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Abstract Gonads of sea urchin are consumed in Japan and
some countries as food and most parts including its tests are
discarded as marine wastes. Therefore, utilization of them
as functional materials would reduce the waste as well as
encourage Japanese fishery. In this study, magnesium
containing calcite granules collected from sea urchin tests
were hydrothermally phosphatized and the obtained gran-
ules were identified as approximately 82% in mass of
magnesium containing β-tricalcium phosphate and 18% in
mass of nonstoichiometric hydroxyapatite, i.e., a biphasic
calcium phosphate, maintaining the original porous net-
work. Shape-controlled scaffolds were fabricated with the
obtained biphasic calcium phosphate granules and collagen.
The scaffolds showed good open porosity (83.84%) and
adequate mechanical properties for handling during cell
culture and subsequent operations. The MG-63 cells
showed higher proliferation and osteogenic differentiation
in comparison to a control material, the collagen sponge
with the same size. Furthermore, cell viability assay proved
that the scaffolds were not cytotoxic. These results suggest
that scaffold prepared using sea urchin test derived calcium
phosphate and collagen could be a potential candidate of

bone void fillers for non-load bearing defects in bone
reconstruction as well as scaffolds for bone tissue
engineering.

1 Introduction

The prevalence of bone disorders and conditions has
increased steeply and are expected to increase especially in
aging populations, due to rapid obesity and poor physical
activity. Further, gait disorders, one of their causes is pedal
skeletal tissue disorder, is considered to relate with senile
dementia. Bone is a dynamic, highly vascularized tissue
with a unique capacity to heal by bone remodelling process
if the surrounding circumstances are suited for remodelling.
The major role of bone is a physical one, withstands load
bearing and protects the internal organs of the body. Hence,
major alterations in bone’s structure due to injury or disease
can dramatically alter one’s body equilibrium and quality of
life [1, 2]. Current clinical treatments for bone repair and
regeneration include autografts and allografts. To date,
autografts serve as the gold standard because they are his-
tocompatible and non-immunogenic but they have several
disadvantages like donor site morbidity, deformity, scarring
and chronic pain. The second choice is allograft involving
bone transplantation from a cadaver. However, allografts
are associated with risk of immunoreactions and transmis-
sion of infections [3, 4].

The field of bone tissue engineering (BTE) was intro-
duced three decades ago and focuses on alternate treatment
options that will ideally eliminate previously described
issues of current clinical treatments. The BTE aims to
induce new functional bone regeneration via the synergistic
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combination therapy of biomaterials, cells and biochemical
factors [5, 6]. Bone is a heterogeneous composite material,
consisting of a mineral component mainly hydroxyapatite,
an organic component mainly collagen and water. Several
approaches have been made in the field of BTE to mimic the
bone composition and structure. Essential properties of a
scaffold are biocompatibility, porosity, pore inter-
connectivity, osteoconductivity, osteoinductivity, adequate
mechanical strength, and biodegradability [7, 8]. A three-
dimensional interconnection (3D) of both macropores
(>100 μm) and micropores (<50 μm) are important for a
porous scaffold because macropores allow cell ant tissue
invasion and micropores allow efficient exchange of nutri-
ents and wastes [9]. Ceramics [10], synthetic and natural
polymers [11] were studied and used for the fabrication of
BTE scaffolds. Among ceramics, hydroxyapatite (HAp) and
β-tricalcium phosphate (β-TCP) porous ceramics have been
widely studied and used as bone substitutes due to their
biocompatibility, osteoconductivity and close resemblance
to original bone composition [12, 13].

Recently, marine-derived biomaterials from corals [14,
15], sponges [16], cuttlebone [17], and sea urchins spines
[18] have shown good potential as bone substitutes. Marine
organisms provide a natural reservoir of porous structures
with a wide range; the minerals found in them are generally
calcium carbonate in the form of aragonite or calcite and
can be easily converted to calcium phosphates by hydro-
thermal conversion [19]. Marine organisms are also a rich
source of ions like carbonate (CO3

2−), magnesium (Mg2+)
and silicate (SiO4

4−) which can be incorporated into a
biomaterial when converting the base mineral to calcium
phosphate. Magnesium has been reported to enhance
osteoblast adhesion, angiogenesis in porous structures [20]
and increase bioresorption [21], carbonate and silicon sub-
stituted calcium phosphates have been shown to enhance
the bone formation in vivo [22, 23]. So, just by simply
choosing the biogenic source of calcite or aragonite, a range
of ion substitutions is possible, obtained by simple process
compared to the some complex processes required to pro-
duce ion-substituted ceramics [24]. Work on the use of
marine organisms as a bone substitute resulted in com-
mercialization of two well-known products namely, Pro-
osteonTM and Biocoral®, derived from stony corals.
Although these products have been available for many
years, their use in the clinic remains low due to their poor
bioresorption [25, 26].

