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Background: There is still a big challenge to achieve a balance between mechanical 
characteristics and biological properties in biphasic calcium phosphate (BCP) ceramics.
Purpose: The present study focused on the in-situ whisker growth on BCP ceramics via 
different hydrothermal treatments and investigated the influences of these whiskers on the 
mechanical property and biological performance of the ceramics.
Methods: Five kinds of BCP ceramics with in-situ whisker growth, ie, BCP-C, BCP-HNO3, 
BCP-Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4 were fabricated by different hydro-
thermal treatments. The phase compositions, morphologies, crystal structures and mechanical 
strengths of the obtained BCP ceramics were firstly characterized. Then, the in vitro cell 
adhesion, proliferation and alkaline  phosphatase (ALP) activity of bone marrow stromal 
cells (BMSCs) on the BCP ceramics were evaluated. Lastly, the effects of in-situ whisker 
growth on the bone-like apatite formation abilities of BCP ceramics were also investigated 
by immersing them in simulated body fluid (SBF).
Results: The results demonstrated that the hydrothermal conditions, especially the hydro-
thermal media, were crucial to determine the phase composition and morphology of the in- 
situ whisker. Especially among the five media used (HNO3, Citric, NaOH, CaCl2 and Na3 

PO4), the Na3PO4 treatment resulted in the shortest whisker with a unique hollow structure, 
and kept the original biphasic composition. All five kinds of whiskers increased the mechan-
ical strength of BCP ceramics to some extent, and showed the good ability of bone-like 
apatite formation. The in vitro cell study demonstrated that the in-situ whisker growth had no 
adverse but even positive effect on the adhesion, proliferation and ALP activity of BMSCs.
Conclusion: Due to the growth of in-situ whiskers, the mechanical property and biological 
performance of the obtained BCP ceramics could increase simultaneously. Therefore, in-situ 
whiskers growth offers a promising strategy for the expanded application of BCP ceramics to 
meet the requirements of regenerative medicine.
Keywords: in-situ whisker, hydrothermal treatment, biphasic calcium phosphate, 
mechanical property, bioactivity

Introduction
Calcium phosphate (Ca-P) ceramic is known as an ideal material for bone repair 
due to its similarity to the composition of natural bone, bioactivity, degradability 
and osteoinductivity.1,2 Among them, biphasic calcium phosphate (BCP) ceramic 
has become a better choice, due to its suitable degradation and excellent 
osteoinductivity.3,4 However, the traditional BCP bioceramics are still far from 
satisfactory for the requirements of regenerative medicine, and need more optimi-
zations to endow them with superior bioactivity and regenerative ability. From the 
point of view of regenerative medicine, a biomaterial could induce a damaged 
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tissue to regenerate by the optimized design of material 
itself, rather than adding any living cell or growth factor.5 

Moreover, another important aspect is that the brittleness 
and low mechanical property of BCP bioceramics restrict 
the usage to bone defect filling.6 Therefore, the develop-
ment of porous BCP ceramics with superior bioactivity 
and enhanced mechanical property is of great importance.

Among a variety of material characteristics of BCP 
ceramics, the surface topographies play a quite important 
role in determining their biological performances, which 
directly affect the fate decision of stem cells. Recent studies 
have demonstrated that several specific micro-/nano- topo-
graphies, eg, nanotube,7 nanowires,8 pillars9 and pits10 

could induce the osteogenic differentiation of stem cells 
and further promote the regeneration of damaged tissues. 
The excellent work by M.J. Dalby10,11 observed that the 
surface topography could dramatically influence the beha-
viors of mesenchymal stem cells (MSCs); the disordered 
nano-pit pattern was more likely to induce osteogenic dif-
ferentiation than the symmetric and random nano-pit arrays. 
However, most of the currently successful technologies (eg, 
electron beam lithography,12,13 photolithography,14–17 soft 
lithography,18–20 etc.) are not suitable for BCP ceramics. 
Recently, Lin et al21 constructed a micro-nano-hybrid topo-
graphy on hydroxyapatite (HA) bioceramics by regulating 
the hydrothermal reaction conditions, which could promote 
protein adsorption, osteoblast growth and osteogenic differ-
entiation. Nevertheless, few research concerns the construc-
tion of micro-nano topography on porous BCP ceramics to 
improve their biological properties, and enhancing the 
mechanical properties of porous BCP ceramics is scarcely 
studied, due to their relatively complex composition as 
compared to HA ceramics.

