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Biphasic calcium phosphate (BCP) containing hydroxyapatite (HA) and β-tricalcium phosphate
(β-TCP) is considered the gold standard for bone repair. However, the complex synthesis of
BCP restricts the wide application of BCP. In the preliminary work, we proved that the HA/β-
TCP BCP ceramic material extracted from fishery waste had a good prospect as a bone
replacement graftmaterial for filling bone defects. This study aimed to explore the osteogenesis
effect of BCP material derived from butterfish bones in vivo and in vitro. After loading human
bone marrow mesenchymal stem cells (hBMSCs) with materials, we used scanning electron
microscopy to observe cell adhesion and survival. Western blot analysis was used to detect
osteogenic expression in vitro. Micro-computed tomography and hematoxylin–eosin staining
were used to detect bone regeneration and material degradation rate in the rat femoral defect
model. The results showed that hBMSCs grew well and adhered closely to the material. In
vitro, the expression levels of bone formation–related markers ALP and Runx-2 of butterfish
bones calcined at 900°C were generally higher than those in the other groups. Notably, in vivo,
the osteogenesis ability of butterfish bones calcined at 900°Cwas almost comparable to that of
the most commonly used Bio-Oss in clinical practice and was significantly better than that in
the other groups. In summary, the BCP ceramic material derived from butterfish bones had
good biocompatibility, osteoconductivity, and osteoinductivity, and had a good application
prospect in the field of bone graft substitutes.
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1 INTRODUCTION

Of the 1.6 million bone transplants performed in the United States each year, more than 6% are
craniofacial bone transplants (Greenwald et al., 2001). More bone tissue reconstruction is needed due
to medical or aesthetic reasons after the craniofacial bone defect is caused by trauma, tumor,
deformity infection, and so forth, (Lee et al., 2019). Although autogenous bone grafts are the gold
standard for bone grafts, autologous bone transplantation has the disadvantages of limited raw
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materials, secondary trauma when the bone is taken, and rapid
bone resorption (Eppley et al., 2005; Neto et al., 2019).

Calcium phosphate ceramic materials are widely used as bone
graft materials due to their high degree of similarity to natural
bones (Boutinguiza et al., 2012). Hydroxyapatite (HA) is an
inorganic component, which is the most similar to bones and
teeth (Dorozhkin, 2016). Currently, HA with good biological
activity has been widely studied as a substitute for bone grafts; It
shows excellent osteoconductivity and has potential as an
osteoinductivity material (Dorozhkin, 2013). Another calcium
phosphate material, β-tricalcium phosphate (β-TCP), has lower
mechanical strength but higher resorption (Jeong et al., 2019). At
present, BCP ceramic materials are considered the gold standard
for bone repair (Matiyal et al., 2021).

BCP can be synthesized artificially and naturally, but artificial
synthesis requires complicated procedures and chemical reagents
(Zhu et al., 2017; Terzioğlu et al., 2018). According to the Food
and Agriculture Organization, more than 91 million tons of fish
and shellfish are caught each year globally, and the discard rate is
almost 50% (Fernández-Arias et al., 2021). Also, calcium
phosphate materials can be obtained from fish bones by
simple processing methods (Venkatesan et al., 2011; Piccirillo
et al., 2013). At present, there are many studies to extract BCP
from fishery waste and complete its characterization (Fernández-
Arias et al., 2021; Matiyal et al., 2021; Zamri et al., 2021). In our
previous study, we chose a marine fish that could be cultivated
artificially—butterfish, and obtained HA and BCP from the fish
bones through simple calcination at different temperatures to
reduce the individual differences caused by the differences in the
living environment of fish. The calcined fish bone has good pore
structure, porosity, and nanograin size, and we think that it can be
used as a raw material for preparing porous bioceramic bone
replacement materials (Deng et al., 2021). However, most of the
current research stays at the level of material preparation and
characterization, with only simple biocompatibility testing, and
lack of exploration of the in vitro and in vivo osteogenic
properties of materials.

