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Abstract. Background/Aim: This study aimed to prospectively
compare the osteogenesis of bone powder (BP) substances with
and without mesenchymal stem cells (MSCs) and evaluate the
synergistic effect of topically applied recombinant human bone
morphogenic protein-2 (BMP2) on MSC-loaded BP using
fibrin glue in a mastoid obliteration model. Materials and
Methods: To determine the expression of osteocyte-specific
genes, total RNA was isolated from three MSC groups:
Untreated MSCs, MSCs cultured with BP, and MSCs cultured
with BP and BMP2. Real-time polymerase chain reaction was
carried out with specific primers of osteogenesis-related
genes runt-related transcription factor 2, osteocalcin,
osteoprotegerin, osterix, alkaline phosphatase, transforming
growth factor beta, and type I collagen. Live/dead staining
was also performed. To observe the adhesion of MSCs to the
BP, MSCs were treated with BP for 2 days and the surface
was observed by scanning electron microscopy (SEM). Under
general anesthesia, mastoid obliteration was performed in
rats using three groups: treated with BP alone, BP/MSCs, and
BP/MSC/BMP?2. Before decapitation at 8 weeks post operation,
in vivo micro computed tomography (micro CT) was
performed. The bullae were dissected, fixed, and decalcified.
followed by dehydration, paraffin embedding, and staining by
hematoxylin and eosin and Masson’s trichrome. Results: SEM
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showed the MSCs to be well-attached to the superficial area of
the BP. The expression of osteocyte-specific genes was the
highest in the MSCs cultured with BP and BMP2, followed by
cultured with BP only, and untreated MSCs. The
BP/MSC/BMP2 group showed the highest radiodensity of
bullae in microCT analysis. The microCT findings revealed that
the BP/MSC/BMP2 group showed the most enhanced
osteogenesis of the scaffold compared to the other two groups.
No significant difference was found in osteoconductive
osteogenesis between the control and BP/MSC groups.
However, the BP/MSC/BMP2 group showed significantly
enhanced osteoconductive osteogenesis and osteoinductive
change of the BP as shown by hematoxylin and eosin staining.
Histomorphometry of osteogenesis revealed that the difference
between the BP/IMSC/BMP2 group and the other two groups
was statistically significant. Conclusion: A small amount of
BMP?2 is necessary during MSC loading to enhance the
osteogenesis of BP and avoid complications associated with
high doses of BMP2. These results may be applicable to
mastoid obliteration in clinical practice.

The primary goal of surgical treatment for cholesteatoma or
chronic active otitis media is the complete removal of the
cholesteatoma and prevention of recurrence. Following canal
wall-down tympanomastoidectomy, obliteration of the
mastoid and epitympanic spaces can be performed using
autologous material such as autologous tissues (1-6),
homograft materials (4, 7, 8), or biocompatible materials (8-
11). Among autogenous tissues, bone powder (pate) can
easily be used if the surgeon can collect bone pate during
mastoidectomy (1, 12, 13). However, it is difficult to collect
sufficient bone powder during revision surgery or extended
cholesteatoma. In this situation, demineralized bone powder
(BP) can also be used instead of autogenous bone powder.
Demineralized BP is different from demineralized bone
matrix with regard to size and porosity. It has been used as
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Table 1. Oligonucleotides used for quantitative polymerase chain reaction.

Gene Encoded protein Forward primer (5°—3’) Reverse primer (5°—3’) number Gene accession
RUNX2 Runt-related transcription TCTGACCGCCTCAGTGATTT TGCCTGGGGTCTGTAATCTG NM_001024630
factor 2 isoform B
OCN Osteocalcin preproprotein CACCGAGACACCATGAGAGC CTGCTTGGACACAAAGGCTGC NM_199173.6
0OSX Transcription factor SP7 isoform  AGGAGGAAGTTCACTATGGCTC TAAAGGGGGCTGGATAAGCATC NM_001173467.3
ALP Alkaline phosphatase, GCACCATGAAGGAAAAGCCA TGTGAAGACGTGGGAATGGT NM_000478
tissue-nonspecific isozyme
isoform 1 preproprotein
TGFB Transforming growth factor CAAGTGGACATCAACGGGTTC  TCCGTGGAGCTGAAGCAATAG NM_000660.7
beta-1 proprotein preproprotein
COLI1A1 Collagen alpha-1(I) chain CTGGAAGAGTGGAGAGTACTGG  GGAATCCATCGGTCATGCTCT NM_000088.3
preproprotein
ACTB B-Actin, cytoplasmic 1 ATCCGCAAAGACCTGTACGC TCTTCATTGTGCTGGGTGCC NM_001101