Generally, the enhancement of bioactivity and the 
increase of mechanical strength are a contradiction. High 
sintering temperature can increase mechanical strength of 
Ca-P ceramics, but leads to a decrease in their bioactivity 
due to the complete crystal structure.22 One common 
approach is the incorporation of reinforcing phases in the 
Ca-P ceramics, such as organic fibers,23 carbon nanotubes,24 

diopside whiskers25 and so on. However, the reinforcing 
phases are generally bioinert and undegradable, which 
might severely debase their bioactivity. Several researchers 
also reported that HA fibers or whiskers may be used as 
reinforcement,26,27 but the hybrid whisker reinforcement 
method has certain disadvantages, such as the easy agglom-
eration, the uneven distribution and the not significant 
enhancement of mechanical property.27,28 Therefore, it is 

urgent to seek a route to enhance the mechanical property 
and biological performance of BCP ceramics simulta-
neously. Our previous studies fabricated three-dimensional 
whisker-covered Ca-P ceramics by hydrothermal treatment, 
and found the whisker construction could increase the 
mechanical strength of ceramics.29,30 But the effect of 
hydrothermal media on the in-situ whisker growth has not 
been studied yet.

In this study, we proposed a strategy to construct the 
in-situ whisker on BCP ceramics through different hydro-
thermal treatments. The effects of different hydrothermal 
media on the surface morphology, phase composition and 
mechanical property of BCP ceramics were firstly investi-
gated. Then, the effects of the in-situ whisker on the 
in vitro biological performances of BCP ceramics were 
evaluated, including the cell proliferation, spreading and 
osteoblastic activity of BMSCs, as well as bone-like apa-
tite formation. The goal of this study is to realize the 
simultaneous enhancements of biological performances 
and mechanical properties of BCP ceramics through the 
in-situ whisker growth.

Materials and Methods
Materials Preparation
BCP powder (HA/β-TCP=20/80) was synthesized by a wet 
chemical method in the National Engineering Research 
Center for Biomaterials of Sichuan University, China.30 

Briefly, (NH4)2HPO4 solution (0.77 mol L−1) was 
dropped slowly into the same volume of Ca(NO3)2 solution 
(0.50 mol L−1) under stirring at 60 °C. The pH of the 
solution was maintained at 9.0 by addition of NH3·H2 

O solution. Then the reaction precipitate was collected, 
washed, dried and crushed into powder. The porous structure 
was made by hydrogen peroxide (H2O2) gas foaming 
method, and the green bodies were sintered at 1100 °C for 
2 h to obtain the porous BCP ceramics (heating rate of 5 °C 
min−1). Then, the porous BCP ceramics were put into the 
Teflon autoclaves with different hydrothermal media (with 
the solid-liquid ratio of 1:100), which was kept at 180 °C in 
an oven. For nitric acid (HNO3, pH=4) solution treatment 
group, the reaction duration was 12 h, the obtained samples 
were denoted as BCP-HNO3. For citric acid (pH=4) solution 
treatment group, the reaction duration was 12 h, the obtained 
samples were denoted as BCP-Citric. For sodium hydroxide 
(NaOH, pH=10) solution treatment group, the reaction dura-
tion was 12 h, the obtained samples were denoted as BCP- 
NaOH. For calcium chloride (CaCl2, 0.2 mol L−1) solution 
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treatment group, the reaction duration was 24 h, the obtained 
samples were denoted as BCP-CaCl2. For trisodium phos-
phate (Na3PO4, 0.2 mol L−1) solution treatment group, the 
reaction duration was 24 h, the obtained samples were 
denoted as BCP-Na3PO4. For comparison, the initial porous 
BCP ceramics without hydrothermal treatment were used as 
control group, which were denoted as BCP-C. After hydro-
thermal treatments, the ceramics were taken out, gently 
washed with deionized water and dried at 60 °C. All the 
stated chemicals used were of analytical reagent grade from 
Kelong Chemical Co. (Chengdu, China) without further 
treatments. The sketch map illustrating the in-situ whisker 
growth on BCP ceramics with different hydrothermal treat-
ments was exhibited in Scheme 1.

