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Abstract 

 Osteochondral defects are most commonly characterized by damages to both cartilage 

and bone tissues as a result of serious traumas or physical diseases; because these two tissues 

have their own unique biological properties, developing a single monophasic scaffold that can 

concurrently regenerate these two specific lineages becomes a challenge. To address this concern, 

a silicon-based bioceramic (SiCP) scaffold was fabricated. The efficiency and underlying 

mechanisms of SiCP for osteochondral defect regeneration were investigated. At 8 and 16 weeks 

post-implantation in a rabbit model of osteochondral defect, gross morphology, histological, and 

micro-CT images showed that SiCP scaffolds distinctly promoted subchondral bone and 

cartilage regeneration when compared to calcium-phosphate based bioceramics (CP) scaffolds 

without silicon. In vitro, SiCP was also shown to promote bone marrow stem cells (BMSC) 

osteogenesis (ALP, RUNX2, OCN) and help maintain chondrocytes phenotype (Acan, Sox9, 

Col2a1), validated by qPCR, western blot, and RNA-sequencing (RNA-seq). Additionally, the 

descriptive analysis of RNA-seq using Gene Ontology (GO) and KEGG pathway analysis 

revealed biological processes related to cartilage and bone development and extracellular 

matrices in chondrocytes, as well as related to early osteogenesis in BMSC, indicating that Si 

ions play an important role in the regeneration of both tissues. Conclusively, the development of 

silicon-based bioceramic scaffolds may be a promising approach for osteochondral defect 

regeneration due to their unique dual-lineage bioactivity.  

 

1. Introduction 

Articular cartilage damages extending beyond into the subchondral bone layer are 

regarded as osteochondral defects. Even though the regeneration of these large defects has been 

extensively explored, it still presents a great challenge in orthopedic surgery due to the 

complicated osteochondral structure and poor self-repair capacity[1]. Osteochondral lesions 

typically lead to some spontaneous quick repair attempts where results are temporarily and only 

act to delay the degeneration process; the repaired defects are mainly filled with fibrous tissues, 

lack functional characteristics of natural hyaline cartilage, and are more susceptible to free 

radicals, metalloproteinases and catabolic cytokines[2,3]. Presently, the most common medical 

treatment methods for osteochondral defect repair are debridement, bone marrow stimulation 

techniques, and osteochondral grafts. While studies have demonstrated beneficial outcomes after 
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debridement and marrow stimulation, these effects are only palliative, not curative[4,5]. On the 

other hand, grafting techniques are retracted by several drawbacks relating to the necessity of 

secondary operation, inadequate amount of tissues that can be isolated, and also increased 

possibility of immune rejection and disease transmission [6,7]. Therefore, other potential 

alternative approaches must be developed for promoting osteochondral repair and regeneration, 

aiming at disease prevention and treatment instead of pain reduction.  

Tissue engineering has emerged as one of the promising substitutes for tissue repair and 

regeneration. Current regenerative techniques, particularly autologous chondrocyte 

transplantation (ACT) and microfracturing, have been shown to effectively promote the 

restoration of joint surface cartilage[8–11]. However, because the majority of these approaches 

for osteochondral defect reconstruction was concentrated on the cartilage’s upper layer while 

neglecting the lower subchondral tissue, most of the regeneration results were unsatisfactory [12]. 

Therefore, it is important to create a scaffold that could simultaneously regenerate these two 

lineages of osteochondral defects[13,14]. To overcome this obstacle, biphasic or bi-layered 

scaffolds have been created in an attempt to mimic the natural structure of cartilage and 

subchondral bone[15–18]. Although promising advancement has been achieved with this method, 

the crucial concern remains the inadequate resemblance of engineered cartilage and subchondral 

bone to the natural tissues, in terms of biomechanical characteristics, biochemical properties, and 

structural composition. Moreover, the fabricated bi-layered scaffold often suffers from 

insufficient bonding strength, possibly leading to the detachment of the two layers. Hence, 

developing a single scaffold that can biologically fulfill the requirements needed for 

simultaneously regenerating both the cartilage and subchondral bone is quite urgent.  

Silicon (Si) has been extensively studied since Carlisle in the early 80’s illustrating that 

Si promoted bone matrix synthesis[19]; this element is an important nutrient in the human body, 

playing a major part in healthy connective tissue including articular cartilage and bone. It was 

reported that Si had a positive influence on the regulation of cartilage extracellular matrix[20–

22]. Furthermore, recent reports also revealed that Si promoted rat BMSC proliferation and 

differentiation, as well as enhanced osteoblasts’ collagen synthesis process[23–26]. Based on the 

available reported scientific data, we hypothesized that silicate-based bioceramics can 

biologically fulfill the requirements for bi-lineage one-step (cartilage and subchondral bone) 

regeneration in osteochondral defects. However, even though Si have been illustrated to have 
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beneficial influences on chondrocytes and BMSCs, Si have not yet been extensively investigated 

for osteochondral defect repair.  

