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Critical-sized bone defects are an intractable orthopedic disease which often fails to
regenerate spontaneously and requires additional intervention. Current therapies,
including autografts and allografts, are not always satisfactory. Herein, the novel
calcium phosphate bioceramic-containing silicon (CPS) with a carnotite structure was
synthesized. In the present study, CPS was prepared for investigating the biocompatibility
and bioactivity in vitro and in vivo in comparison to hydroxyapatite (HA). Our results showed
that CPS bioceramics had favorable biocompatibility and rBMSCs could adhere on the
surface well in vitro. Moreover, CPS could promote osteogenic differentiation of rBMSCs
and the expression of osteogenic differentiation marker genes, including ALP, Runx-2,
BSP, OCN, and OPN. In vivo, the results of micro-CT, histomorphometry, and histology
analyses showed that CPS significantly enhanced critical-sized calvarial defects healing
compared with HA. Overall, the present study demonstrated that CPS bioceramics had
satisfactory bioactivities and osteogenic capacities, which could be a potential option for
reconstructing critical-sized bone defects.
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INTRODUCTION

Critical-sized bone defects due to trauma, bone infection, and malignant tumor excision often fail to
heal spontaneously in the absence of secondary intervention (Porter et al., 2009; Weng et al., 2018).
The reconstruction of critical bone defects is still a major clinical challenge to orthopedic surgeons
and usually calls for urgent and efficient handlings (Mehta et al., 2012; Li et al., 2015). Currently,
autologous bone grafting is a universal clinical procedure and remains the gold standard in treatment
for bone defect repair despite a number of drawbacks (Fillingham and Jacobs, 2016). The sources of
autografting are limited by low availability. Furthermore, it could be associated with complications at
the donor site and risk of infection, which might prolong hospitalization and increase medical costs
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(Suda et al., 2019). Compared with the autologous bone,
allogeneic bone transplantation has many advantages, such as
convenient use, relatively abundant sources, low
immunogenicity, and can provide structural support. However,
the healing of a bone defect is relatively slower in comparison to
autografts. Moreover, the enhancive risk of infection,
transmission, and immunoreactions is a great concern, which
limits its clinical applications (Finkemeier, 2002; De Long et al.,
2007).

Calcium phosphate ceramics, including hydroxyapatite (HA,
Ca5(PO4)3OH) and β-tricalcium phosphate (β-TCP, Ca3(PO4)2),
have been widely used in orthopedics as bone graft substitutes,
owing to their similar chemical composition to human natural
bone tissue and excellent biocompatibility (Tang et al., 2018; Dee
et al., 2020). However, they have some disadvantages (Yuan et al.,
2010), including limited bioactivities and osteogenic capacities. In
addition, the bone’s ingrowth is restrained due to the poor
degradation rate of these ceramic materials. The
aforementioned disadvantages have limited their application in
large segmental bone defects. Therefore, it is particularly urgent
to find new suitable bone-substitute materials.

Silicon is a vital trace element for bone growth and
development. Since Carlisle proposed that silicon was a crucial
factor in the calcification of bone tissue in 1970, silicon-based
bioceramics and bioglasses have raised considerable attention
(Carlisle, 1970). Previous studies have been proved that silicon-
containing biomaterials have a good biological activity due to the
silicon, which can induce the osteoid apatite matrix formation on
the surface of bioceramics in a physiological environment
(Motisuke et al., 2017). The properties of silicon-substituted
calcium phosphates (Si-HA and Si-TCP) and silica–calcium
phosphate composites have been investigated in recent years
(Mao et al., 2017). The results of these studies have
demonstrated that the addition of silicon can significantly
enhance the bioactivity of calcium phosphate bioceramics.

In practice, the calcium phosphate silicate phase
[Ca5(PO4)2SiO4, CPS] with the silicocarnotite structure is
always generated secondarily during the sintering process of
silicon-doped calcium phosphate ceramics. However, there are
few researches focused on the bioactivity of pure CPS. In order to
combine the advantages of calcium phosphate ceramics and the
silicon element, a pure CPS biomaterial was synthesized by using
a sol–gel method successfully in our present study. The
biocompatibility and bioactivity of CPS were comprehensively
investigated in vitro and in vivo.

MATERIALS AND METHODS

Preparation of Hydroxyapatite and CPS
Scaffolds
HA and CPS powders were synthesized as described previously
(Lu et al., 2012). HA powders were prepared by a chemical
precipitation method using calcium nitrate tetrahydrate
[Ca(NO3)2·4H2O] and diammonium phosphate (NH4)2HPO4

as the initial materials in an alkaline solution. The precipitates
were filtered and washed with deionized water, and dried at 60°C.

