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Abstract: The reconstruction of large bone defects has been the focus in bone tissue engineering research. By 
acting as synthetic frameworks for cell growth and tissue formation, biomaterials can play a critical role in bone 
tissue engineering. Among various biomaterials, calcium phosphate based materials include hydroxyapatite (HA), 
α-tricalcium phosphate (α-TCP), and β-tricalcium phosphate (β-TCP) are widely used as scaffold materials in bone 
tissue engineering. However, little is known about the effect of α-TCP alone on the osteogenic differentiation of the 
BMSCs. To this end, we synthesized α-TCP using a novel co-precipitation method. The synthetic α-TCP was then 
incubated with rat BMSCs under osteogenic inductive medium culture conditions, followed by the analysis of the 
mRNA levels of various osteogenesis-related genes, including ALP, Rux2, COL-I, and SP7, using a quantitative RT-
PCR method. Following incubation of BMSCs with 20 μg/ml α-TCP, cells reached confluency after 7 days. Addition-
ally, the MTT analysis showed that α-TCP at concentration of 10-20 μg/ml had good biocompatibility with BMSCs, 
showing no significant inhibition of rat BMSCs proliferation. Furthermore, the synthetic α-TCP (20 μg/ml), when 
incubated with rat BMSCs in the osteogenic culture medium, increased the mRNA levels of various osteogenesis-
related genes, including ALP, Rux2, COL-I, and SP7. Finally, treatment of synthetic α-TCP (20 μg/ml) potentiated 
calcium nodule formations after incubation with rat BMSCs in osteogenic culture medium for 21 days, as compared 
with non-treated control. Taken together, the results in the present study suggested that α-TCP alone likely promotes 
rat BMSCs osteogenic differentiation through up-regulating ALP, Col-I, Runx2, and SP7 gene expression.
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Introduction

The reconstruction of large bone defects 
caused by trauma, infection, tumors, and con-
genital malformations has been the focus in 
bone tissue engineering research. One of the 
most promising and exciting research develop-
ments in bone tissue engineering is to use bio-
medical materials to facilitate the bone regen-
eration [1-4]. By acting as synthetic frameworks 
for cell growth and tissue formation, biomateri-
als can play a critical role in bone tissue engi-
neering. Ideal bone tissue engineering scaffold 
materials need to have good biocompatibility, 
osteoinductivity, and osteoconductivity with 
similar structure and mechanical properties of 
natural bones [5]. Furthermore, these biomate-

rials should be able to form a continuous inter-
face with the bone tissue at the site of implan-
tation, support vascularization, and have 
matched degradation rate with new bone for-
mation [6-8]. 

Among various biomaterials, calcium phos-
phate based materials include hydroxyapatite 
(HA), α-tricalcium phosphate (α-TCP), and 
β-tricalcium phosphate (β-TCP) are widely used 
as scaffold materials in bone tissue engineer-
ing [9]. These materials have good bone con-
ductivity and are able to form chemical bonding 
with the natural bones. In addition to their good 
structure and mechanical properties, they can 
promote osteogenesis or new bone formation 
and biomineralization. Therefore, a few meth-
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ods been used to improve the osteoinductive 
properties of the HA or β-TCP, including the 
modification of chemical components, inocula-
tion of bone mesenchymal stem cells (BMSCs), 
and the incorporation of various growth factors 
such as the transforming growth factor beta 
(TGF-β) [10], bone morphogenetic protein (BMP) 
[11, 12], and vascular endothelial growth factor 
(VEGF) [13, 14]. However, these methods unfor-
tunately resulted in only marginal improvement 
in bone tissue regeneration likely due to the fol-
lowing two reasons. First, the HA and β-TCP are 
chemically stable, so that a limited amount of 
genes or biologically active factors can be car-
ried physically or chemically. Second, the deg-
radation rate of HA and β-TCP is difficult to con-
trol and is hard to match with the formation 
rate of new bones [15-18].

Importantly, α-TCP also has good biodegrad-
ability, biocompatibility, and osteoinductivity. 
The solubility and/or absorption rate of α-TCP 
are higher than those of β-TCP [19-21]. The 
degradation products of α-TCP are rapidly 
absorbed and replaced in the bodies [21]. 
Given that the degradation of calcium phos-
phate material generated Ca2+, PO4

3-, which 
were substrates required by osteoblast differ-
entiation and bone matrix mineralization [7, 22, 
23], it is likely that α-TCP alone may promote 
the osteogenic differentiation of the BMSCs.

