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Abstract

Osteochondral defects are most commonly charaetkipy damages to both cartilage
and bone tissues as a result of serious traumabysical diseases; because these two tissues
have their own unique biological properties, dep#glg a single monophasic scaffold that can
concurrently regenerate these two specific line&gesmes a challenge. To address this concern,
a silicon-based bioceramic (SiCP) scaffold was ifalbed. The efficiency and underlying
mechanisms of SiCP for osteochondral defect regéparwere investigated. At 8 and 16 weeks
post-implantation in a rabbit model of osteochohdedect, gross morphology, histological, and
micro-CT images showed that SiCP scaffolds didgngromoted subchondral bone and
cartilage regeneration when compared to calciunsphate based bioceramics (CP) scaffolds
without silicon. In vitro, SICP was also shown to promote bone marrow stelis (BMSC)
osteogenesisALP, RUNX2, OCN) and help maintain chondrocytes phenotypeaf, Sox9,
Col2al), validated by gPCR, western blot, and RNA-sequen¢RNA-seq). Additionally, the
descriptive analysis of RNA-seq using Gene OntoldG¥) and KEGG pathway analysis
revealed biological processes related to cartilagd bone development and extracellular
matrices in chondrocytes, as well as related tty emteogenesis in BMSC, indicating that Si
ions play an important role in the regeneratiothath tissues. Conclusively, the development of
silicon-based bioceramic scaffolds may be a promgisapproach for osteochondral defect

regeneration due to their unique dual-lineage hioiac

1. Introduction

Articular cartilage damages extending beyond irfte subchondral bone layer are
regarded as osteochondral defects. Even thougretfemeration of these large defects has been
extensively explored, it still presents a greatllehge in orthopedic surgery due to the
complicated osteochondral structure and poor s@ifir capacity[l]. Osteochondral lesions
typically lead to some spontaneous quick repa@napts where results are temporarily and only
act to delay the degeneration process; the repdeéztts are mainly filled with fibrous tissues,
lack functional characteristics of natural hyalioartilage, and are more susceptible to free
radicals, metalloproteinases and catabolic cytafi8]. Presently, the most common medical
treatment methods for osteochondral defect repairdabridement, bone marrow stimulation

techniques, and osteochondral grafts. While studie® demonstrated beneficial outcomes after



debridement and marrow stimulation, these effecsoaly palliative, not curative[4,5]. On the
other hand, grafting techniques are retracted keraé drawbacks relating to the necessity of
secondary operation, inadequate amount of tisso@s dan be isolated, and also increased
possibility of immune rejection and disease trassmon [6,7]. Therefore, other potential
alternative approaches must be developed for piagaisteochondral repair and regeneration,
aiming at disease prevention and treatment insiépdin reduction.

Tissue engineering has emerged as one of the pngreabstitutes for tissue repair and
regeneration. Current regenerative techniques, icplatly autologous chondrocyte
transplantation (ACT) and microfracturing, have rbeghown to effectively promote the
restoration of joint surface cartilage[8—11]. HoweVvbecause the majority of these approaches
for osteochondral defect reconstruction was comatedt on the cartilage’s upper layer while
neglecting the lower subchondral tissue, most efrégeneration results were unsatisfactory [12].
Therefore, it is important to create a scaffoldt tbauld simultaneously regenerate these two
lineages of osteochondral defects[13,14]. To oveecdhis obstacle, biphasic or bi-layered
scaffolds have been created in an attempt to mimméc natural structure of cartilage and
subchondral bone[15-18]. Although promising advamaat has been achieved with this method,
the crucial concern remains the inadequate resedlaf engineered cartilage and subchondral
bone to the natural tissues, in terms of biomedgadcharacteristics, biochemical properties, and
structural composition. Moreover, the fabricatedlayered scaffold often suffers from
insufficient bonding strength, possibly leading thee detachment of the two layers. Hence,
developing a single scaffold that can biologicaliylfill the requirements needed for

simultaneously regenerating both the cartilagesarfathondral bone is quite urgent.

Silicon (Si) has been extensively studied sincdi€larin the early 80’s illustrating that
Si promoted bone matrix synthesis[19]; this elemem@in important nutrient in the human body,
playing a major part in healthy connective tissoeuding articular cartilage and bone. It was
reported that Si had a positive influence on thguliaion of cartilage extracellular matrix[20—
22]. Furthermore, recent reports also revealed $gpromoted rat BMSC proliferation and
differentiation, as well as enhanced osteoblastagen synthesis process[23-26]. Based on the
available reported scientific data, we hypothesizbat silicate-based bioceramics can
biologically fulfill the requirements for bi-lineagone-step (cartilage and subchondral bone)

regeneration in osteochondral defects. Howevem g¢kieugh Si have been illustrated to have



beneficial influences on chondrocytes and BMSC#aSe not yet been extensively investigated

for osteochondral defect repair.