In order to maximize the therapeutic effects of Si, a silicon-calcium-phosphate based 

bioceramic (SiCP) was successfully fabricated. Calcium phosphate bioceramics such as β-

tricalcium phosphate (CP) and hydroxyapatite (HA), and calcium sulfate are commonly utilized 

as bone substitutes, due to their biological and physical similarity to the mineral portion of the 

native bone[27]. However, HA is limited by the slow degradation rate, hindering new bone 

formation and remodeling; thus, CP is more popularly used due to their biocompatibility and 

accessibility for osteochondral regeneration[28]. CP scaffolds possess highly inter-connected 

pores (200um-500um) similar to the subchondral bone porous structure. Considering the 

feasibility of dual-functional effects of silicate-based scaffolds on both bone tissue regeneration 

and cartilage preservation, Si-containing CP (SiCP) may further enhance osteochondral defect 

regeneration. Therefore, in this study, we aimed to fabricate a smart CP scaffold with sustained 

release of silicon ions. The efficiency of the scaffold in promoting regeneration of osteochondral 

defects was investigated in both in vitro cell culture and in vivo animal-based osteoarthritis 

model. Additionally, high throughput RNA-sequencing was also performed to reveal the overall 

transcriptomic fate of the cell population. 

2. Methods 

Preparation and characterization of scaffolds: Silicon-calcium-phosphate (SiCP, Si2Ca7P2O16) 

powders were synthesized by sol-gel process according to our previous publication[29]. For 

preparation of SiCP scaffolds, SiCP powders were added into 6% polyvinyl alcohol aqueous 

solution to form well-dispersed suspension with the ratio of 0.8 (powder/PVA mass). Porous 

polyurethan foam templates were immersed into the suspension and compressed with glass stick 

to force the suspension into the foams. After drying at 70ºC, the composites were then sintered at 

1400ºC for 3 h to remove the polyurethan foam and form SiCP scaffolds. The pore structure of 

sintered scaffolds was observed by optical microscopy and characterized by X-ray diffraction 

(XRD) and scanning electron microscopy (SEM). For the control materials, β-calcium-phosphate 

(CP) scaffolds were fabricated with the same method as described above.  

 

Ion release from SiCP and CP scaffolds: To assay different ion release from the SiCP and CP 
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scaffolds, both scaffolds were placed in DMEM medium (Gibco) for 7 days and the 

concentration of different ions released into the spent medium were determined by inductive 

coupled plasma atomic emission spectrometry (ICP-AES) (Perkin-Elmer Optima 7000DV).  

Animal model of osteochondral defect: All animal models used in these studies were performed 

according to standard guidelines approved by the Zhejiang University Ethics Committee 

(#ZJU20170969). Adult male New Zealand white rabbits (weighted 2.5-3kg) were used for in 

vivo study. Under anesthesia with 1% pentobarbital sodium (40mg/kg), osteochondral cylindrical 

cartilage defects with 4mm in diameter and 5mm in depth were formed on the patellar groove 

with a stainless-steel punch on both the left and right limbs. Rabbits were randomized and 

divided into three groups: non-treated (blank, n = 8 joints), CP scaffolds (n = 8 joints), and SiCP 

scaffolds (n = 8 joints). Both CP and SiCP scaffolds were implanted into the defect groove 

before sterilization and wound closure while the non-treated group was simply sterilized and 

sutured. At 8 and 16-week post-surgery, rabbits were sacrificed and 7 knee joints from each 

group were histologically assessed.  

Micro-CT image analysis of bones: Briefly, samples were fixed with 4% paraformaldehyde for 

48 h. After image reconstruction, the desired region of interest with defects was assigned. The 

reconstructed images were then visualized and evaluated by Version 3.1 software provided by 

Shanghai Showbio (Biotech Co., Ltd, SKYSCAN 1076). Sample scanning related parameters are 

as follows: 70kv (voltage), 200uA (current), 30um (resolution), 300ms (exposure time). 

Assessment of cartilage repair: At 8- and 16-week post-operation, rabbits were sacrificed by an 

intravenous overdose of pentobarbital. Seven samples from each group were collected, 

photographed, and blindly evaluated by four different investigators according to the International 

Cartilage Repair Society (ICRS) macroscopic assessment scale for cartilage repair[30]. 

Subsequently, serial sections (8-mm thick) were cut sagittally through the damaged site and 

stained with Safranin-O (Sigma). Repaired cartilages from different groups were blindly graded 

by 4 investigators, applying the ICRS Visual Histological Assessment Scale.  

Cell isolation and culture: Human bone marrow mesenchymal stem cells (BMSCs) were 

obtained from bone marrow of patients undergoing femoral fracture surgery with their written 

consent, as approved by the ethics committee at the Second Affiliated Hospital of Zhejiang 
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University School of Medicine (study no.2016-033) and the First Affiliated Hospital of Zhejiang 

University School of Medicine (study no.2018-392). To isolate BMSCs, 3mL of bone marrow 

blood were suspended in 10mL complete culture media containing 10% fetal bovine serum (FBS) 

(Gibco) and 1% Penicillin-Streptomycin (P/S) (Gibco) before seeding them into 10cm dishes. 