Then, the precipitates were sintered at 900°C for 2 h to get HA
powders. A sol–gel route was employed to synthesize CPS
powders. Tetraethoxysilane (TEOS), triethylphosphate (TEP),
and Ca(NO3)2·4H2O were used as precursors for Si, P, and
Ca, respectively. Briefly, TEOS was dropped into a mixture of
ethanol and deionized water catalyzing with 2N HNO3. Then, the
TEP and Ca(NO3)2·4H2O were added into the aforementioned
solution under stirring to form a uniform solution. The solution
was aged at 60°C to form a gel and dried at 120°C. Finally, the
dried gel was ground and calcined at 1,350°C for 6 h to produce
CPS powders. The obtained HA and CPS powders were uniaxially
pressed into disks with a diameter of 5 mm and a thickness of
1 mm and then were sintered at 1,200°C and 1,300°C for 2 h,
respectively. Phase composition of the HA and CPS samples were
characterized by using the X-ray diffraction method (XRD,
D/MAX-RBX, Rigaku, Japan).

Cell Culture
Rat bone marrow mesenchymal stem cells (rBMSCs) were
isolated and expanded as described previously. Rat bone
marrow was aspirated from the femoral cavity and was then
planted on 10 cm culture dishes in a growthmedium consisting of
α-minimal essential medium containing 10% fetal bovine serum,
50 mg/ml streptomycin, and 50 U/mL penicillin. The dishes were
incubated in an incubator at the atmospheric temperature of 37°C
and 5% CO2. rBMSCs between the third and fifth passages were
applied in our study. For the experiments, rBMSCs were cultured
in an osteogenic medium consisting of the growth medium with
the addition of 100 nM dexamethasone, 10 mM β-
glycerophosphate, and 50 μM ascorbic acid.

Scanning Electron Microscopy Analysis of
Cell Morphology
The cells on the surface of disks were washed with pre-cooling PBS
thrice and fixed with 2.5% glutaraldehyde for 1 h at 4°C. Then, the
cells were dehydrated in a graded series of ethanol with different
concentration gradients (30%, 50%, 70%, 90%, 95%, and 100%) for
15 min each. The samples were air-dried overnight and then
sprayed with powdered gold for SEM examination. The cellular
morphologywas observed by SEM (SEM450, FEI NovaNano SEM;
Thermo Fisher Scientific, Waltham, MA, United States).

Cell Proliferation Assay
RBMSCs were seeded on the surface of the disks at a density of
3,000 cells/cm2.A cell counting kit-8 (CCK8) assay (Dojindo,
Kumamoto, Japan) was used to assess the cell viability and
proliferation at 24, 48, and 72 h. The cells-seeded disks were
incubated in a basic medium containing 10% CCK8 solution for
2 h at an atmospheric temperature of 37°C and 5% CO2. The
Multi-scan UV–visible spectrophotometer (Safire2; TECAN,
Mannedorf, Switzerland) was applied to measure the
absorbance at 450 nm.

ALP Staining
RBMSCs were seeded onto HA and CPS disks and cultured at
37°C and 5% CO2. After 24 h of cell attachment, the medium with
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osteogenic supplements was used to substitute the growth culture
medium. The medium was changed every 2 days. After 7 days of
culture, the activity of alkaline phosphatase (ALP) was detected
with an ALP kit (Beyotime, Jiangsu, China) according to the
manufacturer’s instructions.

Real-Time RT-PCR
Total RNA was extracted from attached cells using the TRIzol
reagent (Invitrogen, Carlsbad, CA, United States). The RNA
concentration was measured with a micro-spectrophotometer
at 260 nm. RNA was reverse-transcribed into cDNA with a
PrimeScript RT Master Mix kit (Takara, Shiga, Japan). The
obtained reaction solution was used to perform the next Real-
time PCR reaction with SYBR Premix Ex Taq (Takara, Shiga,
Japan). The housekeeping gene GAPDH was employed as an
internal control. Data of different target genes were analyzed with
the comparison Ct (2−ΔΔCt) method and expressed as fold
changes compared to the GAPDH expression. Primer
sequences of each gene are listed in Table 1.

