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� Customized magnesium-doped
wollastonite/nano-hydroxyapatite
bioceramic scaffolds with precise
porous structures were fabricated by
3D printing and coating technique.

� Composite bioceramic scaffold with
15 lm coating thickness exhibited
the highest mechanical properties.

� Nano-hydroxyapatite coating can
effectively inhibite the proliferation
of human osteosarcoma cells.

� Composite bioceramic scaffold had
significantly enhanced osteogenic
induction on Rat bone marrow stem
cells.
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It is still a major challenge to remove tumor cells and fill bone defects after tumor resection. Combined
with the 3D printing technology, the composite bioceramics scaffolds were fabricated with intercon-
nected porous magnesium-doped wollastonite (CSi-Mg) scaffolds as the architecture and nano-
hydroxyapatite (n-HA) as the surface. The influence of manufacturing process on the n-HA layer thickness
and degradation performance, biological performance and anti-tumor performance of the composite scaf-
folds were investigated. The n-HA surface layer could effectively retard the degradation rate of CSi-Mg
scaffolds and maintain high mechanical strength (over 90 MPa) after immersion in simulated body fluid
for 3 weeks. Meanwhile, CSi-Mg/n-HA3 scaffold induced about 50 % of cell death for human osteosarcoma
cells (MG-63) in vitro. CSi-Mg/n-HAx (x = 1, 3) scaffolds could improve the osteogenic performance of Rat
BMSC. These findings demonstrate that the bioceramic composite scaffold with high strength, good
osteogenic performance and anti-tumor performance is promising for the treatment of tissue injury after
resection of osteosarcoma.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Osteosarcoma is a common malignant tumor, mainly occurring
in children and adolescents, The clinical presentation of osteosar-
coma is not obvious, and there is no spontaneous fracture or severe
pain in the early stage. As a result, the disease is not easy to diag-
nose, but tumors grow rapidly [1]. Osteosarcomas can cause large
bone defects and limited movement, and can metastasise to the
lungs [2]. At present, the treatment of osteosarcoma is mostly to
remove the tumor site, and then supplemented by chemotherapy
and other means [3]. However, excision usually results in a bone
defect that exceeds the tissue’s ability to heal itself [4], Moreover,
it is difficult to completely eliminate tumor cells after resection
and chemotherapy, and residual tumor cells may lead to local
recurrence and surgical failure. Additionally, there is potential risk
of bacterial infection during surgical procedure [5]. Based on this
situation, a treatment method for bone defects after bone cancer
surgery has been highly concerned and widely studied by
researchers.

One of the most effective methods to treat bone defect is filling
bone scaffold [6]. Bone regeneration is a complex process as molec-
ular, biochemical, mechanical and cellular aspects have to be con-
sidered [7]. The ideal bone scaffold should not only have the
appropriate mechanical properties, biological activity, degradabil-
ity [8] and angiogenesis, but also have the function of killing tumor
cells or inhibiting their growth. In the field of bone tissue repair,
calcium silicate (CSi) bioceramics have attracted extensive atten-
tion due to their excellent bone conductivity, biological activity
and degradability. The mechanical properties of calcium silicate
ceramics can be effectively improved by doping magnesium into
CSi during the synthesis process. Chemical co-precipitation
method is a material manufacturing method that mixes different
substances in solution, reacts to produce sediment, and forms the
corresponding powder particles after drying the sediment. The
material can be mixed evenly, and the chemical composition of
the material is single. It has the advantages of simple process
and good product performance, which is often used to prepare
inorganic materials[9]. It has been pointed out that magnesium-
doped wollastonite (CSi-Mg) bioceramic material has high
mechanical properties and biological activity, and it has broad pro-
spects for repairing bone defects [9–11]. In addition, additive man-
ufacturing technology enables the creation of bone filled scaffolds
with complex shapes, internal pores and controllable porosity [12–
14]. The interconnected macropores are essential to supply suffi-
cient space for cellular activity, nutrient transport and cell–cell
interactions [15]. Extrusion 3D printing is an additive manufactur-
ing method in which bioceramics inks made of organic binders and
bioactive ceramics are stacked layer by layer to form a fixed 3D
porous structure with interconnected pores. 3D-printed CSi-Mg
scaffolds can promote the formation of new bone in the bone
defects of rabbit mandible and skull [16–18]. The degradation of
silicon and magnesium ions [17] is conducive to osteogenesis
[19–21]. Although CSi-Mg scaffold has incomparable advantages
compared with other bioactive materials, the slightly faster degra-
dation rate, which mismatches with the bone tissue regeneration
during the new bone ingrowth, restricts its application in the field
of bone repair.

Hydroxyapatite (HA), which has the similar chemical composi-
tion as bone, is the most studied calcium phosphate ceramics [22].
HA has been shown to have good cell affinity and promote osteo-
blast adhesion and proliferation [23,24], but it has a low degrada-
tion rate [25]. In recent years, studies have also shown that nano-
hydroxyapatite (n-HA) has anti-tumor effects [26–28]. And it can
inhibit tumor growth, prevent tumor metastasis and improve sur-
2

vival rate of tumor-bearing rabbits [29]. These all reveal that the
value of n-HA both as a bone-regenerating material and as an
anti-tumor material. Therefore, we attempted to adsorb n-HA on
the surface of CSi-Mg bioactive scaffolds to reduce degradation rate
of CSi-Mg scaffolds and improve the mechanical properties, and
the CSi-Mg/n-HA composite scaffolds with good anti-tumor prop-
erty are also suitable for bone defects after bone cancer surgery.

