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A B S T R A C T   

Osteoinductivity is a crucial factor to determine the success and efficiency of posterolateral spinal fusion (PLF) by 
employing calcium phosphate (Ca-P) bioceramics. In this study, three kinds of Ca-P ceramics with microscale to 
nanoscale gain size (BCP-control, BCP-micro and BCP-nano) were prepared and their physicochemical properties 
were characterized. BCP-nano had the spherical shape and nanoscale gain size, BCP-micro had the spherical 
shape and microscale gain size, and BCP-control (BAM®) had the irregular shape and microscale gain size. The 
obtained BCP-nano with specific nanotopography could well regulate in vitro protein adsorption and osteogenic 
differentiation of MC3T3 cells. In vivo rabbit PLF procedures further confirmed that nanotopography of BCP-nano 
might be responsible for the stronger bone regenerative ability comparing with BCP-micro and BCP-control. 
Collectedly, due to nanocrystal similarity with natural bone apatite, BCP-nano has excellent efficacy in guid-
ing bone regeneration of PLF, and holds great potentials to become an alternative to standard bone grafts for 
future clinical applications.   

1. Introduction 

Posterolateral spinal fusion (PLF) is a common procedure in ortho-
pedic surgery to treat spinal instability caused by spinal trauma, 
degenerative conditions, scoliosis or tumor resections [1–3]. Apart from 
fixation systems such as robs, plates and screws, the procedure generally 
requires bone grafting to further reinforce the spinal fusion [2,4]. 
Traditionally, autogenous grafts from the iliac crest are considered as 
the gold standard for achieving successful spinal fusion. Still, the limited 
supply, donor site morbidity, chronic pain and bone resorption restrict 
their wide applications in the clinic [5–7]. For PLF surgery, the pro-
cedure generally requires large volume of bone graft, about 12–36 mL, 
which is a relatively large amount for autogenous grafts from the iliac 
crest [8,9]. Allografts are attractive alternatives to autografts, but they 
are doubted by the risk of potential disease transmission and immuno-
genicity [2]. In order to accelerate the fusion rate of PLF procedures and 
to reduce the amount of autografts to be harvested, a variety of artificial 

grafts have been proposed for spine fusion in animal models or clinical 
applications, such as demineralized bone matrix, bioactive glass, silicate 
substitutes, calcium phosphate (Ca-P) bioceramics and etc. [10,11]. 

The osteogenic environment around posterolateral spine is known to 
be challenging for bone grafts because of the limited contact with host 
bone and the long bone crawling distance. Even for the gold standard 
grafts of autologous bone, pseudoarthrosis and non-unions are still 
frequently reported due to the complications of this treatment [3,12,13]. 
Therefore, the development of artificial grafts with high bone regener-
ative ability is the fundamental way to treat this intractable disease. 
Among the various kinds of artificial grafts, Ca-P bioceramics were un-
doubtedly one of the most important biomaterials, due to their similarity 
in bony mineral, good biocompatibility, bioactivity, osteoconductivity 
and so on [1,14]. More importantly, biphasic calcium phosphate (BCP) 
bioceramics with specific phase composition (a certain HA/β-TCP phase 
ratio) and pore structure could be endowed with good osteoinductivity, 
which could induce the mesenchymal cells to differentiate along the 
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osteogenic lineage, and ultimately to form new bone [15–17]. The most 
striking feature of osteoinductivity is that biomaterials can induce the 
new bone formation ectopically without adding any growth factors or 
cells, even in muscle or under the skin, which brings hopes to regenerate 
some complex bone defects, such as large-size bone defect, segmental 
bone defect and other weakly osteogenic environments [15,16,18]. 
However, present Ca-P bioceramics still cannot meet the needs of 
regenerative medicine, such as limited bioactivity, dissatisfied osteoin-
ductivity, unsuitable biodegradability and so on [19]. 

To the best of our knowledge, the optimal approach to fabricating 
bone repairing scaffolds is biomimetics. It is well established that the 
natural bone is mainly composed of hydroxyapatite nanocrystals and 
collagen fibers [20,21]. However, the conventional Ca-P bioceramics, 
despite mimicking the phase composition and porous structure in part, 
have the large grain size at the microscale. The relatively large grain size 
is certain to debase the bioactivity, biodegradability, osteoinductivity, 
even bone regenerative ability of Ca-P bioceramics. Luckily, present 
progress in nanotechnology allows us to fabricate Ca-P nanoceramics 
[22–24]. In our previous works, Ca-P nanoceramics with the grain size 
of about 100 nm were successfully fabricated by a novel microwave 
hybrid sintering method [25–27]. Comparing with Ca-P microceramics, 
Ca-P nanoceramics have many advantages [16,26,28]. 1) Unique sur-
face topography: nanoceramics possess high specific surface area and 
abundant micropores, which are favorable for protein adsorption and 
deposition of bone-like apatite nanocrystals. 2) Good bioactivity: 
nanoceramics could well initiate and regulate a cascade of gene activ-
ities of cells, especially for osteogenic differentiation. 3) Excellent 
osteoinductivity: either for osteogenic occurrence time or osteogenesis 
quality, nanoceramics have significant advantages. 4) Proper biode-
gradability: the nanocrystal could enhance the biodegradability of Ca-P 
bioceramics, which is usually too low, and the dissolving Ca2+ and 
PO4

3− are indispensable inorganic components in bone formation. These 
desirable properties are bond to enhance the bone regenerative ability of 
Ca-P bioceramics, and widen their clinic applications. Still, the biolog-
ical risk of Ca-P nanoceramics cannot be ignored. Due to the faster 
degradation rate, the nanoparticles degraded from Ca-P nanoceramics 
may enter into cells or blood to cause the potential risks [16]. So, the 
biological performances and the potential threats of Ca-P nanoceramics 
should be systematically investigated before clinical applications. 

Based on the above descriptions, the study herein attempts to 
develop the porous BCP nanoceramic spheres and evaluate their bone 
regenerative abilities in a rabbit PLF model (Scheme 1). Porous BCP 
ceramic spheres with microscale grain size and commercial BCP 

granules (BAM®) were used as control groups. Their physicochemical 
properties, included morphology, grain size and pore structure, were 
firstly characterized. Then, in vitro cellular biocompatibilities of 
MC3T3E-1 on the three groups were evaluated, and their abilities to 
induce osteogenic differentiation were further compared. Finally, their 
ability of inducing bone regeneration was assessed utilizing a PLF model 
in rabbits. 