Material Characterization
The surface morphology of the in-situ whiskers on porous 
BCP ceramics was observed by scanning electron micro-
scopy (SEM, JSE-5900LV, Japan). The grain size, whisker 
diameter and length were analyzed by Image-Pro Plus (IPP, 
Media Cybernetic, Maryland, USA) 6.0 software. The phase 
composition of samples was characterized by X-ray diffrac-
tion (XRD, Philips X’Pert 1 X-ray diffractometer) with 
CuKα radiation at a current of 20 mA and voltage of 30 
kV, and the obtained peaks were compared with standard 
references for HA (JCPDS 09–0432) and β-TCP (JCPDS 
09–0169). The phase ratios of the HA phase and β-TCP 

phase in the samples were calculated by the indexes men-
tioned before.31 The lattice parameters (a, b and c) and cell 
volume (V) of the HA phase and β-TCP phase in the samples 
were separately analyzed by using the UnitCell program 
mentioned before.32,33 The standard crystallographic data 
for the refinement of HA and β-TCP were as previously 
published,34–36 using the space groups of the HA structure 
(P63/m, No.176, a=9.424 Å, c=6.879 Å, V=529.086Å3) and 
the β-TCP structure (R3c, No.161, a=10.439 Å, c=37.375 Å, 
V=3527.2Å3), respectively. Moreover, the functional groups 
of the samples were identified by Fourier transform infrared 
spectroscopy (FT-IR, Perkin-Elmer Spectrum one B, 
PerkinElmer Inc., Walthm, Massachusetts, USA) and 
scanned from 4000 cm−1 to 500 cm−1. The compress 
strengths of the obtained BCP ceramics with a cylindrical 
shape (Φ 5 × 7.5 mm) were tested by Precision Universal 
Tester (Autograph AG-X, Japan), the loading rates was 
1 mm min−1 and each group included three parallel 
specimens.

Cell Spreading and Proliferation
Mouse bone marrow-derived BMSCs (Cyagen 
Biosciences, Guangzhou, China) were seeded on the ster-
ilized ceramic samples (25~30 kGy G-ray irradiation) in 
48-well plates at a density of 1 × 104 cell per well follow-
ing the similar procedures reported previously.32 The cells 
were cultured with α-minimum essential medium (α- 

Scheme 1 Sketch map illustrating the in-situ whisker growth on BCP ceramics with different hydrothermal treatments.
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MEM, Hyclone, Logan, Utah, USA) containing 10% fetal 
bovine serum (FBS, Gibco, Grand Island, New York, 
USA) and 1% antibiotics (penicillin/streptomycin) under 
5% CO2 atmosphere at 37 °C. Fluorescein diacetate (FDA, 
Sigma-Aldrich Co., San Francisco, California, USA) and 
propidiumiodide (PI, Sigma-Aldrich Co.) were used to 
stain the attached cells, and then visualized by a confocal 
laser scanning microscopy (CLSM, TCS SP5, Leica). The 
viability of BMSCs on the samples (n=5) was quantified 
by using AlamarBlue assay. After culturing for 2 days, 
each group was fixed with 2% glutaraldehyde at 4 °C 
overnight, washed three times with PBS, and then dehy-
drated by increasing the gradient of ethanol. Finally, these 
samples were dried using a critical point drier (HCP-2, 
Hitachi Ltd., Tokyo, Japan), and observed with SEM.

Alkaline Phosphatase (ALP) Activity
At each time point, BMSCs cultured on each sample were 
lysed by RIPA lysate (Boster, Wuhan, China). Following 
the manufacturer’s instruction, the ALP activity of the 
BMSCs cultured on each group was tested colorimetrically 
by Alkaline Phosphatase Assay Kit (Beyotime, Shanghai, 
China), based on the conversion of p-nitrophenyl phos-
phate (pNPP) to p-nitrophenol after incubation at 37 °C for 
30 min. The results were normalized to the total protein 
content, which was measured by Pierce BCA protein assay 
kit (Themofisher Scientific, Waltham, MA, USA). The test 
was carried out with triplicate samples and each sample 
was tested three times.

SBF Immersing
SBF was prepared according to the previous literature,33,34 

which with Na+(142.0 mmol L−1), K + (5.0 mmol L−1), Ca2+ 

(2.5 mmol L−1), Mg2+ (1.5 mmol L−1), Cl− (148.8 mmol 
L−1), HCO3

− (4.2 mmol L−1), and HPO4
2− (1.0 mmol L−1) 

was buffered at pH 7.40 by Tris buffer (50 mmol L−1) and 
HCl (45 mmol L−1). First, the obtained samples were 
immersed into SBF for 3 days at 37 °C. Then, the samples 
were taken out, gently washed with the deionized water and 
dried in an oven. Finally, SEM was used to observe the 
formation of bone-like apatite on the samples.

