM/DBM, hDBM/DBM/pTCP, and hDBM/DBM/gTCP samples.

The cellular proliferation was also evaluated by using confocal
5

microscope imaging showing the f-actin (green) and Hoechst (blue) ex-
pressions of the seeded cells after 1, 3, and 7 days of incubation (Fig. 4b).

The results showed that the number of seeded cells increased over
time, and cells were connected to each other on all scaffolds during the
culture periods. The hDBM and DBM provided an ECM environment,
which could support cell proliferation and differentiation [25]. ECM is
important for cell growth and vascularization eases the passage of nu-
trients [26,27]. Also, earlier studies showed that TCP leads to excellent
cellular attachment and migration [28]. These results indicated that the
loading of TCP and soluble ECM components retained in DBM and DBM
hydrogel-based samples facilitated suitable cellular niches for cell-cell
interaction and migration.

3.5. Western blot analysis

To examine the effect of hDBM, hDBM/DBM, hDBM/DBM/pTCP, and
hDBM/DBM/gTCP bone grafts on osteogenic differentiation, each sam-
ple was cultured with MC3T3-E1 cells under osteogenic-differentiation
medium conditions for 7 and 14 days (Fig. 5a). COL1 and Runx2 ex-
pressions were evaluated for an early-stage of osteogenic differentiation
marker [29,30]. As shown in Fig. 5b, only COL1 was equally expressed in
all experimental groups at 7 days and 14 days. hDBM/DBM/pTCP and
hDBM/DBM/gTCP, which consist of TCP, RUNX2 was highly expressed
at 7 days and 14 days (p < 0.001) (Fig. 5c). The explanation of these
phenomena lay in the increasing ability of the hDBM/DBM/pTCP and
hDBM/DBM/gTCP samples to release calcium and phosphorus ions into
the medium. The existence of the calcium phosphate helped in better
mineralization by means of RUNX2 expression and hence induced dif-
ferentiation of pre-osteoblast cells [31,32]. Moreover, since the release of
calcium and phosphorus ions was higher in pTCP (SI:Fig SI.1) than in
gTCP, hDBM/DBM/pTCP showed higher expression of RUNX2 compared
with hDBM/DBM/gTCP. The presence/release of calcium phosphates
plays essential roles in cell adhesion and tissue formation by affecting the
adsorption of extracellular matrix proteins on the surface [16]. Their
properties also influence bone regeneration by affecting newly formed
bone minerals [32].

The expression of OPN is mainly associated with bone metabolism
and remodeling and relatively late-stage osteogenic differentiation [33].



Fig. 4. Cell viability of bone grafts were determined by MTT assay (a) and cell proliferation behavior (b) after an incubation of 1, 3, and 7 days. F-actin and nucleus are
expressed by green and blue colors, respectively. (n.s: not significant). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 3. Scanning electron microscopy (SEM) images for DBM (a), pTCP (b), and gTCP (c). Injectable hDBM (d), hDBM/DBM (e), hDBM/DBM/pTCP (f), and hDBM/
DBM/gTCP (g) bone grafts and its SEM images of hDBM (h), hDBM/DBM (i), hDBM/DBM/pTCP (j) and hDBM/DBM/gTCP (k). (yellow arrows, hDBM; red arrows,
DBM; blue stars, pTCP; green dotted line, gTCP). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Its expression showed higher values in the hDBM, hDBM/DBM,
hDBM/DBM/pTCP, and hDBM/DBM/gTCP groups than in the control at
14 days (p < 0.001) (Fig. 5D). The reasons can be inferred from the
exposure of growth factors in all experimental samples. B. Zhao et al.
6

reported that OPN is stimulated by growth factors such as BMP2 to
promote differentiation for osteoblasts [34]. As indicated above, residual
BMP-2 levels in DBM and hDBM were measured. Exposed BMP-2 might
promote osteogenic biomolecules and improve osteogenic



Fig. 5. Osteogenic differentiation-related protein expressions in MC3T3E-1 cells. Evaluation of COL1, RUNX2, and OPN expressions by western blot analysis (a) and
their quantification analysis of COL1 (b), RUNX2 (c), and OPN (d). (C, without samples; H, hDBM; HD, hDBM/DBM; HDpT, hDBM/DBM/pTCP; HDgT, hDBM/DBM/
gTCP) (n.s, not significant; ***, p < 0.001).
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differentiation. These findings indicate that TCP-loaded hDBM/DBM
bone grafts could contribute to bone regeneration.
3.6. Micro-CT analysis