2. Materials and method 

2.1. Material preparation 

The spherical BCP ceramic granules were fabricated by an alginate- 
gelatinizing method, as reported in our previous work [26,29]. In brief, 
BCP powder (10 g, provided by National Engineering Research Center 
for Biomaterials, Sichuan University) with the phase ratio of HA/β-TCP 
of 2:8 was uniformly dispersed in the 25 mL sodium alginate solution (6 
wt%, CAS: 9005-38-3, Sigma-Aldrich, USA) by a homogenizer (T10 basic 
ULTRA-TURRAX, IKA, Germany). Then the bubbly slurry produced by 
the H2O2 forming method was extruded into 0.45 mol L− 1 CaCl2 (CAS: 
10043-52-4, Chengdu Chron Chemicals Co,.Ltd, China) solution to form 
the spherical gel granules. After hardening and drying, the granules 
were separately sintered by conventional muffle sintering (1050 ◦C for 2 
h) and microwave sintering (1050 ◦C for 5min) to obtain BCP ceramic 
granules with microscale to nanoscale grain size. The samples sintered 
by conventional muffle sintering were denoted as BCP-micro, and the 
samples sintered by microwave sintering were denoted as BCP-nano. For 
comparison, the commercially irregular BCP ceramic granules (BAM® 
P2040, produced by Sichuan BAM Bioactive Materials Limited Liability 
Company) were used as the control group, which were fabricated by 
crushing Ca-P porous bioceramic blocks, and denoted as BCP-control. 
The osteoinductivity of BCP-control has certified in our previous work 
[26]. Prior to use, the samples were sterilized by G-ray irradiation 
(25–30 kGy) to avoid altering their physicochemical properties. 

2.2. Material characterization 

The microstructures and grain sizes of the obtained samples were 
observed by a scanning electron microscopy (SEM; JSE-5900LV, Japan). 
The crystalline phases of HA (09-0432) and β-TCP (09-0169) in the BCP 
ceramics were determined by X-ray diffractometry (XRD; Philips X’Pert 
1 X-ray diffractometer, Netherlands) with Cu Kα radiation at a current of 
20 mA and voltage of 30 kV. Their porosity, microporosity and pore 

Scheme 1. The process of bone generation in posterolateral spinal fusion by employing osteoinductive BCP ceramic granules.  
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structure were tested by a mercury porosimetry (AutoPore IV 9500, 
Micromeritics). A surface area analyzer (Gemini VII 2390t, Micro-
meritics) was employed to test the specific surface area (SSA) of the 
samples. Moreover, the concentrations of Ca2+ and PO4

3− releasing from 
the samples were characterized by an inductively coupled plasma op-
tical emission spectrometer (SPECTRO ARCOS). 

2.3. Protein adsorption 

To assess the protein adsorbing abilities of the obtained BCP gran-
ules, bovine serum albumin (BSA, GIBCO, USA) and fibronectin (FN, 
GIBCO, USA) were employed as the targeted protein. A certain quality of 
samples was firstly placed into the 24-well plates, completely wetted by 
PBS, and then 1 mL of protein per well was added. After incubating at 
37 ◦C for 4 h, the adsorbed proteins on the samples were eluted by 2% 
sodium dodecyl sulfonate (SDS) solution and analyzed by BCA™ protein 
assay kit (Pierce, USA). The detailed process could be found in our 
previous work [29]. 

2.4. Calcium and phosphate concentrations in the media 

α-minimum essential medium (α-MEM, Gibco, NY, USA) was 
employed to evaluate the Ca2+ and PO4

3− ions releasing abilities of the 
obtained BCP granules. The samples were immersed in α-MEM solution 
with a solid-liquid ratio of 1:100 in a thermostatic oscillator (37 ◦C, 2 
Hz). At each time point (0.5, 1, 2, 3, 5, 7 d), 0.5 mL of the immersed 
solution was taken out to measure the Ca2+ and PO4

3− concentrations, 
and the same volume of fresh α-MEM was added. 

2.5. Cellular behavior 

2.5.1. Cell culture 
The murine MC3T3-E1 pre-osteoblasts were selected as the cell 

model to evaluate the cytocompatibility and osteogenic activity of the 
obtained BCP granules. The cells were cultured in α-minimum essential 
medium (α-MEM, Gibco, NY, USA) containing 10% fetal bovine serum 
(FBS, Gibco), 100 U mL− 1 penicillin and 100 mg mL− 1 streptomycin. The 
medium was renewed every two days. 

2.5.2. Cell spreading and proliferation 
MC3T3-E1 were trypsinized and seeded on the sterilized samples in 

48-well plates (Corning, PA) with a density of 1 × 104 cells per well. 
used to evaluate the attachment and growth of the cells on the samples. 
After culturing for 1, 3 and 5 days, the attached cells on the samples 
were stained with 2 × 10− 6 mol L− 1 Calcein-AM and 4.5 × 10− 6 mol L− 1 

propidium iodide (PI, Solarbio, China) and then visualized by a confocal 
laser scanning microscopy (CLSM; TCSSP5, Leica, Germany). Moreover, 
cell proliferation was quantified by MTT assay. In order to visualize cell 
spreading, the attached MC3T3 were also observed by SEM, which 
dehydrated through gradient ethanol solution and dried by a critical- 
point drier (HCP-2, Hitachi, Japan). In addition, the fixed samples 
were also stained with TRITC conjugated-phalloidin (1: 200, Sigma, 
USA) for cytoskeletal protein (F-actin) and DAPI (1: 1000, Sigma, USA) 
for cell nuclei, and then examined under a CLSM. 

2.5.3. ALP activity and alizarin red-S staining 
MC3T3 were firstly seeded in 24-well plates with a density 1 × 104 

cells and incubated for 12 h to allow cell adhesion. Subsequently, BCP 
granules were placed in Millicell filter inserts with diameter of 12 mm 
and pore size of 8 μm (Millipore, Billerica, MDUSA) to avoid direct 
contact with the cells [30]. After culturing for 4 and 7 days, ALP staining 
was carried out according to the specifications (Beyotime, China). In 
addition, ALP activity was further quantified by a pNPP Alkaline Phos-
phatase Assay Kit (SensoLyte, USA), and the total protein content was 
assessed by a BCA protein assay kit (Thermo Scientific, USA). To 
investigate the mineralization of the MC3T3 culturing with the obtained 

samples, Alizarin Red S (Alfa Aesar, USA) was conducted according to 
the manufacturer’s procedures. To quantify the calcium nodule, the 
stain was desorbed with 10% hexadecylpyridinium chloride solution 
(Sigma-Aldrich, St. Louis, Mo. USA) for 1 h, the absorbance of the dis-
solved solution was determined at 630 nm. 