Various methods have been developed to syn-
thesize tricalcium phosphate including wet-
chemical method [24, 25], solid-state process 
[26, 27], and microwave irradiation [28, 29]. 
The most conventional method for α-TCP prepa-
ration procedure is the co-precipitation meth-
od, which is described as follows. CaH2PO4 and 
CaCO3 are mixed at the molar ratio of 2:1, fol-
lowed by calcination at 1250°C (or higher) for a 
certain time period. The final product is then 
obtained after cooling to the room temperature 
[30]. However, synthesis of a pure α-TCP by this 
method often requires a close control of many 
parameters such as, temperature, due to the 
different sources of raw materials. For exam-
ple, studies have reported various sintering 
temperature ranging from 1200°C-1700°C in 
order to produce substantially pure α-TCP, 
which is stable at room temperature [31, 32].

Therefore, in order to examine the effect of 
α-TCP on the osteogenic differentiation of the 
BMSCs, we first developed a novel co-precipita-

tion method using calcium nitrate [Ca(NO3)2• 
4H2O)], diammonium phosphate [(NH4)2HPO4], 
bicarbonate [NH4HCO3], and ammonia [NH3] to 
prepare α-TCP. The prepared α-TCP product 
was further characterized by x-ray diffraction 
analysis (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), 
and BET surface area analysis. The synthetic 
α-TCP was then incubated with rat BMSCs 
under osteogenic inductive medium culture 
conditions, followed by the analysis of the 
mRNA levels of various osteogenesis-related 
genes, including ALP, Rux2, COL-I, and SP7, 
using a quantitative RT-PCR method. 

Materials and methods

Materials and instruments

Analytical grade (A.R.) calcium nitrate 
[Ca(NO3)2•4H2O)], diammonium phosphate 
[(NH4)2HPO4], bicarbonate [NH4HCO3], and 
Ammonia [NH3], were used to prepare α–TCP. 
These reagents were all purchased from 
Sinopharm Group Co Ltd, China. Magnetic stir-
rer with heating plates (HJ-6) was purchased 
from Ronghua Instrument (Jiangsu, China). 
Programmable high temperature muffle fur-
nace was purchased from Hangzhou Blue Sky 
Laboratory Instrument (Hangzhou, China). 
Magnetic pH meter (PHS-3C) was purchased 
from Shanghai Precision & Scientific Instrument 
(Shanghai, China). Water circulating vacuum 
pump was purchased from Yuhua Instrument 
(Gongyi, China). Electric heating and drying 
oven was purchased from Sumsung 
Experimental Instrument (Shanghai, China).

Preparation of α-TCP

α -TCP was prepared by using a co-precipitation 
method developed in our lab. Briefly, the 
Ca(NO3)2•4H2O and (NH4)2HPO4 were used to 
provide calcium source and phosphorus source, 
respectively, to prepare precursors rapidly. 
Ca(NO3)2•4H2O was slowly dropped to the mix-
ture of (NH4)2HPO4 and NH4HCO3 solution under 
vigorous stirring at 37°C. The Ca/P molar ratio 
was fixed at 1.5:1. The pH was adjusted to 7.5 
with 1 mol/L of aqueous ammonia solution. A 
suspension was obtained after 1 h stirring. The 
suspension then underwent vacuum filtration 
and was washed with water and ethanol, three 
times each. The filter cake (collected solid) was 
dried in a dish in the heating and drying oven at 
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80°C. After drying, the sample was placed in a 
muffle furnace and was calcined at 1280°C for 
2 h, followed by cooling to room temperature. 

X-ray diffraction analysis 

To determine the crystalline phases, X-ray dif-
fraction (XRD) were measured in a Rigaku D/
MAX-2550 X-ray powder diffractometer (Japan) 
with CuKα (λ = 0.15418 nm) radiation and oper-
ating at 50 kV and 200 mA. The scanning range 
was from 10o to 80o with a rate of 10o/min. 
Crystalline phases detected in the patterns 
were identified by comparison to the standard 
spectrum from the ICDD-PDF (International 
Center for Diffraction Data-Powder Diffraction 
Files).

Scanning electron microscopy 

The product morphology and particle size was 
characterized by SEM (JSM-6700F scanning 
electron microscope, Japan). The sample pow-
der was directly placed onto the sample holder 
with conductive coating. Excess powder was 
removed. The sample was treated by desicca-
tion and spray-gold, and was observed after 80 
seconds. The accelerating voltage was set at 
50 kV.

