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Background
Reconstruction of bone tissue caused by trauma or tumor, especially large segments 
of load-bearing bone tissue reconstruction, still faces great challenges for clinicians. In 
recent years, bone scaffold has become the most effective treatment for bone defects 
[1]. Compared with cancellous bone reconstruction, cortical bone reconstruction not 

Abstract 

Background:  Bone scaffold is one of the most effective methods to treat bone 
defect. The ideal scaffold of bone tissue should not only provide space for bone tissue 
growth, but also have sufficient mechanical strength to support the bone defect area. 
Moreover, the scaffold should provide a customized size or shape for the patient’s bone 
defect.

Methods:  In this study, strontium-containing Mg-doped wollastonite (Sr-CSM) bioce-
ramic scaffolds with controllable pore size and pore structure were manufactured by 
direct ink writing 3D printing. Biological properties of Sr-CSM scaffolds were evaluated 
by apatite formation ability, in vitro proliferation ability of rabbit bone-marrow stem 
cells (rBMSCs), and alkaline phosphatase (ALP) activity using β-TCP and Mg-doped 
wollastonite (CSM) scaffolds as control. The compression strength of three scaffold 
specimens was probed after completely drying them while been submerged in Tris–
HCl solution for 0, 2,4 and 6 weeks.

Results:  The mechanical test results showed that strontium-containing Mg-doped 
wollastonite (Sr-CSM) scaffolds had acceptable initial compression strength (56 MPa) 
and maintained good mechanical stability during degradation in vitro. Biological 
experiments showed that Sr-CSM scaffolds had a better apatite formation ability. Cell 
experiments showed that Sr-CSM scaffold had a higher cell proliferation ability com-
pared with β-TCP and CSM scaffold. The higher ALP activity of Sr-CSM scaffold indicates 
that it can better stimulate osteoblastic differentiation and bone mineralization.

Conclusions:  Therefore, Sr-CSM scaffolds not only have acceptable compression 
strength, but also have higher osteogenesis bioactivity, which can be used in bone 
tissue engineering scaffolds.
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only requires good bone inductivity of bone scaffolds to stimulate bone formation and 
angiogenesis, but also has compress strength matching with cortical bone. As a candi-
date bone implants material, calcium silicate (wollastonite) bioceramics is known for its 
excellent biocompatibility [2]. Compared with hydroxyapatite and calcium phosphate, 
wollastonite has higher bioactivity, osteoinductivity and osseointegration [3]. Moreover, 
Ca and Si ions released by wollastonite have a synergistic effect on the cell prolifera-
tion and differentiation of bone [4]. However, the compression strength of wollastonite 
scaffold fabricated is 20 MPa [5] which is only within the range of cancellous bone (11–
24 MPa) [6], therefore it cannot satisfy the repair of bone defects in load-bearing areas.

Many studies have shown that the addition of different bioactive metal ions such as 
strontium and magnesium into bone scaffolds materials can promote the formation of 
bone [5, 7–10]. The release of these ions in biomaterials also helps to enhance biological 
interactions in vitro and in vivo [11, 12]. Magnesium ion and strontium ion play differ-
ent roles in different stages of bone formation [13]. Strontium, a trace element in human 
bones, has been shown to stimulate bone formation and reduce bone absorption [12]. In 
recent years, the use of strontium ions to improve bioceramics has attracted more atten-
tion [8]. Xing [14] showed that strontium ions replacing calcium ions in calcium silicate 
can stimulate the proliferation, osteogenesis and angiogenesis of rabbit bone-marrow 
stem cells (rBMSCs). Strontium has been increasingly used in bone repair materials to 
improve the biological activity of bone reconstruction. In addition, the release of stron-
tium, magnesium and silicon in biological materials can improve the biological activity 
of the materials [15, 16]. Zhang et al. [17] demonstrated that 5 mol% Ca substituted by 
Sr in calcium silicate had a good biological properties. Magnesium ion is an important 
element in human body, which is closely related to the proliferation, differentiation and 
bone mineralization of osteoblasts [18, 19]. Studies have shown that the incorporation 
of magnesium can change the degradation rate of calcium silicate ceramics, induce the 
formation of apatite and form a close bond between scaffold and bone tissue [20]. Previ-
ous studies have confirmed that biomaterials that form apatite in simulated body fluids 
(SBF) can bond with living bone through apatite in vivo [21]. The apatite layer contains 
calcium and phosphate that is necessary for bone growth [22]. Xie et al. [23, 24] used 
additive manufacturing (3D printing) to manufacture magnesium-doped calcium sili-
cate. The results showed that the obtained bioceramics scaffold had ultrahigh strength 
when 10 mol% Ca was replaced by Mg [5, 23, 24].