In order to maximize the therapeutic effects of &isilicon-calcium-phosphate based
bioceramic (SiCP) was successfully fabricated. @aicphosphate bioceramics such [as
tricalcium phosphate (CP) and hydroxyapatite (H#jd calcium sulfate are commonly utilized
as bone substitutes, due to their biological angsighl similarity to the mineral portion of the
native bone[27]. However, HA is limited by the slayegradation rate, hindering new bone
formation and remodeling; thus, CP is more populaded due to their biocompatibility and
accessibility for osteochondral regeneration[28P €caffolds possess highly inter-connected
pores (200um-500um) similar to the subchondral bpoeous structure. Considering the
feasibility of dual-functional effects of silicat&ased scaffolds on both bone tissue regeneration
and cartilage preservation, Si-containing CP (Si@RYy further enhance osteochondral defect
regeneration. Therefore, in this study, we aimethloicate a smart CP scaffold with sustained
release of silicon ions. The efficiency of the éalaf in promoting regeneration of osteochondral
defects was investigated in boih vitro cell culture andn vivo animal-based osteoarthritis
model. Additionally, high throughput RNA-sequenciwgs also performed to reveal the overall

transcriptomic fate of the cell population.

2. Methods

Preparation and characterization of scaffolds: Slicon-calcium-phosphate (SiCP,:8ig,P,01¢)
powders were synthesized by sol-gel process acuprii our previous publication[29]. For
preparation of SICP scaffolds, SICP powders wemreddnto 6% polyvinyl alcohol aqueous
solution to form well-dispersed suspension with thgo of 0.8 (powder/PVA mass). Porous
polyurethan foam templates were immersed into tispension and compressed with glass stick
to force the suspension into the foams. After dyyah 70°C, the composites were then sintered at
1400°C for 3 h to remove the polyurethan foam amthfSiCP scaffolds. The pore structure of
sintered scaffolds was observed by optical micrpgcand characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Far ¢control materialgi-calcium-phosphate

(CP) scaffolds were fabricated with the same met®described above.

lon release from SICP and CP scaffolds. To assay differenbn release from the SICP and CP



scaffolds, both scaffolds were placed in DMEM maediyGibco) for 7 days and the
concentration of different ions released into tperds medium were determined by inductive

coupled plasma atomic emission spectrometry (ICE)APRerkin-Elmer Optima 7000DV).

Animal model of osteochondral defect: All animal models used in these studies were peréol
according to standard guidelines approved by thejiaihg University Ethics Committee
(#2JU20170969). Adult male New Zealand white rablpiweighted 2.5-3kg) were used for
vivo study. Under anesthesia with 1% pentobarbital sodd0mg/kg), osteochondral cylindrical
cartilage defects with 4mm in diameter and 5mmeptd were formed on the patellar groove
with a stainless-steel punch on both the left agtitrlimbs. Rabbits were randomized and
divided into three groups: non-treated (blank, & jsints), CP scaffolds (n = 8 joints), and SiCP
scaffolds (n = 8 joints). Both CP and SiCP scafoldere implanted into the defect groove
before sterilization and wound closure while thenir@ated group was simply sterilized and
sutured. At 8 and 16-week post-surgery, rabbitsewsacrificed and 7 knee joints from each

group were histologically assessed.

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

48 h. After image reconstruction, the desired negb interest with defects was assigned. The
reconstructed images were then visualized and atedduby Version 3.1 software provided by
Shanghai Showbio (Biotech Co., Ltd, SKYSCAN 10@gmple scanning related parameters are
as follows: 70kv (voltage), 200uA (current), 30umsplution), 300ms (exposure time).

Assessment of cartilage repair: At 8- and 16-week post-operation, rabbits wereieed by an
intravenous overdose of pentobarbital. Seven samfiiem each group were collected,
photographed, and blindly evaluated by four différne@vestigators according to the International
Cartilage Repair Society (ICRS) macroscopic assessnscale for cartilage repair[30].
Subsequently, serial sections (8-mm thick) were sagittally through the damaged site and
stained with Safranin-O (Sigma). Repaired cartsafyjem different groups were blindly graded
by 4 investigators, applying the ICRS Visual Histgital Assessment Scale.

Cdl isolation and culture: Human bone marrow mesenchymal stem cells (BMSCsk we
obtained from bone marrow of patients undergoingdel fracture surgery with their written

consent, as approved by the ethics committee aSdwond Affiliated Hospital of Zhejiang



University School of Medicine (study no.2016-038pahe First Affiliated Hospital of Zhejiang
University School of Medicine (study no.2018-39Zh isolate BMSCs, 3mL of bone marrow
blood were suspended in 10mL complete culture meaidaining 10% fetal bovine serum (FBS)
(Gibco) and 1% Penicillin-Streptomycin (P/S) (Gibdmefore seeding them into 10cm dishes.
When the cells attached and reached confluency, weee detached by 0.25% trypsin (Gibco)
and re-suspended in supplemented DMEM media. BM8€&s maintained as a monolayer at
37 °C, the media were changed every 3 days; cetlsden 3 to 5" passage were utilized for
most experiments.

