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a b s t r a c t

Introduction: Currently, various kinds of materials are used for the treatment of bone defects. In general,
these materials have a problem of formativeness. The three -dimensional (3D) printing technique has been
introduced to fabricate artificial bonewith arbitrary shapes, but poor bone replacement is still problematic.
Our group has created a b⁻tricalcium phosphate (b⁻TCP) scaffold by applying 3D printing technology. This
scaffold has an arbitrary shape and an internal structure suitable for cell loading, growth, and coloni-
zation. The scaffold was coated with a recombinant collagen peptide (RCP) to promote bone replacement.
As indicated by several studies, cells loaded to scaffolds promote bone regeneration, especially when
they are induced osteoblastic differentiation before transplantation. In this study, culture duration for
bone marrow cells was optimized before being loaded to this new scaffold material.
Method: Bone marrow cells isolated from C57BL/6J mice were subjected to osteogenic culture for 4, 7,
and 14 days. The differentiation status of the cells was examined by alkaline phosphatase staining,
alizarin red staining, and real-time RT-PCR for differentiation markers. In addition, the flow of changes in
the abundance of endothelial cells and monocytes was analyzed by flow cytometry according to the
culture period of bone marrow cells.
Next, cells at days 4, 7, and 14 of culture were placed on a b-TCP/RCP scaffold and implanted subcutaneously
into the back of C57BL/6J mice. Grafts were harvested and evaluated histologically 8 weeks later. Finally,
Cells cultured for 7 days were also transplanted subperiosteally in the skull of the mouse with scaffolds.
Result: Alkaline phosphatase staining was most prominent at 7 days, and alizarin red staining was
positive at 14 days. Real-time RT-PCR revealed that Runx2 and Alp peaked at 7 days, while expression of
Col1a1 and Bglap was highest at 14 days. Flow cytometry indicated that endothelial cells increased from
day 0 to day 7, while monocytes increased continuously from day 0 to day 14. When transplanted into
mice, the scaffold with cells cultured for 7 days exhibited the most prominent osteogenesis. The scaffold,
which was transplanted subperiosteally in the skull, retained its shape and was replaced with regen-
erated bone over a large area of the field of view.
Conclusion: Osteoblasts before full maturation are most efficient for bone regeneration, and the pre-
culture period suitable for cells to be loaded onto a b-TCP/RCP hybrid scaffold is approximately 7 days.
This b-TCP/RCP hybrid scaffolds will also be useful for bone augmentation.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Bone is important as a supporting tissue of the body. Loss of
bone leads to a major decrease in quality of life [1,2]. In the oral and
maxillofacial region, periodontitis, tumors, cysts, and congenital
anomalies are the main causes of bone loss, and treatment is per-
formed to regenerate the lost bone, and use the regenerated bone
as a foundation for subsequent prosthetic treatment [3e5].

Currently, transplantation of autologous bone such as particu-
late cancellous bone and marrow (PCBM) is the gold standard for
the treatment of bone defects. However, the use of autogenous
bone has problems such as increased surgical invasiveness, and
limited collection volume [6,7]. Drugs such as porcine enamel
matrix protein and other biologically-derived preparations [8,9]
have also been used, but are not enough for recovery from large
bone defects. Collagen sponges are also used, while its low
osteoinductive ability and low mechanical strength of the material
make it difficult to use it at the load-bearing site [10,11]. In addition,
use of these xenogeneic materials may cause unknown infectious
diseases and provoke religious issues. On the other hand, artificial
bone made of ceramic materials such as hydroxyapatite [12,13] and
b-tricalcium phosphate (b-TCP) has excellent mechanical strength
and osteoconductivity, and is often used as a substitute for autol-
ogous bone. However, it lacks osteoinductive ability and low bio-
absorbability, making it difficult to obtain bone regeneration
equivalent to autologous bone [14,15].

