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To regenerate the bone tissue, the fabrication of scaffolds for better tissue regeneration has attracted a great deal
of attention. In fact, growth factors are already used in clinical practice and are being investigated for enhancing
the capacity for bone tissue regeneration. However, despite their strong osteoinductive activity, these growth
factors have several limitations: safety issues, high treatment costs, and the potential for ectopic bone formation.
The aim of this study was therefore to develop ceramic scaffolds that could promote the capacity for bone
regeneration without growth factors. Three-dimensional ceramic scaffolds were successfully fabricated from
hydroxyapatite (HA) and tricalcium phosphate (TCP) using projection-based microstereolithography, which is
an additive manufacturing technology. The effects of calcium ions released from ceramic scaffolds on osteo-
genic differentiation and bone regeneration were evaluated in vitro and in vivo. The osteogenesis-related gene
expression and area of new bone formation in the HA/TCP scaffolds was higher than those in the HA scaffolds.
Moreover, regenerated bone tissue in HA/TCP scaffolds were more matured than that in HA scaffolds. Through
this study, we were able to enhance the bone regeneration capacity of scaffolds not by growth factors but by
calcium ions released from the scaffolds. Ceramic scaffolds developed in this study might be useful for
enhancing the capacity for regeneration in complex bone defects.

Introduction

Bone is a dynamic living tissue, and is built and re-
sorbed by osteocytes, osteoblasts, and osteoclasts. The

fracture of bone activates osteogenesis and it heals itself
without any treatment.1 Although bone tissue has its own
capacity to regenerate, this ability is limited to small bone
defects. In the case of large bone defects, graft implanta-
tions such as autografts and allografts have been widely
used in clinical practice. Autografts, in particular, have
been considered the gold standard bone grafting material.
However, they have many drawbacks such as the additional
surgery required to obtain the graft material, infection at the
host graft site, and limited graft material supply.2,3 To ad-
dress these issues, tissue engineering has been introduced,4,5

and the fabrication of scaffolds for better tissue regeneration
has attracted a great deal of attention because commonly
used materials for scaffolds such as polycaprolactone
(PCL) and poly(lactic-co-glycolic acid) (PLGA) have a
lower capacity for osteogenesis than the materials of graft
implantation.

A number of key molecules that are able to induce os-
teogenesis have been identified, which are already used in
clinical practice and are under investigation to enhance the
capacity for bone tissue regeneration.6–8 They are growth
factors such as bone morphogenic protein, fibroblast growth
factor, vascular endothelial growth factor, and insulin-like
growth factor, and they have been loaded in scaffolds to
enhance bone regeneration. However, despite their strong
osteoinductive activity, these molecules have several limi-
tations: safety issues, high treatment costs, and the potential
for ectopic bone formation.9,10 It has been reported that
not only growth factors but also calcium ions play a role in
inducing bone formation in bone tissue regeneration. Calcium
ions activate the chemotaxis of osteoblasts and osteogenic
differentiation of stem cells, and stimulate osteoclasts to
release growth factors.8,11–15 Among the materials for bone
tissue scaffolds, calcium phosphate ceramics, hydroxyap-
atite [HA: Ca10(PO4)6(OH)2], and tricalcium phosphate
[TCP: Ca3(PO4)2], which are the inorganic components of
native bone tissue, release calcium ions during degrada-
tion. Moreover, these materials also have biocompatibility
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and osteoconductivity; thus, they are excellent materials for
bone tissue regeneration.16–18

Until now, most scaffolds for regenerating tissue in bone
defects have been fabricated by traditional methods such as
particulate leaching, gas foaming, and phase separation.
However, it is difficult to control the pore size and shape with
full interconnectivity, and to fabricate scaffolds adapted for
improved cell growth and tissue regeneration.19–21 To over-
come these limitations of the traditional manufacturing
methods, recent attempts have been directed to fabricating
scaffolds using computer-aided design and computer-aided
manufacturing. These attempts are additive manufacturing
(AM) technologies, and they can fabricate scaffolds with
customized and predefined inner and outer shapes.21–26

The aim of this study was therefore to develop ceramic
scaffolds that were able to promote the capacity for bone
regeneration without growth factors using AM technology.
The ceramic scaffolds were fabricated from HA and TCP
powders, and the quantity of calcium ions released from the
ceramic scaffolds was controlled by the composition of HA
and TCP. The effects of calcium ions on bone regeneration
were evaluated by in vitro and in vivo experiments.