When the cells attached and reached confluency, they were detached by 0.25% trypsin (Gibco) 

and re-suspended in supplemented DMEM media. BMSCs were maintained as a monolayer at 

37 °C, the media were changed every 3 days; cells between 3rd to 5th passage were utilized for 

most experiments.  

Primary mouse chondrocytes were isolated from the femoral condyles and tibial plateaus 

of postnatal day 0-1 C57B1/6 mice, as previously reported[31]. Briefly, isolated cartilages were 

washed with PBS containing 1% P/S before digestion with 0.2% collagenase-containing 

DMEM/F-12 media (Gibco) for 5-6 hours; cells were then spun at 1200 rpm for 5 minutes, re-

suspended in new media, and plated. Chondrocytes were maintained as a monolayer in 

DMEM/F-12 supplemented with 10% FBS at 37 °C. Cells between 1st to the 3rd passage was 

utilized for experiments.  

 

Cell proliferation assay: The Cell Counting KIT-8 (CCK-8) (Dojindo Molecular Technologies, 

Inc.) was applied to evaluate the proliferation of BMSCs and chondrocytes. Cells cultured in 

different media solutions for 0, 1, 3, and 5 days (DMEM/F-12, CP-supplemented DMEM/F-12, 

and SiCP-supplemented DMEM/F-12) were first incubated in 10% CCK-8 solution in a  5% 

CO2 incubator at 37 °C for 2 h before the absorbance of the culture medium was measured at 

450 nm. BMSCs and chondrocytes were cultured in growth medium containing different 

concentrations of dissolved CP and SiCP powder (0, 1.5625, 3.125, 6.25, 12.5, and 25mM) in 

order to evaluate their effects on cell proliferation.  

 

Alizarin red staining: Briefly, human BMSCs were plated into a 24-well plate and cultured in 

osteogenic inductive media with different supplemented CP solutions (No-CP, CP, SiCP). After 

14 days, cells were fixed with 4% (v/v) paraformaldehyde and stained with alizarin red (Selleck) 

(0.5%) before visualization with a light microscope (X7; Olympus, Tokyo, Japan). To quantify 

the results, cells were destained with a combination of 0.5 M HCL and 5% sodium dodecyl 

sulfate (SDS); absorbance of the extracted dye was measured at 405nm (TECAN).  
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qPCR analysis of gene expression: The mRNA transcript levels of osteogenic specific genes 

(ALP, RUNX2, and OCN (Generay biotechnology, Shanghai Generay Biotech Co.,Ltd)) within 

human BMSCs cultured in different supplemented osteogenic-inducing medium (control, CP, 

SiCP) were assessed by real-time PCR. Similarly, the mRNA transcript levels of chondrocyte 

specific genes (Acan, Col2a1, and Sox9 (Generay biotechnology, Shanghai Generay Biotech 

Co.,Ltd)) within mouse chondrocytes cultured in different supplemented media were also 

assessed. In both cases, cells were harvested on day 3 then lysed in Trizol (Invitrogen Inc., 

Carlsbad, CA, USA) and mRNA was extracted according to the manufacturer’s protocol. 

Reverse transcription was carried on using ReverTra Ace qPCR Master Mmix kit (TOYOBO, 

Japan) and PCR was performed using SYBR Green QPCR Master Mix (Takara) with a Light 

Cycler apparatus (Bio-rad, CFX-Touch). The PCR cycles consisted of 40 rounds of amplification 

of the DNA template with primers annealing at 60 °C; the relative expression level of each target 

gene was then calculated using the 2−∆∆Ct method. The amplification efficiencies of primer pairs 

were validated to allow for quantitative comparison of gene expression. Each qPCR was done on 

at least 3 distinct experimental samples and representative outcomes were illustrated as target 

gene expression normalized to the reference gene GAPDH. Error bars represent one SD from the 

mean of technical replicates. The following primer sequences were applied: ALP sense 5′-

CGGCCATCCTATATGGTAACGG-3′, antisense 5′-CAGGAG GCA TACGCCATCACA-3′; 

RUNX2 sense 5′-CCAACTTCCTGTGCTCCGTG-3′, antisense 5’-

GTGAAACTCTTGCCTCGTCCG-3′; OCN sense 5′-GACCCTCTCTC TGCTCACTCT-3′, 

antisense 5′-GACCTTACTGCCCTC CTGCTTG-3′; Acan-1 sense 5′-

TGGTGATGATCTGGCACGAG-3′, antisense 5′- CTCCGCTTCTGTAGTCTGCG-3′; Col2a1 

sense 5′- GACCCCATGCAGTACATG-3′, antisense 5′- GACGGTCTTGCCCCACTT-3′ and 

Sox9 sense 5′-CACACTACAGCCCCTCCTAC-3′, antisense 5′-

CCTCCTCAAGGTCGAGTGAG-3′.  