Based on previous findings and aiming to explore the osteogenic
properties of materials, this study used tissue engineering to load
human bone marrow mesenchymal stem cells (hBMSCs) with
calcined butterfish bones and explore the osteogenic performance
of BCP derived from butterfish bones in vivo and in vitro.

2 MATERIALS AND METHODS

2.1 Material Preparation and
Characterization
We completed the preparation and characterization of HA/β-
TCP BCP ceramic materials derived from butterfish bones in the
early stage We extracted BCP from butterfish bone that was
calcined at 700–1100°C. Then, their composition and
microstructure was characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), inductively
coupled plasma optical atom emissions spectroscopy (ICP-
OES), scanning electron microscopy (SEM), and mercury
intrusion porosimeter (MIP) (Deng et al., 2021).

2.2 In Vitro Cell Studies
2.2.1 Material Functional Modification
The calcined butterfish bones were ground and screened with 25-
mesh and 40-mesh screens, and the diameter of the material was
controlled at 450–700 µm. The screened butterfish bones and clinical
bovine bones Bio-Oss (0.25–1mm,Geistlich PharmaAG,Wolhusen,
Switzerland) were sterilized using ultraviolet (UV) light, placed in a
24-well culture plate, and according to the calcination temperature
separated into 700°C and 800°C, 900°C and 1000°C, and Bio-Oss (7, 8,
9, and 10, and B). The materials in each group were immersed in
Sulfo-SANPAH solution (0.1mg/ml, 22589; Thermo Scientific, MA,
United States) and irradiated with UV light for 10min. The Sulfo-
SANPAH solution was then removed, and the materials were
irradiated again for 5min for hydrophilic modification of the
material. Then, the materials were soaked in Matrigel (0.5 mg/ml,
LDEV-free, 354234; Corning, NY, United States) and incubated in a
humidified incubator at 37°C for 3 h to form a biologically active
three-dimensional matrix, which simulates the structure,
composition, physical properties and functions of the basement
membrane of cells in vivo, which is beneficial to the culture and
differentiation of cells in vitro. The substrate was rinsed with
phosphate-buffered saline (PBS) before seeding the cells.

2.2.2 Cell Culture
hBMSCs were obtained from Naval Medical University
(Shanghai, China). hBMSCs were cultured with 10% v/v fetal
bovine serum (FBS; 10099141; Gibco, Australia) and 1%
penicillin–streptomycin (10378016; Gibco) using α-minimal
essential medium (α-MEM; 12561056; Gibco) as a growth
medium. The cells are cultured in a 37°C, 5% CO2 incubator.
The medium was changed every other day, and the cells were
passaged when the density reached 75%–85%. The P4-generation
cells were used in experiments. The P4-generation hBMSCs
(200 μl, 1 × 106) were spread on the previously functionally
modified material in the 24-well culture plate (7, 8, 9, 10, and
B) and cultured in 1 ml of growth medium for 14 days.

2.2.3 Scanning Electron Microscope Analysis
A scanning electron microscope (SEM, Hitachi SU8220, Japan)
was used to observe the microstructure of the calcined butterfish
bone (700°C, 800°C, 900°C, 1000°C, and Bio-Oss) at high
magnification (x100,000). ImageJ software was used to analyze
the grain size of butterfish bones and Bio-Oss after calcination at
different temperatures. The P4-generation hBMSCs were spread
on the previously functionally modified material in the 24-well
culture plate (7, 8, 9, 10, and B) and after culturing for 14 days, the
material was washed with PBS and fixed with 2.5% glutaraldehyde
at 4°C overnight. It was dehydrated with ethanol gradient series
(30%–100%) and dried with a critical point dryer (Leica EM
CPD300, Germany). Then, the coating and freeze fracturing
system (Leica EM ACE200, Germany) was used to spray gold
on the material. Finally, an SEM (Hitachi U8010, Japan) was used
to observe the adhesion and growth of the cells on the material.