Materials and Methods

Ethics statement

In this study, the experimental procedures were approved
by the Institutional Review Board of Seoul St. Mary’s
Hospital Catholic University of Korea and POSTECH. All
of the patients provided written informed consent for the
collection of cells and subsequent evaluation.

Preparation of materials

Commercially available ceramic powders, HA and TCP
(Berkeley Advanced Biomaterials, Berkeley, CA) with
100 nm in diameter, were used to fabricate the ceramic
scaffolds for bone tissue. Because these materials alone are
not photocurable, we prepared a slurry mixture of ceramic
powder with photocurable resin (FA1260T; SK-Cytec,
Seoul, Korea). To determine the effects of calcium ions, we
prepared the HA and HA/TCP (7:3 wt%) powder. A 20%
volume ratio of ceramic powder to photocurable resin was
used to maintain sufficient fluidity, and the weight of HA
and TCP were calculated using densities of 3.185 and
3.016 g/cm3, respectively. In the in vivo experiment, com-
mercialized HA ceramic scaffolds (BABI-HAP-PD; Berke-
ley Advanced Biomaterials) fabricated by traditional
methods were used for comparison with ceramic scaffolds
fabricated by AM technology.

Fabrication of ceramic scaffolds

Projection-based microstereolithography (pMSTL) and
sintering were used to fabricate the ceramic scaffolds (HA
and HA/TCP scaffold). The cuboid ceramic scaffolds of
4 · 4 · 3 mm were designed for in vitro experiments, and the
cylindrical scaffolds of 8 mm in diameter and 1.5 mm in
height were designed for the in vivo experiments. The de-
sired 3D structures were fabricated by the pMSTL system
with a 450 W UV lamp. The 3D structures then were im-
mersed in acetone for 10 min, and air was blown through
them to remove any unsolidified resin in the structures.

After fabrication, sintering followed to cause the ceramic
particles to adhere to one another and to remove the solid-
ified photocurable resin. The temperature was increased to
1400�C at a heating rate of 5�C/min in ambient air using a
furnace (LTF 15/50/180; Lenton, Hope Valley, Derbyshire,
United Kingdom). The maximum temperature was main-
tained for 2 h to provide sufficient energy for sintering.

Calcium ion release test

The quantity of calcium ions released from the ceramic
scaffolds was determined using a calcium colorimetric assay
kit (Cat. K380-250; BioVision, Milpitas, CA). Ceramic
scaffolds were individually immersed into 1 mL cell culture
medium (a-minimum essential medium [a-MEM] supple-
mented with 10% fetal bovine serum [FBS], 100 U/mL
penicillin, and 100mg/mL streptomycin) at 37�C under
static condition. The supernatants were taken from the so-
lution every 2 days to maintain a constant calcium ion
concentration. The supernatants were mixed with chromo-
genic reagent and calcium assay buffer and incubated for
10 min at room temperature in darkness; then, their optical
densities were measured at 575 nm. These measurements
were collected every second day for 2 weeks. Cell culture
medium without a ceramic scaffold was used as a control.

In vitro experiments

Biocompatibility test. To assess the biocompatibility of
fabricated ceramic scaffolds, a cell proliferation test was
performed. Human turbinate mesenchymal stromal cells
(hTMSCs), which were isolated from inferior turbinate tissue,
were cultured in a-MEM supplemented with 10% FBS,
100 U/mL penicillin, and 100mg/mL streptomycin at 37�C in
a humidified atmosphere of 5% CO2, and the medium was
changed every 3 days. After subculture, the cells were har-
vested with trypsin-ethylenediaminetetraacetic acid (EDTA)
and aliquots of 1 · 04 cells were seeded onto each scaffold
(HA and HA/TCP scaffolds). The scaffolds were cultured in
medium for 14 days. On days 1, 3, 7, and 14, the quantity of
DNA in the cells was evaluated to determine the biocom-
patibility of the scaffolds.

