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Abstract 

Wnt-signalling cascade is one of the crucial pathways involved in the development and 

homeostasis of cartilage. Influencing this pathway can potentially contribute to 

improved cartilage repair or regeneration. One key molecular regulator of the Wnt 

pathway is the glycogen synthase kinase-3 (GSK-3) enzyme, the inhibition of which 

allows initiation of the signalling pathway. This study aims to utilise a binary SiO2 - Li2O 

sol-gel derived glass for controlled delivery of lithium, a known GSK-3 antagonist. The 

effect of the dissolution products of the glass on chondrogenic differentiation in an in 

vitro 3-D pellet culture model is reported. Dissolution products that contained 5 mM 

lithium and 3.5 mM silicon, were capable of inducing chondrogenic differentiation and 

hyaline cartilaginous matrix formation without the presence of growth factors such as 

TGF-β3. The results suggest that sol-gel derived glass has the potential to be used as 

a delivery vehicle for therapeutic lithium ions in cartilage regeneration applications. 
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Introduction 

Articular cartilage is a highly specialised tissue that reduces joint friction at the 

extremities of long bones, and acts as a shock absorber. Once damaged, it has limited 

self-repair capacity due, in part, to its avascular nature. Osteoarthritis (OA), the most 

common form of arthritis in the aging population, is often the result of untreated 

cartilage defects. As yet, no current surgical or material-based interventions can 

reliably lead to repairing the biological composition and biomechanical properties of the 

native hyaline cartilage. This has prompted the rapid development of tissue 

engineering approaches, which combine the use of cells, biomaterials and 

chondrogenic environmental factors 1. Microfracture procedures utilise bone marrow to 

produce fibrocartilage in articular lesions, but while successful clinical results have 

been reported in short term (two years), deterioration tends to occur beyond two years 

as the fibrocartilage breaks down 2. Therapeutic agents that can supplement 

microfracture and promote hyaline cartilage repair would be of great benefit. 

The Wnt-signalling cascade, which regulates chondrocyte proliferation, differentiation 

and maintenance of phenotype, is one of the essential pathways involved in 

chondrogenesis 3-5. Glycogen synthase kinase-3 (GSK-3) is a key molecular regulator 

of the canonical Wnt-signalling 6, 7. The presence of certain agents such as lithium (Li) 

has been shown to induce the phosphorylation of GSK-3 that in turn resulted in the 

accumulation of β-catenin and subsequent formation of a complex with transcription 

factors to activate the transcription of target genes 7, 8. There is increasing evidence 
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that activation of Wnt-signalling by means of GSK-3 antagonist lithium (e.g. in the form 

of lithium chloride) in cell lines and mesenchymal stem cells has the ability to stimulate 

the expression of chondrogenic markers 9-11. Further, lithium has been shown capable 

of reducing catabolic events in the pathogenesis of OA 12-14. The controlled 

administration of lithium at therapeutic level therefore represents an exciting new 

strategy for cartilage regeneration and/or possible treatment method for patients with 

joint diseases. 

One potential candidate for sustained delivery of lithium into a cartilage defect is 

bioactive glass. Their dissolution behaviour can be finely tuned by varying their 

composition, porosity or particle size 15-17. Cations can be delivered without the need 

for corresponding anions, such as the chloride in lithium chloride. Several reports have 

described the incorporation of lithium into melt and sol-gel derived glasses 18-22. For 

instance, Wu et al. synthesized ordered mesoporous sol-gel glass scaffolds containing 

5 mol % of Li2O (Li-MBG), which enhanced the regeneration of osteochondral defects 

in a rabbit model compared to the glass that did not contain lithium 21. This, and other 

glasses containing lithium, were tertiary and quaternary compositions, generally 

including calcium, phosphate and/or sodium 23. As a result, this leads to the release of 

multiple ion species, potentially causing combinational effects on cell metabolism 24-27. 

Thus, it is unknown if the biological response induced by these glasses containing 

lithium ions was due solely to the release of lithium or if lithium acts in combination with 

other ions already present in the physiological fluid or released from the materials. 
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Further, elevated calcium concentrations can induce chondrocyte hypertrophy, an 

undesirable phenomenon in hyaline cartilage repair 28. 