2.5.4. Immunofluorescent staining 
After culturing for 14 days, MC3T3 cultured on the samples were 

fixed. Immunofluorescent staining of several osteogenic markers was 
performed, and rabbit anti-bone morphogenetic protein 2 (anti-BMP-2) 
primary antibody (1:50, Novus, USA), rabbit anti-Runx-2 primary 
antibody (1:1000, Abcam, UK), rabbit anti-collagen-I (anti-COL-I) pri-
mary antibody (1:200, Abcam, UK), rabbit anti-osteocalcin (anti-OCN) 
primary antibody (1:400, Abcam, UK), rabbit anti-osteopontin (anti- 
OPN) primary antibody (1:50, Novus, USA), and FITC-conjugated goat 
anti-rabbit secondary antibody (Alexa Fluor®488 & Fluor®594, USA) 
were employed. And cell nuclei were stained with DAPI (1: 1000, Sigma) 
and examined under a CLSM. For BMP-2, Runx-2, COL-I and OCN, the 
target protein was stained by red fluorescent, the cytoskeleton was 
stained by green fluorescent, and the cell nucleus was stained by red 
fluorescent. For OPN, the target protein was stained by green fluores-
cent, the cytoskeleton was stained by red fluorescent, and the cell nu-
cleus was stained by red fluorescent. 

2.5.5. Osteogenic gene expressions 
The osteogenic gene expressions of MC3T3 stimulated by BCP 

granules were analyzed using real-time quantitative reverse transcrip-
tion PCR reaction (qRT-PCR). At day 4, 7 and 14, the total RNA of 
culturing cells was extracted with a Rneasy Mini Kit (BIO-RAD, USA) 
and reverse-transcribed into complementary DNA (cDNA) by an iScript 
cDNA Synthesis Kit (BIO-RAD, USA). Then, gene expressions were 
verified via quantitative PCR using SoFast™ EvaGreen® Supermix kit 
(Bio-Rad, USA) on a CFX96™ real-time PCR detection system. A series of 
osteogenic genes, including runt-related transcription factor 2 (Runx2), 
alkaline phosphatase (Alp), collagen I (Col-I), osterix (Osx), Osteocalcin 
(Ocn) and osteopontin (Opn) were characterized. And β-actin was used as 
a housekeeping gene. The relative gene expression levels were analyzed 
by the △△Ct-value method. The sequences of all primers were listed in 
Table S1. 

2.5.6. Western blotting 
For the Western blot analysis, MC3T3 cells cultured on samples for 

14 days were harvested. Then, the cells were collected and lysed with 
RIPA lysis buffer (Cowin Biotech, Beijing, China). Similar to our previ-
ous work [31], the total cell lysate was separated by polyacrylamide gel 
electrophoresis (PAGE) and electro-transferred to PVDF membranes 
Hybond-P (GE Health Sciences, Piscataway, NJ). After incubating in 5% 
dried nonfat milk for 45 min, the membranes were blocked and incu-
bated with appropriate primary antibodies including COL-I, BSP, OPN, 
OCN, (diluted 1:1000; Cell Signaling, MA, USA) at 4 ◦C overnight. 
Finally, the membranes were visualized with horseradish peroxidase 
(HRP) conjugated secondary antibody (diluted 1:5000; Santa Cruz, CA, 
USA) at 37 ◦C for 1 h using enhanced chemiluminescence (ECL) detec-
tion method. Relative protein levels were normalized against β-actin. 
Quantitative densitometric analysis of the images was carried out using 
ImageJ software. 

2.6. Animal experiment 

2.6.1. Operative procedure 
The animal experiment was approved by the Institutional Animal 

Care and Use Committee (IACUC) of Sichuan University. A total of 24 
adult female New Zealand white rabbits (3-4 months old, about 2.5 kg) 
underwent bilateral PLF process at L5-L6 spine arthrodesis. The animals 
were anesthetized with sodium pentobarbital (1 mg kg− 1). Firstly, a 
midline incision was made in the skin, and the intermuscular plane 
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between the multifidus and longissimus muscles was bluntly incised to 
expose the L5 and L6 transverse processes. Then, a high-speed burr was 
used to decorticate the transverse processes with a uniform manner in all 
rabbits. Due to the bilateral PLF process, there were totally 48 
implanting sites. The groups were divided into three groups, BCP-micro 
(n = 16), BCP-nano (n = 16) and BCP-control (n = 16). A total of 3 mL of 
ceramic granules were implanted over the decorticated transverse re-
gion per side, and one rabbit received the same ceramic granules for the 
bilateral PLF process. Subsequently, the muscle and skin were sutured in 
layers. The detailed surgery procedure was illustrated in Fig. S2. After 
surgery, each rabbit received gentamicin (20000 U kg− 1) daily through 
intramuscular injection for three consecutive days. After implanting for 
90 days, the rabbits were sacrificed by lethal intravenous injection of 
sodium pentobarbital. 

2.6.2. X-ray evaluation and manual palpation 
After harvest, X-rays (630 mA X-ray, Shimadzu, Japan) were carried 

out after implanting for 45 days (intravital analysis) and 90 days 
(excised analysis). Since BCP ceramics are not X-ray permeable, X-rays 
were scored according to the criteria described by Lopez MJ et al., 
0 score represents no signs of new bone formation; 1 score represents a 
few new bones formed but not fused; 2 score represents immature bone 
formation and suspected fusion; 3 score means possible solid integration 
[32]. Moreover, the stability of the spines was assessed by manual 
palpation immediately [33,34]. The treated motion segments in lateral 
bending and flexion/extension were assessed comparing with the 
proximal and distal motion segments, and both sides of each sample 
were scored separately. The fusion area was graded as either fused 
(rigid, 1 point) or no fused (no rigid, 0 point), and there were 2 points in 
total for each animal. Fusion was considered if the intervertebral 
movement was not touched by the surgical segment fixation; otherwise, 
it was considered non-fusion. Two trained and experienced observers 
who were blinded for the treatment assessed the X-ray evaluation and 
manual palpation. 

2.6.3. Micro-CT measurement 
Micro-CT (CT80, Scanco Medical AG, Switzerland) was employed to 

further assess the bone regeneration of PLF with a resolution of 22 μm, 
the tube voltage was 70 kV and the tube current was 114 μA. A global 
threshold was applied to distinguish materials from the mineralized 
bone tissue according to our previous work [35,36]. The obtained im-
ages were reconstructed, and the bone mineral density (BMD) and bone 
volume fraction (BV/TV) of samples after implantation were analyzed 
using Scanco software according to our previous work [26]. 

2.6.4. Sequential fluorescent labeling 
The sequential fluorescent labeling of mineralizing process in the 

defects was carried out according to the previous report [37]. After 
operation for 8 weeks, the rabbits were subjected to intraperitoneal in-
jection of tetracycline hydrochloride (TE, Sigma-Aldrich, St. Louis, Mo. 
USA) following the dozen of 1 mg kg− 1 body weight. After operation for 
10 weeks, the rabbits were subsequently subjected to intraperitoneal 
injection of calcien (CA, 1% in 2% NaHCO3 solution, Sigma-Aldrich, St. 
Louis, Mo. USA) following the dozen of 5 mL kg− 1 body weight. 