In this study, the CSi-Mg powder was synthesized by chemical
co-precipitation method and the CSi-Mg scaffold was fabricated
by 3D printing technology, it was hypothesized that the n-HA sur-
face layer can control the degradation rate of the CSi-Mg-based
porous ceramics. The influence of manufacturing process parame-
ters on the thickness of n-HA layer was studied, and the influence
of the n-HA layer thickness on the degradation performance,
mechanical properties and biological properties of the 3D printing
CSi-Mg/n-HA composite scaffolds were analyzed, as well as the
anti-tumor effect and osteogenesis performance of the composite
scaffolds were explored.

2. Materials and methods

2.1. CSi-Mg and n-HA powders

The CSi-Mg powders with Mg doping (10 % Ca was substituted
by Mg in CSi) were synthesized by a conventional chemical co-
precipitation method as described in our previous work [9]. The
as-calcined CSi-Mg powders were ground in a planetary ball miller
(MP-2L; Chishun Sci&Tech Co., China) using 3.5 mm diameter zir-
conia ball media in ethanol for 6 h. The particle size distribution of
the resulting CSi-Mg powders was below 10 lm. The n-HA pow-
ders were purchased from Shanghai Aladdin Bio-Chem Technology
Co., ltd. The chemical composition of all materials was listed in the
Supporting information, Table S1.

2.2. Preparation of CSi-Mg/n-HA composite scaffolds

For layer-by-layer printing of the CSi-Mg based scaffolds, the
paste was prepared by mixing 5.8 g of powders with 4.0 g of 6 %
polyvinyl alcohol (Sinopharm Chemical Reagent Co., ltd) solution.
The paste was then added to a commercial syringe and extruded
through a conical nozzle by the movement of a piston rod. A rect-
angular porous scaffold model with 3D architecture was designed
using software. The moving speed of the dispensing unit was set
to 6 mm/s, the nozzle diameter was 500 lm, the porosity was
55 %, and the layer thickness was 0.35 mm. Then, the scaffold sam-
ples were dried at 80℃ overnight to remove excess water in the
pore struts, and followed by sintering in a micro-controller-
controlled temperature furnace at a target temperature of
1140℃, in air atmosphere using similar heating schedules (heating
rate was 2℃/min while maintaining at 320℃ and 500℃ for 45 and
60 min, respectively) and held at target temperature for 4 h, fol-
lowed by cooling naturally (Table S2).

Sodium alginate (SA) (Sinopharm Chemical Reagent Co., ltd)
solutions (1.0 %, 1.5 %, 2.0 % (w/v)) were prepared with distilled
water, n-HA powders were added to sodium alginate solution
and ethanol (Sinopharm Chemical Reagent Co., ltd), respectively,
to obtain 4 % (w/w) n-HA/SA solution and n-HA/ethanol solutions
(0.10 g/ml, 0.15 g/ml, and 0.20 g/ml). The CSi-Mg scaffolds were
first dipped in n-HA/ethanol solution under vacuum for 2 min
and stirred in air for target time (5 min, 10 min, or 15 min), fol-
lowed by drying for 15 min. Next, the scaffolds were immersed
in n-HA/SA solution under vacuum until no bubbles emerged from
the scaffolds (10 min) followed by drying (70℃, 15 min). These
scaffolds prepared in n-HA/ethanol solution and n-HA/SA solution
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for 1, 2, 3 times were respectively named as CSi-Mg/n-HA1, CSi-
Mg/n-HA2, CSi-Mg/n-HA3.

2.3. Physicochemical characterization of the powders and scaffolds

The phase composition of the CSi-Mg and n-HA powders was
verified by X-ray diffractometer (XRD; Rigaku Co., Japan) at
40 kV/40 mA. Data were collected between 20� and 60� with a step
of 0.02�/2h and a dwell time of 1.5 s to identify any crystalline
phase of the powders. The inorganic ion content in CSi-Mg powder
was measured by inductively coupled plasma-optical emission
spectrometry (ICP-OES; Thermo Icap 6000 series). The powders
were observed by using the scanning electron microscopy (SEM,
S-4800; Japan) at 10 kV. The particle size distribution was analyzed
by dynamic light scattering (DLS, Malven Instrument 2000) in puri-
fied water medium.

2.4. Mechanical test of scaffolds

The compressive strength and elastic modulus of the bioce-
ramic scaffolds (7 � 7 � 7 mm) were tested the direction parallel
to the pore orientation (along the vertical Z direction) on a univer-
sal testing machine (Instron 5566, Germany) at a cross-head speed
of 0.5 mm/min. Six samples were used for replicates of this exper-
iment. The test was carried out by the procedure described in
ASTM C773-88. The elastic modulus was determined from the lin-
ear region of the stress versus strain response.

2.5. Degradation and mechanical stability evaluation in vitro

In order to evaluate the weight loss (degradation) of the scaf-
folds (7 � 7 � 7 mm), the scaffolds (W0) were respectively
immersed in simulated body fluid (SBF) with an initial pH 7.40 at
37℃ with a liquid/solid ratio of 200 mL/g. After immersing for
every 48 h, the pH of solutions was measured. The samples were
rinsed with ethanol and then dried up to mass constancy (Wt)
before weighing. The weight decrease was expressed as the follow-
ing equation: weight loss = Wt/ W0 � 100 %. The compressive
strength of the as-dried scaffolds was also determined by Instron
testing machine.