Western blot analysis: To quantify protein expression levels of type II collagen, SOX9, and 

GAPDH in mouse chondrocytes, as well as RUNX2 and GAPDH in human BMSCs (abcam), 

cytosolic proteins of these cells were directly extracted with radio immune precipitation assay 

(RIPA) lysis buffer combining with a cocktail of protease and phosphatase inhibitor. The total 

extracted protein concentration was calculated using the BCA Protein Assay Kit (Pierce #23227). 
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The proteins were then separated on SDS-PAGE gels before transferring the gel onto a 

polyvinylidene difluoride membrane; after the transfer process, the membrane was blocked in 1% 

(w/v) BSA for 1h at room temperature and incubated overnight at 4 °C with the appropriated 

primary antibodies. PBS with Tween (PBST)(Sangon Biotech) was then used to wash the 

membrane before incubation with the diluted HRP-conjugated secondary antibody 

(1:1500)(Beyotime Biotechnology) for 2 h at room temperature. The excess secondary antibody 

was rinsed off again with PBST, and subsequently western blot detection reagents (ECL, 

Beyotime Biotechnology) were utilized according to the manufacturer’s instructions to generate 

chemiluminescent signal.  

RNA-seq and data analysis: RNA-seq was modified from a previous method[32]. In brief, total 

RNA was extracted from tissue samples using Trizol reagent (TAKARA), reverse transcription 

was conducted by SuperScript II reverse transcriptase (Invitrogen), double strand cDNA was 

conducted using NEBNext mRNA second strand synthesis kit (NEB), double strand DNA was 

cleaned with AMPure XP beads (Beckman Coulter), sequencing library was constructed with 

Nextera XT kit(Illumina) and sequenced on Illumina X-Ten platform. Sequence reads were 

mapped to reference genome mm10 using Bowtie2 with default parameters, and per gene counts 

were calculated using HTSeq[33]. All the statistical analyses were conducted using R statistical 

programming language. We used DESeq2 to identify differentially expressed genes [14]. In our 

analyses, a gene was considered to be expressed in a sample if its count value was equal or 

greater than 1 in the sample. Differentially expressed genes (DEGs) were defined as foldchange 

≥ 2 and p-value ≤ 0.05. Heatmaps were generated with pheatmap package[34]. Gene ontology 

analysis was performed using DAVID and REVIGO (https://david.ncifcrf.gov; 

http://revigo.irb.hr/). For each group, 4 duplicates were collected and their RNAs were extracted, 

sequenced, and analyzed.  

 

Statistical analysis: All data are presented as mean ± standard deviation (SD). One-way analysis 

of variance (ANOVA) and Student’s t-test were applied to calculate the differences between 

values. Values of p<0.05 were considered to be statistically significant; level of significance 

presented as * (p<0.05), and **(p<0.01).  

 

3. Results  
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3.1 Characterization of porous SiCP scaffolds  

The gross structure and morphology of the scaffolds are shown in figure 1. The resulting 

scaffolds were examined by scanning electron microscopy (SEM). SEM images illustrated that 

SiCP scaffolds had a highly inter-connective porous structure with diameters ranging from 200-

500 ˩m (Fig 1A, C); CP scaffolds were also illustrated to have an interconnected porous 

structure (Fig. 1B). Figure 1D shows the diffraction patterns of X-rays for SiCP scaffolds with 

pure Si2Ca7P2O16 crystal phase (JCPD: 11-0676).  The release profile of different ions from the 

SiCP and CP scaffolds were also investigated; both scaffolds were placed in DMEM medium 

and the concentration of silicate released was analyzed using ICP-AES (FigS1).  

Figure 1: The microstructural and biological characteristics of SiCP scaffolds. SEM images of 
(A) SiCP and (B) CP scaffolds at high magnification. (C) Optical images of the whole SiCP 
scaffolds, 1mm scale bars. (D) XRD analysis for SiCP scaffolds.  
 
3.2 In-vivo evaluation of SiCP scaffolds for osteochondral defect repair  

3.2.1 SiCP scaffold for osteochondral defect repair in a rabbit model  

C 

B 

D 
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SiCP scaffolds were then evaluated for osteochondral defect repair in a rabbit model; 

either CP or SiCP scaffolds were implanted into the created defect groove as shown in figure 2A, 

the control had no scaffold implantation. At 8 weeks, no inflammatory reaction was detected in 

all groups, indicating good in vivo biocompatibility of scaffolds; however, defects in the non-

treated and pure CP groups were filled with diseased and friable tissue. The non-treated group 

showed the slowest formation of new tissues, with the defect surface still exposed; CP group 

showed a smaller area of unorganized and incomplete tissue formation when compared to the 

non-treated group, while glossy white and well-integrated tissue was observed in the SiCP group 

(Fig 2B). At 16 weeks after surgery, the gross results for all three groups were superior when 

compared to results from week 8; the defected area of both the non-treated and CP groups was 

significantly reduced, but still with some visibility of previous injuries, while a smooth well-

integrated surface was observed in the SiCP group. According to the ICRS scores, the average 

scores in both the pure CP and SiCP groups were significantly higher when compared to the non-

treated control group, with the SiCP group having the highest average scores at both 8- and 16- 

week  (Fig 2C).  
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Figure 2: Comparison of in vivo osteochondral defect repair in three experimental groups at 8 
(8W) and 16 weeks (16W) post-surgery. (A) Schematic diagram of the experimental design and 
procedure. (B) Gross images illustrating osteochondral defects in three groups (non-treated, CP, 
SiCP at 8 (upper) and 16 (lower) weeks. C) ICRS scores for the three different groups at 8 and 
16 weeks post-surgery. (D) 3D micro CT images of subchondral bone in three groups and (E) a 
quantitative analysis for new bone formation including BV (bone volume) and BV/TV (bone 
volume/tissue volume) at 16 weeks post-surgery. ICRS, International Cartilage Repair Society. 
*P < 0.05, **P < 0.01. 