We developed binary sol-gel SiO2 - Li2O glass containing 10 mol % of Li2O, releasing 5 

mM of lithium in culture media when incubated at 75 mg / 50 ml, as a model glass for 

sustained delivery of lithium without other cations 15. The previous study showed the 

glasses to be not cytotoxic at the concentrations studied. Here, the response of 

chondrocytes to the dissolution products of the SiO2 - Li2O glass was demonstrated for 

the first time, in a 3-D pellet culture model. 

Materials and Methods 

Chemicals and cell culture reagents were purchased from Sigma-Aldrich and Life 

Technologies UK unless specified otherwise. 

Synthesis of S100 and SiO2 - Li2O sol-gel derived glass 

Binary sol-gel glass 90 mol% SiO2 - 10 mol% Li2O (SiO2 - Li2O) was synthesized as 

previously described by Maçon et al. 15. Tetraethylorthosilicate (TEOS) was first 

hydrolysed for 1 h in presence of deionised water (DiW) and nitric acid (2 M) by 

vigorous agitation in a PTFE mould. The molar ratio of TEOS to DiW was fixed to 1:12, 

whereas nitric acid (2 M) was added by volume amounting to 1/6 of the volume of DiW. 

The lithium citrate tribasic tetrahydrate was then slowly added to the sol with moderate 

agitation, targeting a molar ratio of oxide equal to SiO2 : Li2O = 90 : 10. Glass without 

lithium (100% SiO2) was also synthesized as a control and referred to as S100. After 1 
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h, the moulds were tightly sealed and left for 3 days at room temperature for the sol to 

gel and subsequently aged at 60 ◦C for 3 days. The glasses were then dried (unsealed) 

at 130◦C using a 3-stage programme (60◦C for 20 h, 90◦C for 24 h and 130◦C for 40 h, 

ramp = 1 ◦C/min) and stabilised at 500 ◦C using a 2 stage programme (300◦C for 2 

hours, 500 ◦C for 5 h, ramp = 1 ◦C/min). The stabilised glasses, which were amorphous 

15, were then ground and sieved (average diameter = 54.5 ± 20.1 μm).  

Preparation and characterisation of S100 and SiO2 - Li2O dissolution products 

Dissolution products released from S100 and SiO2 - Li2O glass powders (75 mg in 50 

ml DMEM) were prepared at 37° over 4 h. All dissolution products were filter sterilised 

prior to use in cell culture. The concentrations of Li and Si elements in the media were 

determined using a Thermo Scientific iCaP 6300 Duo inductive coupled plasma – 

optical emission spectrometer. The samples were prepared by diluting the collected 

aliquots with distilled water by a factor of 10 and filtered using 0.45 μm cellulose filters. 

Mixed standards of Si and Li (1000 μg/ml stock concentration) were prepared at 0, 2, 5, 

20 and 40 μg/ml for calibration. Si and Li were measured in the axial direction of the 

plasma flame. 

Cell culture 

The murine chondrogenic cell line ATDC5 was culture expanded in monolayer in basal 

DMEM supplemented with 100 unit/ml penicillin, 100 μg/ml streptomycin, 5% (v/v) FCS 

(foetal calf serum) and 1× ITS liquid supplement (10 μg/ml insulin, 5.5 μg/ml transferrin 



 7 

and 5 ng/ml selenite premix). Cultures were maintained in humidified atmosphere at 

37°C, 5% CO2 and 21% O2. Upon confluence cells were passaged using 500 μg/ml 

trypsin-EDTA (ethylene diamine tetra-acetic acid). 

Pellet culture 

Pellet cultures that provide three dimensional environments for chondrocytes were 

performed in accordance with the protocol published previously 29, 30. Briefly, ATDC5 

cells were harvested and resuspended at 2.5×105 cells/ml. To form pellets, 1 ml of cell 

suspension was added to each sterile 25 ml polycarbonate universal tube and 

centrifuged at 400× g for 5 minutes at 4°C. The resulting cell pellets were not dispersed 

and were cultured in humidified atmosphere at 37°C, 5% CO2 and 21% O2 for up to 21 

days with media change every 2 days. Cell pellets were cultured in the following media, 

with and without chondrogenic supplements: 1) basal DMEM, 2) basal DMEM + SiO2 - 

Li2O and 3) basal DMEM + S100. The chondrogenic supplements consisted of 10 

ng/ml rhTGF-β3 (PeproTech, UK), 100 μM ascorbate-2-phosphate and 10 nM 

dexamethasone 31, 32. Day 7, 14 and 21 pellets were collected for various analytical 

procedures. 