2.6. Assessment of bioactivity in SBF

The scaffolds were immersed in SBF at 37℃, the formation of HA
and the degradation of SA were monitored on the surface of sam-
ples for different time stages. After soaking for 1 week to 4 weeks,
the scaffolds were washed with ethanol and observed using SEM.
Prior to examination, the samples were coated with a thin layer
of gold.

2.7. Cell culture in vitro

MG63 cells were provided by Procell (China). The MG63 cells
were cultivated in Dulbecco’s modified Eagle medium high-
glucose (DMEM) (KeyGEN BioTECH, China), which included 10 %
fetal calf serum (Procell, China), 100 U/mL penicillin and 100 mg/
mL streptomycin (Procell, China), at a 37℃ incubator with 5 % CO2.

Rat bone-marrow stem cells (Rat BMSC) were provided by Pro-
cell (China). The Rat BMSC were cultivated in Dulbecco’s modified
Eagle medium low-glucose (DMEM) (KeyGEN BioTECH, China),
which included 10 % fetal calf serum (Procell, China), 100 U/mL
penicillin and 100 mg/mL streptomycin (Procell, China), at a 37℃
incubator with 5 % CO2 [30].

The extracts of scaffolds were prepared in advance for research
in vitro. The preparation process of the extracts was briefly
described as follows: prepare the CSi-Mg, CSi-Mg/n-HA1, CSi-Mg/
3

n-HA3 (diameter of 10 mm, thickness of 1 mm). Then these four
scaffolds were soaked into 1 mL serum-free medium, and incu-
bated on the shaker at 37 �C for 24 h respectively. The medium
was then extracted and sterilized with a 0.22 lm Millipore filter.

2.7.1. Apoptosis was detected by Annexin V-EGFP PI double staining
Monolayer adherent cells at logarithmic growth stage were

digested with 0.25 % trypsin and blown into single cells. The cells
were inoculated into 6-well plates at a density of 10 � 104 / dish
and cultured in a 5 % CO2 incubator at 37℃ [31]. After the cells
were attached to the wall, they were divided into experimental
groups for experimental treatment. After 7 days of culture, cells
were collected, stained with Annexin V-EGFP Apoptosis Detecyion
kit (KeyGEN BioTECH China) and detected by BECKMAN COULTER
CytoFLEX flow cytometer.

2.7.2. Cell viability staining
The cells were inoculated onto the scaffolds in an incubator of

37℃ and 5 % carbon dioxide. After 3 and 7 days of culture, the cul-
ture medium was sipped and washed with PBS for 3 times. Accord-
ing to the manufacturer’s instructions, the living and dead cells
were detected by calcein /PI cell viability/cytotoxicity assay kit
(Beyotime, Cat: C2015M, Shanghai, China). The cells were then
observed under a laser scanning confocal microscope (Olympus,
Japan). Cell survival was calculated by mean fluorescence intensity.

2.7.3. Caspase-3 colorimetric assay
Human bone cancer cell MG63 was divided into four groups

(control, CSi-Mg, CSi-Mg/n-HA1, CSi-Mg/n-HA3). All the MG63
cells were digested by trypsin, then the digested cells were cen-
trifuged (4℃, 2000 rpm, 5 min) and resuspended in 150 lL of a
lysis buffer and 1.5 lL DTT from a caspase-3 (KGA202, KeyGEN,
China), placed on ice for 1 h, and vortexed four times for 10 s each
time. The cell suspension was centrifuged (10,000 rpm, 1 min), and
the supernatant was transferred to a 1.5-mL centrifuge tube, which
was then placed on ice. Approximately 50 lL of a 2 � reaction buf-
fer and 5 lL of the caspase-3 substrate were added to each 50-lL
sample, incubated at 37℃ in the dark for 4 h, and then analyzed
by using a microplate reader at a wavelength of 405 nm [32].

2.7.4. Wound-healing assay
In the cell scratch experiment, MG63 cells were cultured in 6-

well plates (Corning, USA) and incubated until reaching 80 to
90 % confluence. The lines were gently crossed vertically with the
head of a 200 ul spear to ensure that there were no cells at the
lines. PBS was used for 3 times to wash away the lines. The
serum-free medium extract containing each grouping material
prepared in advance was added to the well plate. At 0 h and
24 h, cell scratch pictures were taken under microscope (Nikon,
Japan), and the cell migration of each group was analyzed by Image
J (Ver 1.53q) software.

2.7.5. Colony formation assay
The cells were digested to make a suspension and counted;

1,000 cells were seeded in each well of a 6-well plate. The medium
was changed every 3 days. After 10 days, the cells were fixed with
4 % paraformaldehyde for 15 min, then stained with crystal violet
solution for 30 min and photographed with a digital camera, and
the clone formation rate was calculated.