3D printing has been widely used in bone tissue implants, which can be directly 
linked to CAD models to print the designed geometry, pore size and porosity [6]. 
Direct ink writing (DIW) is one of the 3D printing technologies, which works by 
pre-mixing ceramic powder with an organic solvent to form a bio-ink. This is then 
extruded layer by layer through a printing tube to create a designed porous struc-
ture [25]. Personalized medicine needs to develop customized scaffold for patients 
to match the individualized bone defect shape and tailored biofunction. DIW has 
excellent performance in bioceramic scaffold printing, and has higher flexibility in 
controlling scaffold composition and geometric structure [26]. Many studies have 
personalized repair of rabbit skull, femur and mandibular defects by DIW method 
[5, 8, 27]. The results showed that the bone scaffolds manufactured by DIW had 
promising osteogenic and mechanical properties, and had an excellent application 
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in customized bone scaffolds. This study aims to determine the effect of strontium 
on the rBMSCs proliferation and differentiation on Mg-doped wollastonite (CSM) 
scaffolds, and to provide a basis for the study of bone tissue engineering scaffolds. 
Strontium-containing Mg-doped wollastonite (Sr-CSM) were prepared by DIW, and 
compared with CSM and β-TCP scaffolds in terms of compression strength, in vitro 
degradation properties and cell proliferation and differentiation properties (Fig. 1).

Results
Characterization of bioceramic powders and scaffolds

The content of Mg in CSM and Sr-CSM was 2.05 wt% and 2.1 wt%, respectively, 
which was very close to the theoretical value, while the content of Sr in Sr-CSM was 
2.5 wt%, which was slightly lower than the theoretical value. The XRD patterns of 
the three powders are shown in Fig. 2a. In the figure, it can be seen that the β-TCP 
powder shows high crystallization of β-TCP (PDF# 09-0189). CSM powder and Sr-
CSM powder are mixed with Mg and Sr ions, but the phase of the two powders is still 
wollastonite-2M (PDF# 27-0088) phase.

The three-dimensional model of three bioceramic scaffold is shown in Fig. 2b. The 
three types of bioceramic scaffolds (∅8 × 3  mm) sintered after DIW are shown in 
Fig.  2c. All the three types of scaffolds have a highly controllable macroscopic, and 
the pore size is about 300 µm (Fig. 2d). As evident in Fig. 1c, the surface of the three 
types of scaffolds manufactured by DIW is smooth without obvious bubbles. The pore 
size is smaller than the theoretical value, which may be caused by the shrinkage of 
the diameter of the strut in the sintering process. High magnification SEM images 
showed that grain boundaries on the surfaces of the three scaffolds were clearly vis-
ible. Compared with CSM scaffolds, the β-TCP grain boundaries showed more gaps, 
while Sr-CSM scaffolds showed densification grain structure, but did not show grain 
growth.

Fig. 1  Schematic diagram of experimental setup of bioceramic scaffold
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Mechanical properties

The compression strength of the three bioceramic scaffold changes with the immer-
sion time is shown in Fig. 3. As can be seen from the figure, although the initial com-
pression strength (56 MPa) of Sr-CSM scaffolds was lower than that of CSM scaffolds 
(92 MPa), it was far higher than that of traditional β-TCP scaffolds (11 MPa). This could 
be explained by the similar densification grain structure of Sr-CSM scaffolds and CSM 
scaffolds (Fig.  2d). As the immersion time increases, the compressive strength of the 

Fig. 2  Characterization of the β-TCP, CSM and Sr-CSM powders and scaffolds. a XRD patterns of three 
bioceramic scaffolds, b CAD model of three bioceramic scaffolds, c digital photograph of three bioceramic 
scaffolds: from left to right is β-TCP, CSM and Sr-CSM, d SEM images of three bioceramic scaffolds

Fig. 3  The compression strength of the three scaffolds varies with the soaking time (*p < 0.05)
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three scaffolds decreases. Different from the β-TCP scaffolds, the compressive strength 
of CSM and Sr-CSM scaffolds decreases greatly, while the compression strength of the 
β-TCP scaffolds remains almost unchanged. However, at week 6, Sr-CSM scaffolds could 
also maintain a high compressive strength (21 MPa), which was more than two times 
higher than that of β-TCP scaffolds.

Biodegradation and apatite‑forming ability evaluation

Figure 4 shows the pH values and weight loss of the three scaffolds immersed in Tris–
HCl for different times. As visible in Fig.  4a, the pH value of CSM and Sr-CSM scaf-
folds gradually increased with the increase of soaking time, which was 7.7 and 7.8 after 
6  weeks, respectively. For bone tissue growth, the alkaline environment is conducive 
to the growth and development of bone tissue [28]. The CSM and Sr-CSM scaffolds 
showed sustained weight loss with increasing immersion time, with a weight loss of 9.2% 
and 14.8% after 6 weeks, respectively, suggesting that the introduction of Sr accelerated 
material biodegradation. Meanwhile the weight loss of the β-TCP scaffolds was small 
(~ 2%).

With the increase of soaking time, the reduction of compression strength was consist-
ent with the weight loss. During 0–4 weeks, the compression strength of CSM and Sr-
CSM scaffolds was reduced by 32% and 44%, respectively, and the corresponding weight 
loss was 8.1% and 13%. During 4–6 weeks, the degradation rate of scaffolds slows down.