Alizarin Red-S staining. Alizarin Red-S (AR-S) staining
was used to analyze calcium precipitation after 14 days of
culture in normal medium and osteogenic medium. After
removing the medium, the scaffolds and cells were gently
washed with phosphate-buffered saline (PBS) and fixed in
10% formalin for 12 h at room temperature. They were
washed with distilled water and stained with AR-S solution
for 5 min in the dark. They were then washed with PBS for
24 h to perfectly remove the excess staining solution, and
the stained solution was extracted using EDTA. The ab-
sorbance at 590 nm was measured using a microplate reader
to quantify the calcium precipitation.

Real-time reverse transcription–polymerase chain reac-
tion. The cell differentiation was evaluated using reverse
transcription–polymerase chain reaction (RT-PCR) to eval-
uate the gene expression of cells in the ceramic scaffolds.
After cell culture on different ceramic scaffolds for 14 days
in normal medium and osteogenic medium, total RNA was
isolated using TRIzol (Invitrogen, Groningen, Netherlands)
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according to the manufacturer’s protocol; then cDNA was
synthesized using isolated RNA and the superscript first-
strand synthesis system (Invitrogen). To evaluate the ex-
pression of osteogenic markers such as osteocalcin (OCN),
runt-related transcription factor 2 (Runx2), and collagen
type I (Col-I), SYBR Green PCR Master Mix (Applied
Biosystems, Warrington, United Kingdom) assay was used
to perform real-time quantitative RT-PCR. The expression
values of the osteogenic markers were normalized to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
following primers were used: GAPDH sense, 5¢-CCAGG
TGGTCTCCTCTGACTTC-3¢; GAPDH antisense, 5¢-GTG
GTCGTTGAGGGCAATG-3¢; OCN sense, 5¢-GTGCAGA
GTCCAGCAAAGGT-3¢; OCN antisense, 5¢-TCAGCCAA
CTCGTCACAGTC-3¢; Runx2 sense, 5¢-AACCCACGAAT
GCACTATCCA-3¢; Runx2 antisense, 5¢-CGGACATACC
GAGGGACATG-3¢; Col-I sense, 5¢-CTGCAAGAACAGC
ATTGCAT-3¢; and Col-I antisense, 5¢-GGCGTGATGGC
TTATTTGTT-3¢.

In vivo experiment

Implantation of ceramic scaffolds. The in vivo experiment
was performed on male Sprague-Dawley rats (12-week-old,
average weight 300–350 g) based on a rat calvarial defect
model. Routine antibiotics were prescribed preoperatively to
prevent infection, and general anesthesia was induced with
50 mg/kg of ketamine (Yuhan Co., Seoul, Korea) and 3 mg/kg
of xylazine (Bayer Korea Ltd., Seoul, Korea). The calvarial
defects, 8 mm in diameter, were created in the central part of
the calvarial bone using a trephine bur without dura perfora-
tion. Commercialized BABI-HAP-PD scaffolds, HA scaf-
folds, and HA/TCP scaffolds were then placed in the calvarial
defects without cells. Rats with no defect treatment were used
as negative controls. Each experimental group contained five
rats, and they were sacrificed at the 16th week after implan-

tation. The extraction samples were fixed with 10% formal-
dehyde solution for evaluation.

Evaluation of in vivo experimental results. To visualize
the bone regeneration, images obtained from a micro-
computed tomography (CT) scanner (Skyscan 1173; Skyscan,
Kontich, Belgium) were used, and the percentage of new
bone formation within the defect was calculated using cross-
sectional images obtained from the micro-CT data and ImageJ
software (National Institutes of Health, Bethesda, MD). The
area of new bone formation was determined by measuring the
distance between the defect margin and new bone margin, and
the percentage of new bone formation was calculated as the
ratio of the new bone area to the total defect area. After micro-
CT evaluation, the samples were embedded in paraffin, and
were sectioned at 5mm. The sections were stained with he-
matoxylin and eosin (H&E) and Masson’s trichrome, and
were observed under an optical microscope.

Statistical analysis

All experimental data (n = 3) are expressed as mean – SD
and were evaluated for significance by one-way analysis of
variance (ANOVA) with a post hoc Tukey test using
MINITAB (version 14.2; Minitab, Inc., State College, PA).
Differences between experimental groups were considered
statistically significant at p < 0.05.