2.6.5. Biomechanical analysis 
Only the bilaterally fused samples (three of the fused spines from 

each group) were randomly selected to perform biomechanical analysis. 
The samples were stored in a refrigerator at − 80 ◦C, and each of them 
was utterly thawed at room temperature before biomechanical testing. A 
universal mechanics tester (Instron 5967, America) was employed to 
carry out three-point bending testing of the specimens [6,38]. Briefly, 
the L5-L6 segments were placed above the two jigs with a width of 25 
mm, and the force was loaded on the ventral surface of the intervertebral 
disc, which was vertical to the longitudinal spine. A compression force 
was applied at a constant displacement speed of 0.5 mm min− 1 until 

fractured. Load and displacement were recorded, and the maximum 
bending load, maximum bending load and bending stress were 
calculated. 

2.6.6. Histological analysis 
The hard-tissue slide method was employed to perform the histo-

logical analyses, the remaining fused specimens were analyzed. Briefly, 
the tissue was firstly fixed in 4% paraformaldehyde and dehydrated by 
gradient alcohol, then embedded in polymethylmethacrylate (PMMA). 
The sections were cut and polished to 10–30 μm by a microtome (EXAKT 
300, Germany) and stained with methylene blue and basic fuchsin. The 
stained sections were scanned using a digital scanner (BA600, Motic 
China Group Co., Ltd.), and the quantitative analysis of bone area per-
centage were analyzed by Image-Pro Plus (IPP, Media Cybernetic) 6.0 
software. 

2.7. Statistical analysis 

All data are presented as mean ± standard deviation. At least three 
samples were used for each data point. One-way analysis of variance 
(ANOVA) followed by a Tukey’s post hoc test was used in experiments 
with three groups, and two-way ANOVA followed by Tukey’s multiple 
comparisons test was used in experiments with three groups at different 
time points. Statistical analysis was carried out using the GraphPad 
Prism statistical program (GraphPad Software Inc, La Jolla, CA, USA). 
The difference was considered statistically significant at a P value <
0.05. 

3. Results 

3.1. Physicochemical characterization 

The morphologies of the obtained three kinds of BCP ceramic gran-
ules were shown in Fig. 1A, BCP-micro and BCP-nano exhibited well 
spherical shape with the diameter of about 2 mm, while BCP-control had 
a random irregular shape with the size of 2–4 mm. Moreover, their grain 
size was different (Fig. 1B), BCP-control had the largest grain size of 
652.9 ± 153.9 nm (list in Table 1), followed by BCP-micro of 503.9 ±
105.6 nm, BCP-nano had the smallest one of 122.8 ± 30.1 nm, which 
was in nanoscale. The pore size distribution and pore quantity distri-
bution of BCP-micro, BCP-nano and BCP-control were compared in 
Fig. 1C, the three groups possessed a similar macropores distribution of 
200–800 μm and interconnected pores distribution of 10–100 μm. From 
pore size distributions, the number of micropores (20–200 nm) in BCP- 
nano was significantly higher than those in BCP-micro and BCP-control. 
All the three kinds of BCP granules had relatively high porosities 
(70–80%, list in Table 1), but the microporosity (<10 μm) of BCP-nano 
(33.29 ± 2.67%) was higher than BCP-micro (23.67 ± 1.05%) and BCP- 
control (18.51 ± 1.69%). Moreover, the specific surface area (SSA) of 
BCP-nano (6.656 ± 1.406 m2 g− 1, list in Table 1) was also larger than 
BCP-micro (0.850 ± 0.054 m2 g− 1) and BCP-control (0.594 ± 0.146 m2 

g− 1), and BCP-control had the smallest SSA among the three groups. 
The comparisons of XRD patterns of BCP-micro, BCP-nano and BCP- 

control were exhibited in Fig. 1D. All of them were only composed of 
β-TCP phase and HA phase from determining their diffraction peaks. By 
calculating, the contents of HA phase in BCP-micro and BCP-nano were 
higher than BCP-control (list in Table 1), indicated that the alginate 
gelation method could increase the HA phase ratio in BCP-micro and 
BCP-nano [39]. Fig. 1E exhibited the Ca2+ and PO4

3− releasing abilities 
of the three groups in α-MEM solution. From Ca2+ releasing curves, the 
Ca2+ concentrations releasing from BCP granules increased firstly (0–0.5 
day), then decreased (0.5–7 day). But the decreasing extents of the three 
groups were different, BCP-micro and BCP-nano had the relatively 
higher decreases of Ca2+ concentrations than BCP-control. Similar de-
creases were also observed in the PO4

3− releasing curves, the decreases 
of Ca2+ concentrations in BCP-micro and BCP-nano were also higher 
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than that in BCP-control. These results indicated that BCP-micro and 
BCP-nano facilitate the precipitation of apatite on their surfaces 
comparing with BCP-control. 

3.2. Protein adsorption and cell proliferation 

All the three kinds of BCP granules had good cellular compatibility. 
From Calcein-AM/PI staining images (Fig. 2A), MC3T3 grew quite well 
on BCP-micro, BCP-nano and BCP-control with few dead cells (red), and 
apparent cell proliferation could be observed. The obtained BCP gran-
ules could also promote the spreading of MC3T3, the cells attached and 
spread well on the BCP granules after 2 days of culturing (Fig. 2A), as the 

MC3T3 exhibited a typically spindle-shaped morphology, and abundant 
filopodia were outstretched to tightly grasp the crystal grains from SEM 
images. In addition, cells formed extensive cell-cell interactions from F- 
actin/DAPI staining after 3 days of culturing (Fig. 2A). These findings 
were consistent with the MTT results (Fig. 2B), as the quantity of cells on 
the three kinds of BCP granules increased remarkably with prolonging 
the culturing time. The results of protein adsorption (Fig. 2C) revealed 
that BCP-nano could adsorb more protein than BCP-control and BCP- 
micro, either for bovine serum albumin (BSA) or for fibronectin (FN), 
the protein adsorbing ability of BCP-control was relatively low among 
the three groups. 

Fig. 1. (A) Model and morphologies, (B) SEM images, (C) pore size distributions and pore quantity distributions, (D) XRD patterns and (E) Ca2+ and PO4
3− releasing 

abilities in α-MEM solution of BCP-micro, BCP-nano and BCP-control. 
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3.3. ALP staining and alizarin red S staining 

ALP staining and Alizarin Red S staining of MC3T3 cultured on BCP- 
micro, BCP-nano and BCP-control for the different culturing time were 
shown in Fig. 3. From the ALP staining (Fig. 3A), BCP-nano exhibited the 
darkest color among the three groups at day 4 and day 7, followed by 
BCP-micro, and the color was lightest in BCP-micro. These observations 
were consistent with the semi-quantitative analysis of optimal density in 
Fig. 3B. The quantitative analysis of ALP activity was further carried out 

and shown in Fig. 3C, which reinforced that BCP-nano owed relatively 
high ALP activity comparing with BCP-micro and BCP-control. Alizarin 
Red S staining (Fig. 3D) was implemented to evaluate the calcified 
nodules of MC3T3 after culturing for 7, 14 and 21 days. At day 7, all the 
three groups exhibited the light-dark of Alizarin Red S staining. With 
prolonging the culture time for 14 days and 21 days, apparent calcified 
nodules were observed in all the three groups, and BCP-micro and BCP- 
nano had relatively higher expressions than BCP-control (Fig. 3E). 