2.7.6. Transwell migration asssy
In Transwell chamber (pore size 8 lm; Costar, NY, USA), 2 � 104

cells were cultured with 200 lL serum-free medium in the upper
chamber, and 700 lL medium plate containing 10 % FBS in the
lower chamber. The cells were cultured at 37 �C and 5 % CO2 for
24 h. The cells were fixed with 500 lL 4 % paraformaldehyde at
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room temperature for 20 min, then stained with 500 lL crystal vio-
let solution for 30 min. The cells in the upper chamber were wiped
and the chamber was cleaned with deionized water and then pho-
tographed with a microscope (Olympus, Japan).

2.7.7. RNA extraction and qRT-PCR
Total cellular RNA was extracted by TRIzol reagent and centrifu-

gal column method (TransGen, China). RNA concentration and
mass were measured by NanoDrop spectrophotometer (ND-100,
Thermo Fisher Scientific). QRT-PCR was performed and the mRNA
expression levels were normalized to GAPDH (Thermo Fisher Q5
ABIQuantStudio 5 U.S.). Each sample was determined three times.
Relative gene expression was determined by 2^-DDCT. The for-
ward and reverse primer sequences utilized are listed in Table S3.

2.7.8. Cell morphology staining
100,000 cells were inoculated onto the scaffold and incubated

for 24 h. The scaffold was transferred to a new culture plate. Part
of the scaffold was removed on the third day and the seventh
day of culture. 0.5 % TritonX-100 was permeated for 5 min, then
atrin-tr Acker Green was incubated with the cells at room temper-
ature for 30 min. Finally, cells were stained with DAPI. Laser scan-
ning confocal microscope (Olympus, Japan) 4 � is used for
photography.

2.7.9. CCK-8 assay
The cells were digested into single cell suspension and counted

to 2� 104/mL. 100 lL cells were spread in 96-well plates peer well.
Each sample was set with 6 multiple holes, and 100 lL PBS was
added into the edge holes. 10 lL CCK-8 (Shanghai yuanye Bio-
Technology, China) was added to each well on the 1st, 3rd, 5th
and 7th day, and incubated for 2 h. The OD value of CCK-8 was
450 nm by microplate reader (MOLECULAR DEVICES).

2.7.10. Alizarin-red s assay
Briefly, Rat BMSC were plated into a 24-well plate and cultured

in osteogenic inductive media with different scaffolds extracts
(CSi-Mg, CSi-Mg/n-HA1, CSi-Mg/n-HA3). After 14 days, cells were
fixed with 4 % (v/v) paraformaldehyde and stained with alizarin
red S (Servicebio) (2 %) at pH 4.2 for 20 min and then washed with
deionized water. The samples were air-dried, and photos were
taken under a light microscope.

2.8. Statistical analysis

All the data above were expressed as the mean value ± standard
deviation (SD) and analyzed with the one-way analysis of variance
(ANOVA). In all cases the results were considered statistically sig-
nificant at a p-value < 0.05.
3. Results and discussion

3.1. Primary characterization of the powders and scaffolds

Fig. 1 shows the brief illustration of the study. The architecture
of the scaffolds was fabricated by the 3D printing technique and
nano-HA surface layer was obtained via immersion method. The
liquid bridge in n-HA/ethanol makes n-HA particles adhere to the
surface of the support [33]. After the support is removed and dried,
solid bridge is formed between particles and particles as well as
between particles and the support, making n-HA particles adsorb
on the surface of the support [34,35]. SA solution not only protects
the n-HA adsorbed on the surface of the scaffold, but also serves as
the base surface for the next layer of n-HA adsorbed. Finally, the
4

composite scaffolds were fabricated with interconnected porous
CSi-Mg scaffolds as the architecture and n-HA as the surface.

XRD pattern of the n-HA particles confirmed that n-HA exhib-
ited a typical phase composition of HA (PDF#09–0432). The spec-
tral data confirmed that the CSi-Mg sample has high crystallinity,
which coincides with the wollastonite-2 M (b-CSi; PDF# 27–
0088), indicating pure wollastonite nature (Fig. 2A). According to
the SEM observation, the particle size of CSi-Mg powders after cal-
cination are all<10 lm (Fig. 2B) and the particle size of n-HA pow-
ders are<100 nm (Fig. 2C). Also, it is worth noting that the
measured Mg content in CSi-Mg powder was 2.10 wt%, which
was close to the theoretical data (2.12 wt%) calculated by the
10 % Ca substitution by Mg in the stoichiometric wollastonite.

The fracture surface of the scaffolds without and with n-HA are
shown in Fig. 2D and 2E. The horizontal side pores with rectangular
morphology could be observed and the surface of the scaffold is
covered with n-HA layer. Fig. 2F and 2G show the influence of dif-
ferent immersion time (5 min-15 min) in n-HA/ethanol solution
and different SA concentration (1.0 %-2.0 %) on the thickness of
n-HA layer. The thickness of n-HA layer gradually increases with
increasing soaking time. However, the thickness increases slowly
with the increase of immersion time from 10 min to 15 min. When
immersion in 1.5 % SA solution, the composite scaffolds showed
thicker n-HA layer (�16 lm) than those immersion in a lower
(1.0 %) or higher (2.0 %) concentration. This is because the flow per-
formance of 1.0 % SA solution is too good to take away the n-HA of
the scaffold surface. When the concentration exceeds 2.0 %, the SA
solution will be difficult to enter the pores of the scaffolds. Finally,
we choose immersion time for 10 min, SA concentration for 1.5 %
to continue next experiment.