Statistical Analysis
All quantitative results were obtained from at least tripli-
cate measurements (n ≥ 3). Statistical analysis of the data 
was performed using one-way analysis of variance 
(ANOVA) by using SPSS 11.0 software (SPSS Inc., 

Chicago, IL, USA). Statistical significance was assumed 
at p < 0.05.

Results
SEM Images
As shown in Figure 1A, the initial BCP ceramics (BCP-C) 
exhibited typical ceramic morphology, obvious grain bound-
aries were distributed among the ceramic grains, and the 
grain size of BCP-C was 1.33±0.21 μm. After hydrothermal 
treatments, the morphologies of BCP ceramics underwent 
dramatic changes, all the skeletons of BCP-HNO3 (Figure 
1B), BCP-Citric (Figure 1C), BCP-NaOH (Figure 1D), BCP- 
CaCl2 (Figure 1E) and BCP-Na3PO4 (Figure 1F) were almost 
completely transformed into the whisker structure (SEM 
images of their cross-sections were shown in Supporting 
information S-1). However, the morphologies of whiskers 
were different, the whisker lengths (Figure 1G) of BCP- 
NaOH (15.94±2.86μm), BCP-Citric (11.23±1.39 μm) and 
BCP-CaCl2 (13.19±2.28 μm) were longer those of BCP- 
HNO3 (8.46±1.65 μm) and BCP-Na3PO4 (2.33±0.56 μm), 
whereas the whisker diameters (Figure 1H) had no obvious 
difference except BCP-Na3PO4, which had the smallest 
whisker diameter among the five groups. Moreover, the 
whiskers in BCP-Na3PO4 were hollow, whereas the others 
were solid. The length-diameter ratios of the in-situ whiskers 
were also calculated, and shown in Figure 1I, BCP-NaOH 
had the largest length-diameter ratio of 18.53, while BCP- 
Na3PO4 had the least of 3.95 among the obtained samples.

XRD Patterns and FT-IR Spectra
XRD patterns of BCP ceramics with different hydrother-
mal treatments are shown in Figure 2A, and their diffrac-
tion peaks were compared with standard references for HA 
(JCPDS 09–0432) and β-TCP (JCPDS 09–0169). By cal-
culating, the HA content in the initial BCP ceramic (BCP- 
C) was 16.76% (list in Table 1), which was consistent with 
the phase composition of the initial powder. After hydro-
thermal treatments, the HA phase ratios in the samples 
were increased remarkably. For BCP-HNO3, BCP-Citric, 
BCP-NaOH and BCP-CaCl2, the samples were only com-
posed of HA phase, possibly because β-TCP phase in these 
samples might transfer into HA phase during the hydro-
thermal reaction. However, β-TCP phase was still 
observed in BCP-Na3PO4, demonstrating that the hydro-
thermal solution of Na3PO4 might inhibit the phase trans-
formation of β-TCP to HA. Moreover, the lattice 
parameters (ie, the unit cell lengths a, b, and cell volume 
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V) of the HA phase of BCP ceramics after hydrothermal 
treatments were all higher than those in BCP-C (listed in 
Table 1). In addition, the crystal sizes calculated from the 
HA peak (002) at 2θ=25.8° also increased remarkably 
after hydrothermal treatments as comparing with the initial 
BCP ceramics of BCP-C. The changes of lattice para-
meters and the increments of crystal sizes further proved 
the orientated growth of HA crystals during the hydrother-
mal reactions of BCP ceramics.

FT-IR spectra of BCP ceramics with different hydro-
thermal treatments was also characterized (Figure 2B). 
All the BCP samples exhibited the similar exhibited the 

characteristic bands of the phosphate groups of the 
apatite about 550 and 600 cm−1, 960 cm−1, and 1020 
−1120 cm−1. The bands at 630 and 3540 cm−1 were 
assigned to hydroxide group. The broad bands in the 
regions 1600–1700 cm−1 and 3200–3600 cm−1 corre-
sponded to adsorbed water.35–37 By comparing, it 
could be observed that the absorption peaks of hydro-
xide group (630 cm−1) in BCP-Citric, BCP-NaOH and 
BCP-CaCl2 were stronger than those in BCP-C and 
BCP-Na3PO4. That might be due to the content of HA 
phase in BCP-Citric, BCP-NaOH and BCP-CaCl2 was 
higher than BCP-C and BCP-Na3PO4.