Results

Ceramic scaffolds

Figure 1 shows the commercialized and fabricated ce-
ramic scaffolds for the in vitro and in vivo tests. To fabricate
the ceramic scaffolds, ceramic slurry (20%) was prepared
and about 1.5-fold larger structures were designed to take
into account the shrinkage of about 34% at maximum

FIG. 1. Macroscopic and microscopic
images showing the ceramic scaffolds used
in this study: (a) commercialized HABI-
HAP-PD, (b, c) fabricated ceramic scaf-
folds, (a, b) for in vivo experiments, and (c)
for in vitro experiments.
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sintering temperature. We fabricated ceramic scaffolds with
a staggered line arrangement. The pore size and line width
of the scaffolds were about 300mm. The dimensions of
cuboid scaffold for the in vitro test were 3.9 · 3.9 · 2.8 mm,
and the cylindrical scaffold for the in vivo test was 8 mm in
diameter and 1.5 mm in height. All of the pores in the fabri-
cated scaffold were fully interconnected [Fig. 1(c)]. Moreover,
gaps between ceramic particles generated naturally occurring
pore sizes of 6.02 – 1.19 and 3.47 – 0.88mm, for the HA and
HA/TCP scaffolds respectively. The grain size of HA and
HA/TCP scaffolds were 16.11 – 1.4 and 9.95 – 3.49 mm, re-
spectively (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/tea). These surface
morphologies of ceramic scaffolds would facilitate cell ad-
hesion, proliferation, and differentiation.27–29

Evaluation of calcium ion release

Figure 2 shows the results of a calcium ion release test
using HA and HA/TCP scaffolds in the culture medium.
HA/TCP scaffolds released more calcium ions than did HA
scaffolds. At day 2, calcium concentration in growth medium
containing HA/TCP and HA were similar, but calcium con-
centration increased faster over time in media containing HA/
TCP (0.82 mM/day) than in those containing HA (0.51 mM/
day). The HA/TCP scaffolds released more calcium ions than
did the HA scaffolds because of the fast degradation of TCP.
In both scaffolds, calcium ions were released continuously
over the 14-day measurement period.

Biocompatibility of ceramic scaffolds

Cell proliferation was examined using DNA quantifica-
tion. Because a ceramic scaffold is supposed to provide an
environment that allows cellular proliferation and differen-
tiation, the scaffold should not be toxic to cells. Figure 3
shows the results of the cell proliferation test. Cells on both
HA and HA/TCP scaffolds proliferated well at the begin-
ning of proliferation, but proliferation rate decreased as time
passed. And, there were statistical differences between HA

and HA/TCP scaffolds. Cells on HA scaffolds proliferated
well compared to cells on HA/TCP scaffolds.

Osteogenic differentiation on ceramic scaffolds

ALP activity, AR-S staining, and RT-PCR were per-
formed to validate the effects of calcium ions on osteogenic
differentiation of cells. hTMSCs were cultured on HA and
HA/TCP scaffolds in normal and osteogenic medium con-
ditions. The results of ALP activity of cells cultured on HA
and HA/TCP scaffolds for 7 days are shown in Supple-
mentary Figure S2. Although there were no statistically
significant differences between the HA and HA/TCP scaf-
folds, the ALP activity on the HA/TCP scaffolds was
slightly higher than that on the HA scaffolds under both the
conditions of normal and osteogenic medium. Figure 4
shows the images of AR-S staining of cells cultured on HA
and HA/TCP scaffolds for 14 days. In this figure, the red
color observed on the scaffolds indicates the presence of

FIG. 2. Calcium ions re-
lease over the course of 14
days.