an osteoinductive biomaterial for enhancing osteogenesis in
long bones and dental implants for maxillary sinus floor
augmentation (14, 15). The BP collected by the sheet
collector during mastoidectomy contains minerals. However,
mastoid obliteration has the following limitations. The
osteogenesis of obliterated BP is very slow. In our
experience, even after 1 year, the temporal bone will have
bone density much lower than that of the surrounding normal
bone. Therefore, osteoinduction is necessary to promote BP
osteogenesis. One of the methods for enhancing
osteoinduction of BP is loading mesenchymal stem cells
(MSCs) into the BP.

MSCs can be differentiated into several cell types, such as
osteoblasts, myoblasts, neural cells, and chondrocytes (16).
To date, the efficacy of BP with MSCs in mastoid
obliteration is poorly understood. With regard to anatomical
structure, the mastoid cavity is different from that of
calvarial bone or long bone defects in which neighboring
bone marrow is present close to the bone defect. Therefore,
after mastoid obliteration, the healing time for osteogenesis
takes longer than that expected. We hypothesized that using
BP with MSCs might improve osteogenesis following
mastoid obliteration.

Fibrin glue, fibrinogen, and thrombin are isolated from
blood and enable the fabrication of completely autologous
and inexpensive scaffolds. They are bioactive glues
commonly used during surgery and serve as natural
scaffolds, suitable for MSCs and biomolecule delivery
systems (17, 18). Bone morphogenic protein 2 (BMP2) a
member of the transforming growth factor family.
Recombinant human BMP?2 is approved by the US Food and
Drug Administration and is clinically available. However,
clinical application of high doses of BMP2 resulted in
unexpected side-effects (19) Therefore, if a small amount of
BMP2 has a synergistic effect on the osteogenesis of MSC-
seeded BP, it can be considered an ideal combination.
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This study aimed to prospectively compare the
osteogenesis of BP substances with and without human
MSCs and evaluate the synergistic effect of topically applied
recombinant human BMP2 on MSC-loaded BP using fibrin
glue in a rat mastoid obliteration model.

Materials and Methods

Scaffold preparation and MSC treatment. Demineralized BP
(Cellumed Co., Seoul, Republic of Korea) was used. Fibrin glue was
obtained from a Greenplast kit (Green Cross Corp., Seoul, Republic
of Korea). To fabricate MSC-loaded BP, human bone marrow-derived
MSCs (CEFO, Cell Engineering for Origin, Korea) were cultured in
growth medium containing low glucose Dulbecco’s modified Eagle’s
medium (Gibco, USA) supplemented with 1% penicillin, 1%
streptomycin, and 10% fetal bovine serum (FBS; Gibco). MSCs (5~
104 cells/24-well plate) were then seeded onto culture dishes
containing BP (1.5 mg) and cultured for 2 days. After 24 h of seeding,
the cells were treated with 100 ng/ml recombinant human BMP2
(CowellMedi Co., Pusan, Republic of Korea) and incubated for an
additional 24 h in a humidified CO, incubator maintained at 37°C.

In vitro study. In order to determine the expression of osteocyte-
specific genes runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), osteoprotegerin (OPG), osterix (OSX), alkaline
phosphatase (ALP), transforming growth factor beta (TGFB), type
I collagen (COLIAI) in osteogenesis using BP, total RNA was
isolated from three MSC groups: Untreated MSCs, MSCs cultured
with BP, and MSCs cultured with BP and BMP2, using RNeasy
Mini Kit (Qiagen Co., Hilden, Germany). Synthesis of cDNA
samples was carried out using 200 ng of each total RNA
(PrimeScript II 1t Strand cDNA Synthesis Kit; TAKARA, Tokyo,
Japan). The quantitative polymerase chain reactions were performed
with specific gene primers using Power SYBR Green PCR Master
Mix (Applied Biosystems, Carlsbad, CA, USA). Each value was
normalized to the expression of f-actin. All the primers were
produced by GenoTech (GenoTech Corp., Daejeon, Republic of
Korea) and are summarized in Table I.