In addition, it is difficult to provide an arbitrary shape to these
artificial bones. One solution to the problem of formativeness is a
3D printing technique that has been developed with the advance-
ment of computer technology [16e18]. Our group reported the
development of an artificial bone using a 3D printer [19e21]. The
artificial bone fabricated by laminated printing can be made into a
shape suitable for bone defects, which enables a good aesthetic
outcome of surgery. However, this artificial bone shows a very slow
rate of bone replacement, which is attributable to the lack of
endogenous structures for cell invasion or retention, or low
biodegradability [20].

The use of collagen as a scaffolding material enables the
activation of various mechanisms that promote organization
and calcification, and allows the formation of regenerated
bone with the composition and morphological characteristics of
the endogenous bone [22e24]. Furthermore, the addition of
collagen to the b⁻TCP scaffold increases cell adhesion, prolifer-
ation, and matrix synthesis in vitro [25,26] and bone regener-
ation in vivo [27,28]. However, the quality and purity of collagen
derived from animal tissue are uneven. In addition, xenogeneic
materials have the risk of infection by contamination with
non-human proteins or pathogenic materials, and the risk of
immune responses [29].

To overcome these shortcomings, recombinant collagen peptide
(RCP) is used to modify the scaffold surface. The arginine-glycine-
aspartate (RGD) peptide has been shown to promote osteoblast
proliferation, differentiation, and mineralization [30].

Considering these circumstances, we developed a new scaffold
for bone regeneration. The scaffold possesses continuous holes to
inject cells and to induce the migration of host cells, which induces
bone regeneration and scaffold degradation. In addition, the scaf-
fold is coated by the RCP developed by Fujifilm Corporation (Cell
Nest). Cell Nest is rich in the RGD motif, which binds to integrins
and other cell adhesion molecules [31]. Cell Nest is xeno-free and
has high processability and stable production quality [32,33].

In addition, a previous report indicated that bone regeneration
is more effective when scaffolds are loaded with bone marrow cells
pre-cultured under an osteogenic condition [34]. Therefore, to
achieve efficient bone regeneration, we envisioned the use of this
hybrid scaffold material with bone marrow cells subjected to bone
differentiation culture.

Here, we optimized the culture period of bone marrow cells
seeded on the hybrid scaffold. Bone marrow-derived cells
were differentiated for 4, 7, and 14 days to evaluate the relation
between the degree of in vitro differentiation and in vivo osteo-
genic potential, and to determine the appropriate culture period.
Furthermore, bone regeneration in a bone augmentation model
was evaluated.

2. Material and methods

2.1. Approval for animal experiments

All animal experiments were approved by the University of
Tokyo (#P15-091) and conducted according to the Act on the
Welfare and Management of Animals and the Standards Relating to
the Care and Keeping and Reducing Pain of Laboratory Animals
(Notice of the Ministry of the Environment), the Guidelines for
Animal Experiments at the Faculty of Medicine, the University of
Tokyo, and the ARRIVE Guidelines.

2.2. b-TCP/RCP hybrid scaffold

The b-TCP/RCP hybrid scaffold possessing continuous holes was
created in cooperation with Fujifilm Corporation (Fig. 1 a-c).

2.2.1. Ink
After preparing citric acid (anhydrous) and trisodium citrate

dihydrate as 1.2M aqueous solution using distilled water inde-
pendently, the same amounts of both aqueous solutions were
mixed, and the pH was confirmed to be about 3.05.

2.2.2. Powder
Spherical-shaped tetracalcium phosphate (TTCP) particles and

plate-shaped dicalcium hydrogen phosphate dihydrate (DCPD)
particles were mixed at a ratio of 1 mol:2 mol of TTCP: DCPD.

2.2.3. Shaping
The basic structure of the scaffold was fabricated by ZPrinter 310

Plus (Z Corporation, Rock Hill, SC, United States) using the powder
and the ink described above. The stacking height of one layer was
set to 100 mm. The molding was sintered in a muffle furnace at
1100 �C for 2 h.