Histological and immunohistochemical staining 

Pellets were fixed in 4% (w/v) paraformaldehyde (PFA) overnight and processed 

through graded ethanol (50 - 100%) and histoclear prior to embedding in paraffin wax. 

Sequential sections were cut at 7 μm thick and mounted on glass slides for histological 
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and immunohistochemical staining. Images were captured using an Olympus BX51 

system microscope (Olympus Microscopy, UK). 

a Alcian blue & Sirius red: Following nuclear staining with Weigert’s haematoxylin, 

sections were stained with Alcian blue 8GX (5 mg/ml in 1% (v/v) glacial acetic acid) 

and Sirius red F3B (10 mg/ml in saturated picric acid) 33.  

b Immunohistochemistry: After quenching endogenous peroxidase activity with 3% 

(v/v) H2O2 and blocking with 10 mg/ml BSA in PBS, sections were incubated with 

relevant primary antiserum overnight at 4 °C. This was followed by 1 h incubation each 

with the appropriate biotinylated secondary antibody and ExtrAvidin®-Peroxidase. 

Visualisation of the immune complex involved the avidin-biotin method linked to 

peroxidase and AEC (3-amino-9-ethylcarbazole), resulting in a reddish brown reaction 

product. Negative controls (omission of the primary antisera) were included in all 

immunohistochemistry procedures. No staining was observed in all negative control 

sections. 

The anti-SOX9 antibody (rabbit polyclonal, IgG, Sigma-Aldrich, UK) was used at a 

dilution of 1:150 in 10 mg/ml BSA in PBS following the heat antigen retrieval 

procedure, which involved treating sections in 0.01 M citrate buffer (pH 6.0) at 80 °C for 

20 minutes prior to the application of the standard immunohistochemistry procedure.  

For Collagen Type I, II and X immunostaining, sections were treated with Type-I 

hyaluronidase at 37 °C for 20 minutes. The anti-Collagen Type I, anti-Collagen Type II 
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and anti-Collagen Type X antibodies (rabbit polyclonal, IgG, Abcam, UK) were used at 

a dilution of 1:1000, 1:500, and 1:100 respectively. 

Gene expression analysis 

Pellets were lysed and total RNA was extracted using Qiagen RNeasy kit (Qiagen, UK) 

following manufacturer’s instructions. The RNA samples were treated with DNase-1 

reagent and reverse-transcribed using the SuperScript® VILOTM kit (Invitrogen, UK). 

qPCR assays were carried out using the QuantStudio™ 6 Flex Real-Time PCR system 

(Applied Biosystems, Thermo Fisher Scientific, UK) for analysing the expression of the 

genes, primer sequences for which are listed below. The relative expression of genes 

of interest (ΔCT) was normalised to the housekeeping gene/endogenous control, β-

actin. Statistical analysis was performed at the level of ΔCT.   

The following primer sequences were used in the current study. β-actin: F 5'-

CACCCTGTGCTGCTCACCGAGGCC-3', R 5'- CCACACAGATGACTTGCGCTCAGG-

3'. col1a1: F 5'-GAACGGTCCACGATTGCATG-3', R 5'-

GGCATGTTGCTAGGCACGAAG-3'. col2a1: F 5'-

CACACTGGTAAGTGGGGCAAGACCG-3', R 5'- 

GGATTGTGTTGTTTCAGGGTTCGGG-3'. col10a1: F 5'- 

AAAGCTTACCCAGCAGTAGG-3', R: 5'- ACGTACTCAGAGGAGTAGAG-3' 34, 35. 