Figure 1 SEM images (A) BCP-C; (B) BCP-HNO3; (C) BCP-Citric; (D) BCP-NaOH; (E) BCP- CaCl2; (F) BCP-Na3PO4), whisker lengths (G), whisker diameters (H) and 
length-diameter ratios (I) of the obtained BCP samples. #p<0.05 vs BCP-HNO3 group, $p<0.05 vs BCP-Citric group, %p<0.05 vs BCP-NaOH group, &p<0.05 vs BCP-CaCl2 

group, +p<0.05 vs BCP-Na3PO4 group.
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Mechanical Properties
The stress-strain curves of the obtained BCP samples indi-
cated their typically brittle fracture behaviors (Figure 3A). 

After hydrothermal treatments, the maximum compressive 
stress of BCP-HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2 

and BCP-Na3PO4 increased remarkably as comparing with 
BCP-C. Moreover, the compress strengths and elastic mod-
ulus of the obtained BCP ceramics were also calculated and 
exhibited in Figure 3B. The compress strengths of BCP- 
HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3 

PO4 were two to four times higher than the initial sample 
(BCP-C), and BCP-CaCl2 had the highest compress 
strength of 5.34±0.35 MPa among the obtained BCP sam-
ples. In addition, the in-situ whisker growth could also 
increase the elastic modulus of the BCP ceramics, which 
were three to six times higher than BCP-C. Similarly, BCP- 
CaCl2 also had the highest elastic modulus of 140.17±44.36 
MPa among the six groups. These results indicated that the 
in-situ whisker growth could significantly increase the 
mechanical properties of BCP ceramics.

Cell Viability and Spreading
CLSM observations (Figure 4A-F) showed that BMSCs 
seeded on all the BCP groups spread well and presented 
a mass of live cells (stained green by FDA) with few 
dead cells (stained red by PI) after 3 days of culture. All 
the BCP groups could promote cell growth, and the 
extensive cell-cell interactions were observed at day 3. 
Cell viability of BMSCs seeded on BCP groups was 
measured by AlamarBlue assay (Figure 4G-H). After 3 

Figure 2 XRD patterns (A) and FT-IR spectra (B) of BCP-C, BCP-HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4.

Table 1 Summary of Phase Ratios, Lattice Parameters and 
Crystal Sizes Calculated from the XRD Patterns from the HA 
Phase and the β-TCP Phase in BCP-C, BCP-HNO3, BCP-Citric, 
BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4

Samples Phase Ratio 
(%)

a=b 
(nm)

c 
(nm)

V 
(nm3)

XS 
(nm)

BCP-C HA 16.76 0.9368 0.6875 0.5226 19.2
β-TCP 83.24 1.0390 3.7367 3.4932 -

BCP- 

HNO3

HA 100 0.9403 0.6859 0.5272 25.9
β-TCP - - - - -

BCP- 

Citric

HA 100 0.9414 0.6867 0.5271 35.0
β-TCP - - - - -

BCP- 

NaOH

HA 100 0.9396 0.6858 0.5244 27.6
β-TCP - - - - -

BCP- 

CaCl2

HA 100 0.9473 0.6865 0.5335 37.6
β-TCP - - - - -

BCP-Na3 

PO4

HA 84.32 0.9426 0.6890 0.5301 26.6
β-TCP 15.68 1.0428 3.7360 3.5183 -

Standard HA - 0.9418 0.6884 0.5288 -
β-TCP - 1.0429 3.7380 3.7380 -

Abbreviations: BCP, biphasic calcium phosphate; Ca-P, calcium phosphate; ALP, 
alkaline Phosphatase; SBF, simulated body fluid.
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and 5 days of culture, BMSCs on the BCP ceramics 
with different hydrothermal treatments had similar cell 
viability as comparing to BCP-C, indicating the in-situ 
whisker growth had no effect on the cell viability of 
BCP ceramics.

SEM images further confirmed that BMSCs attached 
and spread well on the obtained BCP samples (Figure 5A- 
F). The cells exhibited a typical spindle-like morphology, 
and abundant filopodia were outstretched to tightly grasp 
the ceramic grains or whiskers. It could be observed that 
the elongated whiskers of BCP-HNO3, BCP-Citric, BCP- 
NaOH and BCP-CaCl2 might puncture the BMSCs. While 
cells attached and spread better on BCP-Na3PO4 

(Figure 5G), it had the relatively larger cell spreading 
area (454.83±58.77 μm2) than BCP-C (342.71±31.71 
μm2), BCP-HNO3 (270.84±28.20 μm2) and BCP-Citric 
(263.45±2.55 μm2), demonstrating that the hollow whis-
kers were beneficial to cell spreading.