Also, corals are considered as a reservoir of carbonate
gas to decrease greenhouse effect as well as a key organism
to maintain marine ecosystem as a coral reef; thus their
collection from the sea is strongly restricted worldwide [27].
Whereas, sea urchins are widely consumed as food in Japan
and some countries and their shells (tests) are discarded as
wastes of food processing. The total amount of sea urchin

food processing waste in Hokkaido area of Japan was
estimated to be approximately 4000 metric tons in 2013
[28]. The costs of disposal are mainly borne by the fisher-
man, thus utilization of sea urchin tests would reduce the
waste as well as encourage Japanese fishery.

Conversions of sea urchins shell to calcium phosphate
powders were reported [29, 30]; however, preservation of
their unique microstructure after the conversion process and
evaluation of their biocompatibility had not been reported
yet. The skeleton of sea urchin consists of porous inter-
connected network (stereom) with both macro and micro-
pores, and its porosity was reported to be more than 50% in
volume [31]. They seem suitable for fabrication of 3D
scaffold if the test granules are bound with the help of
biocompatible polymers, such as collagen, gelatin or other
synthetic polymers. This paper describes the preparation of
porous biphasic calcium phosphate granules from sea
urchin tests by hydrothermal phosphatization and sub-
sequent preparation and evaluation of the scaffold fabri-
cated with the biphasic calcium phosphate granules and
collagen.

2 Materials and methods

2.1 Materials

Chemicals used in this research were purchased from Wako
Pure Chemical Ltd., Japan if that without further notice.
Tests of sea urchins, strongylocentrotus nudus and stron-
gylocentrotus intermedius were kindly provided from the
Shakotan-cho, Hokkaido prefecture, Japan. Skeletons of the
sea urchin tests were obtained by removal of their organic
substances by soaking in commercial bleach solution
(Kitchen power bleach, Lion Hygiene Corporation) at 10%
in volume, several-time washing with distilled water,
soaked in warm water overnight to remove excess chlorine,
washed with distilled water again and dried in an oven at
60 °C. The skeleton obtained from strongylocentrotus
intermedius is denoted as SU1 and that from strongylo-
centrotus nudus is denoted as SU2.

2.2 Hydrothermal phosphatization

The skeletons, SU1 or SU2, were crushed by hand and
hydrothermally treated in Teflon® lined stainless steel
autoclave (300 mL of internal volume, Taiatsu Techno®

Corporation)at 180 °C for 6 days with 200 mL of 750 mM
(NH4)2PO4 and 25 mL of 300 mM KH2PO4 i.e., filling ratio
of 75 % in volume. After 6 days of treatment, the autoclave
was quenched with tap water. The solid phase was collected
by filtration, cleaned in distilled water by an ultrasonication
(Ultrasonic multi cleaner, W-113, Honda, Japan) for 5 min
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and dried in an oven overnight at 60 °C. The skeletons
phosphatized from SU1 and SU2 are denoted as CP1 and
CP2, respectively.

2.3 Characterization of sea urchin skeletons

Microstructures and pore morphologies of them were
observed by the scanning electron microscopy (SEM,
S4800, Hitachi, Japan) with a Pt coating. The diameter of
macropores and micropores were calculated according the
method mentioned in ISO 13175-3. Qualitative chemical
analyses of them were qualitatively identified by the energy
dispersive X-ray spectroscopy (EDS, E-maxEvolution,
Horiba Ltd., Japan) equipped with the SEM.