Animals and Surgical Procedure
Animal experiments were conducted with the permission of the
Animal Care and Experimentation Ethics Committee of Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine. The animals were raised in a specified pathogen-free
(SPF) environment. A total of nine 12-week-old male
Sprague–Dawley rats (weight: 300–350 g each) were randomly
divided into three groups: 1) Blank, 2) HA, and 3) CPS. Pre-
fabricated scaffolds (n = 6) with the same method as previously
described were prepared for each group. Briefly, the rats were
anesthetized via intraperitoneal injection using 1.0% sodium
pentobarbital (100 mg/kg). Then, the hair of the surgical area
was shaved and disinfected. A 1.5 cm sagittal incision was made
on the scalp and the skull was exposed carefully. After exposing
the calvarium, a symmetric circular bone defect of 5 mm in
diameter was made via a trephine bur on both sides of the
head. HA and CPS ceramic scaffolds were implanted. The
subcutaneous fascia and skin were sutured by layer. The rats
were sacrificed at 8 weeks post-operation, and the skulls were
harvested for subsequent processes.

Micro-Computed Tomography
Measurement
To analyze new bone formation after implantation, the scaffolds
with the surrounding calvarial bone were extracted out and

analyzed using a micro-CT imaging system (skyscan 1072;
Skyscan, Aartselaar, Belgium). Briefly, the rat calvariums were
collected and fixed in 4% paraformaldehyde. Subsequently, the
specimens were scanned with a voltage of 70 kV, current of
114 µA, and a resolution of 10 µm per pixel. Finally, three-
dimensional (3D) images in bone defects were reconstructed
and microstructure indexes were analyzed, including the bone
mineral density (BMD, 1/mm3), bone volume/total tissue volume
(BV/TV, %), trabecular thickness (Tb.Th, mm), and trabecular
number (Tb.N, 1/mm).

Histopathological Analysis
Following the micro-CT scan, the retrieved cranial specimens
were soaked in 10% EDTA decalcifying solution (pH = 7.4) for
21 days. After decalcification, the samples were dehydrated
through an increasing graded series of ethanol and then
embedded in paraffin. Multiple 5 µm thick sections were
performed and stained with hematoxylin and eosin (H&E),
Masson–trichrome staining in accordance with the
manufacturer’s protocols (Servicebio Technology Co., Ltd.,
Wuhan, China). The images were obtained using a microscope.

Statistical Analysis
Data are presented as the mean ± standard deviation (SD). A
statistical analysis was performed by using the Student’s t test
between two groups and one-way analysis of variance followed by
Student–Newman–Keuls post-hoc test between three or more
groups. p value <0.05 was considered statistically significant.

RESULTS

Characterization of Hydroxyapatite and
CPS Bioceramics
The XRD patterns of the prepared ceramics of HA and CPS are
shown in Figures 1A,B, respectively. The XRD patterns of HA
and CPS coincided well with the standard Ca5(PO4)3OH PDF
card (JCPDS card: No 09-0432) and Ca5(PO4)2SiO4 PDF card
(JCPDS card: No 40-0393). These results indicated that pure HA
and CPS ceramics were made.

Morphology of rBMSCs on Hydroxyapatite
and CPS
To evaluate the morphology of rBMSCs on HA and CPS
bioceramic disks, SEM was applied. The SEM images showed

TABLE 1 | Primer sequences for real-time PCR.

Gene Forward (59–39) Reverse (59–39)

rat-ALP GACAATGAGATGCCGCCAGAG CATCCAGTTCATATTCCACATCAGTTC
rat-Runx2 ACTATCCAGCCACCTTCACTTACA TCAGCGTCAACACCATCATTCT
rat-BSP CACTGCGTATGAAACCTAT GTAGTAATAATCCTGACCCTC
rat-OCN GGACCCTCTCTCTGCTCACTCTG ACCTTACTGCCCTCCTGCTTGG
rat-OPN CAGTATCCCGATGCCACA CAGTATCCCGATGCCACA
rat-GAPDH GCAAGTTCAACGGCACAG GCCAGTAGACTCCACGACAT
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that the shapes of rBMSCs had no significant differences between
the two groups (Figures 1C,D). Both of them spread well, and a
large number of prominent filopodia and lamellipodia could be

noticeably observed. These results revealed that the HA and CPS
bioceramics had good biocompatibility and rBMSCs could adhere
on the surface well.

FIGURE 1 | XRD patterns of HA (A) and CPS (B) bioceramics. SEM morphologies of the rBMSCs on the HA (C) and CPS (D) surfaces after a 24 h culture. Scale
bars: 10 μm.