The thickness of n-HA layers with varying n-HA/ethanol solu-
tion concentration (0.1 g/ml-0.2 g/ml) and coating number (1–3)
is shown Fig. 2H and 2I. The thickness of the n-HA layer increased
with increasing n-HA/ethanol solution concentration and it also
increased with increasing coating number. When solution concen-
tration at 0.2 g/ml, the n-HA layer of CSi-Mg/n-HA1 was evenly dis-
tributed on the surface of the CSi-Mg scaffold. With the increase of
coating number from 1 to 3, the thickness of the n-HA layers was
not uniform. Even when the coating number exceeds 3 times, the
pore of scaffold will be blocked. Both the CSi-Mg/n-HAx (x = 1, 2,
3) composite scaffolds with solution concentration at 0.1 g/ml
and 0.15 g/ml had uniform surface n-HA layers, and the CSi-Mg/
n-HA composite scaffold with solution concentration at 0.15 g/ml
had suitable n-HA layer thickness. These investigations suggest
that the solution concentration and coating number are important
factors to influence n-HA layer thickness of the composite scaffold.
Finally, we choose n-HA/ethanol solution (0.15 g/ml) and CSi-Mg/
n-HA1 (5 lm) and CSi-Mg/n-HA3 (15 lm) to continue next
experiment.

3.2. Degradation behavior of the scaffolds in vitro

To further understand the effect of surface coating on mechan-
ical strength attenuation of the scaffolds, especially the effect of
coating thickness on strength, the CSi-Mg/n-HAx scaffolds were
kept in SBF up to 3 weeks (Fig. 3A). Fig. 3B shows the change of
pH value in SBF with the increase of soaking time. It is seen that
the pH value in SBF gradually increased when immersing the
CSi-Mg scaffolds, which may be related to the binding effect
between SiO3

4- released during the degradation of scaffolds and
H+ in solution [11]. In the solution of CSi-Mg/n-HA1 and CSi-Mg/
n-HA3, the pH value decreased and then increased. Scaffolds sur-
face with adsorption by sodium alginate, dissolved in solution,
Ca2 + in solution combined with sodium alginate formation water
gel [36]. H+ as cationic complement the loss of Ca2+ in the solution,
cause a drop in pH value. The pH value of the CSi-Mg/n-HA3 solu-
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tion is higher because the CSi-Mg/n-HA3 scaffold has more n-HA
particles. High n-HA proportion exhibit high concentration of
hydroxide (OH) ion cause a rise in pH value [37]. The pH value of
the solution gradually increased under the influence of the degra-
dation of the scaffold and n-HA. It could be seen that the solution
was flat and weak alkaline at 21 days, which is favorable for osteo-
genic cell growth in the porous scaffolds.

Fig. 3C shows the change in weight as a function of immersion
time. The weight of all CSi-Mg/n-HAx scaffolds reduced within the
initial 1 week, but the pure CSi-Mg scaffolds had the highest
weight loss rate (Fig. 3D). From the weight change of the scaffolds
in Fig. 3C, the weight loss of the CSi-Mg/n-HAx (x = 1, 3) scaffolds is
mainly caused by the n-HA falling from the scaffolds surface. This
shows that the n-HA layer can stop the CSi-Mg scaffolds from
degrading. The n-HA particles on the surface of the CSi-Mg/n-
HA1 scaffold is less than that of CSi-Mg/n-HA3, so its weight loss
rate is lower due to the stronger coating effect. After soaking for
2 weeks, the weight loss of the CSi-Mg/n-HA3 scaffolds was the lar-
gest, which was due to the n-HA dropped or degraded on the sur-
face of the scaffolds. The n-HA layer dropped and degradation on
the CSi-Mg/n-HA1 scaffold in the second week were also the main
factors of the weight loss. The weight loss rate of all CSi-Mg/n-HAx
scaffolds tended to be gentle after 3 weeks. Although the weight
loss rate of the CSi-Mg/n-HA3 scaffold was 7.3 % after 3 weeks,
its weight value was still bigger than the other two scaffolds.

As for the strength decay during this process, the compressive
strength of CSi-Mg scaffolds decreased by nearly 20 % within
3 weeks, from � 91 MPa to � 73 MPa. The CSi-Mg/n-HAx (x = 1,
3) scaffolds changed slowly with appreciable compressive strength
(81–91 MPa) after the whole immersion stage of 3 weeks (Fig. 3E).
Overall, all the composite scaffolds showed the same trend that
compressive strength decreased continuously as a function of time.
The CSi-Mg/n-HA3 scaffolds showed the largest compressive
strength (91 MPa) in 3 weeks. The change trend of elastic modulus
is consistent with that of compressive strength (Fig. 3F). The n-HA
layer reduced the porosity of the scaffolds and improved mechan-
ical properties correspondingly. This can also be confirmed by the
representative stress–strain curves for the samples during com-
pression test (Fig. 3G). In addition, the SA in the n-HA layer dis-
solved in solution to form hydrogels, which will fill tiny gaps on
the surface of the scaffold to improve its mechanical properties.
It implies that the surface adsorption of n-HA and SA contributed
5

to the higher mechanical endurance of the scaffolds. It is reason-
able to conclude that, the CSi-Mg/n-HAx composite scaffolds show
a good mechanical stability in aqueous medium with physiological
pH condition, which would be adapt for the large segmental bone
defect applications.