For live and dead staining, MSCs cultured with bone powder
were washed with phosphate-buffered saline (PBS). Then MSCs
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Figure 1. Surface detail revealed by scanning electron microscopy (A) and fluorescent microscopy. A: On day 3, mesenchymal stem cell (MSC)-loaded
bone powder (BP) scaffold shows MSCs on the surface and the very superficial parts of the BP (arrows). B: Live/dead staining. Both BP and BP/bone
morphogenic protein 2 (BMP2) group showed live MSCs attached to the surface. Dead cells (red color by propidium iodide) were not found.

were stained with 1:1,000 diluted Hoechst 33342 (blue color for live
cell staining; Molecular Probes Inc. MA, USA) and 1 pg/ml
propidium iodide (red color for dead cell staining; Molecular Probes
Inc.) in PBS for 15 min. The stained cells were visualized under a
fluorescence microscope (Nikon Eclipse 80Ti microscope, Nikon,
Japan) for qualitative testing of live and dead cells.

Scanning electron microscopy (SEM) to confirm the adhesion of MSCs
to BP. To observe the adhesion of MSCs to BP, MSCs were treated with
and without BP and incubated for 2 days. The cells were then fixed
overnight using 2.5% glutaraldehyde solution and subjected to serial
dehydration using an alcohol solution. The BP and BP/MSC samples
were dried and sputter-coated with platinum. The surface images were
evaluated using an S-4700 field emission scanning electron microscope
(FE-SEM; Hitachi, Tokyo, Japan). The SEM measurements were for
performed in accordance with the manufacturer’s instructions.

Surgical procedure for mastoid obliteration in a rat model. Before
in vivo implantation of BP/MSC/BMP2 (group II), 40 ml of BMP2

(250 mg/ml) was pipetted onto the MSCs on BP after removal of
the culture medium, and left for 5 min to penetrate then the
BP/MSC layer was coated by fibrin glue, which was also applied to
the other groups. In the BP/MSC/BMP2 group, it was topically
applied with the aid of a collagen sponge with BMP2, easily
adhered to the MSC-loaded BP scaffold.

Animal experiments were approved by the Institutional Animal
Care and Use Committee of the University Medical School (Permit
Number: TACUC-H-2018-57). A total of 15 healthy Sprague-
Dawley rats weighing 200-250 g (Samtakobio, Suwon, Kyungki,
Republic of Korea), with normal tympanic membranes and Preyer’s
reflex were used in this study. The tympanic membrane of rats was
examined using otomicroscopy. To prepare rat bullae for receiving
the BP (control group), BP/MSC (group I), and BP/MSC/BMP2
(group II), periauricular hairs were shaved and antiseptic painting
was performed using povidone solution under general anesthesia
was induced by isoflurane inhalation. Prior to incision, dental
lidocaine (1:100,000) was administered around the auricle. A skin
incision was made around the auricle to expose the right bulla. The
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Figure 2. The expression of osteocyte-specific genes in bone powder substances with mesenchymal stem cells (MSCs) was used to evaluate the synergistic
effect of topically applied recombinant human bone morphogenic protein-2 (BMP2). Control: MSCs alone. BP: Bone powder with MSCs. BP+BMP2:
Bone powder with BMP2 and MSCs. The gene expressions of the BP group were compared with those of the control and those of the BM+BMP2 group
with the BP group. RUNX2: Runt-related transcription factor 2 isoform B; OCN: osteocalcin preproprotein; OSX: transcription factor SP7 isoform;
ALP: alkaline phosphatase, tissue-nonspecific isozyme isoform 1 preproprotein; TGFB: transforming growth factor beta-1 proprotein preproprotein;
COLIAI: collagen alpha-1(I) chain preproprotein. Data are the mean+SD (n=4). *Significantly different at p<0.05 by t-test.

subcutaneous tissue was dissected by a fine dental periosteal
elevator and the blood was coagulated by portable cordless bovie
(Pocket Cautery, Pioneer Co., Canterbury, UK). The lateral wall of
the bulla cavity was opened by drilling and flushed with PBS to
remove bone dust in the bulla cavity as residual bone dust can
interfere with bone formation as an artifact. The bulla was filled
with BP/fibrin glue (control group, n=5), BP/MSC/fibrin glue (n=5),
or BP/MSC/BMP2/fibrin glue (n=5). The skin incision was sutured
by autoclip (Jeung Do Bio & Plant co, Seoul, Republic of Korea).