3.4. Immunofluorescent staining 

Immunofluorescent staining was carried out to evaluate the expres-
sions of osteogenic markers, including BMP-2, Runx-2, COL-I, OCN and 
OPN, and exhibited in Fig. 4. All the three kinds of BCP granules could 
promote the secretions of these osteogenic proteins after 14 days of 
culturing. For the early osteogenic markers of BMP-2, Runx-2 and COL-I, 
BCP-nano owed the higher expressions than BCP-micro and BCP-control, 
while there was no significant difference in these expressions between 
BCP-micro and BCP-control. For the late osteogenic markers of OCN and 
OPN, the expressions were promoted by BCP-micro and BCP-nano, while 
BCP-control had relatively low expressions comparing with the other 
two groups. And BCP-nano had the highest expression of OCN among 
the three groups. These results clearly indicated that BCP-nano could 
also promote the expressions of osteogenesis-related proteins in MC3T3. 

Table 1 
Summary of physicochemical data of BCP-micro, BCP-nano and BCP-control.  

Samples Grain size Phase 
ratio 

Porosity Microporositya SSA 

(nm) (HA/ 
β-TCP) 

(%) (%) (m2 g− 1) 

BCP- 
micro 

503.9 ±
105.6 

73.0/ 
27.0 

69.85 ±
1.05 

23.67 ± 1.05 0.850 ±
0.054 

BCP-nano 122.8 ±
30.1 

69.2/ 
30.8 

73.66 ±
2.20 

33.29 ± 2.67 6.656 ±
1.406 

BCP- 
control 

652.9 ±
153.9 

21.9/ 
78.1 

77.71 ±
1.49 

18.51 ± 1.69 0.594 ±
0.146  

a Volume percentage of micropores smaller than 10 μm within the BCP 
granules. 

Fig. 2. (A) CLSM observations (Calcein-AM/PI and F-actin/DAPI) and SEM observations of MC3T3, (C) protein adsorption of BSA and FN on BCP-micro, BCP-nano 
and BCP-control. Values are expressed as the mean ± SD (n = 3), * refers to p < 0.05, and ** refers to p < 0.01. 
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3.5. Osteogenic gene expression and protein secretion 

The osteogenic gene expressions (i.e. Runx-2, Osx, Col-I, Alp, Opn, 
Ocn) of MC3T3 cultured on the three kinds of BCP granules were 
detected at 4, 7 and 14 days by qRT-PCR analysis and shown in Fig. 5. At 
day 4, the expressions of Osx, Col-I, Alp, Opn and Ocn of BCP-nano were 
highest among the three groups, while BCP-micro had the relatively low 
expressions of Runx-2 and Col-I compared with BCP-nano and BCP- 
control, and BCP-control had the lower expressions of Osx and Alp 
than the other two groups. At day 7, BCP-nano had the highest expres-
sions of Alp and Opn, and BCP-micro had the higher expressions of Runx- 
2, Osx and Alp than BCP-control, while the expressions of Col-I and Ocn 
in BCP-micro were lower than BCP-control and BCP-nano. At day 14, the 
expressions of all these osteogenic markers in BCP-nano were higher 
than BCP-control, and BCP-micro also had higher expressions of Runx-2, 
Alp and Ocn than BCP-control. 

The osteogenesis-related markers of COL-I, BSP, OPN and OCN were 
further analyzed by Western blot (Fig. 5B). The results further confirmed 
the expressions of COL-I, BSP and OPN were up-regulated by BCP-nano, 
and BCP-micro had relatively higher expressions of BSP, OPN and OCN 

than BCP-control, and the expressions of these markers in BCP-control 
was relatively lower than BCP-micro and BCP-nano (Fig. 5C). Overall, 
BCP-nano could promote the osteogenic differentiation of MC3T3 
comparing with BCP-micro and BCP-control. 

3.6. Manual palpation and X-ray evaluation 

Results of fusion assessment by manual palpation in a blinded 
manner are presented in Table 2. The data indicated that BCP-nano 
possessed the highest manual palpation score (1.88 ± 0.37) and fusion 
efficiency (87.5%) among the three groups. The second was BCP-micro, 
it also had a relatively high manual palpation score (1.52 ± 0.51) and 
fast fusion rate (81.2%). The manual palpation score (1.38 ± 0.42) and 
fusion rate (68.7%) of BCP-control were relatively low. 

In vivo X-ray scanning of each group was used to assess the fusing 
efficacy of PLF after implantation for 45 days (Fig. 6). It could be 
observed that the granules were evenly distributed in the transverse 
process space in all the three groups, and the material shadow was 
clearly visible without obvious absorption. Only a tiny amount of 
discontinuous callus could be seen between the transverse processes, 

Fig. 3. (A) ALP staining, (B) semi-quantitative analysis and (C) ALP activity of MC3T3 culturing with medium extracted BCP-micro, BCP-nano and BCP-control for 4 
and 7 days; (D) Alizarin Red S staining and (E) relative activity of ECM of MC3T3 culturing with medium extracted BCP-micro, BCP-nano and BCP-control for 7, 14 
and 21 days. Values are expressed as the mean ± SD (n = 3), * refers to p < 0.05, and ** refers to p < 0.01. 
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Fig. 4. Immunofluorescent staining and MOD values of BMP-2, Runx-2, COL-I, OCN, OPN in MC3T3 culturing on BCP-micro (A), BCP-nano (B) and BCP-control (C) 
for 14 days, and semi-quantification by optical density (D). For BMP-2, Runx-2, COL-I and OCN: red represents target protein, green represents cytoskeleton, blue 
represents cell nucleus; For OPN: green represents target protein, red represents cytoskeleton, blue represents cell nucleus. Values are expressed as the mean ± SD (n 
= 3), * refers to p < 0.05, and ** refers to p < 0.01. 
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which was connected with the adjacent transverse processes to form 
bone bridge, but the solid fusion had not yet been achieved. After 
implanting for 90 days, all the three groups had a significantly increased 
callus between the transverse processes, and softening of the edges of the 
BCP granules were observed, which were connected with the adjacent 

transverse processes to form bone bridges. And the BCP granules became 
indistinct and sparse compared with those at day 45, indicating partial 
absorption and degradation of materials after implantation for 90 days. 
The evaluations of spinal fusion based on X-ray at day 90 were also list in 
Table 2, and the fusion trend was similar to that of manual palpation. 
BCP-nano still had the highest fusion proportion (14/16) and fusion 
score (4.7 ± 1.01) among the three groups. These results revealed that 
BCP-nano with spherical shape and nanocrystal could promote the 
poster-lateral spinal fusion comparing with BCP-micro and BCP-control. 