FIGURE 2 |CPS promoted the cell proliferation and osteogenic differentiation of rBMSCs. (A)CPS promoted cell proliferation on day 3. (B)CPS enhanced the ALP
activity after 7 days of culture. The mRNA expressions of ALP (C), Runx2 (D), BSP (E), OCN (F), and OPN (G) on day 7. The GAPDH expression was used as an internal
control. (n = 3); *p < 0.05.
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Cell Proliferation of rBMSCs on
Hydroxyapatite and CPS
To investigate the proliferation of rBMSCs on HA and CPS, we
conducted CCK8 assays with the increase of culture time. Our
results showed that the cell proliferation rate on the surface of
CPS was higher than that on HA after 72 h of incubation;
however, there were no significant differences in cell numbers
after 24 and 48 h between the two groups (Figure 2A).

CPS Promoted the Osteogenic Property of
rBMSCs In Vitro
To evaluate the osteogenic properties of HA and CPS in vitro,
we performed ALP staining and qRT-PCR assays. The results
of ALP staining demonstrated that the level of ALP activities
in the CPS group was significantly higher than that in HA
group after osteogenic induction for 7 days (Figure 2B). In
the PCR analysis, the expression of the osteogenic
differentiation-related marker genes including ALP,
Runx2, BSP, OCN, and OPN in the CPS group were
significantly increased at day 7 in comparison to the HA
group (Figures 2C–G).

CPS Scaffold Enhanced Osteogenic
Property In Vivo: Micro-Computed
Tomography Analysis
Micro-CT was applied to assess the osteogenic property of HA
and CPS scaffolds in vivo. The images of the micro-CT revealed
that more new bone calluses formed in the CPS groups in
comparison to those in the HA group at 8 weeks post-
operation (Figure 3A). The 3D-reconstructed images
demonstrated that more new bones ingrowth and achieved
more new bone colonization in the CPS scaffolds compared to
the HA scaffold at 8 weeks after surgery (Figure 3B). A
histomorphometry analysis of the callus tissue showed that the
values of BMD, BV/TV, Tb.N, and Tb.Th were significantly
increased in the CPS group than that in the HA group
(Figure 3C).

CPS Scaffold Enhanced Osteogenic
Property In Vivo: Histological Analysis
A histological analysis was carried out to assess the
osseointegration property of the HA and CPS scaffolds at
8 weeks post-operation. H&E and Masson staining were

FIGURE 3 | Micro-CT analysis of the osteogenic property within bone defects in vivo. (A) Micro-CT images of the repaired skull after 8 weeks of implantation. (B)
3D-reconstruction images of Micro-CT. The yellow part represents the new bone, and the white represents the scaffold. (C) A morphometric analysis of micro-CT,
including BV/TV, BMD, Tb.N, and Tb.Th. *p < 0.05.
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conducted to assess the healing of cranial bone defects in the bone
sections. In H&E staining (Figure 4A), the CPS group had less
residual scaffolds and more new bone calluses than the HA
scaffold. However, the defect was mainly occupied by fibrous
tissues in the HA group at 8 weeks post-operation. In Masson
staining (Figure 4B), compared with the HA group, more new
bones were found inside the scaffolds in the CPS groups. These
results indicated that CPS had a better osteogenic property
than HA.

DISCUSSION

Critical-sized bone defects are often caused by trauma, skeletal
diseases, tumor resections, and other orthopedic surgeries.
Currently, more than four million graft surgeries are
conducted each year to deal with these bone defects, which
makes bone the second most commonly transplanted tissue
worldwide (Turnbull et al., 2018). However, the reconstruction
of bone defects remains a great challenge in orthopedics and
usually requires urgent and effective disposing, restoring the
mechanical and biological functions of the bone (Song et al.,
2017). Autografts are currently the most commonly used
treatment of bone defects and are still the clinical gold
standard. However, they also suffer from limited sources, a
secondary surgical site, and donor area complications
including infection and pain. On the other hand, allografts
enhanced the risk of infectious transmission and immune
response. The prevalence of bone defects, their relevant
morbidity, and high socio-economic cost necessitates the need
for new bone substitute materials to promote the bone defects’
repair and regeneration (Black et al., 2015; Parmentier et al.,
2020).