In vivo microCT evaluation. To assess new bone formation, rats in
each group were sacrificed by decapitation 8 weeks after bulla
obliteration. Before decapitation, in vivo microCT evaluation was
carried out using a Quantum GX pCT imaging system (PerkinElmer,
Hopkinton, MA, USA) at Korea Basic Science Institute (KBSI,
Gwangju, Republic of Korea). The X-ray source was set at 90 kV/80
UA with a field of view of 45 mm (voxel size: 90 um, scan mode:
high resolution, scan time: 4 min) and an approximate dose (X-ray)
of 162 mGy radiation per scan. To quantify and objectively compare
the amount of mineralization by osteogenesis, we cropped the
obliterated bulla from the axial microCT images and visualized the
central portion of each scaffold. From the axial microCT image, we
measured the mean grey values (Hounsfield units) using Imagel
1.52a (National Institute of Health, Bethesda, MD, USA).

Histopathological evaluation. The decapitation was performed 8
weeks after the surgery. The bullae were harvested and fixed in
10% formalin solution. All bullae were decalcified using 10%
EDTA solution. After decalcification, each bulla was dissected
using a surgical knife and the gross appearance of the implanted
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scaffold was observed using a stereomicroscope. After observing
the gross appearance, serial dehydration was performed using
alcohol, followed by paraffin embedding. The sections were
stained using hematoxylin-eosin (HE) and Masson’s trichrome
(MT) stain. The density of osteogenesis obtained by MT staining
was quantified using Image] program and compared between
groups.

Statistical analysis. The statistical analysis was initially performed
using ANOVA and significant differences were resolved by the
Tukey’s test. Differences were considered statistically significant
when p-values were less than 0.05.

Results

Surface characteristics by SEM and live/dead staining. The
SEM result showed the MSCs to be well-attached to the
superficial area of the BP (Figure 1, indicated by arrows).
According to live and dead staining, cells in all the groups
were well-attached to the BP and mostly alive in the BP/MSC
and BP/MSC/BMP2 groups (Figure 1B). No dead cells were
detected by propidium iodide staining (data not shown).

Expression of osteocyte-specific genes. Expression of OSX,
COLIAI and RUNX2 genes was increased in both BP/MSC
and BP/BMP2 groups compared with the control group
(MSCs alone). OSX gene expression was highest compared
with the control group. Expression of OSX, COLIAI, and
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Figure 3. Micro-computed tomographic radiodensity of bone measured by the Hounsfield scale revealed that the group in which bullae were obliterated
with bone powder with mesenchymal stem cells and recombinant human morphogenic protein-2 (BP/MSC/BMP2) had significantly higher radiodensity
than the BP or BP/MSC groups. No significant difference was observed between the BP and BP/MSC groups. *Significantly different at p<0.05.

OCN genes was found to increase more in the BP/BMP2
group than the BP/MSC group (Figure 2).

Post-operative complications. All rats recovered from general
anesthesia after the operation. None of the rats showed any
wound infection or post-operative complications.

Evaluation of microCT results. Micro-CT imaging revealed
that the BP was uniformly distributed in the bulla cavity in
all the groups. With regard to radiodensity/radiopacity,
which reflects mineralization, microCT revealed
insignificant differences between the BP and BP/MSC
groups. However, the radiodensity was significantly higher
in the BP/MSC/BMP2 group than in the control and
BP/MSC groups. Osteogenesis was evident in the interface
area between the host bone and scaffold. The Hounsfield
scale, measured using ImageJ, showed the differences
between the BP/MSC/BMP2 group and the control and
BP/MSC groups were significant (Figure 3).

Histological results. It was difficult to find any differences in
osteoconductive osteogenesis between the control and
BP/MSC groups. However, the BP/MSC/BMP2 group showed
significantly enhanced osteoconductive osteogenesis and
osteoinductive change of the BP as shown by HE staining.
Histomorphometry revealed a statistically significant
difference between the BP/MSC/BMP2 group and the other
two groups (p<0.05) (Figure 4A). Enhanced osteoconductive
osteogenesis in the BP/MSC/BMP2 group was also supported
by MT staining. The increased intensity of blue in MT staining
as measured by Image J indicated enhanced osteogenesis
(Figure 4B). The intensity of the blue staining was statistically
higher in the BP/MSC/BMP2 group than in the control and
BP/MSC groups (p<0.05).