3.7. Micro-CT analysis 

Fusion between the transverse processes was also investigated by 
micro-CT analysis, a review of 3D models and three planes (coronal, 
sagittal and axial views) were reconstructed. Micro-CT images showed 
new bone bridging between adjacent transverse processes (marked by 
asterisks) in all the three groups (Fig. 7A). New bone tissue from the 

Fig. 5. (A) Expressions of osteogenic genes (Runx-2, Osx, Col-I, Alp, Opn, Ocn) in MC3T3 cultured on BCP-control, BCP-micro and BCP-nano for 4, 7, 14 days; (B) 
representative Western blot analysis for COL-I, BSP, OPN, OCN and β-actin protein expressions of the respective groups co-culturing with MC3T3 for 14 days; (C) the 
protein expression level of COL-I, BSP, OPN and OCN to the β-actin level. Values are expressed as the mean ± SD (n = 3), * refers to p < 0.05, and ** refers to p 
< 0.01. 

Table 2 
Evaluation of spinal fusion status 12 weeks after surgery with manual palpation 
and X-ray.   

BCP-control BCP-micro BCP-nano 

Manual palpation (n/N) * 11/16 13/16 14/16 
Manual palpation score 1.38 ± 0.42 1.52 ± 0.51 1.88 ± 0.37 
X-ray evaluation (n/N) 10/16 12/16 14/16 
X-ray score 4.0 ± 0.85 4.3 ± 0.92 4.7 ± 1.01 
Fusion efficiency 68.8% 81.2% 87.5% 

Note: N represented the number of evaluated samples, n represented the number 
of fused samples. 
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transverse process, articular process and adjacent lamina were closely 
connected with porous BCP granules, which formed a continuous bone 
bridging to the adjacent transverse processes and achieved posterolat-
eral spinal fusion. In BCP-nano group, there was more trabecular-like 
bone surrounding the spherical granules and growing into their 
porous structure, a continuous bone bridge had been formed to connect 
the adjacent transverse processes. Moreover, the outlines of granules 
became indistinct, indicating the degradation occurred in BCP-nano 
group. The degradation was also observed in BCP-micro group, which 
was weaker than BCP-nano, and the amount of new bone was signifi-
cantly less than BCP-nano. In BCP-control group, there were some gaps 
in the interface between granules and transverse process, indicating that 
the formation of new bone between granules and autogenous bone of 
transverse process was not complete. From the quantitative analysis of 
new bone formation in the defect sites (Fig. 7B), the bone volume 
fraction (BV/TV) followed the order BCP-nano > BCP-micro > BCP- 
control, and the bone mineral densities (BMD) of BCP-nano and BCP- 
micro were higher than BCP-control. 

3.8. Histological analysis 

The details of bone regeneration in the poster-lateral spinal envi-
ronment after implantation for 90 days were shown in Fig. 8. From the 
histological overview (column 1), no inflammation was observed 
around the wound and many available spaces around spine were filled 
with new bone in all three groups. From higher magnification (column 1 
and 2), it could be observed that many internal pores in BCP granules 
were filled with new bone. In addition, the amount of new bone in the 
region near the spine was more than that in the region far from the spine, 
due to the favorably osteoconductive environment near the spine. 
Moreover, the osteoinductivity phenomenon was also observed in BCP- 
micro and BCP-nano, which could be certified by the formation of new 
bone in the region far from the spine (column 3). Due to the relatively 
weak osteoinductivity of BCP-control, there was no new bone in the 
region far from the spine. By the quantitative statistics of new bone in 
available spaces of spine, the percentage of new bone in BCP-nano group 
was highest (16.83 ± 1.02%), followed by BCP-micro group (15.59 ±

Fig. 6. X-ray images of one individual rabbit from each group as to track the healing stage of the defects implanted with BCP-control, BCP-micro and BCP-nano.  
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1.15%), BCP-control had the lowest value of 12.78 ± 2.35%. Moreover, 
some degree of degradation was observed in BCP-nano, the outlines of 
granules became indistinct, and abundant inner pores were connected 
by the new bone. 

3.9. Fluorochrome labeling analysis 

From CLSM images (Fig. 9A), the mineralization and new bone for-
mation in the three kinds of BCP ceramics were obviously labeled by 
calcein (green) and tetracycline (yellow). As exhibited in Fig. 9B, the 
area of calcein labeling in BCP-nano (12.23 ± 1.41%) was the largest 

Fig. 7. Images and parameters rendered by micro-CT of BCP-control, BCP-micro and BCP-nano after implanting for 90 days: (A) representative 3D and tomographic 
images (coronal, axial and sagittal) demonstrating the current working threshold to segment the new bone (red) from the remaining materials (yellow), the asterisk 
represents the transverse process; (B) quantitative comparisons of the bone volume fraction (BV/TV) and bone mineral density (BMD). Values are expressed as the 
mean ± SD (n = 3), * refers to p < 0.05, and ** refers to p < 0.01. 
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among the three groups, while the area of calcein labeling in BCP-micro 
(9.98 ± 0.81%) was larger than BCP-control (3.23 ± 0.85%). Similar 
phenomena were also observed from tetracycline labeling in the three 
groups. Quantitative analysis of the fluorescent marker intervals 
(Fig. 9C) revealed the bone apposition rate in BCP-nano (1.99 ± 0.63 μm 
per day) was significantly higher than BCP-micro (1.38 ± 0.28 μm per 
day) and BCP-control (0.89 ± 0.22 μm per day), BCP-control had the 
lowest bone apposition rate among the three groups. Thus, these data 
indicated that BCP-nano with spherical shape and nanocrystal could 
promote the new bone formation and mineralization in PLF processes. 

3.10. Biomechanical analysis 

The process and schema of the three-point bending test were 
exhibited in Fig. 10. After implantation for 90 days, BCP-nano could 
bear the maximum bending load of 202.55 ± 14.80 N, followed by BCP- 
micro of 168.35 ± 9.45 N, and the maximum bending load of BCP- 
control was lowest (104.72 ± 6.99 N). Similar tendency was also 
observed in the maximum bending stress of the three groups: BCP-nano 
(17.35 ± 0.94 MPa) > BCP-micro (14.80 ± 0.83 MPa) > BCP-control 
(9.21 ± 0.62 MPa). Moreover, the bending stiffness of the fused spine 
was also characterized, BCP-nano had a higher bending stress (22.06 ±

2.24 N mm− 1) than BCP-control (17.96 ± 1.02 N mm− 1) and BCP-micro 
(11.17 ± 0.75 N mm− 1). These results indicated that all the three groups 
had the spinal fusion to some extent, BCP-nano with spherical shape and 
nanocrystal could promote the fusion efficiency compared with BCP- 
control and BCP-micro. 