Dimethylmethylene blue (DMMB) GAG assay 
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The quantity of sulphated GAGs synthesized by the cells at each time point was 

determined by the DMMB assay 36, 37. In brief, pellets were digested overnight at 60 °C 

with papain (working solution containing 0.7 U papain prepared in papain buffer 

containing 0.1 M sodium acetate, 0.01 M disodium EDTA and 0.005 M cysteine 

hydrochloride in 0.2 M potassium phosphate buffer, pH 6.4). The digested samples 

were briefly centrifuged to sediment undigested debris from the extracts. 20 μl of the 

diluted extract (1 in 10 dilution in papain buffer) was then mixed with 200 μl DMMB 

reagent (46 μM DMMB, 30 mM sodium formate, 0.5% (v/v) ethanol and 0.2% (v/v) 

formic acid) and the optical density of the resultant solution was measured at 540 nm. 

Each extract was assayed in triplicate in a 96-well plate. The GAG content of samples 

was extrapolated from a standard curve derived from the optical density values of 

standard solutions of chondroitin sulphate from shark cartilage (concentration range: 0-

100 μg/ml). 

Statistical analysis 

Statistical analysis was performed using Mann-Whitney U test with Bonferroni 

correction. Results were deemed significant if the probability of occurrence by random 

chance was less than 5% (i.e. p<0.05). 
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Results 

Histological and immunohistochemical analysis of chondrogenic differentiation of 

ATDC5 cells  

At each time point, pellets of ATDC5 cells were assessed for chondrogenic 

differentiation and cartilaginous matrix formation by a range of histological and 

immunohistochemical techniques (Figure 1 and Figure 2). Suboptimal chondrogenic 

differentiation was observed in pellets cultured in basal DMEM alone. The SiO2 - Li2O 

glass dissolution products (DMEM containing 5.02 mM Li and 3.6 mM Si) notably 

improved rate of chondrogenic differentiation. The cartilaginous matrix formation was 

evident in pellets collected as early as day 7 (Figure 1). The histology of regions that 

consisted of cartilaginous matrix was reminiscent of native hyaline cartilage tissue 38. 

Chondrocytes in distinct lacunae were seen in dense proteoglycan matrix stained with 

Alcian blue (Figure 1). Red-stained collagen was also present. The regions that 

consisted of cartilaginous matrix was also notably larger in early stage pellets cultured 

in the SiO2 - Li2O glass dissolution products without chondrogenic supplements in 

comparison to basal control.  

When chondrogenic supplements were not given, Sox9, an early marker for 

chondrocyte differentiation and function, was immunolocalised to more chondrocytes of 

the day-7 pellets cultured in SiO2 - Li2O glass dissolution products in comparison to 

basal DMEM and S100 dissolution products (Figure 2).  
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Day-21 pellets cultured in SiO2 - Li2O glass dissolution products also demonstrated 

more prominent staining of Collagen Type II, a marker of hyaline cartilaginous matrix, 

than those cultured in basal DMEM. The dissolution products of S100, silicate sol-gel 

glass, which did not contain lithium (DMEM containing 3.6 mM Si only), did not appear 

to have stimulatory effects on chondrogenic differentiation and hyaline cartilaginous 

matrix formation of ATDC5 cells. 

Exposure to the dissolution products from either type of glass appeared to increase 

expression of Collagen Type X, a marker for chondrocyte hypertrophy, compared to 

basal media. The addition of chondrogenic supplements, including TGF-β3, appeared 

to supress chondrocyte hypertrophy. All test conditions did not appear to affect the 

expression of Collagen Type I, marker for fibrous cartilage. Pellets cultured in all 

chondrogenic conditions also demonstrated superior cartilaginous matrix formation, in 

particular during early stages. The combination of chondrogenic supplements and SiO2 

- Li2O glass dissolution products also appeared to have synergetic effects. 

Gene expression analysis and GAG quantification 

Analysis of chondrogenic gene expression was performed using real-time qPCR. The 

expression levels of genes of interest were normalised to the expression level of 

housekeeping gene β-actin (Figure 3). The results of gene expression analysis 

confirmed the observations from histological and immunohistochemical staining. SiO2 - 

Li2O glass dissolution products were capable of up-regulating transcription factor Sox9 

by day 7 without the presence of chondrogenic supplements and this up-regulation was 
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not seen with S100. When chondrogenic supplements were used, all SOX9 expression 

was similar by day 7 and enhanced compared to control and basal media + SiO2 - Li2O. 