Transmission electron microscopy 

The product morphology and particle size was 
also characterized by TEM (JEM-2100F trans-
mission electron microscope, Japan). Sample 
was treated with ultrasonic dispersion in etha-
nol first, followed by observation on a copper 
mesh. The accelerating voltage was set at 200 
kV.

BET surface area analysis

The product specific surface area was deter-
mined by measuring nitrogen adsorption-
desorption isotherm with a Micromeritics 
ASAP2020 apparatus. 

Preparation and culture of rat bone mesenchy-
mal stem cells

For isolation of rat BMSCs, tibias and femurs 
were dissected from adult Sprague-Dawley rat 
(~200 g; Experimental Animal Center of Jilin 
University), washed with L-DMEM (DMEM media 
with L-glutamine). Both epiphyseal ends were 
then cut to expose the marrow cavity. L-DMEM 
medium was used to flush the marrow cavity 

and total fluid was collected. The fluid was sub-
jected to density gradient centrifugation and 
adherence separation method. Bone marrow 
suspensions were centrifuged in 15 mL centri-
fuge tube, 1000 rpm at room temperature for 
3-5 min. After centrifugation, the pellet was 
gently pipetted with 5 mL cell culture medium 
containing 10% fetal bovine serum. The result-
ing single cell suspension (2×104 cells/flask) 
was inoculated into 25 mL flasks, and cultured 
in 37°C, 5% CO2 humidified incubator. The cell 
culture medium was changed every 3 days. 
When the cells reach to 80-90% confluency in 
flask, they were harvested, replated on 25 ml 
plastic flask, and cultured to next confluence. 
Cell morphology and growth were observed 
under an inverted microscope.

MTT assay

The relative cell growth rate was determined by 
using MTT assay. Briefly, α-TCP was diluted in 
cell culture medium to concentrations of 10 
μg/ml, 20 μg/ml, 50 μg/ml, 100 μg/ml, and 
200 μg/ml, followed by adding into the BMSCs 
cell culture medium. The negative control group 
was added 200 μl cell culture medium only. 
After 1 day, 3 days, 5 days, or 10 days of incu-
bation, the cells were then incubated with 20 μl 
MTT solution for 4 hr and the cells were solubi-
lized in 150 μl dimethyl sulfoxide (DMSO). The 
absorbance was measured at a wavelength of 
570 nm with a spectrophotometer (Molecular 
Devices, Silicon Valley, CA, USA). The relative 
growth rate (RGR) was calculated as RGR = 
(ODexp Mean/ODctl Mean) ×100%. The cell mor-
phology and growth status were also observed 
during incubation under an inverted fluores-
cence microscope.

Real-time PCR analysis

Total RNA from BMSCs following 3 days, 7 days, 
or 14 days of incubation in osteogenic culture 
medium was extracted by TRIZOL Reagent 
(Invitrogen) according to the manufacturer’s 
instructions. Subsequently, 5 μg of total RNA 
was converted into cDNA by using Moloney-
murine leukemia virus (M-MLV) Superscript II 
reverse transcriptase (Promega) and random 
primers (Oligo dT18; Promega). For real-time 
quantitative RT-PCR., reactions were performed 
and monitored using an ABI Prism 7700 
Sequence Detection System (Applied Bio- 
systems, Rotkreuz, Switzerland). In the same 
reaction, cDNA samples were analyzed both for 
the gene of interest and the reference gene 
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(β-actin). The probes for β-actin and the genes 
of interest were fluorescently labeled. The prim-
ers used were listed in Table 1. Amplification 

was performed using Premix Taq PCR Kit 
(TaKaRa), with a PCR program mentioned as 
below: an initial denaturing step of 30 s at 

Table 1. Primer sequences for PCR
Gene GenBank Accession Sequences of probes Length (bp) Product (bP)
Actb NM_007393.3 F: 5’-CATCCGTAAAGACCTCTATGCCAAC-3’ 25 171