2.2.4. RCP coating
A 7wt% aqueous solution of RCP was warmed to 40 �C and the

fabricated material was immersed. The material was then placed in
a vacuum desiccator, in which the air pressure was reduced
to �0.09 MPa and returned to atmospheric pressure. The process
was repeated three times or more, and the molded material was
subjected to thermal crosslinking at 148 �C for about 4 h.

2.3. Evaluation of the properties of the scaffold

The density of the scaffold was measured by Archimedes’
method. For the longitudinal compression breakage test of the
scaffold, we used MX2 and digital force gauge ZTA-1000N. The
composition of the scaffold was analyzed using the X-ray
diffraction method. The porosity of the scaffold was evaluated
by the Hg indentation method. The penetration rate of the
aqueous solution into the scaffold was measured for the time to
penetrate to a height of 15 mm by soaking the ink from the
bottom.



Fig. 1. (aec) Macroscopic view of b-TCP/RCP hybrid scaffold. The scaffold has a cylindrical shape with a diameter of 5 mm and a height of 5 mm(dee) SEM images of b-TCP/RCP
scaffold. The magnification of (d) is � 40 and (e) is � 200. Scale bars indicate 100 mm.
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2.4. Scanning electron microscopy (SEM)

The samples were fixed with phosphate-buffered 2% glutaral-
dehyde followed by immobilization with 2% osmium triacetic acid
for 2 h on ice. The samples were then dehydrated in stepwise
ethanol and dried by lyophilization with t-butyl alcohol. The dried
specimens were coated with an osmium plasma ion coater, and
SEM observation was carried out at 5 kVat using JSM-7500F (JEOL,
Tokyo, Japan).

2.5. Isolation and culture of mouse bone marrow cells

Six-week-old male C57BL/6J mice (CLEA Japan Inc. Tokyo, Japan)
were euthanized by cervical dislocation. Iliac bone, femur, and tibia
were harvested using forceps and scissors. Bones were crushed
with a pestle and further chopped with forceps for 6 min. Bone
fragments were washed 5 times with 5 ml of Hanks’ Balance Salt
Solution (HBSS (�)) with phenol red, 1% penicillin/streptomycin
(Sigma-Aldrich Co., MO, USA), 1% 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Gibco Life Technologies, Carlsbad,
CA, USA), and 2% fetal bovine serum (FBS) (Gibco Life Technologies,
Carlsbad, CA,USA). The collected bone marrow fluid was passed
through a cell strainer with a pore size of 70 ml to remove the bone
debris and centrifuged at 1500 rpm for 5 min. For the lysis of
erythrocytes, 1 ml of sterile water was added to the cell pellet and
stirred for 6 s, followed by the addition of 1 ml of 2 x phosphate-
buffered saline (PBS) and 8 ml of HBSS. The agglomerates formed
by these procedures were removed through a 70-mm cell strainer
(BD Falcon, Bedford, MA, USA), and the cell suspension was
centrifuged at 1500 rpm for 5 min. Cells were resuspended with
6 ml of cell growth medium: IMDM (Gibco Gibco Life Technologies,
Carlsbad, CA, USA) supplemented with 20% FBS, 20 ng/ml FGF2
(Kaken Pharmaceutical Co, Ltd. Tokyo, Japan), and 1% penicillin/
streptomycin.

One milliliter of cell suspension was seeded into 1 well of a six-
well plate for transplantation, 1 ml was placed in a 100-mm tissue
culture dish for real-time RT-PCR, and 0.2ml was seeded into 1 well
of a 24-well plate for cell staining, and incubated in a 37 �C 5% CO2
incubator. After 24 h, half of the medium was exchanged for oste-
oblast differentiation induction medium: RPMI 1640 (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 20% FBS, 1%
penicillin/streptomycin, and osteoblast-inducer reagent (for animal
cell) (Takara-bio Inc. Shiga, Japan). After another 24 h, the entire
medium was replaced with osteoblast differentiation induction
medium, and the medium was changed once every 2 days there-
after (Fig. 2). Control wells were also prepared for cell staining, in
which growth medium alone was used.