To analyze the in-vivo bone formation, we implanted hDBM, hDBM/
DBM, hDBM/DBM/pTCP, and hDBM/DBM/gTCP grafts using the rabbit-
femur defect model for 1 month and 2 months. Bone defects 6 mm in
diameter and 5 mm in length were created in the femoral bones of the
rabbit and then implantedwith the different scaffolds, as shown in Fig. 6a
and b.

The new bone formation of the different bone grafts was evaluated by
3D micro-CT image analysis. New bone formation was measured by
quantitative analysis of percentages of bone volume in total tissue vol-
ume (BV/TV, %). As shown in Fig. 6c, no significant differences were
Fig. 6. Images showing femur defect site in rabbit (a), and implantation of bone graft
tissue volume (BV/TV, %) for each sample (c). 3D reconstructed micro-CT images of
months (d). Light blue indicates newly formed bone and yellow indicates materia
interpretation of the references to color in this figure legend, the reader is referred
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observed in any experimental group 1 month after implantation. At 2
months after implantation, the percentages of BV/TV were 23 � 8.1%,
36.1 � 0.7%, 24.6 � 3.9%, and 45.2 � 6.3% in hDBM, hDBM/DBM,
hDBM/DBM/pTCP and hDBM/DBM/gTCP, respectively. Interestingly,
the highest BV/TV percentage was in the hDBM/DBM/gTCP implanted
samples, whereas hDBM/DBM/pTCP showed the lowest values (p <

0.05) except hDBM.
The reconstructed micro-CT images (Fig. 6d) indicated that hDBM/

DBM/gTCP implantation after 2 months showed an increase in bone
formation at the defect site compared to 1 month. On the other hand,
hDBM/DBM/pTCP showed a pattern in which the defect site increased
with the empty area found wider at 2 months than at 1 month. This
finding confirms that the hDBM/DBM/gTCP bone transplant has the
potential for bone regeneration.

Surprisingly, our findings were different from our hypothesis by
s in defect (b). Quantitative analysis of regenerated bone volume fraction in total
implanted femur bone region after bone grafts implantation for 1 month and 2
ls. (n.s, not significant; *, p < 0.05; **, p < 0.005; scale bar ¼ 1 mm). (For
to the Web version of this article.)
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means of DBM and TCP combination. The hDBM/DBM/pTCP and hDBM/
DBM/gTCP may have influenced the defect sites by different mecha-
nisms. Micro-CT analysis has limitations in distinguishing between
implanted grafts and newly formed bone; therefore, it was further eval-
uated by histological analysis.
3.7. Histological analysis

To evaluate the new bone formation, we used H&E staining of the
different implanted grafts (Figs. 7 and 8). In the hDBM implantation, new
bone formation was initiated but mostly filled with bone-marrow-like
structures even after 2 months. Although hDBM had residual growth
factors, this was insufficient for bone growth. (Fig. 7a, e).
Fig. 7. Histological analysis of the hDBM (a, e), hDBM/DBM (b, f), hDBM/DBM/pTC
month and 2 months after implantation. (dot box, graft implanted site; black arrows,
the references to color in this figure legend, the reader is referred to the Web versio

Fig. 8. Hematoxylin & eosin (H&E) stained images of the hDBM/DBM/pTCP and hD
after implantation. Images showed the DBM with empty lacunae in hDBM/DBM/pTC
months implantation of hDBM/DBM/pTCP (e, f) and hDBM/DBM/gTCP (g, h) grafts
bar: low magnification ¼ 200 μm; high magnification ¼ 50 μm) (arrows, empty lacun
arrows, osteoblast). (For interpretation of the references to color in this figure legen
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The hDBM/DBM implanted site was filled with un-resorbed DBM
after 1 month of implantation (Fig 7b). After 2 months of implantation,
small amounts of newly formed bone appeared with the thin trabecular
bone structure (Fig. 7f). Due to the early resorption of DBM, its scaf-
folding role cannot be expected until sufficient bone formation occurs.
This phenomenon is usually found as a subsidence of dental implants in
the clinical field when DBM has been implanted alone [35].