Primary mouse chondrocytes were isolated from ¢neofal condyles and tibial plateaus
of postnatal day 0-1 C57B1/6 mice, as previousporeed[31]. Briefly, isolated cartilages were
washed with PBS containing 1% P/S before digestiath 0.2% collagenase-containing
DMEM/F-12 media (Gibco) for 5-6 hours; cells wehen spun at 1200 rpm for 5 minutes, re-
suspended in new media, and plated. Chondrocyte® wwintained as a monolayer in
DMEM/F-12 supplemented with 10% FBS at 37 °C. Cblksween T to the 3 passage was

utilized for experiments.

Cdll proliferation assay: The Cell Counting KIT-8 (CCK-8) (Dojindo Moleculd@echnologies,
Inc.) was applied to evaluate the proliferationBWISCs and chondrocytes. Cells cultured in
different media solutions for 0, 1, 3, and 5 dayMEM/F-12, CP-supplemented DMEM/F-12,
and SiCP-supplemented DMEM/F-12) were first incatain 10% CCK-8 solution in a 5%

COy incubator at 37 °C for 2 h before the absorbancthefculture medium was measured at

450 nm. BMSCs and chondrocytes were cultured invtfromedium containing different
concentrations of dissolved CP and SiCP powdefl &525, 3.125, 6.25, 12.5, and 25mM) in

order to evaluate their effects on cell prolifevati

Alizarin red staining: Briefly, human BMSCs were plated into a 24-weltpl and cultured in
osteogenic inductive media with different suppletedrnCP solutions (No-CP, CP, SiCP). After
14 days, cells were fixed with 4% (v/v) parafornedigide and stained with alizarin red (Selleck)
(0.5%) before visualization with a light microscop€/; Olympus, Tokyo, Japan). To quantify
the results, cells were destained with a combinatb 0.5 M HCL and 5% sodium dodecyl
sulfate (SDS); absorbance of the extracted dyemeesured at 405nm (TECAN).



gPCR analysis of gene expression: The mRNA transcript levels of osteogenic specifenes
(ALP, RUNX2, andOCN (Generay biotechnology, Shanghai Generay BioteghL@l)) within
human BMSCs cultured in different supplemented aggtaic-inducing medium (control, CP,
SICP) were assessed by real-time PCR. Similarky,fiRNA transcript levels of chondrocyte
specific genesAcan, Col2al, and Sox9 (Generay biotechnology, Shanghai Generay Biotech
Co.,Ltd)) within mouse chondrocytes cultured infelént supplemented media were also
assessed. In both cases, cells were harvestedyo3 tlzen lysed in Trizol (Invitrogen Inc.,
Carlsbad, CA, USA) and mRNA was extracted accordimgthe manufacturer’s protocol.
Reverse transcription was carried on using ReveAte gPCR Master Mmix kit (TOYOBO,
Japan) and PCR was performed using SYBR Green QR&der Mix (Takara) with a Light
Cycler apparatus (Bio-rad, CFX-Touch). The PCR eydonsisted of 40 rounds of amplification

of the DNA template with primers annealing at 60 fit relative expression level of each target

gene was then calculated using thé“Zt method. The amplification efficiencies of prinpsirs
were validated to allow for quantitative comparisrgene expression. Each qPCR was done on
at least 3 distinct experimental samples and reptatve outcomes were illustrated as target
gene expression normalized to the reference gerfeDBA Error bars represent one SD from the
mean of technical replicates. The following pringguences were applieALP sense 5
CGGCCATCCTATATGGTAACGG-3 antisense '8CAGGAG GCA TACGCCATCACA-3
RUNX2 sense S5CCAACTTCCTGTGCTCCGTG-3 antisense 5'-
GTGAAACTCTTGCCTCGTCCG-3 OCN sense 5GACCCTCTCTC TGCTCACTCT-3
antisense 'SGACCTTACTGCCCTC CTGCTTG-3 Acan-1 sense B
TGGTGATGATCTGGCACGAG-3 antisense '5 CTCCGCTTCTGTAGTCTGCG-3 Col2al
sense 5 GACCCCATGCAGTACATG-3, antisense '5 GACGGTCTTGCCCCACTT-3and
Sox9 sense 5CACACTACAGCCCCTCCTAC-3 antisense '5
CCTCCTCAAGGTCGAGTGAG-3

Western blot analysis: To quantify protein expression levels of typectlllagen, SOX9, and
GAPDH in mouse chondrocytes, as well as RUNX2 a®dPBH in human BMSCs (abcam),
cytosolic proteins of these cells were directlyragted with radio immune precipitation assay
(RIPA) lysis buffer combining with a cocktail of giease and phosphatase inhibitor. The total

extracted protein concentration was calculatedguie BCA Protein Assay Kit (Pierce #23227).