The expression levels of hyaline cartilage specific gene Col2a1 in day-21 pellets 

cultured in chondrogenic conditions was significantly up-regulated in comparison to 

pellets cultured in basal DMEM. The addition of SiO2 - Li2O glass dissolution products 

but without chondrogenic supplements also up-regulated the expression of Col2a1 in 

pellets to a level similar to those cultured in chondrogenic media (no change compared 

to control for S100 without supplements). On the other hand, the expression of 

Col10a1, a marker for chondrocyte hypertrophy, was up-regulated by both SiO2 - Li2O 

and S100 glass dissolution products by day 21. The expression of Col10a1 was 

supressed by the presence of chondrogenic supplements, confirming the observations 

in immunohistochemical analysis. No significant changes in the expression of Col1a1, 

a marker for fibrous cartilage, were observed in pellets cultured in all test conditions.  

The amount of sulphated GAG, the key non-collagenous component of articular 

cartilage, synthesized in a pellet was determined using quantitative DMMB assay. 

Pellets cultured in media containing chondrogenic supplements synthesized 

significantly more sulphated GAG in comparison to those cultured in basal conditions 

by day 7 (Figure 4). There was little difference between the control and media 

containing dissolution products when chondrogenic supplements were not present. By 

day 14, the addition of SiO2 - Li2O glass dissolution products alone (without 

chondrogenic supplements) significantly improved the synthesis of GAG in pellets, 

compared to control and S100, to a level comparable to those cultured in chondrogenic 
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supplements. S100 glass dissolution products did not have notable effects on 

chondrogenic gene expression or GAG synthesis.  

Discussion 

The present study demonstrated the potential application of lithium-silica sol-gel 

derived glass (SiO2 - Li2O) in cartilage regeneration strategies. Conventional tissue 

engineering treatment methods including autologous chondrocyte implantation (ACI) 

require 2 separate surgeries and in vitro cell culture, which are often time/cost 

consuming and complications such as donor site morbidity and infection persist. 

Controlled delivery of therapeutic ions therefore represents an exciting prospect for “in 

situ” articular cartilage repair strategies and sol-gel glasses could be used as a delivery 

vehicle as their dissolution can be tailored as a function of their composition 15. SiO2 - 

Li2O glass used in the present study was designed to deliver 5 mM of Li.  The reason 

this dose was chosen was that previous studies demonstrated that the effects of lithium 

on cellular behaviour is dose dependent with optimal cell viability when culture medium 

contained 5 mM lithium and higher concentration of Li (7 mM) reduced cell viability 9, 10. 

One of the benefits of using bioactive glass is that lithium can be delivered effectively in 

its active ionic form in lieu of conventional chemicals such as lithium chloride, and the 

delivery can be sustained as the glass dissolves [15].  

Wnt family proteins are essential for various developmental and physiological 

processes. Deregulation of Wnt signalling is associated with a number of diseases 

including cancer, osteoporosis and degenerative disorders such as Osteoarthritis 39, 40. 
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Wnt signals are transmitted through different pathways by selective activation of 

specific receptors or co-factors and, the canonical cascade through β-catenin is the 

most extensively studied pathway 41, 42. In the absence of Wnt, a destruction complex 

consisting of Adenomatosis polyposis coli (APC), Casein kinase 1 (CK1) and Axin 

regulates the phosphorylation of β-catenin through GSK-3β 43. Lithium ions, often 

administered in the form of lithium chloride (LiCl), have been used as a mood stabiliser. 

It is well established that the therapeutic usefulness of these lithium salts was directly 

associated with the inhibition GSK-3β 44.  

Since Wnt signalling are actively involved in both pre-natal and adulthood skeletal 

development 45, increasing number of studies have investigated the potential of Li as 

well as other GSK-3 inhibitors for musculoskeletal tissue engineering applications. The 

findings regarding the effects of GSK-3 inhibitors on chondrogenic differentiation, 

however, remain inconclusive.  