2.2.4 Western Blot Analysis
The P4-generation hBMSCs (200 μl, 1 × 106) were spread on the
materials (7, 8, 9, 10, and B) placed in a 24-well plate and cultured
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for 14 days. The materials were carefully removed and placed in a
new 24-well plate to avoid the adherence of cells to the bottom of
the 24-well plate from affecting the experiment results.
Subsequently, the cells were lysed with RIPA buffer (PC101;
Epizyme, Shanghai, China) supplemented with protease and
phosphatase inhibitors (A32959; Thermo Scientific), and the
supernatant was taken. The protein concentration was
determined with a BCA protein assay kit (P0012; Beyotime,
China). The extracted protein was separated using SDS-PAGE
and then transferred to a polyvinylidene fluoride membrane
(ISEQ00010; MIillipore, MA, United States) by wet transfer.
After blocking with rapid blocking solution buffer (PS108;
Epizyme) for 30 min, the membrane and the primary antibody
(Vinculin, 13901, Cell Signaling Technology; Alkaline
Phosphatase, A0514, ABclonal; Runx-2, 12556, Cell Signaling
Technology) were incubated overnight at 4°C and then incubated
with horseradish peroxidase (HRP)-conjugated anti-rabbit
(SA00001-2, Proteintech) secondary antibody at 25°C for 2 h.
The membrane was subsequently reacted with the HRP substrate
(WBKLS0100; Millipore) for 5 min, and the image was displayed
using a chemiluminescence system (ChemiScope; Clinx Science
Instruments Co. Ltd., Shanghai, China).

2.3 In Vivo
2.3.1 Rat Femoral Defect Model
Twenty-four 8-week-old Sprague–Dawley rats, weighing 250 ±
20 g, were purchased from Shanghai Jihui Laboratory Animal
Technology Co. Ltd. (Shanghai, China) and divided into four
groups (n = 6): control group, 700°C + hBMSCs, 900°C +
hBMSCs, and Bio-Oss + hBMSCs (control group, 7 + C, 9 +
C, and B + C). All animal experimental procedures were
supported by Committee on Ethics of Biomedicine Research,
Second Military Medical University. Each rat was anesthetized
with 0.3% sodium pentobarbital via intraperitoneal injection, and
the skin of the femoral surgery area was scraped off. A 1.5-cm
incision was made in the distal femur, the skin and subcutaneous
tissue were cut, the fascia and the muscle were separated, and the
femoral condyle was exposed. A dental drill was used to drill a
cylindrical defect with a diameter of 3 mm and a depth of 3 mm
from the outside of the femoral condyle (Dong et al., 2020).
Further, we implanted different materials (0.3 mg; 7, 9, and B)
into the defect and then used a syringe to evenly instill hBMSCs
(200 μl, 2 × 105) into the defect site. After the surgery was
completed, the defect was covered with the muscle, the muscle
layer and the skin were gently rinsed with normal saline, and the
skin was sutured. Half of the rats in the group were randomly
selected and sacrificed by the intraperitoneal injection of high-
dose sodium pentobarbital 4 weeks after the surgery. The femurs
were extracted. The remaining rats were sacrificed 8 weeks after
the surgery, and the femurs were extracted.

2.3.2 Micro-Computed Tomography Analysis
The removed femurs were fixed overnight with 4%
paraformaldehyde. Using a micro-computed tomography (CT)
scanner (Skyscan 1275; Bruker, Germany), the fixed femurs were
scanned under the conditions of a pixel size of 13 μm, a voltage of
50 kV, and a current of 60 µA. Then, CTAn and CTVox software

were used to perform three-dimensional reconstruction analysis
on the image. The bone volume/tissue volume (BV/TV) of the
cortical bone area was calculated.