 

To further examine the in vivo stimulatory effects of SiCP scaffolds, Micro-CT scans 

were also conducted at 16-week post-implantation, where the defect regions implanted with 

SiCP scaffolds demonstrated much more calcified tissue when compared to other groups (Fig 

2D). Three-dimensional reconstruction images illustrated that nascent bone tissues in the SiCP 

group filled around and within the whole defect region, whereas nascent bone tissues in the non-

treated and CP group only partially filled the side or the upper level of the defect area (Fig 2D). 

In addition, the calculated bone volume (BV) and relative bone volume fraction (BV/TV) of the 

SiCP group were significantly higher than the control group when compared to the pure CP 

group at week 16 (Fig 2E). Thus, these data illustrated that SiCP enhanced the repair of 

osteochondral defect, exhibiting to be more superior to both the non-treated and pure CP groups.  

 

3.2.2 The preservation of cartilage tissue by SiCP scaffold in vivo 

Since the in vivo osteochondral defect repair model illustrated that CP and SiCP scaffolds 

were both quite effective in promoting the healing process when compared to the non-treated 

group, we further evaluated the efficacy of SiCP, comparing with pure CP, for osteochondral 

defect repair with Safranin-O staining in order to determine its ability to preserve and repair 

cartilage tissue. At 8 weeks post-implantation, the joint surface of the defect was filled with a 

mixture of fibrous and cartilage-like tissue in the CP group, neo-bone formation was also 

observed in the subchondral space (Fig 3Aa-d). Similarly, a large amount of hyaline-like 

cartilage was detected in the SiCP group, with some neo-bone formation in the subchondral 

space (Fig 3Ae-h).  However, the difference between the two groups was not significant at 8 

weeks post-implantation as illustrated by the mean ICRS histological score (Fig 3C). After 16 

weeks, the defect in the CP group was almost covered with a mixture of hyaline cartilage-like 

tissue as well as fibrous tissue (Fig 3Ba-d); neo-bone was also detected in the CP group. 
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Remarkably, the SiCP group exhibited a more superior and thicker hyaline cartilage-like tissue 

formation, bridging over the defect, suggesting the facilitating effect of silicate-based ions on 

cartilage maintenance and repair. The mean ICRS histological score was approximately 1.5 times 

higher in the SiCP group when compared to the CP group (Fig 3D) (P < 0.01). Thus, the 

superior regeneration speed and quality of the regenerated cartilage and subchondral bone in the 

Si-incorporated CP scaffold, combined with Micro-CT three-dimensional reconstruction and 

quantitative analysis, indicated that silicate-based ions released by the CP scaffold were capable 

of promoting both subchondral bone repair and cartilage regeneration. 

 

Figure 3: Histological evaluation at 8 and 16 weeks post-operation. Histological sections at (A) 
8 and (B) 16 weeks post-operation were visualized in two groups: (Aa-d, Ba-d) CP and (Ae-h, 
Be-h) SiCP. (A, B (a,e)) Original magnification x40; scale bar: 500 mm. (A,B (b-d,f-h)) 
magnification x100; scale bar: 200mm. (C-D) ICRS scoring on repaired cartilage at 8 and 16 
weeks post-operation. The edge of the defect is indicated with a black arrow. *P < 0.05, **P < 
0.01. 
 
 
3.3. In-vitro evaluations of SiCP for osteochondral defect repair  

3.3.1 Underlying mechanism of SiCP scaffold in promoting bone repair  
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Figure 4: The effects of SiCP-added media on human BMSCs’ osteogenic induction. (A) BMSC 
proliferation was examined in a range of SiCP concentrations with CCK8 to determine the best 
concentration for in vitro studies. (B) Alizarin Red staining was utilized to visualize the impact 
SiCP on osteogenesis of BMSCs. (C) Osteogenesis-related gene expressions (ALP, RUNX2, and 
OCN) in BMSCs cultured in SiCP and CP extracts. (d) RUNX2 and GAPDH protein expression 
levels in BMSCs cultured with the two different media were also assessed by Western blot. *P < 
0.05, **P < 0.01. (Cont = control, BMSC = bone marrow mesenchymal stem cell) 
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The mechanisms of SiCP scaffold in promoting bone formation and repair was further 

evaluated with human BMSC (hBMSC) culture model. CCK-8 analysis revealed that BMSCs 

were able to proliferate in both high and low concentrations of SiCP (1.5625mM to 25mM) 