Figure 5 shows the release of Ca, Mg, Si and Sr ions of the three scaffolds in Tris–HCl 
solution at different time points. The concentration of Ca, Mg and Si ions in CSM and 
Sr-CSM scaffolds gradually increased with the increase of immersion time. Meanwhile, 
the concentration of Sr ions in Sr-CSM scaffolds also increased continuously. This indi-
cates that the CSM and Sr-CSM scaffolds have sustained ion release during the immer-
sion time. On the contrary, there was only a small increase in ion concentration of the 
β-TCP scaffolds, which was caused by the slow degradation rate of the β-TCP scaffolds. 
The release concentrations of Ca, Mg and Si ions of Sr-CSM scaffolds were higher than 
those of CSM scaffolds at all time points, which was because the degradation rate of Sr-
CSM scaffolds was higher than that of CSM scaffolds.

In order to determine the surface bioactivity of scaffolds, three scaffolds were 
immersed in SBF for 14 days. Figure 6 shows SEM images of the three scaffolds soaked 

Fig. 4  pH value and weight loss of the three scaffolds soaked at each time point. a pH value, b weight loss
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Fig. 5  The release of Ca, Mg, Si and Sr ions of three scaffolds soaked in Tris–HCl solution at different time 
points

Fig. 6  SEM images and EDS analysis results of three scaffolds soaked in SBF for 14 days
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in SBF for 14 days. Compared to before immersion (as shown in Fig. 1c), CSM scaffolds 
and Sr-CSM scaffolds have obvious changes. Both the surface of CSM and Sr-CSM scaf-
folds had spherical structure precipitation, which was covered by a typical biomimetic 
apatite, while the spherical particles precipitation on the surface of the β-TCP scaf-
folds was not obvious. In addition, the surface Ca/P ratio of EDS was 1.48–1.86, and 
the standard hydroxyapatite Ca/P ratio was 1.67. Studies have shown that the Ca/P ratio 
between 1.3 and 2.0 can be classified as hydroxyapatite [20], indicating the formation 
of hydroxyapatite on the surface of Sr-CSM scaffold. The thickest hydroxyapatite layer 
formed on Sr-CSM scaffolds has been hardening, indicating that Sr-CSM scaffolds have 
strong apatite mineralization ability.

The osteogenic bioactivity of rBMSCs in bioceramic scaffolds

The morphology of cells on the three scaffolds is shown in Fig. 7. After 7-day culture, it 
can be seen that cells are evenly distributed on the three scaffolds. The cells on the CSM 
and Sr-CSM scaffolds were elongated and had elongated actin filaments (blue). In con-
trast, the cell density on the β-TCP surface was reduced.

Cell proliferation on different scaffolds was measured by CCK-8 method at 1, 4, 7 days 
of culture, as shown in Fig.  8. The cell proliferation on Sr-CSM scaffolds was slightly 

Fig. 7  Cell morphologies of the three scaffolds at 7 days of culture: cytoskeleton stained (green) nuclei 
stained (blue)

Fig. 8  Cell proliferation of the three scaffolds at 1, 4, and 7 days
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higher than that on CSM and β-TCP scaffolds on day 1, but not significant. From day 1 
to day 4, the number of cells on the Sr-CSM scaffolds was not significantly higher than 
that of the other two groups. However, the number of cells on Sr-CSM scaffolds was 10% 
and 18% higher than that on the β-TCP scaffolds and CSM scaffolds, respectively, at day 
7, indicating that Sr-CSM scaffolds were more suitable for cell growth than the other two 
groups of scaffolds.

ALP activity is considered to be an early marker of osteoblastic differentiation and 
bone mineralization [18, 29]. Figure 9 depicts the ALP activity of cells after 14 days on 
three scaffolds. As can be seen from the figure, ALP activity on Sr-CSM scaffolds is 
much higher than that on CSM and β-TCP scaffolds, indicating that appropriate Sr ion 
concentration can stimulate cell differentiation.

Discussion
Although more and more bioactive materials have been proved to be suitable for bone 
tissue repair, most of these materials have poor compression strength. For the repair of 
large segments of load-bearing bone tissue, the bone tissue scaffold should not only pro-
vide space for the growth and attachment of cells, but also provide a mechanical support. 
The force on the scaffold also has a great influence on the stimulation of cell prolifera-
tion and differentiation [30]. It is generally believed that the pore size of the scaffold is 
recommended to be between 150 µm and 400 µm [31, 32], 3D printing technology can 
create porous scaffolds with controllable pore size and structure. The interconnected 
pore promotes the circulation of nutrients and oxygen in the pore, making the cells easy 
to attach to the strut. As the immersion time increases, three kinds of bioceramic scaf-
folds can maintain their structural integrity, which provides an important place for the 
growth of bone tissue regeneration in the late stage. The high compression strength and 
time-varying strength stability of the Sr-CSM scaffold can provide initial structure and 
stable mechanical support for the generation of bone tissue. The compression strength 
of bioceramic scaffolds will gradually decrease during 0–6 weeks in vivo, but with the 
growth of new bone tissue, the compression strength of scaffolds will gradually increase 

Fig. 9  The ALP activity of rBMSCs cultured on β-TCP, CSM and Sr-CSM scaffolds for 14 days
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during 6–12 weeks [5]. Therefore, Sr-CSM scaffolds can provide a stability mechanical 
support for bone tissue growth.