2.6. Cell staining

Cells cultured for 4, 7, and 14 days were used for cell staining.
After removal of the medium, each well was washed twice with
1 ml of PBS. Then, 0.5 ml/well of 4% paraformaldehyde phosphate
buffer solution, which had been pre-cooled, was added and incu-
bated for 10 min on ice to fix the cells. Subsequently, the fixative
was diluted with 2 ml of PBS and removed, and each well was
washed twice with PBS.

Alkaline phosphatase staining was performed using the TRACP
& ALP Double-stain Kit (Fujifilm wako, Tokyo, Japan) according to
the protocol provided by the manufacturer. Subsequently, 250 ml of
alkaline phosphatase premix substrate solution was added to the
wells, and cells were incubated at 37 �C for 15 min.



Fig. 2. Scheme of cell collection and culture.
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Alizarin red S staining was performed by adding 250 ml of aliz-
arin red S solution to the wells. After incubation at 37 �C for 15 min,
each well was washed three times with distilled water.

The plates were then inverted and dried followed by observa-
tion by phase-contrast microscopy. The stained areas were quan-
tified and confirmed using Image J [35,36].

2.7. Real-time RT-PCR

Total RNA was extracted from cells using ISOGEN II (Nippon
Gene, Toyama, Japan) according to the manufacturer's protocol.
Briefly, 200 ml of distilled, deionized, sterile water (Nippon Gene,
Toyama, Japan) was added to 1000 ml of the cell lysate harvested
with ISOGEN II. After centrifugation (12,000�g, 15 min, 4 �C) of the
solution, the aqueous phase containing RNA was collected. The
aqueous solution was mixed with 500 ml of isopropanol and
centrifuged (12,000�g, 10 min) to make the precipitate. Next,
1000 ml of 75% ethanol was added to the precipitate, and the so-
lution was centrifuged (7500�g, 5 min). The pellet was air-dried
and dissolved in distilled, deionized, sterile water. The total RNA
obtained was reverse transcribed with SuperScript IV Reverse
Transcriptase (Life Technologies, Carlsbad, CA, USA) to produce
cDNA. Gene expression was measured using a 7500 Fast Real-time
PCR System (Applied BioSystems, Carlsbad, CA, USA). The expres-
sion level of the target gene was corrected using Gapdh as an in-
ternal standard. The DDCt method was used for the analysis. Target
genes were Runx2 and Col1a1 as markers at the early stage of dif-
ferentiation, Alp as a marker at the mid stage of differentiation, and
Bglap as a marker at the late stage of differentiation [37,38]. Primers
with detectable sequences of the target gene were designed as
shown in Table 1. Gene expression in cells cultured for 4, 7, and 14
days was examined by real-time RT-PCR (N ¼ 3).

2.8. Flow cytometry

The flow of changes in the abundance of endothelial cells and
monocytes was analyzed by flow cytometry according to the cul-
ture period of bone marrow cells (Fig. 6). After isolation of cells,



Table 1
Primers for real-time RT-PCR.

Primer Forward Primer Reverse Primer

Runx2 50-CGGTCTCCTTCCAGGATGGT-30 50-GCTTCCGTCAGCGTCAACA-30

Col1a1 50-AACCCGAGGTATGCTTGATCT-30 50-CCAGTTCTTCATTGCATTGC-30

Alp 50-GTTGCCAAGCTGGGAAGAACAC-30 50-CCCACCCCGCTATTCCAAAC-30

Ocn 50-GGGAGACAACAGGGAGGAAA-30 50-CAGGCTTCCTGCCAGTACCT-30

Gapdh 50-GTTGTCTCCTGCGACTTCA-30 50-GGTGGTCCAGGGTTTCITA-30
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cells cultured for 4, 7 and 14 days were used for analysis. Cells
cultured in a 6-well plate was washed twice with PBS, 1 ml of
Trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO, USA) was
added, and allowed to stand for 15 min at 37 �C. Cells were de-
tached by tapping and collected. The collected cells were sus-
pended in 1 ml of HBSS and analyzed. To a tube, TruStain fcX ™
(anti-mouse CD16/32) Antibody (BioLegend, San Diego, CA, USA)
was added at a concentration of 2 mg/100 ml, and the mixture was
incubated on ice for 10 min to block the Fc portion. Thereafter, the
cells were stained using antibodies against surface markers. Table 2
shows the antibodies used.