These conflicting findings were due in part to the cell types and culture conditions used 

in different studies. Kapadia et al. investigated the role of GSK-3 inhibition (by 15 mM 

LiCl) in endochondral bone development by using an in vitro murine metatarsal bone 

explant culture model 46. Chondrocyte differentiation was significantly suppressed with 

limited expression of Aggrecan and Collagen Type II. Kawata et al. utilised an 

alternative GSK-3 inhibitor, SB 216763 (2.5 - 20 μm), for the activation of the Wnt/β-

catenin pathway in monolayer cultured human chondrocytic cell line HCS-2/8 and 

mRNA levels of aggrecan and col2a1 were also reported significantly reduced 47. It is, 
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however, arguable that the addition of GSK-3 inhibitor alone resulted in the down-

regulation of these cartilage-specific markers. Chondrocytes, upon release from 3-D 

environments, are known to lose their phenotype and capacity to form cartilaginous 

tissue with a switch to fibroblastic gene expression profile during a known 

phenomenon, namely dedifferentiation 48. The 3-D pellet culture model used in the 

works presented here is more suitable for in vitro investigation of chondrogenic 

differentiation and cartilaginous matrix formation. 

In other studies, the stimulatory effects of GSK-3 antagonist on chondrogenic 

differntiation of human bone marrow derived stromal cells in 3-D micromass/pellet 

culture have been reported 9, 10. These studies, however, suggested that the interaction 

between pathways initiated by both TGF-β3 and Li was a prerequisite for the enhanced 

chondrogenesis. In another study, not only enhanced chondrogenesis but also 

inhibited adipogenic differentiation were demonstrated using bovine retinal pericyte 

micromass cultures treated with chondrogenic medium supplemented with both TGF-

β3 and Li 6. The results of the work presented here suggest that pathways activated by 

Li (and potentially soluble silica) from the SiO2 - Li2O glass was capable of enhancing 

chondrogenesis without the presence of chondroinductive TGF-β3. In particular, in 

comparison to basal conditions, the rate of chondrogenic differentiation was 

significantly improved in the presence of SiO2 - Li2O glass dissolution products and, the 

formation of cartilaginous matrix can be seen as early as day 7. 
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S100 glass dissolution products (soluble silica only), on the other hand, did not 

significantly affect chondrogenic differentiation of ATDC5 cells. It was therefore likely 

that the interaction or cross-talk between the pathways activated by Li and soluble 

silica that ultimately resulted in the improved chondrogenesis observed in the present 

study. The importance of Si in musculoskeletal tissue health has been reported in 

various studies published since as early as the 1970’s 49-53. The number of studies 

designed to elucidate the biological role of Si in chondrogenesis, however, are limited. 

This was likely due to the potential drawbacks associated with the use of Si, i.e. the 

tendency of Si to stimulate endochondro ossification during bone development and to 

up-regulate the expression of osteogenic markers such as osteopontin, osteocalcin 

and Collagen Type I 51, 54, 55. A similar observation was made in the present study, as 

pellets cultured in both SiO2 - Li2O and S100 glass dissolution products demonstrated 

up-regulated expression of Collagen Type X, a marker for chondrocyte hypertrophy, 

the preceding event of endochondral bone development.  

It has to be emphasised, however, that only one concentration of Si was investigated in 

the work presented here. Therefore, further studies are required to elucidate whether 

the effects of soluble silica on chondrogenesis are dose dependent and the 

chondrocyte hypertrophy can be potentially mitigated by developing SiO2 - Li2O glass 

compositions containing alternative Si contents. 

TGF-β growth factor plays an important role in all stages of chondrogenesis, 

mesenchymal condensation, cell proliferation, extracellular matrix deposition and 
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terminal differentiation. It is well documented that TGF-β inhibits chondrocyte terminal 

differentiation and the expression of Collagen Type X 56-58. Likewise, chondrocyte 

hypertrophy and terminal differentiation in pellets cultured in glass dissolution products 

was repressed by the presence of TGF-β in the present study. The present study 

utilised ATDC5 cell line as an in vitro model to study the influence of SiO2 - Li2O glass 

dissolution products on cellular behaviour during chondrogenesis. The ATDC5 cell line 

has been shown to go through a sequential process analogy to native skeletal 

development from early chondrogenic differentiation to terminal chondrocyte 

mineralisation 59. In comparison to primary articular chondrocytes and skeletal stem 

cells (more commonly referred to as mesenchymal stem cells) as well as other 

chondrocytic cell lines, ATDC5 cells exhibit chondrogenic differentiation at a much 

higher frequency 59, 60. This could be one of the reasons that some chondrogenic 

differentiation was evident even in pellets cultured in basal medium and, minimal 

synergetic effects between TGF-β and glass dissolution products were observed in the 

present study. The responses of more clinically relevant cell populations, namely 

human articular chondrocytes and adult skeletal stem cells, to GSK-3 inhibitor lithium 

and SiO2 - Li2O glass therefore will be the focus of future investigations. 