Discussion

To date, three BPs are commercially available for surgery:
Homograft cortical BP, cancellous BP, and demineralized BP.
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Figure 4. Changes in osteogenesis in bullae obliterated with bone powder (BP) alone and with mesenchymal stem cells (MSC) and recombinant
human bone morphogenic protein-2 (BMP2). A: Histological results from hematoxylin and eosin staining showed BM/MSC/BMP?2 significantly
enhanced formation of new bone and osteoinductive change of the BP to mature bone compared to both the BP and BP/MSC groups.
Histomorphological findings showed a mild, non-significant increase in the BP/IMSC group compared with the BP group. In contrast, the
BP/MSC/BMP2 group showed a significant increase compared to the other two groups. B: Masson’s trichrome staining results were similar to those
of HE staining; the blue color indicates newly formed bone collagen tissue and its intensity was measured using ImageJ. The color threshold
increases with the intensity/brightness of the blue color. Its intensity was significantly higher in the BP/MSC/BMP2 group than in the other two

groups. Original magnification, x 100. *Significantly different at p<0.05.

It is well known that the majority of antigenic substances
present in demineralized BP are removed during the
demineralization process. Therefore, demineralized BP does
not evoke the host immune response (4). Consequently, we did
not observe any inflammatory reaction throughout the
histopathological examination. In this study, we compared
osteogenesis among three groups. The quantitative polymerase
chain reaction analysis of osteocyte-related genes showed
increased expression in BP/MSC and BP/MSC/BMP2 groups.
However, no significant difference was shown between
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BP/MSC and BP/MSC/BMP2, suggesting that MSCs grown
on BP were stimulated into osteogenic differentiation, while
BMP2 treatment did not significantly stimulate or disrupt
differentiation in vitro.

Similarly, histological results showed slightly enhanced
osteogenesis in the BP/MSC group. However, contrary to our
expectations, we did not observe any significant acceleration
of osteogenesis in the BP/MSC group in microCT. The
BP/MSC/BMP2 group showed significant improvement in
osteogenesis. Theoretically, osteoinductive materials are
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believed to exist in demineralized BP but they are estimated
to be present in extremely limited quantities. In this in vitro
study, the expression of bone differentiation-related genes in
the BP/MSC/BMP2 group was found to be lower than that
expected. This difference can be attributed to the amount of
BMP2 used in the in vitro and in vivo experiments.

During MSC loading, BP, cell density, and hydrophilic
properties, volume, and surface of the scaffold play
important roles in the attachment and distribution of MSCs
in the scaffold (20). Interconnectivity with sufficient
porosity is very important for cell penetration into the
scaffold (21). In the present study, we identified MSCs as
being well-attached to the surface of the BP, exhibiting a
good survival state as suggested by the SEM and live/dead
staining results.

In the present study, we used fibrin glue in all the groups
to prevent the detachment of MSCs from the BP. As a
bioadhesive, fibrin glue also facilitates surgical handling
during mastoid obliteration and adhesion to the walls of the
bulla cavity in the rat. Moreover, it improved the stability of
the MSCs attached to the surface of the BP during the
experiment and enhanced topical drug application to the
scaffolds (22). BMPs act on the differentiation of MSCs into
osteoblasts and are important during osteogenesis. According
to Marden et al., recombinant human BMP2 reconstituted
with collagenous bone matrix induced more bone formation
than did collagenous bone matrix alone or demineralized
bone matrix (23). In addition, Groeneveld et al. reported that
irrespective of implanted demineralized bone matrix or
demineralized BP, new bone formation was most active in
the area adjoining the host bone (24). Consistent with this
result, we observed that the most active new bone formation
in the BP/MSC/BMP2 group occurred at the interface of the
host bone as shown by HE and MT staining. BP/BMP2 alone
can also be used; however, in this case, a larger amount of
BMP2 is required. High doses of BMP2 may lead to
complications such as inflammation (25). Therefore, when
used together with MSCs, the need to use only a small
amount of BMP2 is advantageous.

Conclusion

There is a limitation with the use of MSCs alone in
promoting osteogenesis of BP for mastoid obliteration.
Therefore, we confirmed that a small amount of recombinant
human BMP?2 is necessary during MSC-loading to enhance
osteogenesis of BP and avoid complications associated with
the use of high doses of BMP2. These results may be
applicable to clinical practice for mastoid obliteration.
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