And Table 3 shows the antibodies used as isotype controls. After
adding the antibody, themixturewas incubated on ice for 30min in
the dark. Thereafter, 500 ml of HBSS was added, and the mixture
was centrifuged at 1500 rpm for 5 min. After the removal of the
supernatant, DAPI was added to label dead cells. Cells were resus-
pended in HBSS, and analyzed using BD FACS Aria Fusion (BD Fal-
con, Bedford, Mass., USA). Monocytes were indicated as CD14 and
CD45 double positive cells [39], and vascular endothelial cells as
CD31 and CD144 double positive cells [40].

2.9. Transplantation of cells loaded into the b-TCP/RCP hybrid
scaffold

Cells in each well of a 6-well plate were collected by incubation
with 1 ml of trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO,
USA) at 37 �C for 15 min on days 4, 7, or 14 of culture and then
resuspended in cell growth medium at the concentration of
3.5 � 105 cells/35 ml.

C57BL/6J mice were given general anesthesia with isoflurane,
and skin was incised on the shoulders and the lumbar region, one
on each side, to create four subcutaneous pockets. Subsequently,
hybrid scaffolds were loaded with cells and transplanted into the
pockets together with non-cell-seeded hybrid scaffolds as controls.
The implanted scaffolds were collected after 8 weeks.

2.10. Histological analysis

The harvested tissues were fixed with 4% paraformaldehyde
phosphate buffer solution overnight. The tissues were demineral-
ized by immersion in double-diluted K-CX (Falma, Osaka, Japan) for
Table 2
List of antibodies used in Flowcytometry.

Lot

Monocyte
CD14 FITC Rat Anti-Mouse CD14
BD Bioscience, Bedford, MA, USA

6133796

CD45 APC-Cy-7 Rat Anti-Mouse
CD45 BD Bioscience, Bedford, MA, USA

8222690

Endothelium
CD31 PE-Cy7 Rat Anti-Mouse
CD31 BD Bioscience, Bedford, MA, USA

8192872

CD144 PE Rat Anti-Mouse CD144
BD Bioscience, Bedford, MA, USA

8215572
1 week. The decalcified tissues were embedded in paraffin and
sectioned with a microtome to a thickness of 0.5 mm. After depar-
affinization, tissue sections were stained with hematoxylin and
eosin andmounted usingMount Quick (COSMO BIO Co., Ltd., Tokyo,
Japan).

Thereafter, 3 regions of interest (ROI) of a 20-fold field of view of
the phase contrast microscope were set at 3 places on the left,
center, and right of all samples, and images were captured. Each
image was binarized using Image J, and the HE staining positive
area (%) in single image was calculated. The average value per
sample in control group or each group loaded with cells cultured
for 4, 7, and 14 days was calculated from the 3 ROI images. The
average of the 3 control samples (background) was subtracted from
each value of cell-loaded group, and the average of the 3 samples
was calculated (Fig. 7e).

2.11. Subperiosteal transplantation of scaffold loaded with the cells

A scaffold loaded with cells from culture of 7 days was prepared
as described above, and implanted subperiosteally in the skull.
After general anesthesia of C57BL/6J mice using isoflurane, a
transverse incision was made with a scalpel behind the pinna, and
the skin and periosteumwere peeled with a scalpel and a spatula to
the front of the skull to indicate bregma (point of intersection with
the sagittal suture and coronal suture). The cell-loaded scaffold was
placed on bregma and the skin and occipital muscles were sutured
with 5e0 nylon thread. The transplanted scaffold was harvested by
skin incision 8 weeks later (N ¼ 3).