FIG. 3. Human turbinate mesenchymal stromal cell
(hTMSC) proliferation on the ceramic scaffolds over the
course of 14 days. *p < 0.05.
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calcium precipitation. The cells cultured on the HA/TCP
scaffolds obviously showed a darker red color than the HA
scaffolds. The results of the quantitative evaluation are
shown in Figure 4. The optical density of the solutions ex-
tracted from the HA/TCP scaffolds was significantly higher
than that from the HA scaffolds. Osteogenic differentiation
was also characterized at the gene expression level as shown
in Figure 5. HA/TCP scaffolds had a higher expression level
of OCN than HA scaffolds, and statistically significant dif-
ferences were observed under both types of medium con-
ditions. The expression level of Runx2 in the HA and HA/
TCP scaffolds in normal medium did not differ significantly.
However, in osteogenic medium, a significant difference
was observed between the HA and HA/TCP scaffolds, in
which the HA/TCP scaffolds had the higher expression le-
vel. For Col-I, like the expression level of OCN, the ex-
pression level in the HA/TCP scaffolds was higher than that
in the HA scaffolds.

Analysis of new bone formation in vivo

To investigate the new bone formation capacity of the
developed scaffolds in vivo, commercialized BABI-HAP-
PD, HA scaffolds, and HA/TCP scaffolds were prepared and
were implanted into rat calvarial defects. New bone for-
mation in the implanted scaffolds was visualized using
micro-CT as shown in the Figure 6. At 16 weeks after im-
plantation, while newly generated bone tissue was easily
observed in the HA and HA/TCP scaffolds, it was difficult
to recognize the newly generated bone tissue in the blank
and BABI-HAP-PD scaffolds. The quantitative analysis of
new bone formation evaluated by ImageJ software is shown
in Figure 7. The area of new bone formation in BABI-HAP-

FIG. 4. Osteogenic differentiation of hTMSCs on ceramic
scaffolds (Alizarin Red-S staining test). *p < 0.05. Color
images available online at www.liebertpub.com/tea

FIG. 5. Quantitative real-time reverse transcription–polymerase chain reaction gene expression analysis of osteogenic
markers. *p < 0.05

2844 SEOL ET AL.



PD was similar to that in the blank group, and the area of
new bone formation was about 7%. However, the area of
new bone formation in the HA (29.34% – 2.32%) and HA/
TCP (54.83% – 2.67%) scaffolds was higher than the blank
group, while the best bone regeneration capacity was ob-
served in the HA/TCP scaffolds.

Histological analysis

In a histological analysis using H&E, and Masson’s tri-
chrome staining at the 16th week after implantation, the
results of histological staining showed a difference in the
newly generated bone between BABI-HAP-PD and HA, and
between HA and HA/TCP scaffolds, as shown in Figure 8.
Newly generated bone was observed along the periphery of
the defect and its extent was very limited in the blank group
[Fig. 8(a, b)]. Because the BABI-HAP-PD scaffold had low

porosity and thus did not have much space in which new
bone could be generated, the newly generated bone was
observed in the pores close to the defect [Fig. 8(c, d)]. In the
HA and HA/TCP scaffolds, most of their pores were filled
with cells and new bone was generated with continuity from
the defect site to the inside of the scaffold [Fig. 8(e–h)].
However, in the HA/TCP scaffold, more bone tissue was
generated, and the distance of the new bone ingrowth was
longer than that in the HA scaffold.

Discussion

To fabricate the scaffold for bone tissue regeneration, ce-
ramic materials such as HA and TCP were used. They are
excellent materials for bone tissue regeneration; however, due
to difficulties with their processability, they have usually been
used as an additive or as a coating material to enhance bone
regeneration.30–33 Even when they have been used alone to
fabricate bone scaffolds, most such scaffolds have been were
fabricated by traditional methods and did not have full in-
terconnectivity for bone tissue ingrowth.34–36 To overcome
these limitations, in this study, the pMSTL system, which is
an AM technology, was applied and ceramic scaffolds with
the desired shape and fully interconnected pores were suc-
cessfully fabricated. The fabricated ceramic scaffolds main-
tained their regular pore size, and all of the pores in the
ceramic scaffold were connected with one another. Further-
more, ceramic scaffolds fabricated in this study had porous
and uneven surfaces, and HA/TCP scaffolds had smaller
grain and micropore size compared with HA scaffolds
(Supplementary Fig. S2). A porous and uneven surface can
enhance cell adhesion and extracellular matrix (ECM) syn-
thesis and mineralization.27–29 Therefore, ceramic scaffolds
fabricated in this study can enhance the ability to regenerate

FIG. 6. Micro-computed
tomography (CT) images
showing new bone formation
at the 16th week after im-
plantation: (a) blank, (b)
BABI-HAP-PD, (c) hy-
droxyapatite (HA), and (d)
HA/tricalcium phosphate
(TCP).