The proteins were then separated on SDS-PAGE gefisreb transferring the gel onto a
polyvinylidene difluoride membrane; after the tri@mgprocess, the membrane was blocked in 1%
(w/v) BSA for 1h at room temperature and incubadedrnight at 4 °C with the appropriated
primary antibodies. PBS with Tween (PBST)(Sangootd&iih) was then used to wash the
membrane before incubation with the diluted HRPpegated secondary antibody
(1:1500)(Beyotime Biotechnology) for 2 h at roormpeerature. The excess secondary antibody
was rinsed off again with PBST, and subsequentlgteva blot detection reagents (ECL,
Beyotime Biotechnology) were utilized accordingthe manufacturer’s instructions to generate

chemiluminescent signal.

RNA-seq and data analysis: RNA-seq was modified from a previous method[38]btief, total
RNA was extracted from tissue samples using Trieagent (TAKARA), reverse transcription
was conducted by SuperScript Il reverse transagi@nvitrogen), double strand cDNA was
conducted using NEBNext mRNA second strand synghiesi(NEB), double strand DNA was
cleaned with AMPure XP beads (Beckman Coulter)useqing library was constructed with
Nextera XT kit(lllumina) and sequenced on lllumiXaTen platform. Sequence reads were
mapped to reference genome mm10 using Bowtie2 dgthult parameters, and per gene counts
were calculated using HTSeq[33]. All the statidt@maalyses were conducted using R statistical
programming language. We used DESeq?2 to identffgréntially expressed genes [14]. In our
analyses, a gene was considered to be expressedample if its count value was equal or
greater than 1 in the sample. Differentially expessgenes (DEGs) were defined as foldchange
> 2 and p-value< 0.05. Heatmaps were generated with pheatmap pelddgGene ontology
analysis was performed wusing DAVID and REVIGO__ (btffaavid.ncifcrf.gov;

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

sequenced, and analyzed.

Statistical analysis: All data are presented as mean * standard deniéBD). One-way analysis
of variance (ANOVA) and Student’s t-test were apglito calculate the differences between
values. Values 0p<0.05 were considered to be statistically significamtydl of significance
presented as & 0.05), and **(p<0.01).

3. Results



3.1 Characterization of porous SiCP scaffolds
The gross structure and morphology of the scaffaldgsshown in figure 1. The resulting
scaffolds were examined by scanning electron mocog (SEM). SEM images illustrated that

SICP scaffolds had a highly inter-connective porstacture with diameters ranging from 200-
500 uym (Fig 1A, C); CP scaffolds were also illustratexd tave an interconnected porous
structure (Fig. 1B). Figure 1D shows the diffrantipatterns of X-rays for SiCP scaffolds with
pure S}CaP,0;6crystal phase (JCPD: 11-0676). The release profildifferent ions from the

SICP and CP scaffolds were also investigated; bo#ifolds were placed in DMEM medium
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and the concentration of silicate released wasy/aedlusing ICP-AES (FigS1).

Figure 1: The microstructural and biological characterstf SiCP scaffolds. SEM images of
(A) SICP and (B) CP scaffolds at high magnificati¢@) Optical images of the whole SiCP
scaffolds, 1mm scale bars. (D) XRD analysis forFSggaffolds.

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



SICP scaffolds were then evaluated for osteochoraefect repair in a rabbit model;
either CP or SiCP scaffolds were implanted intodteated defect groove as shown in figure 2A,
the control had no scaffold implantation. At 8 weeko inflammatory reaction was detected in
all groups, indicating gooth vivo biocompatibility of scaffolds; however, defectsthre non-
treated and pure CP groups were filled with disgéase friable tissue. The non-treated group
showed the slowest formation of new tissues, whih defect surface still exposed; CP group
showed a smaller area of unorganized and incompiletee formation when compared to the
non-treated group, while glossy white and well-gn&ged tissue was observed in the SICP group
(Fig 2B). At 16 weeks after surgery, the gross lteshor all three groups were superior when
compared to results from week 8; the defected afdmth the non-treated and CP groups was
significantly reduced, but still with some visilyliof previous injuries, while a smooth well-
integrated surface was observed in the SiCP grAopording to the ICRS scores, the average
scores in both the pure CP and SiCP groups wendisantly higher when compared to the non-
treated control group, with the SiCP group havimg highest average scores at both 8- and 16-
week (Fig 2C).
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Figure 2. Comparison of in vivo osteochondral defect repaithree experimental groups at 8
(8W) and 16 weeks (16W) post-surgery. (A) Schendiaigram of the experimental design and
procedure. (B) Gross images illustrating osteochandefects in three groups (non-treated, CP,
SICP at 8 (upper) and 16 (lower) weeks. C) ICRSexctor the three different groups at 8 and
16 weeks post-surgery. (D) 3D micro CT images dickondral bone in three groups and (E) a
guantitative analysis for new bone formation inahgdBV (bone volume) and BV/TV (bone
volume/tissue volume) at 16 weeks post-surgery.3CRternational Cartilage Repair Society.
*P < 0.05, *P < 0.01.