Here, the dissolution products of SiO2 - Li2O sol-gel derived glass were used for the 

investigation of their effects on chondrogenic differentiation and cartilaginous matrix 

formation. Since the design goal of this unique binary sol-gel glass was to allow 

sustained and controlled release of therapeutic ions in situ, it is important to conduct 

further studies where the use of SiO2 - Li2O glass will be in direct contact with articular 
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chondrocytes and/or cartilage tissue. This will also allow the investigation of potential 

interaction with surrounding tissues and the removal mechanism of degradation by-

products. 

Conclusion 

We have demonstrated here that biomaterials can be designed and used as an 

investigational tool towards the understanding of complex biological systems. Silicate 

ions alone have minimal effects on ATDC5 cell metabolism whereas dissolution 

products of SiO2 - Li2O bioactive glass enhanced ATDC5 cell activities to an extent 

similar to chondrogenic conditions. The dissolution products of SiO2 - Li2O glass, 

containing Wnt agonist Li, were able to enhance the rate of chondrogenic 

differentiation as well as GAG deposition, which are crucial for in situ cartilaginous 

matrix formation. The data presented here suggest that sol-gel derived glasses have 

the potential to be used as effective delivery vehicles for lithium, in its active ionic form, 

in cartilage regeneration applications. 
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Figures and captions 

 

Figure 1. Alcian blue and Sirius red (A/S) staining of day 7, 14 and 21 ATDC5 cell 

pellet cultures. ATDC5 cells were cultured as 3-D pellets (2.5×105cells per pellet) in 

dissolution products of SiO2 - Li2O and S100 sol-gel derived glass with and without the 

presence of chondrogenic supplements. SiO2- Li2O glass dissolution appeared to 

improve cartilaginous matrix formation without the presence of chondrogenic 

supplements. Chondrogenic differentiation and cartilaginous matrix formation was 

observed in pellets collected as early as 7 day. Scale bar = 200 μm. n=3, 

representative images were shown. 
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Figure 2. Immunohistochemical analysis of day 7 and 21 ATDC5 cell pellet cultures. 

SiO2 - Li2O glass dissolution improved the expression of Sox9 (day 7) and Collagen 

Type II (day 21). The expression of chondrocyte hypertrophy marker, Collagen Type X 

was also elevated by both types of sol-gel derived glasses. The addition of 

chondrogenic supplements appeared to supress chondrocyte hypertrophy. The 

expression of Collagen Type I (day 21) was not affected by any of the test conditions. 

Scale bar = 200 μm. n=3, representative images were shown. 
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Figure 3. Real-time qPCR analysis of expression 

of Sox9, Col2a1, Col10a1 and Col1a1 transcripts in day-7 and day-21 pellets 

generated using 2.5×105 ATDC5 cells in various culture conditions. Relative expression 

levels (ΔCT values) of the genes of interests were normalised to the expression of the 

housekeeping gene, β-Actin, i.e. the value of ΔCT is reversely proportional to the 

expression of the gene of interest. Bar graphs were plotted and statistical analysis was 

performed at the level of ΔCT (n=3). *p<0.05 in comparison to basal, +p<0.05 in 

comparison to basal and basal + SiO2 - Li2O and, §p<0.05 in comparison to basal but 

p>0.05 in comparison to SiO2 - Li2O 

. 
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 Figure 4. Quantification of sulphated GAG content in day-21 ATDC5 pellets using 

DMMB assay. Bar graph was plotted as mean ± S.D. (n=3). SiO2 - Li2O glass 

dissolution products alone improved the synthesis of GAG in pellets to a level 

comparable to those cultured in chondrogenic supplements by day 14. *p<0.05 in 

comparison to basal and, §p<0.05 in comparison to basal but p>0.05 in comparison to 

basal + SiO2 - Li2O. 

 

 