FIG. 7. New bone formation area at the 16th week after
implantation. *p < 0.05.
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bone tissue due to the surface characteristics. However, the
roughness of HA and HA/TCP scaffolds could not be eval-
uated using atomic force microscopy (AFM) or a 3D surface
profilometer, and compared, because these porous and un-
even surfaces did not have an ideal surface to set as a baseline
for measuring surface roughness.

Through the cell proliferation test, we demonstrated that
the ceramic scaffolds did not show cytotoxicity and cell
adhesion rate between HA and HA/TCP scaffold was sim-
ilar. However, because osteogenic differentiation on the
ceramic scaffolds was activated due to the calcium ions and
surface morphology, cell proliferation rate decreased after 4
days (Fig. 3).

The HA and TCP materials used for scaffold fabrication
degrade under in vitro and in vivo conditions, releasing
calcium ions. It has been reported that the presence of
extracellular calcium ions activates osteoblast chemotaxis
and proliferation, and the osteogenic differentiation of
stem cells. Moreover, calcium ions have been shown to
stimulate osteoclast-medicated release of growth factors
that enhance bone tissue remodeling.8,11–15 In this study, to
enhance the scaffold’s capacity for regenerating bone tis-
sue, scaffolds were fabricated from HA and TCP materials.
Furthermore, the quantity of calcium ions released from
the ceramic scaffold was adjusted by the composition of
HA and TCP because the degradation rate of TCP is faster
than that of HA. After fabricating the HA and HA/TCP
scaffolds, energy dispersive X-ray analysis and X-ray
diffraction spectrometry were conducted to compare ele-
mental composition and to verify successful fabrication of

HA and HA/TCP scaffolds (Supplementary Fig. S3). The
results demonstrate that HA/TCP scaffolds consisted of HA
and TCP, and crystalline phases of HA and TCP were de-
tected in sintered HA/TCP scaffolds. The HA and HA/TCP
scaffolds were successfully fabricated, and the quantity of
calcium ions released from ceramic scaffolds was measured
(Fig. 2). HA and TCP materials have different degradation
rates, and as they degrade, they release calcium ions. Be-
cause calcium ions enhance the capacity for bone tissue re-
generation, the quantity of calcium ions released from the
ceramic scaffolds was measured using HA and HA/TCP
scaffolds in the culture medium (Fig. 2). HA/TCP scaffolds
released more calcium ions than did HA scaffolds. When we
conducted in vitro experiments, the culture medium was
changed every 3 days and the average concentration of cal-
cium ions in the medium contacting HA/TCP scaffold was
*2.46 mM, and was higher than homeostatic range of cal-
cium ions (1.1–1.3 mM) in the human body.37 Consequently,
the HA/TCP was able to provide an environment of higher
concentration of calcium ions and would thus promote the
regeneration of bone tissue.

Osteogenic differentiation tests were performed in vitro
to determine the effects of calcium ions on bone tissue
regeneration. In the results of osteogenic differentiation
test using ceramic scaffolds, the ALP activity at day 7 on
ceramic scaffolds did not show statistically significant
differences between HA and HA/TCP scaffolds (Supple-
mentary Fig. S3). ALP expresses at early stage of differ-
entiation, and then expression decreases as time passed.
The time point when ALP expression the highest was