Traditional CSM scaffolds introduce Mg ions into calcium silicate to improve the com-
pression strength of calcium silicate scaffolds, but do not consider to further improve 
the osteogenic bioactivity of scaffolds. Studies have shown that strontium ions and mag-
nesium ions have synergistic effects on the growth and repair of bone tissue [33]. There-
fore, this study enhances the biological performance of CSM scaffolds by introducing 
strontium.

The production capacity of apatite in SBF is very helpful to predict the osteogenic 
properties of the material in  vivo. Apatite on the surface of the material also helps 
enhance the ability of bone tissue cells to attachment and differentiation [21], so it is rea-
sonable to believe that Sr-CSM scaffolds are more conducive to binding with host bone 
tissue when implanted in  vivo. The advantages and disadvantages of the three biocer-
amic scaffolds are shown in Table 1.

In terms of biological properties, some studies have shown that adding a small amount 
of strontium in scaffolds can greatly improve the osteogenesis bioactivity of scaffolds 
[17]. In this paper, 2.5% strontium was added into traditional high-strength bioceramic 
scaffolds. The experimental results showed that the cell activity of Sr-CSM scaffolds was 
slightly higher than that of the other two groups. The ALP activity was much higher than 
that of traditional CSM and β-TCP scaffolds (p < 0.05). Cell proliferation and differentia-
tion on scaffolds are influenced by many factors, such as ion concentration in microenvi-
ronment and pH value. Statistical analysis show that p < 0.05 indicated that the difference 
due to chance is below 5%. The content of strontium in human bones is not very high. 
Appropriate amount of strontium ions can promote cell proliferation and differentiation, 
but excessive release of strontium ions in the degradation process of scaffolds will cause 
harm to human bodies [34]. Sr-CSM scaffolds added strontium ions to CSM by chemical 
precipitation method, which enabled the scaffolds to have stable compressive strength, 
continuous and stable strontium ion release and appropriate pH value in  vitro degra-
dation experiments. These microenvironments enabled the cells to have better activity 
compared with other two groups.

In recent years, the application of bioceramic scaffolds in bone tissue repair has 
become a prime focus of many scholars [35]. These researches focus on improving 
the biological properties of materials, but there is little research on their mechanical 
strength. Acceptable mechanical strength of scaffolds is very important for the repair of 
load-bearing bone tissue. Based on high-strength CSM scaffolds, Sr-CSM scaffolds with 

Table 1  Advantages and disadvantages of three bioceramic scaffolds

Scaffold Advantages Disadvantages

β-TCP Excellent biocompatibility and bone conductivity Low mechanical strength and cell differentiation 
ability; poor induction of apatite formation and 
degradation ability

CSM Ultrahigh strength; excellent osteogenic proper-
ties

Poor induction of apatite formation ability; low 
capability of cell differentiation

Sr-CSM Superior ability to induce apatite formation, cell 
proliferation and differentiation; acceptable 
mechanical strength

Mechanical strength needs to be improved
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controllable structure shape and pore size were successfully prepared by DIW by adding 
strontium ions into scaffold materials by chemical precipitation method. Through SEM 
observation, it was found that the addition of a small amount of strontium ions did not 
change the original material structure itself. Mechanical experiments also confirmed that 
Sr-CSM scaffolds also had high mechanical strength. After 14 days of SBF immersion, 
Sr-CSM scaffolds were found to have good apatite formation ability, which indicated 
that Sr-CSM scaffolds had good binding ability with bone tissue after implantation. The 
experiment of cell proliferation ability showed that the addition of strontium improved 
the cell activity of scaffolds, which was slightly higher than the other two groups after 
4 days and 7 days, indicating that strontium ions also promoted cell proliferation. ALP 
activity was used to evaluate the ability of cell differentiation. The results showed that 
the ALP activity of the Sr-CSM scaffold was significantly higher than that of the other 
two groups, indicating that the addition of strontium promoted cell differentiation.