4. Discussion 

Posterolateral spinal fusion (PLF) is a common procedure in ortho-
pedic surgery that is performed to fuse adjacent vertebrae to reduce 
symptoms related to spinal conditions [2,3]. As mentioned above, the 
osteogenic environment in the transverse processes of adjacent verte-
brae is not so good. In order to improve the fuse efficiency of PLF pro-
cedures, some researchers proposed the use of rhBMP-2 in PLF, but the 
high doses of rhBMP-2 are high-cost and have security risks [5,40,41]. 
Some previous researches also reported the usage of Ca-P ceramics to 
support bone formation in the spine, but the fusion of such large seg-
ments is generally unsatisfactory and the new bone is merely observed in 
the regions close to the host bone bed on account of the limited osteo-
conductivity without osteoinductivity [42,43]. Therefore, developing 
osteoinductive Ca-P ceramics is the fundamental way to solve these 
problems. Intrinsic osteoinduction can bestow Ca-P ceramics with the 

Fig. 8. Histological staining (un-decalcified sections stained with methylene-blue and basic magenta) and percentages of new bone in available spaces of spine 
treated with BCP-control, BCP-micro and BCP-nano after implantation for 90 days (M for Material, B for New Bone, F for fibrous tissue). 
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capacity to regulate cell behaviors, and promote the regeneration of the 
defected bone tissue, rather than adding any living cell or growth factor 
[15]. Previous studies have demonstrated that osteoinductive Ca-P ce-
ramics have equal potential to autologous bone and rhBMP-2 to repair 
critical-sized defects in goat iliac model [1,5]. 

However, conventional Ca-P bioceramics still have some drawbacks 
in the bone regeneration of PLF. On the one hand, the most commonly 
used in PLF is generally irregular Ca-P ceramic granules [3,5,6,8], which 
are obtained by crushing ceramic blocks. However, these sharp angular 
granules may cause severe inflammatory reactions and attenuate bone 
formation reported by some studies [44,45]. On the other hand, the 
osteoinductivity of Ca-P bioceramics should be further improved to meet 
the requirements of regenerative medicine [19]. Therefore, it is urgent 
to fabricate a novel kind of Ca-P granules with regular shape and 
enhanced osteoinductivity. Our recent studies developed a convenient 
route to fabricate porous BCP ceramic spheres with nanocrystal by 
combining alginate gelatinizing with microwave hybrid sintering 
methods [26,29]. The obtained BCP nanoceramic spheres owned higher 
osteoinductivy than the submicro ones and commercial ones, and the 

repairing of rabbit mandible critical-sized bone defect further certifies 
their excellent bone regenerative ability [26]. Based on the above dis-
cussion, the present study intends to further investigate the in vitro and in 
vivo biological performances of the porous BCP ceramic spheres with 
nanocrystal, especially their efficacy in guiding bone regeneration of 
rabbit posterolateral spinal fusion. 

As mentioned above, the spherical shape and nanocrystal are two key 
factors to enhance bone regeneration in this study. As expected, BCP- 
micro and BCP-nano had well spherical shape with the diameter of 
about 2 mm, while, BCP-control had a sharply angular shape with the 
diameter of 2–4 mm. In addition, BCP-nano possessed the grain size of 
about 100 nm, yet BCP-micro and BCP-control had submicro- or micro- 
grain size of about 500–600 nm (Fig. 1). All the three kinds of BCP 
granules had interconnected pore structure (Fig. 1), which consisted of 
macropores (200–500 μm), interconnected pores (20–50 μm) and mi-
cropores (2–5 μm). And BCP-nano had significant more micropores than 
BCP-micro and BCP-control, which could provide larger specific surface 
area and surface roughness. In the study of Yuan HP et al., they 
demonstrated that the abundant micropores were corrected to the 

Fig. 9. Fluorochrome-labeling analysis of new bone formation and mineralization of post-surgery. (A) Column 1 (green) showed calcein-labeled newly formed bone 
at week 8, column 2 (yellow) showed tetracycline at week 10, row 3 represented merged images of the two fluorochromes with a light microscope. Scale bars: 400 
mm. (B) Analysis of the fluorochrome-labeled new bone area and mineral apposition rate. Values are expressed as the mean ± SD, * refers to p < 0.05, and ** refers to 
p < 0.01. 
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propensity to stimulate osteogenic differentiation of stem cells in vitro 
and bone induction in vivo [1,46]. 

Moreover, the specific nanotopography could also well initiate the 
initial protein adsorption and regulate a cascade of gene activities of 
cells [47,48]. Due to the abundant micropores and large specific surface 
area, BCP-nano could adsorb more proteins (i.e. BSA and FN) than 
BCP-micro and BCP-control (Fig. 2C). It is known that protein adsorp-
tion is the first step in integrating implantations with tissue, which will 
affect even determine the biological performances of biomaterials. 
Moreover, the topography of Ca-P bioceramics could affect the confor-
mation of the protein (i.e.BMP-2). Our previous study has proved that 
HA bioceramics with nanotopography could well maintain the second-
ary structure (i.e. β-sheet, random coil, α-helix and β-turn) and confor-
mation (i.e. tyrosine residue and tryptophan residue) of BMP-2 
comparing with HA bioceramics with submicro- or micro-topography, 
which could facilitate cell adhesion and spreading, and activate the 
osteogenic differentiation of BMSCs [27]. Moreover, the strong 
adsorption affinity of BSA and FN of BCP-nano may mediate the 
expression of the integrin, which could involve in the transduction of 
“outside-in signaling” and then triggers the intracellular MAPK signaling 
cascade to induce the osteogenic differentiation of MSCs as proposed by 
previous study [31]. All the three kinds of groups had the well cellular 
biocompatibility, which could well promote the proliferation of MC3T3 

(Fig. 2A–B). Compared with BCP-micro and BCP-control, BCP-nano 
could obviously promote ALP and calcified nodules expressions (Fig. 3), 
and exhibited higher expressions of BMP-2, Runx-2, COL-I, OCN, OPN 
from the immunoflurescent staining (Fig. 4). The nanotopography could 
also endow BCP bioceramics with enhanced osteogenic differentiation 
ability, BCP-nano exhibited significantly higher expressions of osteo-
genic markers (i.e. Runx-2, Osx, Col-I, Alp, Opn and Ocn) than BCP-micro 
and BCP-nano (Fig. 5A). It should be noted that BCP-micro exhibited 
higher osteogenic differentiation ability than BCP-control, which might 
be partly attributed to the high microporosity of BCP-micro (list in 
Table 1). Apart from the above explanations, the nanocrystal of 
BCP-nano is more similar to the bony apatite than BCP-micro and 
BCP-control, which is more easily recognized by related proteins, cells 
and tissue and enhance their biological performances. These results 
could be further certified by WB analysis (Fig. 5B–C), BCP-nano had the 
highest protein expressions of COL-I, BSP, OPN and OCN among the 
three groups, and BCP-micro was more favorable to express these oste-
ogenic markers than BCP-control, which indicated that both spherical 
shape and nanocrystal in BCP granules facilitated the osteogenic dif-
ferentiation of MC3T3. 