(Fig4A), with 6.25 mM being the optimal concentration. A range of SiCP concentrations was 

also tested on BMSC osteogenesis in order to further confirm the optimal concentration, since 

the CCK-8 result was not so obvious; qPCR and western blot results illustrated that SiCP at the 

concentration of 6.25 mM promoted osteogenic differentiation when compared to other 

concentrations (FigS2). Therefore, we carried on using the concentration of 6.25 mM to evaluate 

the effect of SiCP on hBMSC osteogenesis, which was visualized by alizarin red staining and 

quantified by optical density (OD) measurement at 405 nm. The obtained results illustrated that 

the incorporation of SiCP into osteogenic inductive media significantly enhanced BMSC 

osteogenic differentiation when compared to the CP and control group (Fig4B).  The calculated 

OD value at 6.25 mM SiCP concentration markedly increased by 2.75 fold (p<0.001) when 

compared to the control group, and by 1.54 fold (p<0.05) compared to the CP group. Taken 

together, our results indicated that the addition of SiCP into the media promotes proliferation and 

osteogenic differentiation of BMSCs.  

 Gene expression of BMSCs in the osteogenic inductive culture was also evaluated with 

qPCR (Fig 4C); results showed the expression of ALP, RUNX2, and OCN genes were 

significantly upregulated after culturing in SiCP-added media for 3 days when compared to other 

groups (Fig 4C). Protein expression of BMSCs was also evaluated using western blot, illustrating 

an increased expression of RUNX2 as compared to the CP and control group, thus suggesting 

that silicate-based ions enhance the osteogenic differentiation of BMSCs.  

 

3.3.2 Mechanisms of SiCP scaffold in cartilage tissue protection  

Similarly, CCK-8 was also first performed in the mouse chondrocyte culture model to 

evaluate the effect of SiCP on cartilage tissue preservation. CCK-8 analysis revealed that 

chondrocyte proliferation at a relatively low concentration range of SiCP (lower or at 6.25mM) 

had a quantifiable increment over time, whereas cell proliferation was repressed at higher 

concentrations of SiCP (12.5 and 25mM), noticeably after day 3 (Fig 5A). Thus, overall, our 

results suggested that 6.25mM is the optimal SiCP concentration in promoting chondrocyte 

proliferation. 
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To examine the influence of SiCP on chondrocytes’ phenotype maintenance, we analyzed 

gene expression of chondrocytes in the SiCP-incorporated chondrogenic culture condition. 

Results illustrated that the expression of chondrocyte-related genes Acan, Col2a1, and Sox9 in 

chondrocytes cultured in SiCP were significantly upregulated when compared to the control and 

CP media group (Fig 5C). Western blot results also showed significantly increased expression of 

SOX9 and COL2A1 in chondrocytes cultured in SiCP-added media as compared to CP media 

(Fig 5B).  

 
 

 
Figure 5: The effects of SiCP-added powder on mouse chondrocytes. (A) Mouse chondrocyte 
proliferation was examined in a range of SiCP concentrations with CCK8 to determine the best 
concentration for in vitro studies. (B) COL2A1, SOX9, and GAPDH protein expression levels in 
chondrocytes cultured with the two different media were also assessed by Western blot. (C) 
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Chondrocyte-related gene expressions (Col2a1, Acan, and Sox9) in mouse chondrocytes cultured 
in SiCP and CP extracts. *P < 0.05, **P < 0.01. (Cont = control, mChon = mouse chondrocytes). 

 

3.3.3 SiCP influences gene expression patterns of hBMSC and chondrocytes  

To further confirm the obtained results on the transcriptomic scale, whole transcriptome 

RNA sequencing was also performed on the cells cultured in different media solutions. In 

hBMSC samples, 715 DEGs, including 377 upregulated and 338 downregulated genes were 

obtained in the CP group (Fig6A). By contrast, 811 DEGs were identified in the SiCP group, 

comprising of 495 upregulated and 406 downregulated genes (Fig6A). Venn diagram showed 

that the overlapping upregulated and downregulated genes between the two groups in hBMSCs 

were 124 and 62 respectively. In mouse chondrocytes, 858 DEGs, with 449 upregulated and 409 

downregulated genes, were identified in the CP group while 926 DEGs, including 451 

upregulated and 475 downregulated genes were obtained in the SiCP group (Fig6A). The 

overlapping upregulated and downregulated genes between CP and SiCP groups are also 

illustrated in the diagram, with 80 and 75 genes overlapped respectively. Heatmaps comparing 

DEGs induced in human BMSCs (Fig6Ba) and mouse chondrocytes (Fig6Bb) in response to CP-

power and SiCP-power media additives are shown. Results demonstrated significant changes in 

the transcriptomic profile when cultured in CP and SiCP-powder-added media; the heatmap 

clustering based on the genes with p-value < 0.05 and log2FC above or below cutoff (>1, <-1) 

showed that different added power induced a unique overall response (Fig6B). Volcano plots of 

the upregulated and downregulated DE genes in chondrocytes and hBMSCs (SiCP vs. Control; 

SiCP vs. CP) are illustrated in supplementary data (FigS2).  