In terms of mechanical strength, the introduction of strontium reduced the compres-
sive strength of CSM scaffolds, however it was still five times higher than conventional 
β-TCP scaffold. In terms of degradation performance, the introduction of strontium 
accelerated the degradation rate of Sr-CSM scaffolds. This was accompanied by a large 
weight loss at each time point and a decline in mechanical properties. However, it can 
still maintain a relatively stable mechanical strength at each time point. For in situ load-
bearing bone repair (e.g., osteonecrosis of the femoral head), high strength is favorable 
for better insert, however more important is the rapid induction of osteogenesis. Sr-
CSM scaffold had sufficient initial strength, and the compression strength of the scaffold 
after 6  weeks of immersion in Tris–HCl was still twice than that of the conventional 
β-TCP scaffold. Therefore, it is reasonable to believe that Sr-CSM scaffold can provide 
good mechanical support for bone tissue in in  situ load-bearing bone repair. On this 
basis, Sr-CSM scaffold has significantly better apatite formation ability and bone induc-
tion performance than the β-TCP scaffold and CSM scaffold, and can quickly induce 
osseointegration. In conclusion, the acceptable compression strength and osteogenesis 
bioactivity make Sr-CSM scaffolds as a potential candidate for hard tissue implants.

Conclusions
In this study, strontium was added into CSM bioceramic scaffolds to obtain a bioceramic 
scaffolds with satisfactory strength and biological properties. The scaffolds prepared by 
DIW have interconnected porous structures, and the shape and size of the pore can be 
controlled. After 6 weeks of Tris–HCl immersion, Sr-CSM scaffolds showed sustained 
ion release ability. In addition, Sr-CSM scaffolds showed good apatite formation ability 
and ability to induce cell proliferation and differentiation in vitro due to the introduction 
of strontium. Therefore, Sr-CSM scaffolds are expected to be candidates for the repair of 
large segments bone tissue.

Materials and methods
Preparation of powders

CSM and Sr-CSM powders were synthesized by a wet-chemical precipitation method. 
CSM powder replaces 10  mol% of Ca in wollastonite with Mg, and Sr-CMS replaces 
15 mol% of Ca in wollastonite with 10 mol% Mg and 5 mol% Sr. Briefly, Ca(NO3)2 and 
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Na2SiO3 dissolved in de-ionized water in the concentration of 0.5 mol/l with certain pro-
portion of Ca(NO3)2 replaced by Mg(NO3)2 and Sr(NO3)2. Then the Na2SiO3 solution 
was dropped into the Ca (NO3)2/Mg (NO3)2/Sr (NO3)2 solution mixture under continu-
ous stirring. Washed with de-ionized water three times to remove impurity ions, reoc-
cupy anhydrous ethanol washing three times. Dry powder at 80  °C for 24 h, and then 
under the 950 °C calcination 120 min. The as-calcined bioceramic powder is ground in 
a planetary ball mill for 4 h. The particle size of the resulting bioceramic powders was 
below 10 µm. The β-TCP powder is bought from Xi’an Particle Cloud Biotechnology Co., 
Ltd., and the particle size was also below 10 µm.

DIW 3D printing preparation of scaffolds

The bioceramic ink for layer-by-layer printing of β-TCP, Sr-CSM and CSM scaf-
folds(∅8 × 3 mm) was prepared by mixing 14.0 g of powder with 5.0 g of 6% polyvinyl 
alcohol (PVA, Sigma-Aldrich) solution. After stirring, add the bio-ink to the printing 
tube, and bioceramic scaffolds with 0°/90° strut pore structure were prepared by EFL-
BP6800 (Suzhou Intelligent Manufacturing Research Institute, SuZhou, China). The 
ink is extruded by moving the piston rod, and the nozzle moves at a speed of 6 mm/s. 
The nozzle diameter and filament spacing were 450 µm and 850 µm, respectively. Dry 
as-built scaffolds at 80  °C for 24 h and sintered samples by two-step sintering method 
[36] (the heating rate is 3 °C/min and held at 1150 °C for 45 min, then cooled down to 
1060 °C within 10 min and held for 3 h).

Characterization of powders and scaffolds

The phase composition of the bioceramic powders was verified by X-ray diffraction 
(XRD, Rigaku Co., Japan) at 40 kV/40 mA. Data were collected between 10 °C and 80 ℃ 
on a 2θ scale in step of 0.02  °C and 1.5 s per step. Inductively coupled plasma-optical 
emission spectrometry (ICP-OES; Thermo) was used to measure the chemical composi-
tion of the bioceramic powders.

The morphology of scaffolds was observed by scanning electron microscopy (SEM, 
JSE-5900LV, Japan). The apatite mineralization ability of scaffolds was investigated by 
SBF [21]. The bioceramic scaffolds (n = 4,∅8 × 3 mm) were immersed in SBF with a SBF 
solution volume to scaffold mass ratio of was 200 mL/g at 37  °C for 14 days, the SBF 
solution kept unaltered during immersion. After soaking, samples were washed three 
times with ethanol and was observed by SEM.

Mechanical property of scaffolds

The compressive strength of scaffolds (n = 4,∅8 × 3 mm) were measured by an Electro-
mechanical Universal Testing Machine (CTM8180, Xie Qiang Instrument Manufactur-
ing), and samples were tested with a constant displacement rate of 0.5  mm/min. The 
compression strength of three scaffolds at 0, 2, 4, 6 weeks in Tris–HCl was measured 
after complete drying.