The CP1 and CP2 were calcined to be the respective
CPC1 and CPC2 at 1000 °C for 30 min with a furnace
(Nabertherm®, N150/14, Lillenthal, Germany) to examine
the stability of crystal phases. Crystal phases of the SUs,
CPs and CPCs were identified by the powder X-ray dif-
fractometry (XRD, RINT-Ultima III, Rigaku Corporation,
Japan) using CuKα from 10 to 60° for 2θ at a scanning rate
of 2°/min. Ratios of calcium phosphate phases formed in
the CP1 and CP2 was calculated from one selected XRD
peak of calcium phosphate phases using a standard curve.
The standard curve was calculated using the same peaks
from XRD patterns of serial mixtures of pure calcium
phosphates, contained in the obtained CPs. The Ca/P atomic
ratio was calculated by using relative intensity of 3 0 0
diffraction line of HAp (32.90°) and 0 2 10 diffraction line
of TCP (31.03°).

Transmission infrared spectra of the SUs, CPs and CPCs
were measured by the KBr (Sigma Aldrich, USA) pellet
method with a Fourier-transformed infrared spectrometer
(FT-IR, Nicolet 4700, Thermo Electron Corporation,
Japan).

Quantities of calcium, magnesium and phosphorus for
SUs, CPs and CPCS were measured by the inductively
coupled plasma atomic emission spectroscopy (ICP-AES,
SPS7800, SII, NanoTechnology, Japan). The samples of 50
mg were dissolved in 5 mL of aqueous solution of HNO3

1% in mass, and the sample solutions were subsequently
diluted at 1:200 with the same HNO3 solution for the ICP-
AES analysis.

The results of characterization mentioned above were
almost the same except for the ICP-AES and quantitative
XRD analyses; hence, the CP2 and CPC2 results on phy-
sicochemical analyses are mainly used for further discus-
sion in this paper.

2.4 Fabrication of scaffolds

The CP1 or CP2 was crushed and classified into granules of
1–2 mm in size by the sieving. Collagen solution of 1% in

mass was prepared by dissolving freeze-dried porcine der-
mal type-I atelocollagen (Nitta Gelatin, Japan) sponges in
0.1 M acetic acid solution (pH 3.0). Prior to fabrication, the
collagen solution was neutralized with 1 N NaOH and
adjusted its ionic strength to the physiological condition
with 10× phosphate buffered saline (PBS, Sigma Aldrich,
USA). Scaffolds were fabricated by mixing the granules
with the collagen solution at a ratio of 1:2 (mass/volume),
transferred into an acrylic mold with 10 mm in inner dia-
meter and 15 mm in height and kept in an incubator at 37 °C
for 2 h for collagen gelation. After the gelation, the mold
was transferred to a −20 °C freezer for 24 h and freeze-
dried (VirTis, Advantage, Maruto, Japan) at −20 °C over-
night. The scaffolds were removed from the mold after
freeze drying and dehydrothermally crosslinked at 140 °C
for 12 h under vacuum (Eyela, VOS- 2015D, Tokyo Rika-
kikai co., Ltd, Japan). The scaffold fabricated with the CP1
granules is denoted as CP1Col and that with the CP2
granules is denoted as CP2Col.

2.5 Characterization of scaffolds

The morphology of the horizontal cross section of the
scaffolds was examined using the SEM. The open porosity
of the scaffolds was measured by the liquid displacement
method [32] using absolute ethanol as the displacement
liquid to prevent the scaffolds from swelling or shrinking.
Briefly, the scaffold was immersed in the absolute ethanol
for 30 min. The scaffolds were weighed before (Wd), during
(W1) and after immersing (Ww). The porosity of the scaf-
folds was calculated using the formula (1) given below. The
experiment was carried out in triplicates.

Porosity %ð Þ ¼ Ww �Wd

Ww �W1
� 100 ð1Þ

The stability of the scaffolds in physiological conditions
was confirmed by a soaking in PBS at 37 °C for 7 days with
a naked-eye observation.

The bending strengths of the scaffolds were measured
with a universal testing machine equipped with a 1 kN load
cell (AGS-H 1 kN, Shimazdu, Japan). The scaffolds were
fabricated in the dimension of 40 mm in length, 8 mm in
width and 6 mm in height. For wet condition analysis, the
scaffolds were soaked in PBS at room temperature and 37 °C,
24 h prior to measurement. Each five specimens were
measured at a crosshead speed of 0.5 mm/min, and three-
point bending strength was calculated.