To further obtain functional insights, the gene ontology (GO) enrichment analysis was 

executed (Fig6C; FigS4). Results showed that GO terms of chondrocytes cultured in SiCP-added 

media were prominently related to cartilage development and regulation of bone mineralization, 

extracellular matrix, and positive regulation of collagen biosynthetic process (Fig6C); thus 

suggesting the preservation of chondrocytes’ phenotype. Furthermore, we observed that there 

was also an enrichment in GO terms associated with cartilage/bone cellular functions and 

proliferation including regulation of growth, regulation of calcium ion transport, cellular iron ion 

homeostasis, and cellular zinc ion homeostasis. The GO result also suggests that the SiCP is non-

toxic to chondrocytes, demonstrated by the enrichment of GO terms relating to negative 
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regulation of inflammatory response, cell death, and apoptotic process, thus further validating the 

CCK-8 results.  

GO term enrichment analysis was similarly performed in human BMSCs culture in both 

CP-added and SiCP-added osteogenic media. Most of the enriched biological processes are 

related to protein binding, response to mechanical stimuli, cell division, and cell proliferation 

(Fig 6C); these biological processes have previously been reported in other works concerning 

early MSC osteogenic induction[35,36]. Furthermore, data on hBMSCs cultured in SiCP-added 

media showed GO clusters related to “actin cytoskeleton organization”, “embryonic skeletal 

system development”, as well as “Wnt signaling pathway, planer cell polarity pathway”. Taken 

together, our results illustrate that the incorporation of SiCP helps to maintain chondrogenic 

phenotype markers and promoted the initiation of MSC osteogenesis.  

A KEGG pathway analysis in the upregulated gene group was also carried out using 

DAVID. The top pathways of upregulated genes for the two cell types are shown in figure 6D. 

The “Cell cycle” KEGG pathway was greatly induced during BMSC osteogenesis; previous 

observations reported an increase in cell proliferation during osteogenesis, thus supporting this 

outcome[37]. In mouse chondrocytes, our results showed that an important pathway in 

chondrocyte phenotype preservation is the “TGF-beta signaling pathway”, which is consistent 

with other reports demonstrating positive effects of TGF-beta signals in the maintenance of 

articular cartilage[38,39]. 
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Figure 6: A whole transcriptome RNA-sequencing of hBMSCs and mChons. (A) The number of 
significantly altered genes (≥2-fold difference: upregulated and downregulated) after cultured 
in CP and SiCP extracted media is illustrated. (B) A Heatmap of differentially expressed 
mRNA levels from RNA-seq analysis performed on (a)hBMSCs and (b)mChons. (C) Gene 
Ontology (GO) enrichment analysis of the relevant upregulated genes in hBMSC (top bar 
chart) and mChon (bottom bar chart). (D) The results from the KEGG pathway analysis 
through DAVID are illustrated within the category of upregulated genes after cultured with 
SiCP extracts in both cell types.   

 

Discussion  

SiCP scaffolds were successfully developed, and were illustrated to enhance 

osteochondral defect regeneration. As mentioned, the optimal strategy for osteochondral defect 

repair is not only due to the restoration or preservation of only the cartilage layer but also the 

underlying subchondral bone[40,41]. The current study revealed that silicate-based bioceramic 

scaffolds could successfully promote repair of two different differentiated tissues in vivo 

(cartilage and bone) and growth and maintenance of two types of differentiated cells (osteoblasts 

differentiated from BMSCs and chondrocytes).  

First, the repair efficacy of scaffolds was tested in vivo; the histological analysis and 

Micro-CT results indicate that SiCP scaffolds significantly promote osteochondral defect repair, 

simultaneously enhancing bone regeneration and preserving hyaline cartilage-like tissues, as 

compared to CP scaffolds, the most common standard bio-ceramic scaffolds for bone 

regeneration. We also evaluated the effects of the released silicate-based ions on BMSCs and 

chondrocytes, where results suggested that SiCP promoted osteogenic differentiation of BMSCs 

and maintained the phenotype of chondrocytes in vitro. In mouse chondrocytes, pure CP 

extracted were shown to promote chondrogenic genes expression, which is consistent with 

previous reports[42–44]. However, SiCP extracts significantly elevated Acan, Sox9, and Col2a1 

production when compared to cells that were simply cultured in CP extracts; this outcome was 

further validated with western blot. Similarly, SiCP extracts also significantly enhanced 

osteogenic gene expression markers ALP, RUNX2, and OCN. Additionally, BMSCs cultured in 

SiCP extract showed a more intense ARS staining when compared to control and CP extract 

groups, indicating greater cell mineralization.  

 The whole transcriptomic profile of mouse chondrocytes and human BMSCs cultured in 

the SiCP-incorporated media was also evaluated. The analyzed data demonstrated that cells 

cultured in different media had differential gene expression profiles. When compared to the 
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control group, the SiCP-incorporated media group showed GO terms related to cartilage and 

bone development, as well as negative responses to inflammatory responses and apoptosis in 

mouse chondrocytes. Additionally, GO terms including “extracellular matrix” and “positive 

regulation of collagen biosynthetic process” elements dominated in the human articular cartilage, 

were also observed. Cartilage-related GO terms indicated that mouse chondrocytes cultured in 

media with SiCP were superior in maintaining the original chondrocyte phenotypes and 

characteristics. Moreover, in mouse chondrocytes, KEGG pathway analysis showed enrichment 

for TGF-beta signaling pathway. TGF-beta was previously reported to be essential for the 

development of chondrocytes and protection against osteoarthritis [39,45,46]; thus, these data 

suggested that SiCP may enhance cartilage/bone repair through the TGF-beta signaling pathway. 