2.3.3 Histological Analysis
After being tested using micro-CT, the femurs were immersed in
EDTA decalcification solution (Servicebio, China) and dehydrated
with a series of ethanol solutions (50%–100%) of increasing
concentration. After embedding in paraffin, the femurs were cut
into 4-mm-thick sections. Then, hematoxylin–eosin staining was
performed. Pannoramic DESK (P-MIDI, P250; 3D HISTECH,
Hungary) was used to image the sections, and the new callus
area was analyzed with ImageJ software.

2.4 Graphical Abstract
Figure 1A shows our general experimental procedure, including
material modification, electron microscopic observation after
in vitro loading of cells, Western blot analysis, and in vivo
material and cell implantation and observation. Figure 1B
shows the implantation of materials and cells in the rat
femoral defect model.

3 RESULTS

3.1 Characterization and Cell Adhesion
Figure 2A shows the SEM (x100k) images of the microstructure
of Bio-Oss and butterfish bones (calcined at 700°C–1000°C), as
well as the SEM (x250) images of the cell morphology and
adhesion state of cells cultured on the functionally modified
material for 14 days. Then, ImageJ software was used to
analyze the grain size of the materials (Figure 2B). The grain
size of the butterfish bone after calcination at 700°C was
30–110 nm, the grain size of the butterfish bone after
calcination at 800°C was 45–150 nm, the grain size of the
butterfish bone calcined at 900°C was 90–260 nm, and the
grain size of the butterfish bone calcined at 1000°C was
110–300 nm. In addition, the natural pore structure of pomfret
bone was shown, which demonstrated that the calcined butterfish
bone has rich pore structure, including macropores and
connecting pores connected between macropores. Bio-Oss
grain size was relatively uniform, estimated as 50–70 nm.
Besides, all materials had dense hBMSC adhesion. The
hBMSCs grew well, with protruding pseudopods, and adhered
to the materials in a star shape. The hBMSCs and their
pseudopods were also observed in the pores of the materials.

3.2 Osteogenesis-Related Marker Analysis
Vinculin was used as an internal control. As shown in Figure 3,
after loading hBMSCs on the materials for 14 days, the expression
level of early osteogenic marker ALP in groups 8, 9, 10, and B was
significantly higher than that in group 7, while the expression
levels in groups 8 and 9 were significantly higher than those in the
other three groups. The early osteogenic marker Runx-2 was
expressed in all groups; the expression in groups 8, 9, 10, and B
was significantly higher than that in group 7, while the expression
in group 9 was significantly higher than that in other groups.
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3.3 Micro-Computed Tomography
Three-Dimensional Reconstruction and
Quantitative Analysis
Figure 4A shows the CT images and 3D reconstruction models of
the cortical bone surface 4 weeks after the surgery. Still, defects
were found in the cortical bone in each group. The 3D
reconstruction models showed that the aperture caused by the
surgery in the B + C group had a certain reduction. The CT
images and 3D reconstruction models of the cortical bone surface
8 weeks after the surgery showed that despite some material on
the outside of the bone cylinder, the cortical bone in each group
was relatively well repaired. More residual materials were found
inside the bone cylinder in the 7 + C and 9 + C groups. The
degradation rate of the butterfish bones in vivo after calcination
was lower than that of Bio-Oss (Figure 4B).

Figure 4C shows the result of quantitative analysis of the BV/
TV of the bone cylinder based on micro-CT images. Four weeks
after the surgery, the BV/TV in each experimental group and the
control group increased statistically significantly. The BV/TV in
the 7 + C group was significantly lower than that in the B + C
group, while BV/TV in the 7 + C group was significantly lower
than that in the 9 + C group. No statistically significant difference
was found between the 9 + C and B + C groups. Eight weeks after
the surgery, no significant difference was found in BV/TV in each
group compared with the 4-week groups. The BV/TV in each

experimental group and the control group increased statistically
significantly. The BV/TV in the 7 + C group was lower than that
in the B + C group, the BV/TV in the 7 + C group was
significantly lower than that in the 9 + C group, and no
statistically significant difference was found between the 9 + C
and B + C groups. The trend was basically the same 4 weeks after
the surgery.