2.12. Statistical analysis

Statistical analysis was performed by ANOVA test. P < 0.05 was
considered statistically significant.

3. Results

3.1. Properties of scaffolds

The density of the scaffold analyzed by Archimedes’ principle
was 880 kg/m3. The mechanical strength of this scaffold was
2.4 ± 0.6 MPa. In X-ray diffraction, the mass fraction ratio of b-TCP
Table 3
List of Isotype Control antibodies used in Flowcytometry.

Lot

Monocyte
CD14 FITC conjugated Rat IgG1, k,
Isotype Control BD Bioscience, Bedford, MA, USA

553924

CD45 APC-Cy7 conjugated Rat IgG2b,
k, Isotype Control BD Bioscience, Bedford, MA, USA

552773

Endothelium
CD31 PE-Cy7 Rat Anti-Mouse CD31 BD Bioscience,
Bedford, MA, USA

561410

CD144 PE conjugated Rat IgG2a,
k, Isotype Control BD Bioscience, Bedford, MA, USA

553930



Fig. 3. Alkaline phosphatase staining. (a) Macroscopic pictures of a stained plate. The upper left well of each plate indicates the control well. Cont: a control well in which bone
differentiation was not induced. (b) The phase contrast micrograph of the stained cells. Scale bars indicate 200 mm. (c) Quantification of the stained area using Image J. *p < 0.05,
**p < 0.01. Error bars; mean ± S. D.
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to the whole was 80% (±5%). The porosity was 65% ± 5%. The
permeability of water was 1.0 ± 0.4 mm/s.

3.2. SEM observation

The surface properties and the detailed structure of this scaffold
were examined by SEM. SEM microphotographs revealed a rough
surface structure of this scaffold and layered pattern of b-TCP
at � 40 (Fig. 1d). Plate-shaped and spherical-shaped b-TCPs and a
pore structure between b-TCPs were observed at � 200 (Fig. 1e).
SEM observations at � 40 and � 200 showed the presence of
various sizes of b-TCP granules. RCP under the resolution limit
could not be observed. The longitudinal diameter of the plate-
shaped b-TCP observed on the surface was 59 mm on an average
of 10 particles (Fig. 1d and e).

3.3. Cell staining

Mouse bone marrow cells were cultured in osteoblast differen-
tiation inductionmedium for 4, 7, and 14 days. Alkaline phosphatase
and alizarin red S stainingwere performed to analyze the changes in
the degree of differentiation of the cells during the in vitro culture
period. Alkaline phosphatase activity was observed on day 4 of
culture, increased up to day 7, and slightly decreased at day 14
(Fig. 3a and b). Semi-quantitative analysis showed that alkaline
phosphatase activity levels of day 7 and day 14 were significantly



Fig. 4. Alizarin red S staining. (a)Macroscopic picture of a stained plate. The upper left well of each plate indicates the control well. (b) The phase contrast micrograph of the stained
cells. Scale bars indicate 200 mm. (c) Quantification of the stained area using Image J. *p < 0.05, **p < 0.01. Error bars; mean ± S. D.
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higher than that of day 4, while no significant difference was found
between those of day 7 and day 14 (Fig. 3c). Alizarin red S staining
showed substrate formation on day 14 of culture (Fig. 4a and b). The
alizarin red S-stained area at day 14 was significantly larger than
those of day 4 and day 7 (Fig. 4c). These results confirmed that as the
culture period progressed, osteoblasts in bone marrow cells differ-
entiated and produced bone matrix on day 14.
3.4. Real-time RT-PCR

In order to examine the degree of differentiation of osteoblasts
at each stage in more detail, the expression of differentiation
markers was analyzed by real-time RT-PCR. Expression of Runx2, a
marker in the early stage of differentiation, was significantly higher
at day 7 than at day 4 and day 14. Relative expression of Col1a1
significantly increased on day 14. The expression of Alp, a marker of
metaphase differentiation, was about 123 times higher from day 4
to day 7 of culture with a significant difference and tended to
decrease slightly on day 14. The expression of Bglap, known as a late
differentiation marker, predominantly increased over time
(Fig. 5aed). These results confirmed that differentiation markers of
osteoblasts changed according to the culture period, and different
cell populations could be collected depending on the culture
period.