R: 5’-ATGGAGCCACCGATCCACA-3’ 19
Runx2 NM_001145920.1 F: 5’-GCACAAACATGGCCAGATTCA-3’ 21 126

R: 5’-AAGCCATGGTGCCCGTTAG-3’ 19
Sp7 NM_130458.3 F: 5’-AAGTTATGATGACGGGTCAGGTACA-3’ 25 129

5’-AGAAATCTACGAGCAAGGTCTCCAC-3’ 25
Col1 NM_007742.3 F: 5’-GACATGTTCAGCTTTGTGGACCTC-3’ 22 119

R: 5’-GGGACCCTTAGGCCATTGTGTA-3’ 25
Alp NM_007431.2 F: 5’-CTCAACACCAATGTAGCCAAGAATG-3’ 25 75

R: 5’-GGCAGCGGTTACTGTGGAGA-3’ 20

Figure 1. Characterization of synthetic α-TCP product (A) XRD spectrum of α-TCP, (B) SEM image of the macro-
architecture of synthetic α-TCP product, (C) TEM image of the prepared α-TCP product, and (D) the nitrogen adsorp-
tion and desorption measurements of the prepared α-TCP product. Blue dots represent adsorption curve. Pink dots 
represent desorption curve. The α-TCP particles were mostly crystallized in irregular stick-like or peanut-like shapes, 
with an average particle size of 3-5 μm.
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95°C, followed by 40 cycles (95°C for 5 s, 60°C 
for 30 s, and 72°C for 60 s) and a final exten-
sion step for 1 min at 72°C. Expression levels 
for each gene of interest were calculated by 
normalizing the quantified mRNA amount to 
β-actin. Each sample was assessed in three 
duplicates.

Alizarin red (AZR) staining

AZR staining was used to identify mineraliza-
tion nodule formation after 21 days in the 
osteogenic induction culture. Briefly, to obtain 
1% AZR staining buffer solution, 1 g AZR was 
added to Tris-HCl solution, which was made by 
adding 1 g Tris-HCl was to 100 mL distilled 
water with the pH adjusted to 7.8 with 0.1 M 
HCl. Experimental group (α-TCP + BMSCs) and 
control group (BMSCs only) of cells were incu-
bated for 21 days. After washing twice with PBS 
buffer, the cells were then fixed with 95% etha-
nol for 10 min. After washing with PBS buffer 
again, the cells were incubated with 1% AZR 
staining buffer solution for 10 min at 37°C. In 
order to eliminate the non-specific bindings, 
the cells were incubated in 3 mL PBS solution 
for 30 min at room temperature and washed 
gently with PBS solution. The mineralization 
nodule formation was observed and photo-
graphed under an inverted fluorescence micro-
scope. To semi-quantify the mineralization nod-

Results

Characterization of synthetic α-TCP product

We first determined the crystalline phases, and 
the XRD spectrum of the α-TCP product by the 
co-precipitation method is shown in Figure 1A. 
We found that the peak intensity of the α-TCP 
product appeared at 2θ (in degrees) around 
20-30° and 40-50°, which is consistent with 
the standard spectrum of α-TCP. The absence 
of any other diffraction peaks suggested that 
the calcined product was pure α-TCP. In addi-
tion, the diffraction peaks were high and nar-
row, indicating that the resulting α-TCP was well 
crystallized with no other impurities.

Furthermore, we characterized the particle size 
of synthetic α-TCP using electron microscopy. 
The SEM images of the α-TCP product by the 
co-precipitation method are shown in Figure 
1B and the TEM image of the α-TCP product by 
the co-precipitation method is shown in Figure 
1C. Specifically, the α-TCP particles were most-
ly crystallized in irregular stick-like or peanut-
like shapes, with an average particle size of 3-5 
μm (Figure 1B). Consistent with the SEM analy-
sis, the TEM analysis demonstrated that the 
particle size of α-TCP was around 3 μm, with 
porous structures.

Figure 2. Effects of α-TCP concentrations on the relative cell growth rate 
of BMSCs. The relative growth rate (RGR) was calculated as RGR = (ODexp 
Mean/ODctl Mean) ×100%. 

ule formation, 10% cetylpy- 
ridinium chloride in 10 mM 
Na2HPO4 was added to well, 
followed by shaking for 10 min 
at room temperature. The 
absorbance was then mea-
sured at a wavelength of 562 
nm using a microplate reader.

Data analysis

All values are presented as 
mean ± standard error of 
mean. Data were analyzed 
using t-tests, and analyses of 
variance (ANOVAs) with repe- 
ated measures, where appro-
priate. Significant ANOVA main 
and interaction effects we- 
re further investigated using 
Tukey post hoc tests, when 
appropriate. Alpha was set at 
0.05.
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Finally, in order to further confirm the inner 
architectures, nitrogen adsorption and desorp-
tion measurements of the α-TCP product by the 
co-precipitation method were carried out, and 
the results are shown in Figure 1D. The desorp-

tion curve was higher than adsorption curve 
after P/P0 = 0.85, indicating the presence of 
mesoporous samples. Furthermore, the deso- 
rption curve and adsorption curve were 
matched together in a lower pressure, suggest-

Figure 3. Effects of α-TCP on the morphology of BMSCs culture. After 7 days of culture, cells exhibited homogeneous 
morphological features (e.g. long spindle shaped) and were arranged in a series, like a whirlpool. A. Non-α-TCP 
treated control cells. B. α-TCP treated cells reached confluency.