However, conversely, because TGF-beta has also been shown to be associated in ageing and OA 

cartilage degeneration depending on the alternative stimulation of other signaling pathways[47–

49], more research is needed to accurately decipher the exact mechanism of SiCP in cartilage 

repair. 

For human BMSCs, other than the GO term “embryonic skeletal system development, 

our GO enrichment analysis did not reveal strong key terms related to MSC osteogenesis; 

however, we found upregulated gene sets related to early osteogenic induction such as SEMA3A 

(Semophorin 3A), and HOXA9 (FigS3). Semaphorins (Semas) are a huge family of conserved 

regulator proteins that modulate cellular shape and function[50]. SEMA3A, or a member of class 

3 Semas, has recently been reported to play crucial roles in bone metabolism; over-expression of 

SEMA3A has been shown to increase cell proliferation, speed up MSCs’ ossification process, and 

enhance osteogenic marker gene expressions[51,52]. On the other hand, HOXA9 gene encodes 

transcription factors that regulate skeletal patterning in the developing embryo; numerous studies 

also stated that HOX genes continue to be expressed in mature bones and function during the 

healing process after fracture injuries[53–55]. Interestingly, the upregulated GO term in human 

BMSCs also consisted of Wnt signaling pathway (GO:0060071 Wnt signaling pathway, planar 

cell polarity pathway); the cell polarity pathway is one of the main noncanonical Wnt pathways 

responsible for the regulation of cytoskeletions through the activation of GTPases[56,57]. 

Okamoto et al. reported that the noncanonical ligand Wnt 5a suppressed PPAR-gamma function, 

thus inducing osteogenic differentiation of MSCs[58,59]. It was also previously reported that Si 

stimulated MSCs differentiation by activating Wnt pathways [44,60]; therefore, it is reasonable 
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to hypothesize that Si ions released from SiCP scaffold may help to promote MSC osteogenic 

induction and subchondral bone regeneration through Wnt signaling pathway.   

However, we recognize some limitations of this study; first, the follow-up period in the 

rabbit model of osteochondral was relatively short, thus limiting our knowledge on the possible 

long-term effects of SiCP scaffolds in vivo. Furthermore, not limiting to merely the joint 

environment, we realize that there might be some possible influence on other body parts and 

systems after scaffold implantation; thus, a whole-body systemic evaluation after scaffold 

implantation will be carried out in the near future. Biomechanical assessment of the repair 

cartilage was also not performed; therefore, future studies should also include the evaluation of 

biomechanical properties of repaired cartilage as this is essential for functional cartilage 

restoration. Moreover, despite improved tissue formation observed via histological analysis, 

evaluation and observation of the live subjects’ behaviors and responses to the implanted 

materials should also be performed in order to further and completely demonstrate the SiCP 

scaffold’ ability to facilitate osteochondral defect repair and its influence on the tested subjects. 

Lastly, even though our RNA-seq data showed supportive information validating our in vitro 

results, further studies will be carried out in the future to further confirm the signaling pathways 

involved.  

As mentioned, articular osteochondral defects resulted from trauma or bone diseases are 

often observed to be accompanied by defects of the subchondral bone[61]. Tissue engineering 

provides a novel approach for cartilage repair, but it is a complicated procedure involving 

interactions between the scaffold construct, the seeded cells, and multiple cytokines. Numerous 

scaffold designs have been generated for osteochondral defect repair, including bi-phasic 

scaffolds and other multilayered scaffolds. However, as mentioned, these designs could not 

biologically and accurately mimic the native osteochondral tissue’s structure; additionally, the 

bonding strength of the bi-layered scaffold may not be sufficient enough, thus leading to the 

separation of the two layers.  There are few reports that utilized a single scaffold for 

osteochondral regeneration, promoting both the repair of subchondral bone and cartilage. Here, a 

single dual-lineage SiCP scaffold was fabricated and applied to repair osteochondral defects in 

vivo. The monophasic structure of SiCP scaffolds could eliminate problems associated with 

multilayered scaffolds. In vitro studies suggest that it is possible that SiCP promotes human 

BMSC osteogenesis by activating the Wnt pathway, and further helps maintain chondrocyte 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

phenotypic characteristics via the TGF-beta signaling pathway.  

Conclusion 

Conclusively, SiCP scaffolds were successfully created, enabling the release of Si ions in situ. 

The release of Si ions showed positive effects in promoting BMSC osteogenesis and preserving 

chondrocytes from dedifferentiation, simultaneously enhancing cartilage and subchondral bone 

regeneration. A whole transcriptome RNA-sequencing suggested that monophasic SiCP 

scaffolds possess dual-lineage ability for regeneration of both the cartilage and subchondral bone, 

providing options for the use of bioactive ions for osteochondral defect repair.  
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