3.3. Surface reactivity of scaffolds

To further determine the suitability of the CSi-Mg/n-HAx scaf-
folds for application in bone repair, their surface reactivity was
tested by immersing SBF for 0–3 weeks (Fig. 4). The spherical par-
ticles are deposited on the surface of the CSi-Mg scaffold within
1 week. After 3 weeks, the surface of the scaffolds was covered
with a layer of HA mineral. The formation of biomimetic HA is
responsible for the strong bonding between implants and host
bone tissue. However, there was no HA mineral on the surface of
the CSi-Mg/n-HA1 scaffold until the third week, probably because
the SA on the surface of the scaffold formed hydrogel with Ca2+ in
the solution [36]. The reduction of Ca2+ affects the formation of HA
mineral. There was also no HA mineral on the surface of the CSi-
Mg/n-HA3 scaffolds within 3 weeks and the CSi-Mg/n-HA3 scaffold
needed more time to form the mineral layer.

3.4. anti-tumor effect in vitro

SEM was used to observe the morphology and attachment of
human osteosarcoma MG63 cells cultured on three kinds of scaf-
folds for three days. We found that cells spread well on the CSi-
Mg scaffolds (Fig. 5A) and had good cellular state (Fig. 5D). It was
seen that MG63 cells did not well attach on the surface of the
CSi-Mg/n-HA1 scaffolds (Fig. 5B). On the contrary, the cells slightly
curled (Fig. 5E) and did not spread well. In addition, the MG63 cells
did not attach well on the surface of the CSi-Mg/n-HA3 scaffolds
(Fig. 5F) and spread further reduce (Fig. 5C). These results shows
that the n-HA layer could inhibit the growth of human bone
MG63 tumor cells [38–40].

The apoptotic rates of the MG63 cells treated with different
scaffolds extract for 7 days were quantified (Fig. 6A, B). CSi-Mg/
n-HA scaffolds increased the apoptotic rate of the cells in a dose-
dependent manner. With the coating time rising from 1 to 3, the
percentage of early and late apoptotic cells increased from 4.46,
12.98 % to 6.45, 29.15 %. This suggests that the coating on the scaf-



Fig. 2. Characterization of powders and scaffolds. (A) XRD patterns of n-HA and CSi-Mg powders. (B) SEM image of CSi-Mg powders. (C) SEM image of n-HA powders. (D) SEM
micrographs of fracture surface of CSi-Mg scaffold and (E) CSi-Mg/n-HA scaffold. (F) Thickness of n-HA layer after soaking for 5 min, 10 min and 15 min. (G) Thickness of n-HA
layer after soaking at 1.0 %, 1.5 % and 2.0 % SA solution. (H) Thickness of n-HA layer in different concentrations of n-HA/ethanol solution and different coating times. (I) SEM
micrographs of CSi-Mg/n-HA composite scaffolds using different concentrations of n-HA/ethanol solution and different coating times. n-HA layer is represented on the left
side of the dot line.
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folds can effectively promote cell apoptosis [41]. The scanning
microscopy images in Fig. 6C indicated different cells in cell viabil-
ity staining experiment (red fluorescence was used to dye the died
cells, green fluorescence was used to dye live cells). In CSi-Mg/n-
HA1 and CSi-Mg/n-HA3 groups, strong red fluorescence of 7 days
6

indicates a high number of death cells. The survival rate (Fig. 6D)
indicates that CSi-Mg/n-HA1 and CSi-Mg/n-HA3 scaffolds are able
to promote cell death. By day 7, CSi-Mg/n-HA3 scaffold induced
about 50 % of cell death for human osteosarcoma cells (MG-63)
in vitro. In the cell morphology staining diagram (Fig. 6E), blue flu-



Fig. 3. Degradation test in SBF (pH 7.4) for 3 weeks. (A) Schematic illustration of the scaffolds soaking in SBF. (B) pH changes in SBF. (C) Changes in weight of the scaffolds as a
function of soaking time. (D) Changes in weight (%) of the scaffolds as a function of soaking time. (E) Compressive strengths and (F) the elastic modulus of the scaffolds as a
function of time. The elastic modulus in (F) was calculated from the slope of the linear segment of (G) the stress strain curve.
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orescence was used to dye the DAPI and green fluorescence was
used to dye ACTIN. The fluorescence intensity shows CSi-Mg group
exists more cells. This indicates that CSi-Mg/n-HA1 and CSi-Mg/n-
HA3 scaffolds are able to inhibit cell proliferation. In Fig. 6F, we
performed a colony formation assay using the extracts of scaffolds
(the cells in the plate were stained blue), and compared with the
control group, fewer clones were formed in the CSi-Mg/n-HA1
and CSi-Mg/n-HA3 groups. Number of clone formation shows it
clearly (Fig. 6G). On the other hand, CCK-8 assay (Fig. 6H) also
7

showed that CSi-Mg/n-HAx (x = 1, 3) scaffolds could inhibit the
proliferation of tumor cells.

Transwell migration assay (Fig. 7A) showed that the minimum
number of tumor cells migrated through the chamber after treat-
ment with the CSi-Mg/n-HA1 scaffolds extract and the CSi-Mg/n-
HA3 scaffolds extract (Fig. 7B). Wound-healing assay (Fig. 7C)
showed tumor cells co-cultured with the CSi-Mg/n-HA3 scaffolds
extract (Fig. 7C c5, c6) significantly delayed wound closure com-
pared to the CSi-Mg scaffolds extract medium (Fig. 7C c1, c2) or



Fig. 4. SEM images of the surface of scaffolds after soaking in SBF for 1–3 weeks.