2.6 In vitro cell culture

The human osteoblast-like cell line, MG-63, derived from
human osteosarcoma was used for the experiment. The MG-
63 cells were subcultured in 75 cm2 tissue culture flasks
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using a complete medium, Dulbecco’s modified Eagle’s
medium (DMEM, Sigma Aldrich, USA) supplemented with
10% (v/v) fetal bovine serum (Sigma Aldrich, USA) and
1% (v/v) penicillin/streptomycin (Gibco®, Life technolo-
gies, Japan) in an incubator (HERAcell 150i, Thermo Sci-
entific, Japan) at 95% relative humidity and 5% CO2.

The CP1Col and CP2Col scaffolds were fabricated in the
dimension of 10 mm in diameter and 5 mm in height. A
collagen sponge as the same size as the scaffold was used as
a control. All the scaffolds and sponges were sterilized by
the ethylene oxide gas (EOG) method and conditioned with
the complete medium at 37 °C for 3 h. After absorbing away
the medium from the scaffolds using a sterilized filter paper
(Advantec, 5C, 90 mm), the scaffolds were placed in a tis-
sue culture dish (100× 20 mm, FALCON® USA), 8× 105

cells suspended in 60 μL of the complete medium was
seeded onto each scaffold and incubated at 37 °C for 2 h.
After the incubation, the cell-seeded scaffolds were trans-
ferred into each well of 6-well plates (Gibco®, USA). Then,
6 mL of the complete medium was added to each well and
cultured for 7 days in the incubator. The medium was
refreshed every 2 days.

After 7-day culture, osteoblastic differentiation was
induced by an osteogenic medium, the complete medium
supplemented with 10 mM β-glycerolphosphate (Reagent
Grade, Sigma Aldrich, USA) and 50 μg/mL ascorbic acid.
The osteogenic medium was refreshed every 2 days and
cultured for 21 days. At various time intervals, the cell-
scaffold constructs were harvested and used for the assays
of cell adherence, DNA content, viability/cytotoxicity and
osteoblast differentiation. The results of the CP1Col and
CP2Col were the same for many assays; hence the results of
the CP2Col are shown and discussed in this paper as the
representative except for further notice.

2.7 Observation of cell adherence

The cell-scaffold constructs after 1- and 7-day culture were
fixed with 10% neutral buffered formalin solution at room
temperature for 2 days. After 2 days, the fixed constructs
were removed, washed with distilled water thrice, dehy-
drated in graded series of ethanol and freeze-dried. The mid
vertical cross section of the freeze-dried constructs was
observed for cell adhesion and distribution using SEM.

2.8 Viability/cytotoxicity assay

Cell viability was evaluated by the live/dead cell staining
assay using cell stain double staining kit (Dojindo Labora-
tories, Japan) according to the manufacturer’s instruction.
Briefly, the cell-scaffold constructs at 1- and 7-day cultures
were washed thrice with PBS (Sigma Aldrich, USA) and
incubated in 2 μM calcein-AM and 4 μM propidium iodide

solution in the PBS for 15 min. After the incubation, the
constructs were observed for live and dead cells using a
fluorescence microscope (BX51Olympus Corp., Japan)
immediately.

2.9 DNA content

The cell proliferation in the scaffolds was quantified by the
DNA amount in the cell-scaffold constructs. After 1-, 7-,
14- and 21-day cultures, each construct was harvested,
homogenized on ice in the glycine lysis buffer containing
0.1 M glycine (pH 10.4), 1 mM MgCl2 and 0.2% (v/v)
TritonX-100 and incubated for 15 min in an ice box. Each
sample was centrifuged at 12,000 rpm for 5 min, and the
supernatant was transferred to a new centrifuge tube and
stored at −80 °C until further analysis. The total DNA
content was measured with a multiplate reader (GENius;
TECAN, Männedorf, Switzerland) by the Hoechst 33258
method. Briefly, 100 μL of diluted sample was mixed with
100 μL of Hoechst dye 33258 (Dojindo Laboratories,
Japan) in a 96-well microplate (FALCON®, USA)). Emis-
sions at 458 nm excited by 360 nm light were measured, and
the DNA content was calculated with a standard curve (R2

= 0.999) prepared using a calf-thymus DNA (Sigma
Aldrich, USA).