To further examine thén vivo stimulatory effects of SICP scaffolds, Micro-CTass
were also conducted at 16-week post-implantatiomeres the defect regions implanted with
SICP scaffolds demonstrated much more calcifiesléswhen compared to other groups (Fig
2D). Three-dimensional reconstruction images ithtsd that nascent bone tissues in the SiCP
group filled around and within the whole defectioeg whereas nascent bone tissues in the non-
treated and CP group only patrtially filled the saiehe upper level of the defect area (Fig 2D).
In addition, the calculated bone volume (BV) anldtree bone volume fraction (BV/TV) of the
SICP group were significantly higher than the coingroup when compared to the pure CP
group at week 16 (Fig 2E). Thus, these data ikhustt that SICP enhanced the repair of

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

3.2.2 The preservation of cartilage tissue by SICP scaffold in vivo
Since than vivo osteochondral defect repair model illustrated @Rtand SiCP scaffolds

were both quite effective in promoting the healprgcess when compared to the non-treated
group, we further evaluated the efficacy of SiC&mnparing with pure CP, for osteochondral
defect repair with Safranin-O staining in orderdetermine its ability to preserve and repair
cartilage tissue. At 8 weeks post-implantation, jihiat surface of the defect was filled with a
mixture of fibrous and cartilage-like tissue in tk# group, neo-bone formation was also
observed in the subchondral space (Fig 3Aa-d). I&ilyi a large amount of hyaline-like
cartilage was detected in the SICP group, with some-bone formation in the subchondral
space (Fig 3Ae-h). However, the difference betwi#entwo groups was not significant at 8
weeks post-implantation as illustrated by the miE2RS histological score (Fig 3C). After 16
weeks, the defect in the CP group was almost cdverth a mixture of hyaline cartilage-like

tissue as well as fibrous tissue (Fig 3Ba-d); nenebwas also detected in the CP group.



Remarkably, the SICP group exhibited a more supara thicker hyaline cartilage-like tissue
formation, bridging over the defect, suggesting fihalitating effect of silicate-based ions on
cartilage maintenance and repair. The mean ICR8Ibggcal score was approximately 1.5 times
higher in the SiCP group when compared to the GRigr(Fig 3D) P < 0.01). Thus, the
superior regeneration speed and quality of thenegeed cartilage and subchondral bone in the

Si-incorporated CP scaffold, combined with Micro-@iree-dimensional reconstruction and
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guantitative analysis, indicated that silicate-loaisms released by the CP scaffold were capable

of promoting both subchondral bone repair and le@ei regeneration.

Figure 3: Histological evaluation at 8 and 16 weeks postrafien. Histological sections at (A)
8 and (B) 16 weeks post-operation were visualipevd groups: (Aa-d, Ba-d) CP and (Ae-h,
Be-h) SICP. (A, B (a,e)) Original magnification x4&&ale bar: 500 mm. (A,B (b-d,f-h))
magnification x100; scale bar: 200mm. (C-D) ICR8rst on repaired cartilage at 8 and 16
weeks post-operation. The edge of the defect isateld with a black arrow < 0.05, **P <
0.01.

3.3. In-vitro evaluations of SICP for osteochondral defect repair
3.3.1 Underlying mechanism of SiICP scaffold in promoting bone repair
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Figure 4: The effects of SICP-added media on human BMSCgoggnic induction. (A) BMSC
proliferation was examined in a range of SiCP catregions with CCK8 to determine the best
concentration for in vitro studies. (B) Alizarin &etaining was utilized to visualize the impact
SIiCP on osteogenesis of BMSCs. (C) Osteogenesitedejiene expressiorsL P, RUNX2, and
OCN) in BMSCs cultured in SICP and CP extracts. (ANX2 and GAPDH protein expression
levels in BMSCs cultured with the two different needere also assessed by Western bt *
0.05, **P < 0.01. (Cont = control, BMSC = bone marrow mesgntal stem cell)




The mechanisms of SiCP scaffold in promoting bamenétion and repair was further
evaluated with human BMSC (hBMSC) culture model.KE&€ analysis revealed that BMSCs
were able to proliferate in both high and low caorications of SICP (1.5625mM to 25mM)
(Fig4A), with 6.25 mM being the optimal concentoati A range of SICP concentrations was
also tested on BMSC osteogenesis in order to fugbefirm the optimal concentration, since
the CCK-8 result was not so obvious; gPCR and wegilt results illustrated that SiCP at the
concentration of 6.25 mM promoted osteogenic diffiéiation when compared to other
concentrations (FigS2). Therefore, we carried anguhe concentration of 6.25 mM to evaluate
the effect of SICP on hBMSC osteogenesis, which wsigalized by alizarin red staining and
qguantified by optical density (OD) measurementG Am. The obtained results illustrated that
the incorporation of SICP into osteogenic inductimedia significantly enhanced BMSC
osteogenic differentiation when compared to thea@& control group (Fig4B). The calculated
OD value at 6.25 mM SiCP concentration markedlyreased by 2.75 foldp€0.001) when
compared to the control group, and by 1.54 f@d(05) compared to the CP group. Taken
together, our results indicated that the additib8i€P into the media promotes proliferation and
osteogenic differentiation of BMSCs.