Figure 4. Effects of α-TCP on the expression of (A) ALP, (B) COL-1, (C) SP7, and (D) Runx2 genes after 3, 7, or 14 
days of culture. mRNA levels for each gene of interest were calculated by normalizing the quantified mRNA amount 
to β-actin. *ANOVA simple main effect; p < 0.05; **ANOVA simple main effect; p < 0.01.



α-TCP and bone mesenchymal stem cells

1594 Am J Transl Res 2015;7(9):1588-1601



α-TCP and bone mesenchymal stem cells

1595 Am J Transl Res 2015;7(9):1588-1601

ing that the α-TCP product contained a large 
number of micropores and a small amount of 
mesopores.

Effects of α-TCP concentrations on the relative 
cell growth rate of BMSCs

The results of MTT assay is shown in Figure 2. 
Incubation with α-TCP altered cell proliferation 
in a concentration dependent manner (all con-
centration and time main and interaction 
effects, F(3-12, 10-30) = 7.18-15.83, p = 0.001-
0.03). Specifically, at the concentration of 10 
μg/ml or 20 μg/ml, α-TCP did not alter cell pro-
liferation at any time point. However, at the con-
centration of 50 μg/ml or 100 μg/ml, α-TCP 
decreased cell proliferation after 3 or 10 days 
(Tukey test; p < 0.05). Furthermore, at the con-
centration of 200 μg/ml, α-TCP decreased cell 
proliferation after 3, 5, or 10 days (Tukey test; p 
< 0.05). These results suggested that α-TCP at 
concentrations higher than 50 μg/ml had a sig-
nificant effect on cell proliferation rate. 
Therefore, 20 μg/ml α-TCP was selected for the 
rest of the experiments in the present study.

Effects of α-TCP on the morphology of BMSCs 
culture

24 h after inoculation, most of BMSCs adhered 
to the flask. The morphology of cells was not 
uniform. Some showed spindle type and some 
showed polygonal type. The nucleus was large 
and was found to be located closed to the cen-
ter or the margin of the cells. Three days later, 
the number of cells began to increase, and 
adherent, fibroblast-like cells scattered in a 
random pattern across the surface of the cul-
ture well. Between 7 and 10 days of culture, 
cells exhibited homogeneous morphological 
features (e.g. long spindle shaped) and were 
arranged in a series, like a whirlpool. However, 
α-TCP (20 μg/ml) treated cells (Figure 3B), but 
not non-α-TCP treated control cells (Figure 3A), 
reached confluency.

Effects of α-TCP on the expression of ALP, COL-
1, SP7, and Runx2 genes

After incubation with α-TCP (20 μg/ml), ALP, 
COL-1, SP7, or Runx2 gene expression was 
altered in a time-dependent manner (all treat-
ment and time main and interaction effects, F(1-

2, 4-8) = 9.41-16.74, p = 0.0001-0.002). Speci- 
fically, ALP gene expression was increased on 
day 7 (Tukey test; p < 0.05) and day 14 (Tukey 
test; p < 0.01), as compared to non-α-TCP treat-
ed control group (Figure 4A). Furthermore, 
COL-1 gene expression was initially increased 
on day 3 (Tukey test; p < 0.01), but was 
decreased on day 14, as compared to non-α-
TCP treated control group (Figure 4B). 
Additionally, SP7 gene expression was 
enhanced on day 3 (Tukey test; p < 0.01), day 7 
(Tukey test; p < 0.05), and day 14 (Tukey test; p 
< 0.01), as compared to non-α-TCP treated con-
trol group (Figure 4C). Finally, Runx2 gene 
expression was only increased on day 7 (Tukey 
test; p < 0.05), as compared to non-α-TCP treat-
ed control group (Figure 4D).

Effects of α-TCP on the mineralization nodule 
formation 

After incubation in osteogenic culture medium 
for 21 days, both the experimental group (α-TCP 
+ BMSCs) and control group (BMSCs only) 
showed red calcium nodule that were visible to 
naked eyes (Figure 5A and 5B) and under the 
microscope (Figure 5C and 5D). The amount 
and area of calcium nodule formations in the 
experimental group were significantly higher 
than the control group (Figure 5C and 5D). 
Semi-quantitative analysis confirmed that the 
calcium nodule staining of experimental group 
was significantly higher (t(4) = 9.07, p < 0.01) 
than the control group (Figure 5E).