Fig. 5. SEM images of MG63 cultured in three kinds of scaffolds for three days. (A, D) CSi-Mg scaffolds. (B, E) CSi-Mg/n-HA1 scaffolds. (C, F) CSi-Mg/n-HA3 scaffolds.
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CSi-Mg/n-HA1 (Fig. 7C c3, c4) scaffolds extract medium. The area of
wound healing (Fig. 7D) suggested that the coated scaffolds can
decrease the migration of tumor cells [42]. In RNA extraction and
qRT-PCR, our results demonstrated that gene expression of Ki-67
8

(Fig. 7E) decreased indicating a less cell proliferative activity and
more induced apoptosis [43]. It was found that Bcl-2 gene was
inhibited in the experimental group compared with the control
group (Fig. 7E), The expression of Bcl-2 gene can inhibit cell apop-



Fig. 6. Scaffolds can inhibit the proliferation of tumor cells in vitro. (A) Representative point plot of apoptosis detection results of MG63 human osteoma cells treated with
different scaffold extracts for 7 days and (B) apoptosis rates of each group. (C) Tumor cell viability staining and (D) the survival rate. (E) Cell morphology staining. (F) Colony
formation and (G) number of clone formation. (H) CCK-8 assay. (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 6).
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tosis [44]. The expression of Bcl-2 gene in the experimental group
was decreased, indicating that the experimental group promoted
cell apoptosis. The activity of caspase-3 was detected by spec-
trophotometry (Fig. 7F), and the CSi-Mg/n-HA1 and CSi-Mg/n-
HA3 groups were significantly higher than the control group. This
9

indicates that the activation of caspase-3 promoted cell apoptosis
[32].

The mechanism of n-HA induced tumor cells apoptosis has been
extensively investigated but is still debating, studies have shown
that particles<5 lm could induce more obvious cytotoxicity [26–



Fig. 7. Scaffolds can reduce cell migration in vitro. (A) Transwell experiment and (B) migration cells per field. (C) Cell scratch assay and (D) area of wound healing (%). (E) RNA
extraction and qRT-PCR. (F) Caspase-3 activation test. (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 6).
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28]. Probably, n-HA particles were swallowed by the tumor cell
and stimulate cells in the cytoplasm, cause MG63 cells death
[45]. After endocytosis, n-HA would bind to ribosome and accumu-
late around the endoplasmic reticulum, resulting in arresting cell
cycle and inhibiting protein synthesis in tumor cells, then n-HA
could induce activated mitochondrial-dependent apoptosis in
tumor cells [46]. The expression of caspase-3 gene is the most
important component of apoptosis, and it is the activation of
caspase-3 gene that initiates apoptosis. Caspase-3 protein function
as effector to cleave various substrates including cytokeratins, the
plasma membrane cytoskeletal protein alpha fodrin, the nuclear
protein and others, that ultimately cause the morphological and
biochemical changes seen in apoptotic cells. Caspase-3 gene can
also induce cytoskeletal recombination and cell disintegration into
apoptotic bodies. Therefore, n-HA leads to more apoptosis of MG63
cells through higher expression of caspase-3 gene [32]. Ki-67, a
gene that may be a marker of proliferating cells, involved in chro-
matin compaction. Its expression is altered in many tumor types
including osteosarcomas. Bcl-2 gene encodes an integral outer
mitochondrial membrane protein that blocks the apoptotic death
of some cells. In our experiment, n-HA could inhibit the expression
of Ki-67 gene and Bcl-2 gene, results in decreased protein synthesis
10
of Ki-67 and Bcl-2 protein [43,44], which could promote MG63
cells apoptosis. Transwell assay and cell scratch experiment in this
paper showed that CSi-Mg/n-HA scaffold could significantly delay
cell invasion and migration, which may be related to the combina-
tion of low expression of Ki-67 and Bcl-2 protein and high expres-
sion of caspase-3 protein reduces the ability of cells to migration
and invasion of tumor cells. In this paper, CSi-Mg/n-HA3 scaffold
has a better effect on promoting tumor cell apoptosis and reducing
migration than other scaffolds, which is related to the amount of n-
HA on the surface of the scaffold. More n-HA on the surface of CSi-
Mg/n-HA3 scaffold enhances its anti-tumor effect significantly. In
this work, CCK-8 assay, apoptosis assay, viability staining, morpho-
logical staining and cell cloning experiments all proved that the
scaffold could inhibit the proliferation of MG63. Through cell
scratch experiment and transwell assay, it was verified that the
scaffold could inhibit the migration of tumor cells.
3.5. In vitro osteogenesis

In order to study the osteogenic properties of scaffolds, we con-
ducted some experiments with Rat BMSC. In cell viability staining,
the scanning microscopy images in Fig. 8A indicated different cells