FIG. 8. The images (40 · ) of histological analysis using hematoxylin and eosin (H&E) (a, c, e, g) and Masson’s trichrome
(b, d, f, h) at the 16th week after implantation: (a, b) blank, (c, d) BABI-HAP-PD, (e, f ) HA, and (g, h) HA/TCP. Color
images available online at www.liebertpub.com/tea
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closely related with experimental conditions and cell
types. The highest ALP expression of HA/TCP scaffolds
might have occurred at earlier than day 7. Therefore, there
were no significant differences of ALP activity between
HA and HA/TCP scaffolds at day 7. However, the result of
AR-S staining showed that more mineralization occurred
on HA/TCP scaffolds than HA scaffolds because calcium
precipitation was deposited in the ECM over the in vitro
culture period (Fig. 4). Like the results of ALP activity
and AR-S staining, the results of RT-PCR showed that the
expression of osteogenic genes, OCN, Runx2, and Col-I,
were higher in cells cultured on the HA/TCP scaffolds
than HA scaffolds. In the HA/TCP scaffolds, hTMSCs
were differentiated to osteoblast-like cells more effec-
tively. These were closely related with the results of the
calcium ion release test. Additionally, we used exogenous
calcium ions to verify their effects on osteogenic differ-
entiation of cells in the cell culture dish without scaffolds.
Cells cultured in the medium with exogenous calcium ions
(2.46 mM) expressed higher levels of osteogenesis-related
genes such as OCN, Runx2, and Col-I than the cells in the
medium without exogenous calcium ions (Supplementary
Fig. S4). This experiment demonstrated that elevated
concentration of calcium ion promotes osteogenic differ-
entiation of cells.

In the in vivo experiment, BABI-HAP-PD, HA, and HA/
TCP scaffolds were implanted in rat calvarial defects, and
bone tissue regeneration was evaluated using micro-CT
images and histological assays. Unlike the in vitro exper-
iments, commercialized BABI-HAP-PD scaffolds were
added to compare the bone regeneration capacity of AM
technology with that of the traditional method. The area of
new bone formation in the HA scaffold was about fourfold
higher than that in BABI-HAP-PD scaffold. The BABI-
HAP-PD scaffolds had a few pores and they were not
perfectly interconnected. This inner architecture made it
difficult for bone tissue to regenerate effectively. Through
these results, we confirmed that the interconnectivity of
pores was a crucial factor for bone tissue regeneration. When
we compared the HA and HA/TCP scaffolds, bone tissue was
regenerated more extensively in the HA/TCP scaffolds, and
these results were similar to the in vitro differentiation results.
In the results of histological assay as shown in Figures 8 and
9, we could observe that bone tissue grew inside the scaffolds
from the periphery of the defects, and most of the pores were
filled with cells in both kinds of scaffold. Furthermore, Figure
9 shows that newly generated bone tissues integrated with the
scaffolds, and they contained osteoblast-like cells, osteoclast-
like cells, and osteocyte-like cells. In the HA/TCP scaffolds,
more mature bone tissue was observed.

Through these experiments, we have demonstrated effect
of calcium ion concentration and surface morphology in the
ability of ceramic scaffolds to regenerate bone. HA/TCP
scaffolds not only released higher quantity of calcium ions
but also had smaller grain and pore size compared with the
HA scaffolds, resulting in enhanced bone formation.

However, because ceramic materials, especially HA, have
a slow degradation rate, it was difficult to recognize the
degradation of the scaffolds over the course of just 16
weeks. Thus, to obtain a greater capacity for bone regen-
eration, further research on increasing the degradation rate
of ceramic scaffolds is required.

Conclusions

In this study, we successfully fabricated a 3D ceramic
scaffold using AM technology and demonstrated that the
grain and micropore size of HA/TCP scaffolds were smaller
than those of HA scaffolds. Also, we performed a calcium
ion release test, and found that the quantity of calcium ions
released from the scaffolds increased linearly, and the re-
lease occurred at a higher rate in the scaffolds including
TCP. The effects of calcium ions on osteogenic differentiation
and bone regeneration were evaluated in vitro and in vivo.
Through these results, we have demonstrated that HA/TCP
scaffolds had a greater capacity for bone regeneration
than HA scaffolds, and that bone regeneration was enhanced
by calcium releasing scaffolds with rough surface morphol-
ogy. Moreover, we also have demonstrated that scaffolds

FIG. 9. Magnified images (100 · and 200 · ) of histo-
logical assay using H&E (a–d) and Masson’s trichrome (e–
h) at the 16th week after implantation: (a, b, e, f ) HA, and
(c, d, g, h) HA/TCP. Color images available online at
www.liebertpub.com/tea
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fabricated by AM technology were superior to scaffolds
fabricated by traditional methods. The ceramic scaffolds de-
veloped in this study might be useful for enhancing the ca-
pacity of regeneration in complex bone defects.
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