2.10 Alkaline phosphatase assay

The osteoblastic differentiation was evaluated by the alka-
line phosphatase (ALP) activity assay using p-nitrophenol
phosphate (pNPP) as a substrate. The cell lysates at 7, 14
and 21 days of the culture were prepared as the same as the
DNA quantification. Fifty microliter of the lysate was
mixed with 50 μL of pNPP in the 96-well microplate and
incubated at 37 °C for 30 min. The reaction was stopped by
adding 1 N NaOH and the amount of p-nitrophenol (pNP)
was calculated from a light absorbance at 405 nm using a
standard curve prepared from serial dilutions of pNP. The
measurement was repeated five times in each sample. The
ALP amount was normalized against the amount of the total
DNA amount in each sample.

2.11 Statistical analysis

All data were expressed as mean± standard deviation (SD).
Student t-test and one-way analysis of variance performed
to reveal significant differences. Turkey’s post hoc test was
performed for pairwise comparison with a level of sig-
nificance, p, at less than 0.05.
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3 Results

3.1 Hydrothermally converted sea urchin tests

Figure 1 shows naked-eye observations of sea urchin ske-
letons before and after hydrothermal phosphatization. The
macroscopic shape was retained and its color was removed
after treatment. Scanning electron microscopic images of
the SU2, shown in Fig. 2a and b, revealed that the skeleton
had a highly porous and interconnected microstructure
composed of macropores in the range of 200–300 μm and
micropores in the range of 20–50 μm. Magnesium was

detected in the SU2 by the EDS is shown in Fig. 2c. Those
of the SU1 showed the similar results.

Figure 3 shows the XRD results of the SU2, CP2 and
CPC2. The SU2 was identified as calcite (JCPDS 5-586)
single phase; thus, the SU2 was Mg-containing calcite as
stated in previous reports [29, 33]. The CP2 was composed

Fig. 1 Naked eye view of a SU1, b SU2, c CP1 and d CP2

Fig. 2 SEM images of SU2 a–b
and c shows the EDS pattern of
sample surface

Fig. 3 XRD pattern of SU2, CP2 and CPC2

J Mater Sci: Mater Med (2017) 28:184 Page 5 of 12 184



of two phases, β-tricalcium phosphate (β-TCP, JCPDS
9–619) and hydroxyapatite (HAp, JCPDS 9–432). After the
hydrothermal phosphatization, the SU2 transformed to a
biphasic calcium phosphate (BCP) consisting of Mg-
containing β-tricalcium phosphate and a small amount of
hydroxyapatite. From the XRD pattern of CPC2, HAp
phase was disappeared and became a β-TCP single phase.
The SU1, CP1 and CPC1 demonstrated the similar results in
the XRD data to the SU2, CP2 and CPC2, respectively. The
amount of β-TCP and HAp formed in CP1 and CP2 cal-
culated from XRD pattern is shown in Table 1.

The FT-IR results of the SU2, CP2 and CPC2 are shown
in Fig. 4. Internal modes of carbonate in calcite at 713, 878
cm−1 and broad absorption band around 1450 cm−1 was
detected in the SU2. The CP2 spectrum showed absorption
bands for PO4

3− bending mode at 608 and 561 cm−1;
stretching mode at 962 and 1025 cm−1; absorption bands
for CO3

2− anti-symmetric stretching mode at 1425 cm−1

and OH− stretching mode at 3571 cm−1, but no absorption
bands from organic substances were detected. The spectrum
of the CPC2 showed no differences with that of the CP2
except for an absence of the CO3

2− and OH− absorption
band. Overall assignments are given in Table 2 [34]. As the
same as the XRD results, the FT-IR data for the SU1, CP1

and CPC1 showed the similar results to SU2, CP2 and
CPC2, respectively.

Scanning electron microscopic images of the CP2 and
related EDS spectrum are shown in Fig. 5. Figure 5a and b
show SEM image of low and high magnification image of
the CP2, where the diameter of the pores ranged from 200
to 250 μm and 20 to 40 μm, respectively. These images
demonstrated that the CP2 still retains the porous micro-
structure of the original skeleton. The EDS spectrum
(Fig. 5c) indicates the characteristic peaks of calcium,
magnesium, phosphorous and oxygen, which demonstrates
that Mg was retained after hydrothermal phosphatization.
The similar results were obtained for the CP1 observations.