In hDBM/DBM/pTCP and hDBM/DBM/gTCP, which were loaded
with synthetic TCP, implanted DBM was found with empty lacunae, as
indicated by black arrows at both grafts (Fig. 8a–d). Interestingly, hDBM/
DBM/pTCP implanted site was filled with dense fibrous tissue, which was
similar in structure to fibrous dysplasia after 2 months of implantation
(Fig. 8e and f). On the other hand, the hDBM/DBM/gTCP implanted site
P (c, g), and hDBM/DBM/gTCP (d, h) bone grafts in the femur defect model at 1
collapsed tissue; yellow arrows, gTCP; scale bar ¼ 1 mm). (For interpretation of
n of this article.)

BM/DBM/gTCP bone grafts in the femur defect model at 1 month and 2 months
P (a, b) and hDBM/DBM/gTCP (c, d) grafts implanted areas at 1 month. After 2
showed fibrous dysplasia-like structures and bone formation, respectively. (scale
ae; arrow heads, osteocyte; star, degraded gTCP; blue arrows, resorbed DBM; red
d, the reader is referred to the Web version of this article.)



Fig. 9. Masson's trichrome stained images showed the areas of demineralized bone matrix (red-stained areas) and collagen distributions (blue-stained areas) in the
hDBM/DBM/pTCP (a, c) and hDBM/DBM/gTCP (b, d) implanted areas at 1 month and 2 months after implantation. (scale bar ¼ 100 μm). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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revealed new bone formed with osteoblasts and osteocytes with the
degraded gTCP (Fig. 8g and h).

Masson-Trichrome staining was also carried out after 1 month and 2
months of implantation for hDBM/DBM/pTCP and hDBM/DBM/gTCP
grafts, as indicated in Fig. 9a–d. The DBM is shown in each implanted site
in red colored areas, and newly grown bone is represented in blue color
after 2 months of implantation. Newly formed bone is shown in the
hDBM/DBM/gTCP implanted site in blue within the bone marrow,
whereas the hDBM/DBM/pTCP showed resorbed DBM and collagen
Fig. 10. Representative immunohistochemical 30-Diaminobenzidine (DAB) staining im
at 1 month (a–b) and 2 months (c–d) after implantation. (Scale bar ¼ 100 μm).
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fibers, as can be found in fibrous dysplasia-like structures.
As mentioned above, there are limitations to the use of DBM alone as

a bone graft, because of the early resorption caused by the lack of calcium
and phosphate. Therefore, a material that can serve as a scaffolding for
the defect area is also required. As expected, the mixture of DBM and TCP
exhibited excellent bone formation by a synergistic effect, which in our
case corresponds to the hDBM/DBM/gTCP graft. In our previous study,
gTCP showed excellent bone formation after 6 months in a rabbit-femur
defect model [18]. Multichannel porous gTCP provided sufficient
ages of CD68 in the hDBM/DBM/pTCP and hDBM/DBM/gTCP implanted areas
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scaffolding to allow bone formation. Interestingly, compared to 6 months
after implantation of gTCP, hDBM/DBM/gTCP graft showed better bone
formation within 2 months after implantation. The result indicated that
gTCP has a synergistic effect while mixed with DBM and hDBM, which
have osteoinductive properties due to the presence of growth factors.

However, the pTCP results were not as expected. According to our
results, fibrous dysplasia-like structures were observed at the hDBM/
DBM/pTCP implanted site, which showed collagen fibers and fibrous
tissues. Fibrous dysplasia is an uncommon bone disease in which normal
bone marrow is replaced by fibrous bone tissue, causing bone deformity,
fracture, and pain [36]. There are few reports to support our findings.
Harris WH et al. reported that wear particles cause aseptic loosening in
the total hip-joint replacement and induce bone resorption and osteolysis
by means of induced phagocytosis of macrophages [37]. Moreover,
Tobias Lange et al. showed that micron-sized TCP particles could induce
the production of pro-inflammatory cytokines, and TCP particles could
lead to particle-induced inflammation [38].