Discussion

In the present study, we examined the effect of 
synthetic α-TCP on the osteogenic differentia-
tion of the rat BMSCs. We have synthesized 
α-TCP product using a novel co-precipitation 
method. The results of XRD, SEM, TEM and BET 
surface analysis indicated that α-TCP was well 
crystallized with no other impurities, and the 
average particle size was around 3-5 μm. In 
addition, the prepared α-TCP product contained 
a large number of micropores and a small 
amount of mesopores. Following incubation of 
BMSCs with 20 μg/ml α-TCP, cells reached con-
fluency after 7 days. Additionally, the MTT anal-
ysis showed that α-TCP at concentration of 

Figure 5. Effects of α-TCP on the mineralization nodule formation. Representative images showed red calcium nod-
ule that were visible to naked eyes (A, B) and under the microscope (C, D). Semi-quantitative analysis showed the 
calcium nodule staining of experimental and control groups (E).
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10-20 μg/ml had good biocompatibility with 
BMSCs, showing no significant inhibition of rat 
BMSCs proliferation. Furthermore, using a 
quantitative RT-PCR method, we demonstrated 
that the synthetic α-TCP (20 μg/ml), when incu-
bated with rat BMSCs in the osteogenic culture 
medium, increased the mRNA levels of various 
osteogenesis-related genes, including ALP, 
Rux2, COL-I, and SP7. Finally, treatment of syn-
thetic α-TCP (20 μg/ml) potentiated calcium 
nodule formations after incubation with rat 
BMSCs in osteogenic culture medium for 21 
days, as compared with non-treated control. 
Taken together, the results in the present study 
suggested that α-TCP alone likely promotes rat 
BMSCs osteogenic differentiation through up-
regulating ALP, Col-I, Runx2, and SP7 gene 
expression.

The co-precipitation method, which was utilized 
in the present study, can improve the robust-
ness of the preparation of α-TCP. Generally, the 
preparation methods of α-TCP include mechan-
ical and co-precipitation methods. Mechanical 
method is to mix calcium hydrogen phosphate 
with calcium carbonate at a certain molar ratio 
followed by calcining at 1250°C (or higher) and 
a sudden quenching [33]. Using this method, 
the calcium hydrogen phosphate and calcium 
carbonate particles are obtained by grinding. 
Therefore, the sizes of these particles are large 
and uneven, and cannot bind tightly. Thus, even 
under high-temperature, stable α-TCP is still 
hard to be prepared using the mechanical 
method. In contrast, the co-precipitation meth-
od allows the two components interact closely 
with a smaller crystal size, thus leading to a suf-
ficient reaction. 

Given that the hydration of α-TCP is relatively 
high, and α-TCP is prone to hydrolysis and con-
version into apatite phase with water, α-TCP is 
commonly utilized as raw material for bone 
cement powders [34, 35]. However, synthesis 
of α-TCP often requires strict temperature con-
trol. Specifically, tricalcium phosphate has a 
melting point of 1670°C. It exists three poly-
morphs, such as β-TCP stable below 1120°C, 
α-TCP stable between 1120 and 1470°C, and 
α’-TCP stable above 1470°C. During prepara-
tion, α’-TCP can transform into the α-form dur-
ing cooling. While α-TCP is metastable in a dry 
environment at room temperature, the crystal 

transition temperature between β-TCP and 
α-TCP is 1120-1180°C [36]. 

Furthermore, an optimal pH of the reaction 
solution can increase the purity the synthe-
sized α-TCP. A previous study has examined the 
effects of different pHs on the preparation of 
α-TCP [37]. Specifically, when the pH was high-
er than 10.0, it was difficult to obtain α-TCP. 
However, when the pH was 6.0-8.0, the co-pre-
cipitation generated granules of α-TCP [37]. 
Consistently, in the present study, the pH of the 
reaction solution was adjusted to 7.5. 
Subsequent XRD analysis demonstrated that 
the α-TCP product spectrum was consistent 
with the standard spectrum, with no other dif-
fraction peaks. The diffraction peaks were high 
and narrow, indicating that the calcined prod-
uct was pure with no impurities. 