Alkaline Phosphatase (ALP) Activity
ALP activity in BMSCs cultured on the obtained BCP 
samples for 7 days was also evaluated (Figure 6), which 
was an important predictor of osteogenic lineage commit-
ment and a specific inducer of bone formation. Similar 
with the initial sample (BCP-C), almost all BCP ceramics 
with in-situ whisker growth had relatively high intracellu-
lar ALP activity. Moreover, the ALP activity of BCP- 
CaCl2 group was higher than BCP-C and BCP-HNO3 

group, and BCP-NaOH had the highest intracellular ALP 
activity among the obtained BCP ceramics.

Bone-Like Apatite Formation
The surface topographies of BCP-C, BCP-HNO3, BCP- 
Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4 after 
immersing in SBF for 3 days were shown in Figure 7A-F. 
It could be observed that all the samples after hydrothermal 
treatments could facilitate bone-like apatite formation on 
their surfaces as comparing to the initial sample (BCP-C). 
Among them, the bone-like apatite formation ability of BCP- 
Na3PO4 seemed strongest, whose surface was totally covered 
with bone-like apatite deposit. The relatively high bone-like 
apatite formation abilities indicated that the hydrothermal 
treatments might increase the bioactivity of BCP ceramics.

Discussion
Further enhancing the bioactivity to meet the requirements 
of regenerative medicine is an eternal topic when designing 
Ca-P ceramics. Construction of specific topography on bio-
materials is quite an effective route to regulate the protein 
adsorption and cellular behaviors, and further improve their 
biological performances. Our previous studies have certified 
that the osteoinductivity of BCP ceramics could be heigh-
tened by the design of nano-topography.38–40 However, to 
achieve the simultaneous enhancements of mechanical 
properties and biological performances of Ca-P ceramics 
has not achieved right now. Therefore, the present study 
attempted to solve the paradox by constructing the in-situ 
whisker on BCP ceramics.

After hydrothermal treatments, the surface topogra-
phies of BCP ceramics underwent dramatic changes, 
obvious in-situ whiskers were growing in the ceramic 
matrix. In the hydrothermal process, BCP ceramics 

Figure 3 Typical stress-strain curves (A) and mechanical properties (B) of BCP-C, BCP-HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4. 
@p<0.05 vs BCP-C 

group, #p<0.05 vs BCP-HNO3 group, $p<0.05 vs BCP-Citric group, %p<0.05 vs BCP-NaOH group, &p<0.05 vs BCP-CaCl2 group, +p<0.05 vs BCP-Na3PO4 group.
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gradually released Ca2
+ and PO4

3- ions. When the ion 
concentration in the solution reached saturation, the dis-
solved ions could precipitate to form in-situ whiskers.30 

By adjusting the hydrothermal conditions, especially the 
hydrothermal media, different morphologies and composi-
tions of the in-situ whiskers were obtained. For BCP- 
HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2, their 

whiskers lengths and length-diameter ratios were signifi-
cantly higher than BCP-Na3PO4, and the morphology of 
whiskers in BCP-Na3PO4 was hollow shape, whereas the 
others were solid (Figure 1). Moreover, the phase compo-
sitions of BCP-Na3PO4 were still composed of HA phase 
and β-TCP phase, which was consistent with the initial 
powder. But for BCP-HNO3, BCP-Citric, BCP-NaOH, and 

Figure 4 CLSM observations (A–F) and cell viability (G–H) of BMSCs seeded on BCP-C, BCP-HNO3, BCP-Citric, BCP-NaOH, BCP-CaCl2 and BCP-Na3PO4. 
@p<0.05 vs 

BCP-C group, #p<0.05 vs BCP-HNO3 group, $p<0.05 vs BCP-Citric group, %p<0.05 vs BCP-NaOH group, +p<0.05 vs BCP-Na3PO4 group.
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BCP-CaCl2, their compositions were only composed of 
HA phase. It is known that HA phase is the thermodyna-
mically stable phase, β-TCP phase in the initial BCP 
ceramics could transfer into HA phase during the hydro-
thermal process, and the hexagonal HA crystals easily 
grow along c-axis, which results into the phase transfor-
mation and whiskers growth.41–43 For BCP-Na3PO4, the 
phase transformation of β-TCP phase to HA phase was 
inhibited due to the high concentration of PO4