Fig. 8. Scaffolds can promote osteogenic of Rat BMSC in vitro. (A) Cell viability staining and (B) survival rate. (C) Cell morphology staining. (D) CCK-8 assay. (E) Alizarin red S
staining and (F) dyeing area (%). (G) RNA extraction and QRT-PCR. (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 6). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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(red fluorescence was used to dye the died cells, green fluorescence
was used to dye live cells). We could see that each group of scaf-
folds had the similar fluorescence. There are no obvious dead cells
in each group and survival rate showed that each group of scaffolds
expressed a good survival rate on Rat BMSC (Fig. 8B) [47]. This indi-
cated that all scaffolds have good biocompatibility. In the cell mor-
phology staining diagram (Fig. 8C), blue fluorescence was used to
dye the DAPI and green fluorescence was used to dye ACTIN. The
fluorescence intensity, indicates they had no significant effect on
the growth of Rat BMSC, this indicated that the cells can live on
the scaffolds. On the other hand, CCK-8 experiment (Fig. 8D)
showed that each group of scaffolds did not affect the proliferation
of Rat BMSC. The difference was not statistically significant com-
pared to the control group. Then, alizarin-red S assay was done
to study calcium deposition. In the Alizarin-red S staining experi-
ment (Fig. 8E) and dyeing area (Fig. 8F), it could be seen that the
CSi-Mg/n-HA3 scaffolds had better osteogenic effect [48]. In RNA
extraction and qRT-PCR experiments (Fig. 8G), the activities of
ALP, BSP, OCN and RUNX2 were gradually improved with the
increase of coating times, indicating that the more adsorption
times, the better osteogenic performance [49]. This proves that
CSi-Mg/n-HAx scaffolds have better osteogenic effect from the
genetic level.

We use Rat BMSC to explore the effect of surface coating on the
osteogenic performance of the scaffold. HA is investigated exten-
sively due to its excellent bioactivity, biocompatibility, osteocon-
ductivity, and chemical stability. It exhibits the same structure,
function and chemical composition as bone. CSi-Mg scaffold can
release of calcium, silicon and magnesium ions during the degrada-
tion process, which is good for osteogenesis. There were more cal-
cium deposits on the surface of CSi-Mg/n-HA3 scaffold in this
paper, indicating that the scaffold had good osteogenic properties
[50]. In addition, we also found that CSi-Mg/n-HAx (x = 1,3) scaf-
folds could induce relatively high expression of ALP, OCN, BSP
and RUNX2 gene. CSi-Mg/n-HA3 scaffold has a higher expression
than other scaffolds, which is related to the amount of n-HA on
the surface of the scaffold. More n-HA on the surface of CSi-Mg/
n-HA3 scaffold enhances its osteogenic effect significantly. The n-
HA particle on the surface of scaffold can enter Rat BMSC by endo-
cytosis. By lysosomes, they are decomposed into calcium and phos-
phate ions [51]. Calcium ions are able to activate the sAC, cAMP,
Epac, and Rap1 proteins. Followed by starting Rap1 activation,
other proteins in the cell, such as Raf1 and PI3K, are activated
[52]. PI3K-AKT is an essential pathway in proliferation, differentia-
tion and cell survival, for the activation of AKT protein [53]. Upon
activation of AKT, the CREB protein is phosphorylated and subse-
quently enters the cell nucleus and acts as a transcription factor
which can provides transcription for ALP, OCN, BSP and RUNX2 genes
[54]. By regulating levels of diphosphate (PPi), alkaline phosphatase
(ALP) gene plays a key role in skeletal mineralization. Osteocalcin
(OCN) gene expression produces OCN protein, which constitutes 1–
2 % of the total bone protein. It binds strongly with apatite and cal-
cium. Bone sialoprotein (BSP) gene expression produces BSP, BSP
binds tightly to hydroxyapatite, probably BSP is important to cell-
matrix interaction. Transcription factor of RUNX2 gene involved in
osteoblastic differentiation and skeletal morphogenesis, it is essential
for the maturation of osteoblasts and both intramembranous and
endochondral ossification. ALP, OCN, BSP, and RUNX2 are some of
the most important genes expressed by osteoblasts, and they collec-
tively contribute to the formation of the osseous matrix and con-
trolled calcification. Different bone matrix proteins have different
biological functions in bone formation, scaffolds enhance the expres-
sion of these genes and thus promote osteogenic properties[55]. The
expression of these genes leads the cell to differentiate osteogenesis.
In general, scaffolds with n-HA adsorbed on the surface have good
osteogenic properties.
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4. Conclusions

In summary, this study developed a novel bioactive scaffold, the
composite bioceramic scaffold was fabricated with interconnected
porous magnesium-doped wollastonite (CSi-Mg) scaffolds as the
architecture and nano-hydroxyapatite (n-HA) as the surface.
Nano-hydroxyapatite coating can effectively slow down the degra-
dation of CSi-Mg scaffolds. SBF immersion experiment in vitro
showed that the composite scaffolds had good mechanical reten-
tion and the CSi-Mg/n-HA3 scaffold still had a high compressive
strength (over 90 MPa) after three weeks. CSi-Mg/n-HA3 scaffold
induced about 50 % of cell death for human osteosarcoma cells
(MG-63) in vitro, indicating that the composite scaffolds had good
anti-tumor effect. In addition, we used Rat BMSC to study the effect
of the scaffolds on the osteogenic properties, and the results
showed that the scaffolds with surface modification have a good
effect on the osteogenic properties of the scaffold. We believe this
approach presents a promising strategy for developing high
strength and anti-tumor bioceramic scaffolds, indicating a promis-
ing clinical tool for the treatment of tissue damage after resection
of osteosarcoma.
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