In recent years, calcium phosphate bioceramics have become
one of the most popular bone mimic substitutes because of their

fine biocompatibility and osteo-conductivity, including HA and
β-TCP(Tsukanaka et al., 2015; Liu et al., 2016). However, HA has
a poor degradation rate and high fragility that may cause broken
implants and hard handling characteristics. In addition, β-TCP
has low strength and poor mechanical properties. Therefore, in
order to meet the growing demand for bone defect grafts, it is
particularly urgent to find suitable new bioceramic materials.
Silicon is an indispensable trace element for bone growth and
development. Hence, silicon-containing bioglasses and
bioceramics as bone substitute materials have attracted much
attention (Ning et al., 2004; Bohner, 2009). Studies have been
proved that Si-containing glasses and bioceramics were highly
bioactive and could stimulate cellular biological activities, for
instance, cell proliferation and osteogenic differentiation. The
bioactivity improvement of Si-substituted materials can be
ascribed to a number of factors that act synergistically
(Manchón et al., 2015). Si-substitution facilitates protein
adsorption and osteoblasts’ attachment and proliferation. Si,
which is released to the extracellular matrix or presented in
the implant surface, has a direct effect on osteoblasts,
osteoclasts, and collagen synthesis. CPS, a novel silicon-
containing calcium phosphate bioceramic with a carnotite
structure, has great potential as a bone graft material. In our
study, the cytocompatibility and osteogenic differentiation
activity of CPS were investigated thoroughly in vitro and in vivo.

Good biocompatibility is the basic requirement for bone
substitute materials. In vitro, the rBMSCs grew and spread
well on CPS disks and the filopodia and lamellipodia could be
noticeably observed, which suggested that CPS had a favorable
biocompatibility. In addition, the results of the CCK-8 assay
showed that the proliferation rate of rBMSCs on the CPS surface
was significantly higher than that on the surface of HA after 72 h
culture, implying that CPS could enhance cell proliferation.
Osteogenic differentiation is one of the vital processes for
bone regeneration. The results of ALP staining and qRT-PCR

FIGURE 4 | Histological analysis of the osteogenic property within bone defects in vivo. H and E staining (A) and Masson staining (B). Defect sites at week 8 post-
operation. Scale bars: 100 μm.
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experiments showed that CPS possessed a better property to
promote osteogenic differentiation of rBMSCs than HA. Previous
studies have demonstrated that Si in aqueous solutions could
promote osteoblast proliferation and enhance alkaline
phosphatase activity and the expression of osteocalcin. In
addition, CPS can induce bone-like apatite formations in
simulated body fluids (SBFs) in a short time (Lu et al., 2012).
CPS could also adsorb more amount and types of serum proteins
than HA, including FN1 and IGF1. A pathway analysis revealed
that these absorbed proteins by CPS helped mediate cell adhesion
and promoted osteogenic activity, which might indicate a better
osteogenic potential of CPS (Deng et al., 2021). In our study, the
detailed mechanisms of the enhancement of cell proliferation and
osteogenic differentiation needed to be further studied.

In vivo, the results of the micro-CT and histological analysis
did further approve that CPS scaffolds had significant
accelerative effects for bone defect restoration in a rat’s
cranial critical-sized bone defect model. The ideal bone
regenerative material should have good biocompatibility,
osteoconductivity, and osteoinductivity (Yu et al., 2015). In
our study, the results of the micro-CT showed that CPS
scaffolds had more new bone ingrowth than the HA
scaffold. The histomorphometry analysis of the new bone
callus tissue also showed that the values of BMD, BV/TV,
Tb.Th, and Tb.N were significantly increased in the CPS group
than that in the HA group. On the other hand, the histological
analysis of H and E and Masson staining had similar trends.
Compared with the HA group, more new bones and less
fibrous residual scaffolds were found in the CPS groups.
Hing et al. (2006) has shown that the porous silicate-
substituted hydroxyapatite increased bone deposition and
ingrowth in a femoral intercondylar defect in New Zealand
white rabbits. Similar results were obtained by Patel et al.
(2002). They implanted pure HA and Si-substituted HA
granules in a rabbit model, and observed that the bone
ingrowth and bone-implant coverage were significantly
greater in Si-HA than that in pure HA. In our study, CPS

improved new bone formation in a rat skull defect model,
which was consistent with previous findings.

Our study showed that CPS exhibited fine bioactivities and
osteogenic capacities in treating critical-sized bone defects. In
vitro, CPS had a good cell adhesion behavior and increased cell
proliferation and osteogenesis. In vivo, CPS presented good
bioactivities, degradability, and bone ingrowth properties. All
the data indicated that CPS could be a promising candidate for
the reconstruction of critical-sized bone defects.
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