Fig. 5. Expression of differentiation markers. Real-time RT-PCR (DDCt method) of osteogenic differentiation markers (Runx2, Col1a1, Alp, Bglap). *p < 0.05, **p < 0.01. Error bars;
mean ± S. D.
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3.5. Changes in the abundance of endothelial cells and monocytes
during the culture period of bone marrow cells

The endothelial cells increased significantly (p < 0.01) between
day 0 and day4, and day 4 and day 7, while no increase was
observed between days 7 and 14 of the culture (Fig. 6a). Monocytes
increased significantly (p < 0.01) between day 0 and day 4, day 4
and day 7, and day 7 and day 14 of culture (Fig. 6b).
3.6. Transplantation of cells with scaffolds

To investigate the effect of different culture periods on bone
formation after transplantation, scaffolds seeded with cells at each
stage were implanted subcutaneously in the back of mice
(Fig. 7aed). In the non-cell-loaded hybrid scaffold group, as a
negative control, bone replacement was hardly detected (Fig. 7a).
The day 4 group showed partial bone regeneration, while most of
the scaffold remained without regenerated bone (Fig. 7b). On the
other hand, the hybrid scaffold was replaced with new (regenera-
tive) bone (NB) in a relatively larger area in the day 7 group. Many
cells were found in the scaffold, and regenerative bone was seen in
the space between the scaffold materials. In addition, circular
translucent regions were observed, suggesting the existence of
adipocytes (Fig. 7c). In the day 14 group, the hybrid scaffold was
rarely replacedwith NB, andmost of the scaffold remained (Fig. 7d).
In the quantification analysis, the HE positive area increased
significantly (p < 0.01) from day 4 to day 7 (Fig. 7e). These findings
suggested that in vitro bone regeneration was best achieved by
seeding cells at 7 days of culture.
3.7. Transplantation of scaffold loaded with the optimized cells
subperiosteally in the mouse skull

Using a bone augmentationmodel, bone regeneration under the
pressure from skin and soft tissues was evaluated. The implanted
scaffold maintained the original shape to some extent (Fig. 8a), and
replacement with new (regenerated) bone (NB) was observed in a
wide area in the visual field. Furthermore, a circular vacuole region
was observed, suggesting the presence of adipocytes (Fig. 8b).

4. Discussion

In this study, the culture period of bone marrow-derived cells
was optimized for the bone regeneration in combination with a b-
TCP/RCP hybrid scaffold. As a result, bone regeneration was most
prominent when bone marrow cells after osteoblast differentia-
tion culture for 7 days was transplanted subcutaneously into mice
(Fig. 7). The bone marrow cells with 7 days of osteoblast differ-
entiation culture exhibited the strongest alkaline phosphatase
activity and did not form bone matrix (Figs. 3e5). In Real-time RT-
PCR, the expression of Runx2, which is a marker of early differ-
entiation, and that of Alp, which is a marker of mid-differentiation,
showed the highest values at day 7 among all culture period. These
results suggested that the cells subjected to bone differentiation
culture for 7 days were a cell population containing relatively
immature osteoblasts from the early to middle stages of differ-
entiation [37,38].

One possible explanation for the in vivo study results would be
the change in cell adhesion ability during differentiation. Cell
adhesion has been reported to be involved in osteoblast survival