Quantitative chemical analyses and (Ca+Mg)/P atomic
ratios from the ICP-AES data, as shown in Table 3, revealed
no significant differences in the (Ca+Mg)/P ratio between
CP1 and CPC1; and CP2 and CPC2.

3.2 Characterization of the scaffolds

The naked eye observation of the scaffolds, CPC1 and
CPC2, is shown in Fig. 6a. The scaffolds can be fabricated
into any shape and hence they are shape controllable. The
microstructures of the horizontal cross sections of the
scaffolds are shown in Fig. 6b–f. The scaffolds had an open
pore microstructure with a high degree of interconnectivity
and the microstructure of the CP1/CP2 granules was well
maintained.

The open porosities and bending strengths at dry con-
dition of the scaffolds are shown in Table 4. Most of the
pores were still accessible and contributed to the total open
porosity. The bending strengths of the scaffolds under wet

Table 1 Quantitative analysis from XRD

Sample β-TCP (%) HAp (%) Ca/P

CP1 82.5 17.5 1.53

CP2 82.0 18.0 1.53

Fig. 4 FTIR spectra of SU2, CP2 and CPC2

Table 2 Band assignments of FTIR spectrum given in Fig. 4

Wavenumber (cm−1) Assignment/s

3571 O-H stretching from hydroxyapatite

2963, 2853, 2518 Organic constituents (bio-polymer)

1425 CO3− anti-symmetric stretching

1025 P–O in HPO4 and PO4 groups (stretching
mode)

962 P–O in PO4 group

878 CO3− out of plane bending

713 CO3−anti-symmetric bending

608,561 P–O in PO4 groups (bending mode)
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condition could not be measured because the scaffolds
became too soft for measurement. Even the scaffolds
became soft; they can be easily handled by hand and
forceps.

From stability analysis, where the scaffolds were soaked
in PBS, 37 °C showed that they were able to maintain their
shapes. The collagen used as a binder in the present study,
was not decomposed to gelatin at 37 °C and maintained the
integrity of the scaffold.

3.3 Biocompatibility

MG- 63 cells seeded on the scaffolds attached to the surface
and continue to grow in vitro. The cells demonstrated good
initial attachment to the surfaces of scaffolds after day 1 of
cell seeding as shown in Fig. 7a and b. According to the
SEM observations at day 7, cells showed good migration

and proliferation into the pores of CP1/CP2 granules
(Fig. 7c and d)

The live/dead staining images of the cells over the
scaffolds after day 1 and 7 days of culture are shown in
Fig. 8. The results showed that most of the cells were viable
and very few or negligible dead cells were found in both the
scaffolds.

Cell proliferations, evaluated by time-dependent changes
of DNA amounts in the cell/scaffold constructs, indicated
that the MG-63 cells in the scaffolds (Fig. 9) demonstrated
significantly higher proliferation than that of the control,
conventional collagen sponges, at day 7, 14 and 21.

The ALP activity shown in Fig. 10 revealed that sig-
nificantly high ALP activities were observed at day 14 and
21 for the test group in comparison to the control collagen
sponge group, though no significant differences on day 7.
This suggested that the presence of BCP granules stimu-
lated an early stage of osteoblastic differentiation.

4 Discussion

4.1 Phosphatization

The sea urchin skeletons used in this study are waste pro-
ducts of sea urchin food processing industry in Japan. From
SEM imaging, it is revealed that the skeletons are made up
of highly interconnected porous structure with both mac-
ropores and micropores. X-ray diffraction analysis revealed
that the composition of skeletons is Mg-calcite and EDS

Fig. 5 SEM images of CP2 a–b.
c Shows the EDS pattern of
sample surface

Table 3 Quantitative analysis from ICP-AES

Sample Mg/Ca (Ca+Mg)/P

SU1 0.1179± 0.0006 –

CP1 0.1196± 0.0002 1.5207± 0.0223

CPC1 – 1.5050± 0.0211

SU2 0.1205± 0.0001 –

CP2 0.1226± 0.0006 1.5217± 0.0153

CPC2 – 1.5097± 0.0090
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analysis showed no contamination from heavy metal ions.
The SEM analysis of CP1/CP2 showed that the converted
skeletons retained their original porous structure.