Biodegradation property of scaffolds

The β-TCP, Sr-CSM and CSM scaffolds (n = 4,∅8 × 3 mm) were immersed in Tris–HCl 
solution (pH 7.4) with a solution volume to scaffold mass ratio of 200  mL/g at 37  °C. 
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After 2, 4, 6  weeks of soaking, each sample was completely dried and weighed. The 
weight loss (WL) was expressed as: 

where the ω0 is the initial weight of the sample, ωt is the sample weight at week t. Ion 
concentration and pH value of solution at each time were measured by pH-meter and 
ICP-OES, respectively.

The osteogenic activity of rBMSCs in bioceramic scaffolds

Cell culture

The rBMSCs was obtained from JRDUN Biotechnology (Shanghai) Co., Ltd, and applied 
in the following experiments. rBMSCs were cultured in DMEM with 10% fetal bovine 
serum and 1% penicillin/streptomycin at 37 °C under 5% CO2 humidified atmosphere.

Cell proliferation and attachment

The proliferation of rBMSCs in response to CSM, Sr-CSM and β-TCP scaffolds were 
determined using a cell counting Kit-8 (CCK-8, Beyotime). rBMSCs (104 cells/scaffold) 
seeded on each scaffold. Culture medium is changed every 2  days during the experi-
ment. After culturing for 1, 4 and 7 days, cells were harvested for CCK-8 assay according 
to the manufacturer’s guidelines (three samples for each group). The absorbance of this 
solution was quantified by spectrophotometer at 450 nm with a plate reader (Bio TEK 
Instrument, EL307C).

To intuitively observe the growth of cells on the scaffold, the cell morphology of three 
kinds of scaffold was observed via laser scanning confocal microscopy (LSCM). Briefly, 
the cell slides were washed with PBS to remove the medium, fixed with 4% formaldehyde 
for 30  min, and washed with PBS for three times. The cells were permeabilized with 
0.5% Triton X-100 (Solarbio) for 10 min and washed with PBS for three times. The cells 
were blocked with 1% bovine serum albumin (Solarbio) for 1 h and washed with PBS for 
3 times. Cytoskeleton and nucleus were labeled with FITC-conjugated phalloidin and 
DAPI, respectively, for 40 min in PBS solution. Then LSCM was used to photograph the 
cells.

Alkaline phosphatase (ALP) activity

To investigate the influence of Sr-CSM scaffold on the osteogenic differentiation of cell, 
rBMSCs (105 cells/scaffold) seeded on each scaffold and culture in osteogenic induc-
tion medium for 14 days. The rBMSCs were lysed with 200 μl of 0.2% Triton X-100 and 
then centrifuged at 14,000 rpm for 5 min at 4 °C. 50 μl of supernatant was mixed with 
150 μl working solution, and enzyme activity was determined by ALP kit (Thermo). The 
absorbance of this solution was quantified by microplate reader at 405 nm with a plate 
reader. The total protein content was determined via the bicinchoninic acid protein assay 
kit (Thermo). The relative ALP activity was obtained by the changed OD values divided 
by the reaction time and the total protein content.

WL% = (ω0 − ωt)/ω0 × 100%,
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Statistical analysis

Analysis was performed using SPSS software (SPSS Inc., Chicago, Il, USA). All the data 
were expressed as mean ± standard deviation and analyzed with the one-way ANOVA. 
In all cases the results were considered statistically significant with a p value less than 
0.05.

Abbreviations
rBMSCs: rabbit bone-marrow stem cells; CSM: Mg-doped wollastonite; Sr-CSM: strontium-containing Mg-doped wollas-
tonite; PVA: polyvinyl alcohol; XRD: X-ray diffraction; ICP-OES: inductively coupled plasma-optical emission spectrometry; 
SEM: scanning electron microscopy; ALP: alkaline phosphatase; SBF: simulated body fluids; LSCM: laser scanning confocal 
microscopy; DIW: direct ink writing.

Acknowledgements
The authors thank Dr. Zhong Li for his help in setting up the experiment.

Authors’ contributions
SW: conceptualization, validation, formal analysis, supervision. LL: conceptualization, investigation, methodology, 
writing—original draft, formal analysis, writing—review and editing. XZ: investigation, visualization, supervision. DY: 
resources, data curation. ZS: validation, resources, statistics. YH: methodology, project administration, funding acquisition. 
All authors read and approved the final manuscript.

Funding
This work was supported by the National Key R&D Program of China (No. 2016YFC1100600).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Mechanical Engineering, Sichuan University, Chengdu 610065, Sichuan, China. 2 Shanghai Key Laboratory 
of Orthopaedic Implants, Department of Orthopaedics, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University 
School of Medicine, Shanghai 200011, China. 

Received: 30 September 2019   Accepted: 2 December 2019

References
	1.	 Bartos M, Suchy T, Foltan R. Note on the use of different approaches to determine the pore sizes of tissue engineer-

ing scaffolds: what do we measure? Biomed Eng Online. 2018;17:110.
	2.	 Zhou Y, Wu C, Chang J. Bioceramics to regulate stem cells and their microenvironment for tissue regeneration. 