Previous studies have demonstrated that the 
particle size of β-TCP and the surface proper-
ties of β-TCP particles have significant influence 
on osteoblast function [38]. Specifically, β-TCP 
particles with diameter greater than 10 μm can 
inhibit the osteoblast survival rate, osteoblast 
proliferation and extracellular matrix produc-
tion by osteoblast, suggesting that the physical 
properties of the materials may affect the func-
tion of osteoblasts. The SEM and TEM analysis 
showed that the particle size of the synthesized 
α-TCP was 3-5 μm in the present study. 
Furthermore, both TEM analysis and nitrogen 
adsorption experiment confirmed that the 
α-TCP particles in the present study formed a 
large amount of micropores and a few meso-
pores. Such type of synthetic materials with 
micropores or microspheres allows the delivery 
of pharmacological agents or gene therapy 
products to further promote bone regene- 
ration. 

When in osteogenic culture in vitro, BMSCs 
mainly go through three distinctive stages, 
including cell proliferation, differentiation, and 
mineralization of extracellular matrix [39]. After 
cells adhere to the flasks, transformed cells will 
start the proliferation. At proliferation stage, 
cells begin to form colony, integrate, and grow 
multiple layers, which is characterized by the 
transcription and protein expression of alkaline 
phosphatase (ALP) [40]. During the differentia-
tion stage, the activity of alkaline phosphatase 
(ALP) and the secretion of collagen type I (Col-I) 
are increased [41]. BMSCs continue to express 
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biomarker proteins at different differentiating 
stages into osteoblasts, such as ALP and Col-I, 
which are highly expressed in osteoblasts early 
differentiation, and decrease after the mineral-
ization. During the stage of mineralization of 
extracellular matrix, ALP level starts to decline 
after this initial peak. The expression of genes 
such as osteopontin (OPN), osteocalcin (BGP), 
and bone sialoprotein (BSP), which are related 
with hydroxyapatite deposition, start to peak 
[39, 42]. OPN is the first matrix protein 
expressed, followed by BSP. Ultimately BGP 
expression and extracellular matrix calcifica-
tion occur simultaneously. Thus, the stage of 
mineralization of extracellular matrix is charac-
terized with the secretion of BGP and the depo-
sition of calcium. During this stage, calcified 
nodule formations are visible via Alizarin Red 
staining. The synergistic functions of these 
matrix proteins ensure the maturation of the 
extracellular matrix, which will allow the osteo-
blasts to be embedded to form bone tissues.

In the present study, we demonstrated that the 
level of ALP mRNA maintained at a higher level 
from day 3 to day 14 in the α-TCP treated exper-
imental group, indicating a strong osteogenic 
inductive effect of α-TCP in the early stage of 
BMSCs differentiation. Bone-specific ALP is 
considered to be a highly specific marker of the 
bone-forming activity of osteoblasts, which are 
mainly distributed on the cell membrane [43, 
44]. ALP has a high expression in osteoblast 
and is the marker of osteoblast maturation [44, 
45]. As an early marker of osteoblast differen-
tiation, ALP starts to appear during the forma-
tion of the matrix, and reaches the peak level at 
calcification stage [46]. ALP promotes cell mat-
uration and calcification and plays an impor-
tant role in bone and tooth formation, metabo-
lism and regeneration [47, 48]. It has been 
reported that ALP facilitates hard tissue calcifi-
cation by providing phosphate and removing 
calcification inhibitors [47]. Specifically, ALP 
can hydrolyze phosphate ester, so that the local 
phosphate concentration is increased. 
Additionally, ALP can hydrolyze ATP, which pro-
vides energy for the active transport, and 
increases the local concentration of calcium or 
phosphate. Furthermore, ALP can remove pyro-
phosphate as calcification inhibitor. Finally, ALP 
has a high affinity with calcium, and could facili-
tate calcium crystallization with inorganic and 
promote mineralization [49]. 