To investigate inflammatory reactions, DAB staining has been
Fig. 11. Hematoxylin & eosin (H&E) staining images of osteoclast found in bone g
hDBM/DBM/pTCP (b) and hDBM/DBM/gTCP (c). Yellow arrows indicate osteoclast.
legend, the reader is referred to the Web version of this article.)

Fig. 12. Cellular mechanisms according to powder and granular morphology of trical
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performed to evaluate macrophage expression on the hDBM/DBM/pTCP
and hDBM/DBM/gTCP implanted sites after 1 month and 2 months of
implantation. As shown in Fig. 10, the expression of CD68 was indicated
by its brown color. CD68 is a protein that can be highly expressed by cells
in the monocyte lineage, for example, macrophages, which are a proin-
flammation marker [39]. The hDBM/DBM/pTCP showed higher ex-
pressions of CD68 than that of the hDBM/DBM/gTCP at 1 month and 2
months. In particular, CD68 was strongly expressed throughout the
fibrous tissue in hDBM/DBM/pTCP. The results showed that macro-
phages were induced in response to TCP powder in hDBM/DBM/pTCP
grafts.

The histopathological differences between hDBM/DBM/pTCP and
hDBM/DBM/gTCP can be explained via schematic illustration in Fig. 12.
As expected from the above results, different cellular mechanisms were
followed by the pTCP and gTCP. In the initial stage of implantation, a
foreign body reaction begins in defect sites [40]. Subsequently, macro-
phages and osteoclasts were induced as an inflammatory response [41,
42]. In hDBM/DBM/pTCP, osteoclasts played the role in the resorption of
raft samples containing DBM at 1month after implantations of hDBM/DBM (a),
(Scale bar ¼ 50 μm). (For interpretation of the references to color in this figure

cium phosphate in injectable demineralized bone matrix particles and hydrogels.
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DBM (Fig. 11) andmacrophages were activated to eliminate TCP powder.
Because of the high expression of macrophages, the normal healing
process did not take place. Eventually, the induced macrophages stimu-
late fibrosis by secreting cytokines leading to the formation of fibrous
tissue [43]. In addition, the TCP powder was removed by macrophages
and formation of fibrous dysplasia-like structure took place instead of
bone formation.

In the case of hDBM/DBM/gTCP, osteoclasts and macrophages were
also induced by the inflammatory response, but those cells affect only the
resorption of DBM. In addition, the DBM performs the intrinsic osteoin-
duction mechanism by releasing growth factors such as BMP2 by means
of DBM resorption [44]. Even with the DBM resorbed, gTCP acted as a
scaffold at the defect site until the new bone perfectly occurred. In
addition, appropriate degradation of gTCP provided an environment
where calcium and phosphate were released on a sustainable basis.
Porous multi-channel gTCP can also accelerate the process of bone
regeneration by promoting the biological activity of osteoblasts and rapid
angiogenesis [18]. Eventually, with the normal healing process, new
bones were formed along with the presence of osteoblasts differentiated
from pre-osteoblasts.

4. Conclusion

The injectable type of bone graft was prepared using thermosensitive
DBM hydrogel loaded with DBM and TCP to increase its osteoinductivity
and osteoconductivity. Principally, a comparative study was conducted
by mixing different morphologies of TCP (gTCP and pTCP) with hDBM
and DBM respectively. The hDBM/DBM/pTCP and hDBM/DBM/gTCP
showed biocompatibility and highly expressed differentiation markers
such as Runx2 and OPN using a pre-osteoblast cell line. In-vivo studies
showed that hDBM/DBM/gTCP revealed excellent bone formation,
whereas hDBM/DBM/pTCP appeared to be filled with fibrous tissues and
collagen fibers like fibrous dysplasia structure after 2 months of im-
plantation. Macrophage activation was confirmed by the high expression
of the CD 68 marker for hDBM/DBM/pTCP. The results confirmed that
hDBM/DBM/gTCP might induce new bone formation as a scaffolding
role of gTCP. In addition, gTCP exhibited a synergistic effect on bone
formation by loading growth factors containing DBM/hDBM. However,
hDBM/DBM/pTCP caused inflammation by pTCP-induced macrophages,
resulting in a fibrous dysplasia-like structure. This finding could be used
as guidelines for the study of DBM and TCP mixture grafts.
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