From XRD and FTIR analysis, hydrothermal phospha-
tization of sea urchin skeleton converted Mg-calcite to BCP
consisting mainly of Mg-containing β-TCP (82%) and a
small amount of HAp (18%). Hydrothermal conversion of
other marine CaCO3 skeletons, such as coral, cuttlebone
and sea shells, has been reported to produce HAp, while sea
urchin spines produced β-TCMP [35]. The phosphatization
reaction could be a dissolution-re-precipitation process [36]
of Mg-calcite and calcium phosphate; where, all re-
precipitation process of calcium phosphate occurred on

the surface of Mg-calcite and progressed towards the Mg-
calcite side, with the dissolution of Mg-calcite. In addition,
from the viewpoint of density, TCP and HAp crystals have
densities of 3.14 and 3.16, respectively; thus, cavity formed
by dissolution of Mg-calcite, density could be less than that
of calcite, 2.71, this would provide enough space for TCP
and/or HAp formation towards Mg-calcite instead of out-
side of sea urchin skeleton.

Generally, calcite phosphatization at high-temperature
results formation of calcium-deficient and carbonate-
containing hydroxyapatite crystals [14]. The formation of
β-TCP instead of HAp in the present study is explained by
the presence of Mg2+ ions, well-known as an inhibitor of
HAp formation and stabilizer of the β-TCP structure [37]. In
addition, Mg2+ ions in calcite structure may additionally be
unstable than Ca2+ ions, because Mg2+ ions do not super-
sede calcite crystals more than 10% in the atomic ratio for
Ca2+ even if the solution consists of high Mg2+ con-
centration [38], and may preferably release from Mg-calcite
in comparison to Ca2+ ions. Therefore, the Mg/Ca atomic

Fig. 6 a Naked eye view of the scaffolds. SEM images of horizontal cross section of CP1Col b–c and CP2Col d–e scaffolds. Closed stars in image
b,d indicates CP1 and CP2 granules respectively

Table 4 Open porosity and bending strength of scaffolds

Scaffold Open porosity (%) Bending strength (dry state, kPa)

CP1Col 81.94± 1.34 159.89± 31.39

CP2Col 83.84± 2.38 149.71± 27.35
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ratio in the solution at an early stage of phosphatization
could be higher than that in sea urchin skeletons and these
Mg2+ ions stabilize as well as incorporate into β-TCP. In
the later stage, Mg2+ ion concentration could decrease to
allow the formation of Ca-deficient HAp; thus, a small
amount of HAp existed in the CP1 and CP2.

Further, the presence of large amounts of carbonate ions
results in the formation of carbonate containing HAp, as

shown in FT-IR spectrum of CP2 (Fig. 4), also supported in
the literature [14]. In addition, the carbonate-containing
HAp obtained from the phosphatization was a Ca-deficient
HAp as reported, because it gets easily decomposed to β-
TCP at high temperature [39] which is confirmed by the
XRD pattern (Fig. 3) and the FT-IR (Fig. 4) spectrum of the
CPC2, respectively. Slightly high values of the theoretical
Ca/P atomic ratios (Table 1) in comparison to the observed

Fig. 7 Vertical cross section SEM images of MG-63 cells cultured on CP2Col scaffold after day 1 a–b and day 7 c–d. White arrows indicate the
regions of adhered cells

Fig. 8 Viability fluorescence images of scaffolds. Calcein acetoxymethyl (Calcein AM) stained healthy cells appeared as green, and propidium
iodide stained nuclei of dead cells appeared as red. White arrows indicate the dead cells
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ratios (Table 3) also supported Ca deficiency of the HAp.
No significant differences in observed atomic ratios of Ca,
Mg and P between CPs and CPCs, which is very reasonable
because they do not get vaporized at 1000 °C.

4.2 Scaffold properties

The scaffolds fabricated with collagen and the CP1 or CP2
granules showed good open porosity with both macropores
and micropores, even after some pores were covered with
the collagen fibers. This highly porous structure can be
appropriate for the BTE applications to allow cell migration,
vascularization and nutrient supplementation [40]. The
scaffold was highly elastic in wet condition and could be
molded into any shape to fit irregular bone defects. Overall,
collagen acted as a binder and maintained the integrity of
the scaffold due to the stability of collagen gel at 37 °C in
the physiological ion conditions, while highly porous CP1
or CP2 granules reserved the space for bone formation.