Mater Today. 2019;24:41–56.
	3.	 Li H, Chang J. Stimulation of proangiogenesis by calcium silicate bioactive ceramic. Acta Biomater. 

2013;9(2):5379–89.
	4.	 Mao L, Xia L, Chang J, Liu J, Jiang L, Wu C, Fang B. The synergistic effects of Sr and Si bioactive ions on osteogenesis, 

osteoclastogenesis and angiogenesis for osteoporotic bone regeneration. Acta Biomater. 2017;61:217–32.
	5.	 Sun M, Liu A, Shao H, Yang X, Ma C, Yan S, Liu Y, He Y, Gou Z. Systematical evaluation of mechanically strong 3d 

printed diluted magnesium doping wollastonite scaffolds on osteogenic capacity in rabbit calvarial defects. Sci Rep. 
2016;6:34029.

	6.	 Wang S, Liu L, Li K, Zhu L, Chen J, Hao Y. Pore functionally graded Ti6Al4V scaffolds for bone tissue engineering 
application. Mater Des. 2019;168:107643.

	7.	 Zhao S, Zhang J, Zhu M, Zhang Y, Liu Z, Tao C, Zhu Y, Zhang C. Three-dimensional printed strontium-containing 
mesoporous bioactive glass scaffolds for repairing rat critical-sized calvarial defects. Acta Biomater. 2015;12:270–80.

	8.	 Chiu Y-C, Shie M-Y, Lin Y-H, Lee AK-X, Chen Y-W. Effect of strontium substitution on the physicochemical properties 
and bone regeneration potential of 3D printed calcium silicate scaffolds. Int J Mol Sci. 2019;20(11):2729.

	9.	 Denry I, Goudouri O-M, Fredericks DC, Akkouch A, Acevedo MR, Holloway JA. Strontium-releasing fluorapatite glass-
ceramic scaffolds: structural characterization and in vivo performance. Acta Biomater. 2018;75:463–71.



Page 14 of 14Wang et al. BioMed Eng OnLine          (2019) 18:119 

	10.	 Liu A, Sun M, Shao H, Yang X, Ma C, He D, Gao Q, Liu Y, Yan S, Xu S, et al. The outstanding mechanical response and 
bone regeneration capacity of robocast dilute magnesium-doped wollastonite scaffolds in critical size bone defects. 
J Mat Chem B. 2016;4(22):3945–58.

	11.	 Bonnelye E, Chabadel A, Saltel F, Bone PJJ. Dual effect of strontium ranelate: stimulation of osteoblast differentiation 
and inhibition of osteoclast formation and resorption in vitro. Bone. 2008;42(1):129–38.

	12.	 Meininger S, Moseke C, Spatz K, März E, Blum C, Ewald A, Vorndran E. Effect of strontium substitution on the mate-
rial properties and osteogenic potential of 3D powder printed magnesium phosphate scaffolds. Mater Sci Eng C. 
2019;98:1145–58.

	13.	 Hu D, Li K, Xie Y, Pan H, Zhao J, Huang L, Zheng X. Different response of osteoblastic cells to Mg2+, Zn2+ and Sr2+ 
doped calcium silicate coatings. J Mater Sci Mater Med. 2016;27(3):56.

	14.	 Xing M, Wang X, Wang E, Gao L, Chang J. Bone tissue engineering strategy based on the synergistic effects of silicon 
and strontium ions. Acta Biomater. 2018;72:381–95.

	15.	 Li H, Chang J. Bioactive silicate materials stimulate angiogenesis in fibroblast and endothelial cell co-culture system 
through paracrine effect. Acta Biomater. 2013;9(6):6981–91.

	16.	 Cattani-Lorente M, Rizzoli R, Ammann P. In vitro bone exposure to strontium improves bone material level proper-
ties. Acta Biomater. 2013;9(6):7005–13.

	17.	 Zhang J, Zhao S, Zhu Y, Huang Y, Zhu M, Tao C, Zhang CJAB. Three-dimensional printing of strontium-containing 
mesoporous bioactive glass scaffolds for bone regeneration. Acta Biomater. 2014;10(5):2269–81.

	18.	 Roohaniesfahani I, Wang J, No YJ, de Candia C, Miao X, Lu Z, Shi J, Kaplan DL, Jiang X, Zreiqat H. Modulatory effect of 
simultaneously released magnesium, strontium, and silicon ions on injectable silk hydrogels for bone regeneration. 
Mater Sci Eng C. 2019;94:976–87.

	19.	 Wu L, Feyerabend F, Schilling AF, Willumeit-Römer R, Luthringer BJC. Effects of extracellular magnesium extract 
on the proliferation and differentiation of human osteoblasts and osteoclasts in coculture. Acta Biomater. 
2015;27:294–304.

	20.	 Ma J, Huang BX, Zhao XC, Ban CL, Hao XH, Wang CZ. In vitro degradability and apatite-formation ability of monticel-
lite (CaMgSiO4) bioceramic. Ceram Int. 2019;45(3):3754–9.