3.4 Histological Observation and
Quantitative Analysis
Figure 5 shows that none of the implants in each group caused
infection and severe inflammation. The single-layer cortical bone
defects in the control group and each experimental group were
more or less repaired 4 weeks after the surgery. However,
obviously more new bone was formed around the materials
and connected them into pieces in the bone marrow cavity in
the 7 + C, 9 + C, and B + C groups compared with the control
group; these three groups showed better osteoconductivity.
Compared with Bio-Oss, the calcined butterfish bone had
more pore structure and a large amount of new bone formed
in the pores; however, basically no new bone was formed inside
the Bio-Oss graft material (Figure 5A). Figure 4B shows the
histological section 8 weeks after the surgery. It was seen that the
single-layer cortical bone defects in each group were basically
repaired. Consistent with the histological section results 4 weeks

FIGURE 1 | Graphical Abstract (A). Animal model surgery (B).
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after the surgery, the 7 + C, 9 + C, and B + C groups also showed
better osteoconductivity; more new bones were formed in the
pores of the butterfish after calcination. However, the absorption
rate of the graft material was higher in the B + C group than in the
7 + C and 9 + C groups.

ImageJ software was used to quantitatively calculate the area of
new bone (Figure 5C). The amount of new bone statistically
significantly increased in each experimental group compared
with the control group 4 weeks after the surgery. The amount
of new bone was significantly less in the 7 + C group than in the B
+ C group, and the amount of new bone was significantly less in

the 7 + C group than in the 9 + C group. No statistically
significant difference was found between the 9 + C and B + C
groups. The amount of new bone in each group increased slightly
in each group 8 weeks after the surgery compared with 4 weeks
after the surgery, but it was not significant. Only the 9 + C and
B + C groups had a statistically significant increase in new
bone mass than the control group. The new bone mass in the
7 + C group was less than that in the B + C group, and the new
bone mass in the 7 + C group was less than that in the 9 + C
group. No statistically significant difference was found
between the 9 + C and B + C groups 4 weeks after the
surgery. Overall, the histological results were consistent
with the micro-CT results.

4 DISCUSSION

Previous studies have shown the application of calcium
phosphate materials in many fields, especially in bone grafts
(Ballouze et al., 2021; Dejob et al., 2021; Lodoso-Torrecilla
et al., 2021). In an experiment conducted earlier, we
considered extracting calcium phosphate materials from
fishery waste. Then, we used the method of calcining
butterfish bones at different temperatures to obtain materials
containing only HA and also BCP materials containing HA and
β-TCP. The results showed that the butterfish bone had the
potential to be used as a raw material for further preparation

FIGURE 2 | SEM observation of material microstructure and cell loading status (A). Quantitative statistics of particle size of materials (B). n = 10.

FIGURE 3 | Western blot analysis for ALP and Runx-2.
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of porous bioceramic scaffolds (Deng et al., 2021). Considering a
wide range of sources and environmental protection, we believe
that extracting calcium phosphate materials from fishery waste

has broad prospects. In this study, we further explored the
osteogenic effects of calcium phosphate derived from the
butterfish bone in vivo and in vitro.

FIGURE 4 |Micro-CT imaging images 4 weeks after surgery (A) and 8 weeks after surgery (B). Quantitative analysis of bone volume/tissue volume (BT/TV) in each
group 4 weeks after surgery and 8 weeks after surgery (C). n = 3. *p < 0.05, **p < 0.005, ***p < 0.001.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 9280756

Deng et al. Osteogenic Properties of BCP

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


First, we observed the microstructure of the calcined butterfish
bone and found that the crystal grains in each group of materials
were at the nanometer level. Tiny pores were present between the
crystal grains. The material crystal grains at the nanometer level

were conducive to the adhesion, proliferation, and differentiation
of stem cells. Also, the micropores could increase the surface area
of the material, the attachment of cells, and the precipitation of
biological HA (Rustom et al., 2016; Sethu et al., 2017). We