Fig. 6. Changes in% Total of vascular endothelial cells (a) and monocytes (b) in bone marrow cells cultured for different periods of bone. **p < 0.01. Error bars; mean ± S. D. (c)
Representative examples of panels used in FACS analysis. P10 is the area of monocytes, and P11 is the area of endothelial cells.
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Fig. 7. Histological analysis of harvested tissues by H & E staining. (a): control (the scaffold without cells), (b): the scaffold seeded with cells of 4 days culture, (c): the scaffold seeded
with cells of 7 days culture, and (d): the scaffold seeded with cells of 14 days culture. NB: a new (regenerative) bone area. (e)HE-positive areas were quantified using ImageJ.
**p < 0.01. Error bars; mean ± S. D.
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[41]. Compared with immature osteoblast cell lines, osteoblast cell
lines at the advanced differentiation stage showed increased cell
adhesion, while osteoblast cell lines at the more advanced differ-
entiation stage showed decreased adhesion [42]. It is possible that,
in the present study, osteoblasts cultured for 7 days increased cell
adhesion and favored bone regeneration, while the 14-day cell
culture period decreased adhesion of the cells, which led to inef-
fective bone formation.

In previous reports, mesenchymal stem cells (MSCs) from bone
marrow or adipose tissues were often used in combination with
scaffolds [43,44]. In studies using the b-TCP/COL-I hybrid scaffold,
MSCs obtained by long-term culture of bonemarrow cells were also
seeded on the scaffold [27,28]. On the other hand, bone marrow
cells cultured for a relatively short time were used in the present
study. In the bone marrow, there should be various kinds of cells,
such as osteoblasts (and their progenitors), hematopoietic cells
(including hematopoietic stem cells), osteoclasts (and their pro-
genitors), MSCs, and vascular endothelial cells. In a previous report,
BMP-2 expressed by vascular endothelial cells contained in bone
marrow cells was shown to be important for osteoblast differenti-
ation [45]. Another previous report showed that the interaction
between hematopoietic stem cells (HSCs) and MSCs is important
for angiogenesis, which positively affects the regeneration of bone
[46]. It is also indicated that osteoclasts absorb b-TCP and promote
bone formation [47]. In this study, the existence ratio of vascular
endothelial cells increased significantly up to 7 days, and



Fig. 8. Histological analysis of harvested tissues by H & E staining. (a): 4x microscope
image. (b):20x microscope image. NB: a new (regenerative) bone area. The square in
(a) indicates the area in (b).
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monocytes increased significantly up to 14 days of culture. These
results suggested that the relatively short culture period in the
present study resulted in a heterogenous cell population in which
interactions of different kinds of cells promoted osteogenesis.

RGD peptide was used for the surface modification of the b-TCP
scaffold. The RGD peptide positively affects cell adhesion in vitro,
while the effects of RGD on cells in vivo are controversial [31,48].
Some previous reports indicated that the RGD motif is important
for osteoblast adhesion, improved survival, and bone formation
in vivo [43]. On the other hand, another report indicated that the
RGD motif interfered with cell adhesion in vivo [44]. In our study,
RCP containing the RGD motif likely promoted the adhesion of
cultured bone marrow cells loaded to the scaffold before trans-
plantation, which should have been advantageous for bone
regeneration. On the other hand, RCP might have interfered with
the adhesion of host cells. To prove the advantage of RCP, a com-
parison between scaffolds with and without RCP coating should be
performed.

In clinical settings, bone augmentation is often performed as a
treatment for a hypoplasia of bone in the craniofacial region. To
simulate such a situation, the scaffold loaded with cells from 7 days
of culture was transplanted onto a calvaria. As a result, bone
regeneration occurred while maintaining the shape. In the current
bone augmentation using b-TCP, in order to avoid the influence of
the pressure of the skin and soft tissues, the transplant is often
covered with a titanium mesh. However, there are problems that it
needs to be removed by re-operation [49], and the use of metallic
materials may cause artifacts in Computed Tomography [50]. The
scaffold created in this study was capable of maintaining the shape
without metal coverage suggesting the usefulness for the
augmentation surgery in clinical practice.

5. Conclusions

In this study, we optimized the culture duration of bonemarrow
cells before transplantation with a b-TCP/RCP hybrid scaffold. The
results suggested that osteoblasts before maturation are important
for the most efficient bone regeneration, and the pre-culture period
suitable for seeding on a b-TCP/RCP hybrid scaffold is approxi-
mately 7 days.
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