Gene expression of BMSCs in the osteogenic indeictulture was also evaluated with
gPCR (Fig 4C); results showed the expressionAbP, RUNX2, and OCN genes were
significantly upregulated after culturing in SiCBdad media for 3 days when compared to other
groups (Fig 4C). Protein expression of BMSCs wase alaluated using western blot, illustrating
an increased expression of RUNX2 as compared t€thend control group, thus suggesting

that silicate-based ions enhance the osteogerereiitiation of BMSCs.

3.3.2 Mechanisms of SICP scaffold in cartilage tissue protection

Similarly, CCK-8 was also first performed in the mse chondrocyte culture model to
evaluate the effect of SICP on cartilage tissuesgmation. CCK-8 analysis revealed that
chondrocyte proliferation at a relatively low contration range of SICP (lower or at 6.25mM)
had a quantifiable increment over time, wherea$ pelliferation was repressed at higher
concentrations of SICP (12.5 and 25mM), noticealftgr day 3 (Fig 5A). Thus, overall, our
results suggested that 6.25mM is the optimal SiGRcentration in promoting chondrocyte

proliferation.



To examine the influence of SiCP on chondrocyté€nmtype maintenance, we analyzed

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

Results illustrated that the expression of chongescelated genelcan, Col2al, andSox9 in

chondrocytes cultured in SICP were significantlyagulated when compared to the control and

CP media group (Fig 5C). Western blot results atsmwed significantly increased expression of
SOX9 and COL2A1 in chondrocytes cultured in SiCHembmedia as compared to CP media
(Fig 5B).
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Figure5: The effects of SiCP-added powder on mouse chontgsc{A) Mouse chondrocyte
proliferation was examined in a range of St@Rcentrations with CCK8 to determine the best
concentration for in vitro studies. (B) COL2A1, S@>and GAPDH protein expression levels in
chondrocytes cultured with the two different medere also assessed by Western blot. (C)




Chondrocyte-related gene expressidbal2al, Acan, andSox9) in mouse chondrocytes cultured
in SiICP and CP extractsP* 0.05, *P < 0.01. (Cont = control, mChon = mouse chondrayte

3.3.3 SICP influences gene expression patterns of hBMSC and chondrocytes

To further confirm the obtained results on the $aiptomic scale, whole transcriptome
RNA sequencing was also performed on the cellsudt in different media solutions. In
hBMSC samples, 715 DEGs, including 377 upregulaed 338 downregulated genes were
obtained in the CP group (Fig6A). By contrast, EIHGs were identified in the SiCP group,
comprising of 495 upregulated and 406 downregulaggetes (Fig6A). Venn diagram showed
that the overlapping upregulated and downregulgtetes between the two groups in hBMSCs
were 124 and 62 respectively. In mouse chondroc$tefs DEGs, with 449 upregulated and 409
downregulated genes, were identified in the CP mrovhile 926 DEGs, including 451
upregulated and 475 downregulated genes were ebtam the SiCP group (Fig6A). The
overlapping upregulated and downregulated geneweleet CP and SIiCP groups are also
illustrated in the diagram, with 80 and 75 genesrlaypped respectively. Heatmaps comparing
DEGs induced in human BMSCs (Fig6Ba) and mouseditwaytes (Fig6Bb) in response to CP-
power and SiCP-power media additives are shownulBedemonstrated significant changes in
the transcriptomic profile when cultured in CP &®iCP-powder-added media; the heatmap
clustering based on the genes witlhialue < 0.05 and lIe§C above or below cutoff (>1, <-1)
showed that different added power induced a unayezall response (Fig6B). Volcano plots of
the upregulated and downregulated DE genes in choyites and hBMSCs (SiCP vs. Control;
SICP vs. CP) are illustrated in supplementary (aigS2).

To further obtain functional insights, the geneatadgy (GO) enrichment analysis was
executed (Fig6C; FigS4). Results showed that Ggaf chondrocytes cultured in SiCP-added
media were prominently related to cartilage develept and regulation of bone mineralization,
extracellular matrix, and positive regulation ofllagen biosynthetic process (Fig6C); thus
suggesting the preservation of chondrocytes’ phyg@otFurthermore, we observed that there
was also an enrichment in GO terms associated wvattilage/bone cellular functions and
proliferation including regulation of growth, regitibon of calcium ion transport, cellular iron ion
homeostasis, and cellular zinc ion homeostasis.G@e&esult also suggests that the SICP is non-

toxic to chondrocytes, demonstrated by the enrictindd GO terms relating to negative



regulation of inflammatory response, cell deatld apoptotic process, thus further validating the
CCK-8 results.

GO term enrichment analysis was similarly perfornrmretdtuman BMSCs culture in both
CP-added and SiCP-added osteogenic media. Mosheokmriched biological processes are
related to protein binding, response to mecharstaiuli, cell division, and cell proliferation
(Fig 6C); these biological processes have prewohskn reported in other works concerning
early MSC osteogenic induction[35,36]. Furthermalata on hBMSCs cultured in SiCP-added
media showed GO clusters related to “actin cyt@tkel organization”, “embryonic skeletal
system development”, as well as “Wnt signaling peatyy planer cell polarity pathway”. Taken
together, our results illustrate that the incorpioraof SiICP helps to maintain chondrogenic
phenotype markers and promoted the initiation ofdvifSteogenesis.