FIGURE 5 |Hematoxylin-eosin staining images 4 weeks after surgery (A) and 8 weeks after surgery (B). Quantitative analysis of the area of new callus with ImageJ
software (C). n = 3. *p < 0.05, **p < 0.005, ***p < 0.001.
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observed that hBMSCs were firmly attached to the surface of each
group of materials, with protruding pseudopods. The attachment
state was good, indicating that the material had a good interaction
with hBMSCs, and therefore it was a potential material for bone
graft substitutes.

We used Western blot analysis to detect the bone
formation–related markers ALP and Runx-2. The butterfish
bones showed higher expression levels after calcining at 900°C,
indicating that the bone formation ability in vitro was similar to
that of the commonly used Bio-Oss in clinic. They were better
than other groups, especially the butterfish bones calcined at
700°C. This might be because, in previous studies, only HA was
contained in the butterfish bones after calcination at 700°C, β-
TCP began to appear after the calcination temperature reached
800°C, and the ratio of the two-phase components after
calcination at 900°C was more appropriate (Deng et al., 2021).
As a bone graft substitute, HA had good biocompatibility and
osteoconductivity. However, the lack of osteoinductive properties
was a major disadvantage; BCP materials were proven to have
better osteoinductive properties, which promoted the
applications of these materials (Zhou et al., 2019; Zhao et al.,
2020). Therefore, we believed that butterfish bones had better
osteogenic properties after being calcined at 900°C in vitro.

In vivo, we used the calcined butterfish bones containing only
HA (after calcination at 700°C), the calcined butterfish bones
containing BCP (after calcination at 900°C), and Bio-Oss with
hBMSCs and implanted them into a rat femoral defect model.
Whether 4 weeks or 8 weeks after the surgery, micro-CT
detection and quantitative analysis of BT/TV showed that the
bone formation performance of butterfish bones containing BCP
components calcined at 900°C was significantly better than that of
butterfish bones calcined at 700°C, and comparable to that of the
most commonly used commercial bone meal in clinical practice.
The pore size of the butterfish bone calcined at 700°C was
different from that of the butterfish bone calcined at 900°C.
However, we believed that the presence of soluble β-TCP in
the BCP material might have a more significant effect on bone
healing (Habibovic et al., 2005; Li et al., 2017).

The conclusion of the histological staining results was almost
the same as that of image detection. Compared with Bio-Oss, the
calcined butterfish had certain defects. The micro-CT test and
histological results showed that the calcined butterfish bone had a
lower in vivo degradation rate. The low degradation rate of
biological materials might increase the physical resistance to
bone growth, affect the interaction with body fluids, and
interfere with bone formation (da Silva Brum et al., 2019;
Nazir and Iqbal, 2021; Prado et al., 2021). However, compared
with Bio-Oss, the calcined butterfish bone also had certain
advantages, such as its high porosity. The macroporosity of

biomaterials provides a suitable environment for the formation
of new bones and plays a key role in the expression of cell
phenotype and the process of bone formation, while the
microporosity dramatically increases the material’s adsorption
of proteins (Toquet et al., 1999; Xie et al., 2004; Bouler et al.,
2017). The histological staining results showed that bone tissue
formation occurred in the pores of the butterfish bone after
calcination, while Bio-Oss lacked the pores for bone tissue
growth.

5 CONCLUSION

We proved that the BCP bioceramic material derived from
butterfish bones had good biocompatibility and osteogenesis
ability in vivo and in vitro. The biological material has a wide
range of sources and a simple production method. Structurally,
the material has a nanostructure and high porosity. Also, it has a
two-phase composition. Further, it has certain osteoconductivity
and osteoinductivity. Hence, it has a good development prospect
as a bone replacement graft in the future.
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