Posterolateral fusion in adult rabbits is a suitable model that provides 
insight into the in vivo performances of bone graft materials. As dis-
cussed above, the osteoinductivity of Ca-P bioceramics is a crucial factor 

Fig. 10. Biomechanical testing: (A) three-point bending testing process; (B) the schema of three-point bending test; (C) maximum bending load; (D) maximum 
bending stress; (D) bending stiffness of the operative segment. Values are expressed as the mean ± SD (n = 3), * refers to p < 0.05, and ** refers to p < 0.01. 
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in determining their regenerative ability in PLF. Previous studies had 
certified that BCP granules with nanocrystal possessed higher osteoin-
ductivity than BCP granules with microcrystal and BCP irregular gran-
ules, abundant connected new bone could be observed in BCP granules 
with nanocrystal after implantation in canine dorsal muscle for 45 days 
[16,26]. In the present study, osteoinductivity was also observed in 
BCP-micro and BCP-nano from the area far spine in Fig. 8, but 
BCP-control did not. Due to non-contacting with the transverse process, 
BCP granules were surrounding with muscle tissue, BCP-micro and 
BCP-nano should recruit the related proteins (i.e. BMP-2) and osteo-
progenitor cells, such as mesenchymal stem cells (MSCs), and stimulate 
their differentiation in the osteogenic linage [49–51]. Owing to the 
excellent osteoindcutivity, the bone regeneration and fusing efficiency 
of BCP-micro and BCP-nano had significant advantages over 
BCP-control in PLF procedure. BCP-nano got relatively high scores of 
PLF fusion than BCP-micro and BCP-control in the manual palpation and 
X-ray evaluation, the scores of BCP-control were relatively low (Fig. 6 
and Table 2). There was also more new bone in BCP-nano than 
BCP-micro and BCP-control. The adjacent transverse processes were 
connected by new forming bone in BCP-nano and BCP-micro, whereas 
some gaps in the interface between BCP-control granules and transverse 
process (Figs. 7 and 8). The fusion efficiency could also be reflected in 
the biomechanical tests, BCP-nano had a higher bending load, bending 
stress and bending stiffness than BCP-control and BCP-micro. Previous 
studies have indicated that a layer of bone-like apatite formed on the 
surfaces of Ca-P bioceramics can provide an excellent osteogenic 
microenvironment, which not only can adsorb many osteogenic pro-
teins, but also can activate the osteogenic differentiation of cells 
[52–54]. The nanocrystal of BCP-nano is similar to the natural bony 
apatite, which could adsorb more proteins, facilitate cell adhesion, and 
be recognized by bone tissue easily, resulting in the acceleration of bone 
regeneration (Fig. 9). Recently, more and more researchers realize that 
immune responds also play an essential role in bone regeneration 
[55–57]. Osteoinductive BCP ceramics might regulate macrophage to 
secrete related chemokines via ERK signaling pathway, which would 
accelerate MSCs homing to facilitate bone formation [50]. In addition, 
the immune response of a biomaterial also determines its osteoinductive 
effect. Zhao Q et al. investigated the roles of macrophages and dendritic 
cells (DCs) during the osteoinduction of BCP scaffolds, and found that 
osteoinductive BCP directed M2 macrophage polarization and inhibited 
DC maturation, resulting in low T cell response and efficient osteo-
genesis [58]. Our previous work had been proved that HA bioceramics 
with nanotopography also had a significant influence on osteoclasto-
genesis, nanotopography markedly impaired osteoclastic formation and 
function compared to the ones with the submicron topography, which 
was further related to its osteoinductive capacity [25]. 

From the point of regenerative medicine, the ideal implants should 
be degraded gradually and replaced by the new tissue after accom-
plishing their mission of the initial scaffolds [19,59,60]. The degrada-
tion of scaffold should match with the growth rate of new bone, which is 
important to repair bone defects and reduce complications. Ca-P ce-
ramics are generally considered bioabsorbable, but their degradation 
rate is usually low. Some studies attempted to improve the degradation 
ability by increasing the phase content of the highly soluble β-TCP 
phase, but the scope for adjustment is limited [28,61,62]. Moreover, 
only a proper proportion of HA/β-TCP in BCP bioceramics can have 
relatively high osteoinductivity, and higher β-TCP content does not 
mean stronger osteoinductivity. Therefore, the construction of nano-
topography is a suitable way to endow BCP bioceramics with suitable 
degradation ability and superior osteoinductivity. After implantation for 
90 days, BCP-nano exhibited higher degradability than BCP-micro and 
BCP-nano, and their bone regenerative ability was also relatively strong 
(Fig. 8). Moreover, the uptake of calcium and phosphate ions from the 
cell culture medium (Fig. 1E) indicated that BCP-micro and BCP-nano 
facilitate the precipitation of apatite on their surfaces comparing with 
BCP-control. It is known that the precipitation of a new apatite occurs in 

the vicinity of where the concentrations of calcium and phosphate ions 
have reached supersaturation. Following by the protein adsorption, 
osteogenic cells attachment and related stem cells differentiation, this 
apatite layer is reconstructed into bone-like tissue by osteoclasts 
[63–65]. In addition, there was no apparent change of major viscera 
organs of rabbits after implanting the three kinds of BCP granules, which 
further certified their good in-vivo biosafety, even though undergoing a 
relatively long period of implantation for 90 days (Fig. S3). 

Nevertheless, this study has some limitations. First, the rabbit PLF 
model is limited in the anatomical and physiological differences be-
tween rabbit and human, because human PLF generally has an internal 
fixation system. Second, more extended implanting period beyond 90 
days was not carried out, and the long-term evaluations of BCP-nano in 
the PLF fusion efficiency and biosafety need further study. The nice 
thing here is that another large animal experiment in a goat PLF model is 
in the process to further evaluate the bone regeneration of the BCP 
granules. 

5. Conclusion 

As discussed, it could be concluded that the present study provided 
the solid evidence of bone regeneration in a clinically relevant rabbit 
PLF model by employing osteoinductive BCP bioceramics. Due to the 
nanocrystal similar to natural bone apatite, BCP-nano was more 
conducive to protein adsorption and osteogenic differentiation of 
MC3T3 than BCP-control and BCP-micro. Further in vivo rabbit PLF 
procedures confirmed that nanotopography in BCP-nano might be 
responsible for the stronger bone regenerative ability than BCP-micro 
and BCP-control, owing to its relatively higher osteoinductivity. 
Although further long-term evaluations are required, it is believed that 
the porous BCP nanoceramic spheres hold great potential to become an 
alternative to standard bone grafts for clinical PLF applications. 
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