A KEGG pathway analysis in the upregulated genaigravas also carried out using
DAVID. The top pathways of upregulated genes fa tiwo cell types are shown in figure 6D.
The “Cell cycle” KEGG pathway was greatly inducedridg BMSC osteogenesis; previous
observations reported an increase in cell prolil@naduring osteogenesis, thus supporting this
outcome[37]. In mouse chondrocytes, our resultswslo that an important pathway in
chondrocyte phenotype preservation is the “TGF-lsggaaling pathway”, which is consistent
with other reports demonstrating positive effectsTGF-beta signals in the maintenance of

articular cartilage[38,39].



A

Upregulated genes Downregulated genes C

GO Analysis: SiCP on

embryonic skeletal system development

hBMSC

response to mechanical stimulus
'Wht signaling pathway, planar cell polarity pathway

positive regulation of cell proliferation

_§ platelet-derived growth factor receptor signaling pathway
% actin cytoskeleton organization
cell division
protein binding
] ] I 1
B N ) ™ ©

N GO Analysis: SiCP on mChon

-1
-2
= Cartilage development

= Regulation of bone mineralization
= Extracellular matrix

= Positive regulation of collagen biosynthetic process

= Positive regulation of osteoblast differentiation

e e e
b= Regulation of calcium ion transport

= Regulation of growth

= Cellular zinc ion homeostasis

28180000 0nNr ettt Nee NNt tas sl ettteaNII AR IIRIIRRES

b= Negative regulation of inflammatory response
= Negative regulation of cell death

= Negative regulation of apoptotic process

1 1 ] T 1
3
2
1
0
-1
-2
s
KEGG pathway: hBMSC KEGG pathway: mChon

Ribosome biogenesis in eukaryotes Ubiquitin mediated proteolysis

Glutathione metabolism

TGF-beta signaling pathway

1 r T T Ll 1

S K ) K WS

Fold enrichment (-log(Pvalue)) Fold enrichment (-log(Pvalue))

cr | cp SicP




Figure 6: A whole transcriptome RNA-sequencing of hBMSCs ar¢hons. (A) The number of
significantly altered geneg2-fold difference: upregulated and downregulatdgtgracultured
in CP and SiCP extracted media is illustrated.ABjeatmap of differentially expressed
MRNA levels from RNA-seq analysis performed on BY16Cs and (b)mChons. (C) Gene
Ontology (GO) enrichment analysis of the relevgmegulated genes in hBMSC (top bar
chart) and mChon (bottom bar chart). (D) The resiuim the KEGG pathway analysis
through DAVID are illustrated within the categorfupregulated genes after cultured with
SiCP extracts in both cell types.

Discussion

SICP scaffolds were successfully developed, andewdlustrated to enhance
osteochondral defect regeneration. As mentionesl pitimal strategy for osteochondral defect
repair is not only due to the restoration or presgon of only the cartilage layer but also the
underlying subchondral bone[40,41]. The currentgtievealed that silicate-based bioceramic
scaffolds could successfully promote repair of teifferent differentiated tissues vivo
(cartilage and bone) and growth and maintenantemtypes of differentiated cells (osteoblasts
differentiated from BMSCs and chondrocytes).

First, the repair efficacy of scaffolds was testadvivo; the histological analysis and
Micro-CT results indicate that SiCP scaffolds siigaintly promote osteochondral defect repair,
simultaneously enhancing bone regeneration andepvieg hyaline cartilage-like tissues, as
compared to CP scaffolds, the most common stand@oeceramic scaffolds for bone
regeneration. We also evaluated the effects ofr¢leased silicate-based ions on BMSCs and
chondrocytes, where results suggested that SiGRqtenl osteogenic differentiation of BMSCs
and maintained the phenotype of chondrocytesitro. In mouse chondrocytes, pure CP
extracted were shown to promote chondrogenic gexesession, which is consistent with
previous reports[42—-44]. However, SiCP extractsiiantly elevatedAcan, Sox9, andCol2al
production when compared to cells that were singpiljured in CP extracts; this outcome was
further validated with western blot. Similarly, $Cextracts also significantly enhanced
osteogenic gene expression mark&ir®, RUNX2, andOCN. Additionally, BMSCs cultured in
SICP extract showed a more intense ARS staininghwioenpared to control and CP extract
groups, indicating greater cell mineralization.