3- ions, 
which could inhibit the occurrence of transformation by 
the chemical equilibrium theory. And PO4

3- ions were 
easily adsorbed on a, b planes to form the nucleation 
cluster, leading to the formation of short whiskers with 
hollow structure (Figure 2). For the other groups, β-TCP 
phase could be gradually transferred to HA phase, due to 

HA phase was thermodynamically stable phase, resulting 
in that HA phase was only phase after hydrothermal treat-
ment. Especially, the Ca2+ ions could promote the phase 
transformation of β-TCP phase to HA phase in CaCl2 

group. These inferences could be further certified by 
EDS analysis (Supporting information S-3), BCP-CaCl2 

had the highest Ca/P ratio among the obtained BCP cera-
mics, due to Ca2+ might be incorporated in the ceramics 
during the hydrothermal treatment; whereas, BCP-Na3PO4 

group had the lowest Ca/P ratio, due to PO4
3- might be 

incorporated in the ceramics. The orientation degree of 
HA crystals could further certify the changes of lattice 
parameters and the increments of crystal sizes calculated 
from the HA peak (002) at 2θ=25.8° (Table 1). After the 
in-situ whisker growth, HA crystals in BCP ceramics 

Figure 5 Cell spreading (A) BCP-C; (B) BCP-HNO3; (C) BCP-Citric; (D) BCP-NaOH; (E) BCP- CaCl2; (F) BCP-Na3PO4) and cell area (G) of the obtained BCP samples. 
@p<0.05 vs BCP-C group, #p<0.05 vs BCP-HNO3 group, $p<0.05 vs BCP-Citric group, +p<0.05 vs BCP-Na3PO4 group.
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rearranged and grew oriented along the c-axis, which 
resulted into the lattice distortion in the BCP ceramics 
after hydrothermal treatments.29,30 Moreover, the increase-
ment of crystal sizes (002) further certified the oriented 
growth of HA crystals in BCP ceramics after hydrothermal 
treatments. Lin et al also observed the sharp and intensive 
(002) peak in the HA bioceramics after hydrothermal 
treatment, which indicated that HA crystals preferred to 

be aligned apparently along the c-axis.21 In addition, the 
growth trend of HA crystals was consistent with the whis-
ker length as shown in Figure 1, BCP-Citric, BCP-NaOH, 
and BCP- CaCl2 had relatively larger HA crystals and 
longer whisker lengths than BCP-HNO3 and BCP-Na3 

PO4.
The growth of in-situ whisker could remarkably 

increase the mechanical strengths of BCP ceramics. In 
fact, whisker reinforcement is a common method to 
increase the mechanical strength of ceramics. As compar-
ing with the transcrystalline crack and intercrystalline 
crack in BCP-C ceramics, in-situ whisker growth could 
change crack propagation path completely (Supporting 
information S-2). When a crack enters the whisker- 
reinforced composite, there are generally five different 
toughening mechanisms, including: bridging, pullout, 
deflection, micro cracking and pinning.44 Li et al45 intro-
duced aluminum borate whisker into porous ceramics, the 
tensile strength of the composite material with a whisker 
volume fraction of 20% can be improved by up to about 
90% compared with the unreinforced matrix. However, the 
common whisker materials (ie, SiC, carbon, Si3N4, Al2O3, 
ZrO2) are bioinert, which might decrease the biocompat-
ibility and bioactivity of Ca-P bioceramics. The most 
promising reinforcement is Ca-P whisker (for example, 
HA whiskers), because of the excellent biocompatibility, 

Figure 6 Intracellular ALP activity in BMSCs cultured on the obtained BCP 
samples. @p<0.05 vs BCP-C group, #p<0.05 vs BCP-HNO3 group, $p<0.05 vs BCP- 
Citric group, %p<0.05 vs BCP-NaOH group, &p<0.05 vs BCP-CaCl2 group, +p<0.05 
vs BCP-Na3PO4 group.