	21.	 Kokubo T, Takadama H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials. 2006;27(15):2907–15.
	22.	 Lin X, Li X, Li G, Lin X, Lin X, Zhang Y, Cui Z. Micro-dot-matrix induced by femtosecond laser on titanium surface for 

Ca-P phase deposition. Appl Surf Sci. 2020;499:143925.
	23.	 Xie J, Yang X, Shao H, Ye J, He Y, Fu J, Gao C, Gou Z. Simultaneous mechanical property and biodegradation improve-

ment of wollastonite bioceramic through magnesium dilute doping. J Mech Behav Biomed Mater. 2016;54:60–71.
	24.	 Xie J, Shao H, He D, Yang X, Yao C, Ye J, He Y, Fu J, Gou Z. Ultrahigh strength of three-dimensional printed diluted 

magnesium doping wollastonite porous scaffolds. Mrs Communications. 2015;5(4):631–9.
	25.	 Schlordt T, Schwanke S, Keppner F, Fey T, Travitzky N, Greil P. Robocasting of alumina hollow filament lattice struc-

tures. J Eur Ceram Soc. 2013;33(15):3243–8.
	26.	 Shao H, Ke X, Liu A, Sun M, He Y, Yang X, Fu J, Liu Y, Zhang L, Yang GJB. Bone regeneration in 3D printing bioactive 

ceramic scaffolds with improved tissue/material interface pore architecture in thin-wall bone defect. Biofabrication. 
2017;9(2):025003.

	27.	 Shao H, Sun M, Zhang F, Liu A, He Y, Fu J, Yang X, Wang H, Gou Z. Custom repair of mandibular bone defects with 3D 
Printed bioceramic scaffolds. J Dent Res. 2018;97(1):68–76.

	28.	 Shen Y, Liu W, Wen C, Pan H, Wang T, Darvell BW, Lu WW. Huang WJJoMC: bone regeneration: importance of local 
pH—strontium-doped borosilicate scaffold. J Mater Chem. 2012;22(17):8662–70.

	29.	 Gentleman E, Fredholm YC, Jell G, Lotfibakhshaiesh N, O’Donnell MD, Hill RG, Stevens MM. The effects of strontium-
substituted bioactive glasses on osteoblasts and osteoclasts in vitro. Biomaterials. 2010;31(14):3949–56.

	30.	 Bael SV, Chai YC, Truscello S, Moesen M, Kerckhofs G, Oosterwyck HV, Kruth JP, Schrooten JJAB. The effect of pore 
geometry on the in vitro biological behavior of human periosteum-derived cells seeded on selective laser-melted 
Ti6Al4V bone scaffolds. Acta Biomater. 2012;8(7):2824–34.

	31.	 Vassilis K, David KJB. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials. 2005;26(27):5474–91.
	32.	 Kasten P, Beyen I, Niemeyer P, Luginbühl R, Bohner M, Richter WJAB. Porosity and pore size of β-tricalcium phos-

phate scaffold can influence protein production and osteogenic differentiation of human mesenchymal stem cells: 
an in vitro and in vivo study. Acta Biomater. 2008;4(6):1904–15.

	33.	 Meininger S, Moseke C, Spatz K, Maerz E, Blum C, Ewald A, Vorndran E. Effect of strontium substitution on the 
material properties and osteogenic potential of 3D powder printed magnesium phosphate scaffolds. Mat Sci Eng C. 
2019;98:1145–58.

	34.	 Wu C, Zhou Y, Lin C, Chang J, Xiao YJAB. Strontium-containing mesoporous bioactive glass scaffolds with improved 
osteogenic/cementogenic differentiation of periodontal ligament cells for periodontal tissue engineering. Acta 
Biomater. 2012;8(10):3805–15.

	35.	 Du X, Fu S, Zhu Y. 3D printing of ceramic-based scaffolds for bone tissue engineering: an overview. J Mat Chem B. 
2018;6(27):4397–412.

	36.	 Shao H, He Y, Fu J, He D, Yang X, Xie J, Yao C, Ye J, Xu S, Gou Z. 3D printing magnesium-doped wollastonite/β-TCP 
bioceramics scaffolds with high strength and adjustable degradation. J Eur Ceram Soc. 2016;36(6):1495–503.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Effect of strontium-containing on the properties of Mg-doped wollastonite bioceramic scaffolds
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Characterization of bioceramic powders and scaffolds
	Mechanical properties
	Biodegradation and apatite-forming ability evaluation
	The osteogenic bioactivity of rBMSCs in bioceramic scaffolds

	Discussion
	Conclusions
	Materials and methods
	Preparation of powders
	DIW 3D printing preparation of scaffolds
	Characterization of powders and scaffolds
	Mechanical property of scaffolds
	Biodegradation property of scaffolds
	The osteogenic activity of rBMSCs in bioceramic scaffolds
	Cell culture
	Cell proliferation and attachment
	Alkaline phosphatase (ALP) activity

	Statistical analysis

	Acknowledgements
	References