The whole transcriptomic profile of mouse chongtes and human BMSCs cultured in
the SiCP-incorporated media was also evaluated. affadyzed data demonstrated that cells

cultured in different media had differential genegmession profiles. When compared to the



control group, the SiCP-incorporated media groupwsd GO terms related to cartilage and
bone development, as well as negative responsedlamnmatory responses and apoptosis in
mouse chondrocytes. Additionally, GO terms inclgditextracellular matrix” and “positive
regulation of collagen biosynthetic process” eleteelominated in the human articular cartilage,
were also observed. Cartilage-related GO termgatell that mouse chondrocytes cultured in
media with SICP were superior in maintaining thegioal chondrocyte phenotypes and
characteristics. Moreover, in mouse chondrocytdsG& pathway analysis showed enrichment
for TGF-beta signaling pathway. TGF-beta was presiip reported to be essential for the
development of chondrocytes and protection agaestoarthritis [39,45,46]; thus, these data
suggested that SICP may enhance cartilage/bong tepaugh the TGF-beta signaling pathway.
However, conversely, because TGF-beta has alsodter®vn to be associated in ageing and OA
cartilage degeneration depending on the alternativeulation of other signaling pathways[47—
49], more research is needed to accurately decifhieeexact mechanism of SiCP in cartilage
repair.

For human BMSCs, other than the GO term “embryashieletal system development,
our GO enrichment analysis did not reveal strong tesms related to MSC osteogenesis;
however, we found upregulated gene sets relatedriy osteogenic induction such @&MA3A
(Semophorin 3A), antHOXA9 (FigS3). Semaphorins (Semas) are a huge familyon$erved
regulator proteins that modulate cellular shapefandtion[50]. SEMA3A, or a member of class
3 Semas, has recently been reported to play criaies in bone metabolism; over-expression of
SEMASA has been shown to increase cell proliferationedpg MSCs’ ossification process, and
enhance osteogenic marker gene expressions[51)52{he other handiOXA9 gene encodes
transcription factors that regulate skeletal pattey in the developing embryo; numerous studies
also stated thatlOX genes continue to be expressed in mature bone$uantion during the
healing process after fracture injuries[53-55]etastingly, the upregulated GO term in human
BMSCs also consisted of Wnt signaling pathway (@871 Wnt signaling pathway, planar
cell polarity pathway); the cell polarity pathwas/one of the main noncanonical Wnt pathways
responsible for the regulation of cytoskeletionsotigh the activation of GTPases[56,57].
Okamoto et al. reported that the noncanonical ligand Wnt 5a segged PPAR-gamma function,
thus inducing osteogenic differentiation of MSCsf8. It was also previously reported that Si

stimulated MSCs differentiation by activating Wratlpways [44,60]; therefore, it is reasonable



to hypothesize that Si ions released from SiCPfadafmay help to promote MSC osteogenic
induction and subchondral bone regeneration thréighsignaling pathway.

However, we recognize some limitations of this gtudst, the follow-up period in the
rabbit model of osteochondral was relatively shitmis limiting our knowledge on the possible
long-term effects of SIiCP scaffolds vivo. Furthermore, not limiting to merely the joint
environment, we realize that there might be somssipte influence on other body parts and
systems after scaffold implantation; thus, a whmdy systemic evaluation after scaffold
implantation will be carried out in the near futuBomechanical assessment of the repair
cartilage was also not performed; therefore, fuiitelies should also include the evaluation of
biomechanical properties of repaired cartilage las is essential for functional cartilage
restoration. Moreover, despite improved tissue &irom observed via histological analysis,
evaluation and observation of the live subjectshdwors and responses to the implanted
materials should also be performed in order tohkrtand completely demonstrate the SiCP
scaffold’ ability to facilitate osteochondral defeepair and its influence on the tested subjects.
Lastly, even though our RNA-seq data showed sumeomformation validating ourn vitro
results, further studies will be carried out in th&ure to further confirm the signaling pathways
involved.

As mentioned, articular osteochondral defects tedudtom trauma or bone diseases are
often observed to be accompanied by defects obtlvehondral bone[61]. Tissue engineering
provides a novel approach for cartilage repair, ibus a complicated procedure involving
interactions between the scaffold construct, trexled cells, and multiple cytokines. Numerous
scaffold designs have been generated for osteochlomfect repair, including bi-phasic
scaffolds and other multilayered scaffolds. Howewws mentioned, these designs could not
biologically and accurately mimic the native ostemudral tissue’s structure; additionally, the
bonding strength of the bi-layered scaffold may betsufficient enough, thus leading to the
separation of the two layers. There are few rapohat utilized a single scaffold for
osteochondral regeneration, promoting both theirepaubchondral bone and cartilage. Here, a
single dual-lineage SICP scaffold was fabricated applied to repair osteochondral defacts
vivo. The monophasic structure of SiCP scaffolds calichinate problems associated with
multilayered scaffoldsin vitro studies suggest that it is possible that SIiCP ptesmnhuman

BMSC osteogenesis by activating the Wnt pathway famther helps maintain chondrocyte



phenotypic characteristics via the TGF-beta sigiggtiathway.

Conclusion

Conclusively, SICP scaffolds were successfully m@aenabling the release of Si ianssitu.

The release of Si ions showed positive effectsramoting BMSC osteogenesis and preserving
chondrocytes from dedifferentiation, simultaneoushhancing cartilage and subchondral bone
regeneration. A whole transcriptome RNA-sequencewggested that monophasic SiCP

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

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