Figure 7 The surface topographies of BCP ceramics with different hydrothermal treatments after immersing in SBF for 3 days: (A) BCP-C; (B) BCP-HNO3; (C) BCP-Citric; 
(D) BCP-NaOH, (E) BCP- CaCl2; (F) BCP-Na3PO4.
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bioactivity, and non-polluting phase composition. In the 
study of Suchanek et al,27,28 they fabricated HA and HA 
whisker composites by hydrothermal synthesis, when the 
content of HA whisker was 20–30%, the fracture tough-
ness of the ceramics increased 40–100%; but further 
increasing the whisker content might decrease the mechan-
ical properties of ceramics. That might be due to the 
hybrid whisker reinforcement method may cause the easy 
agglomeration and the uneven distribution of whiskers, 
which restrict the further enhancement of mechanical 
strength of ceramics. In the present study, the in-situ 
whiskers were growing on the surface and inner of BCP 
ceramics, that is, the total ceramic matrix was constituted 
of whiskers (Figure 1). So, the compressive strength and 
modulus of the BCP ceramics (Figure 3) with hydrother-
mal treatments increased remarkably (2.5–4 times) as 
compared with the initial BCP ceramics (about 1.5 MPa). 
Among them, BCP-CaCl2 owed the highest compressive 
strength of 5.34±0.35 MPa among the obtained ceramics, 
which might be due to the high concentration of Ca2+ 

favored the formation of HA whisker with perfect crystal 
structure during the hydrothermal process.

To balance the relationship between mechanical prop-
erty and bioactivity of Ca-P bioceramic is a great chal-
lenge, the enhancement of mechanical property of Ca-P 
ceramics generally decreases their bioactivity. The present 
study certified that the construction of in-situ whiskers in 
BCP ceramics could realize the simultaneous enhance-
ments of mechanical property and biological performance. 
After hydrothermal treatment, more bioactive sites might 
be exposed to facilitate the cell adhesion and spreading. 
Among them, BCP-Na3PO4 with hollow whisker was 
more conducive to BMSCs spreading as comparing with 
the initial BCP ceramics (BCP-C), which might partly be 
due to its biphasic phases (Figure 5). Our previous work 
also observed that the proliferation and angiogenesis of 
HUVECs could be enhanced with a higher content of β- 
TCP phase.46 Moreover, the obtained BCP ceramics with 
in-situ whisker also processed the relatively higher ALP 
activity than the initial BCP ceramics (Figure 6). It is 
generally accepted that construction of specific topography 
on biomaterials is quite an effective route to regulate the 
protein adsorption and cellular behaviors, and further 
improve their biological performances.2,4,47,48 Previous 
studies have certified that the construction of specific 
micro-nano structure is an effective way to enhance the 
cellular activities and in-vivo biological performances of 
Ca-P bioceramics. In the study of Lin et al21,49,50 they 

demonstrated that HA bioceramics with hierarchical 3D 
micro-nanotextured surfaces stimulate osteoblast adhesion, 
growth and osteogenic differentiation. Chen et al51 intro-
duced a kind of specific nanotopography constructed by 
the randomly oriented HA nanocrystal clusters could pro-
mote the adhesion of mesenchymal stem cells, which in 
turn promote osteogenic differentiation. Therefore, the in- 
situ whisker growth has no negative but even positive 
effects on the biological performances of BCP ceramics.

Moreover, the ability of bone-like apatite formation is 
a direct criterion to evaluate the bioactivity of biomaterials 
in vitro. The bone-like apatite formation ability of BCP 
ceramic scaffolds with in-situ whisker growth was stronger 
than the initial BCP ceramics (BCP-C, Figure 7). Among 
them, the bone-like apatite formation ability of BCP-Na3 

PO4 seemed strongest, which surface was completely cov-
ered with bone-like apatite deposit. That might partly be 
because in-situ whisker growth on BCP ceramics might 
provide more nucleation sites to favor the re-deposition of 
bone-like apatite. Moreover, it could be predicted that the 
BCP ceramics with in-situ whisker growth possessed 
potential ability for osteogenesis in vivo. To sum up, the 
in-situ whisker growth in BCP ceramics is an effective 
route to achieve the simultaneous enhancements of 
mechanical strength and bioactivity.

Conclusion
As discussed, the present study introduced an effective 
approach to construct in-situ whisker on BCP ceramics. 
The phase compositions and morphologies of the in-situ 
whiskers on BCP ceramics could be adjusted by the hydro-
thermal conditions, especially the hydrothermal media. 
BCP-Na3PO4 showed a unique hollow shape, and kept 
the original biphasic composition. The in-situ whisker 
growth had no adverse but even positive effects. Due to 
the growth of in-situ whiskers, the mechanical property 
and biological performance of the obtained BCP ceramics 
could increase simultaneously. Although further long-term 
evaluations are needed, we believe that the BCP ceramics 
with in-situ whisker growth can be a potential alternative 
to standard bone grafts for the treatment of bone defect 
repair.
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