Furthermore, the present study has demon-
strated that the level of Col-I mRNA rose in from 
3 days to 7 days in the α-TCP treated experi-
mental group, indicating that α-TCP likely pro-
motes the differentiation of BMSCs to osteo-
blasts. Col-I is the major organic component of 
the extracellular matrix in bone tissues and is 
the main component of fibrin, which accounts 
for over 90% of the organic matrix of bones. It 
is the template for bone organic matrix, and is 
critical for the location and growth space of 
bone mineralization. Col-I is produced by osteo-
blasts in vitro and formed into collagen matrix, 
which can change the structure of the cell and 
ultimately form mature bone matrix [50]. The 
amount and structural stability of Col-I id criti-
cal for maintaining the normal structure and 
functions of bones [51]. Furthermore, as one of 
the markers of osteoblasts, Col-I can promote 
BMSCs adhesion, proliferation, and differentia-
tion [52]. In addition, Col-I is also a marker of 
osteoblast differentiation [53]. It is the scaffold 
for calcium deposition and cell adhesion. 
During the process of matrix mineralization, 
other molecules, such as osteonectin, BGP, 
OPN, and various growth factors as well as cal-
cium released by matrix vesicles of osteo-
blasts, will deposit on collagen matrix under 
the effects of ALP. Additionally, in the present 
study, we have demonstrated that calcium nod-
ules of BMSCs in α-TCP treated group were 
stronger than the non-α-TCP treated control 
group after 21 days incubation with α-TCP. 
Thus, α-TCP may not only facilitate the osteo-
blast differentiation, but accelerate the miner-
alization of the extracellular matrix. 

Additionally, the present study has demonstrat-
ed that α-TCP treated BMSCs showed signifi-
cantly higher levels of Runx2/SP7 mRNA after 
14 days, as compared to control group, indicat-
ing that α-TCP may enhance BMSCs differentia-
tion to mature osteoblasts. Runt-related tran-
scription factor 2 (Runx2) is a bone-specific 
transcription factor that regulates the expres-
sion of several osteoblastic genes [54]. Runx2 
knockout mice are lack of bone formation due 
to the disruption of osteoblast differentiation 
and maturation [55]. Osx (the human homo-
logue of SP7) is downstream of Runx2, and 
plays crucial role in the differentiation of osteo-
blast into mature osteoblasts [56]. Osx knock-
out can lead to the disruption of the differentia-
tion and maturation of osteoblast [57]. 
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Therefore, Runx2 and Osx regulate osteoblast 
differentiation and bone formation, by regulat-
ing the expression of several osteogenesis-
related genes such as ALP, Col-I, BSP, and OCN. 

Finally, α-TCP may facilitate osteogenic differ-
entiation by activation of mitogen-activating 
protease (MAPKs) mediated signaling path-
ways. Cells differentiation requires the activa-
tions of multiple intracellular and extracellular 
signaling pathways, through which growth fac-
tors can regulate cell activity via autocrine or 
paracrine. MAPKs is critical for converting vari-
ety of stimuli to intracellular signaling, and is 
involved in the regulation of many physiological 
functions such as cell proliferation, differentia-
tion, inflammation, and apoptosis [58]. Extra- 
cellular signal-regulating kinase 1/2 (ERK1/2), 
a downstream target of MAPK (MEK), is also 
required for osteoblast differentiation and skel-
etal development [59, 60]. For instance, activa-
tion of MAPKs could stimulate the osteogenic 
differentiation of MC3T3-E1 cells and human 
BMSCs [61]. During the maturation process of 
osteogenic cells, MAPK signaling pathway is 
regulated by the expression of various osteo-
blast markers [59]. In the present study, calci-
um produced by degradation of porous α-TCP 
materials likely contact with BMSCs, activating 
MAPKs mediated signaling pathways through 
calcium activated receptors on the surface of 
the membrane, thereby reinforcing BMSCs dif-
ferentiation and achieving excellent osteoin-
ductive effect. Thus, our future work will focus 
on investigating the mechanisms underlying 
the effects of α-TCP on facilitating osteogenic 
differentiation. 

In summary, the present study has successfully 
prepared pure α-TCP using a co-precipitation 
method with Ca(NO3)2•4H2O, (NH4)2HPO4, 
NH4HCO3, and NH3 as raw materials. This meth-
od was more efficient than traditional methods. 
However, in the present study, the synthesis 
temperature of α-TCP was about 1280°C. We 
are currently attempting to decrease the syn-
thesis temperature of α-TCP by using “hydro-
thermal synthesis” approach under pressur-
ized conditions. Such an approach may 
decrease the reaction time and allow the syn-
thesis of a large amount of α-TCP conveniently. 
Furthermore, our research group has already 
prepared poly (lactic-co-glycolic acid) (PLGA) 
microspheres containing BMP gene. Our previ-

ous study has demonstrated that the BMP gene 
containing PLGA microspheres achieved excel-
lent results in promoting bone tissue formation 
[62]. Thus, when coupled with the delivery of 
gene therapy products, the synthesized α-TCP 
in this study will likely provide a potential thera-
peutic tool in bone tissue regeneration.
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