Generally, bone tissue scaffolds fabricated from ceramics
and/or polymers do not have sufficient mechanical strength
for load bearing; however, the scaffolds have high cap-
ability to introduce bone tissues by appropriate time period,
they would be useful for bone defect repairment. For
instance, hydroxyapatite/collagen (HAp/Col) bone like
nanocomposite sponge developed by Kikuchi et al. [41],
demonstrated good clinical trial results [42] because of their
sponge-like elasticity to fit any shape of bone defect, where
no gaps remain between the host bone and scaffold. Gaps
between the host bone and scaffold would generally delay
the bone ingrowth process significantly. Similarly, the
CP1Col/CP2Col composite in the present study, possess
adequate mechanical strength under wet conditions and
shape controllability to be used a bone substitute.

4.3 Biocompatibility of scaffolds

No significant cytotoxicity was observed in any scaffold.
From mid vertical cross section images of SEM, cell
adherence onto the granules and migration into their mac-
ropores were clearly observed. In addition, cell proliferation
was highly enhanced in both the CP1Col and CP2Col
scaffolds after day 7, 14 and day 21 in comparison to the
control collagen sponge. The ALP activity at day 7 showed
no significant differences among all the groups, due to the
formation of cell-cell interactions in its peripheral area [43].
The increase in the ALP activity for the cells in the present
scaffolds was higher and showed significant difference with
that of the control collagen sponge, because calcium
phosphate granules in the presently fabricated scaffolds
could enhance the early stage of osteoblastic differentiation.
Matsuno et al. [44], reported collagen disadvantages as a
bone void filler, that the collagen sponge after implantation

Fig. 9 Total DNA content assay of MG-63 cells cultured on scaffolds.
Data are represented as mean ± SD for 5 samples. *Indicates sig-
nificant differences (p< 0.05) when compared with control. NS means
no significant difference

Fig. 10 Alkaline phosphatase activity assay of MG-63 cells cultured
on scaffolds. Data are represented as mean ± SD for 5 samples.
*Indicates significant difference (p< 0.05) when compared control.
NS means no significant difference
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degraded completely in 4 weeks, although the collagen
sponge was replaced by soft connective tissue and newly
formed bone without showing the formation of the typical
bone network. In fact, collagen is phagocytosed by mac-
rophages instead of osteoclasts; thus, no signal transduction
to osteoblasts occurs and no bone formation is promoted.

Biphasic calcium phosphate possesses several advan-
tages over HAp and TCP due to their controlled bioactivity
and balance between resorption/solubilization which guar-
antees the stability of the biomaterial while promoting bone
ingrowth [45]. A report by Eun-Ung Lee et al. [46], showed
that BCP composite with collagen (BCPC) provided proper
space maintaining capacity and osteoconductive property
compared to collagen sponge and BCP block. This result
suggests that BCPC can be efficiently utilized in various
clinical applications.

In this study, highly porous sea urchin skeletons are
converted to BCP granules without any change in the
microstructure, by a relatively low cost and simple hydro-
thermal phosphatization method. The scaffolds fabricated
with porous biphasic CP1/CP2 granules and collagen pro-
vided essential porosity, bioactive surface for cell attach-
ment and proliferation. Also, the scaffolds created a
favorable environment for differentiation of cells, which can
favor increased bone formation in comparison with a col-
lagen sponge. The scaffolds proved to be biocompatible and
have the potential to be utilized as artificial bone filler.

5 Conclusion

Raw sea urchin skeleton was hydrothermally converted to
biphasic calcium phosphate with 82% β-TCP and 18 %
HAp, retaining their native porous structure. Collagen
molecules acted as a binder and maintained the integrity of
the scaffold. The scaffold showed good open porosity and
adequate mechanical strength. Furthermore, the in vitro
biological evaluation showed that the scaffolds were non-
cytotoxic. The MG-63 cells adhered and distributed well in
the scaffolds. The cell proliferation ability and ALP activity
were higher in the scaffolds in comparison to the collagen
sponge. These results suggest that scaffolds fabricated with
calcium phosphate granules converted from sea urchin test
and collagen could be a potential candidate for artificial
bone filler.
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