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ABSTRACT 

Osteoarthritis (OA) is a multifactorial disease characterised by the whole joint degeneration. 

The low availability, reproducibility, and reliability of early-stage in vitro disease models are 

currently limiting research into novel treatments. The aim of this PhD project was to develop 

new in vitro models and evaluate their effectiveness. 

Firstly, a scaffold-free spheroids-based model of Articular Cartilage (AC) was developed, taking 

inspiration from the clinically approved Chondrosphere® technique. This approach utilised a 

bankable cell type (immortalised mesenchymal stem cells differentiated in chondrocytes 

(Y201-C)) and produced a standardisable and reproducible AC-like construct, showing high 

expression of chondrogenic markers and AC matrix production. By optimising a cocktail of pro-

inflammatory mediators (Interleukin-мʲΣ с ŀƴŘ ¢bC-ʰύ ǘƘŜ Ƴŀƛƴ ŦŜŀǘǳǊŜǎ ƻŦ h! ǇŀǘƘƻƎŜƴŜǎƛǎ 

at early-medium disease stage could be introduced. The obtained in vitro OA model was used 

as platform for evaluating a novel microRNA-based polyplex treatment, showing potential for 

further therapeutics testing. 

The main limitation of scaffold-free models is to adequately recapitulate the heterogeneous 

composition and high level of AC zonal organisation, and the influence of subchondral bone 

(SB) in OA pathogenesis. Therefore, the second part of this PhD was focused on the design, 

manufacturing, and optimisation of a four-zones osteochondral model by combining multiple 

manufacturing techniques (electrospinning, bioprinting, soft lithography and fusion 

deposition modelling); different materials (natural-based hydrogels for the AC side and a 

thermo-plastic polymer for the SB side) and two cells type (Y201 for SB and Y201-C for AC). 

The physico-chemical properties and biological performances of each individual layer were 

studied in healthy and OA conditions, before their assembly as whole zonal model. Each layer 

reproduced features of the corresponding native zone in terms of matrix and cells 

organisation, gene expression and matrix production. Also, the main OA features (e.g. 

degradation of collagen from the surface, chondrocytes hypertrophy within the deep layer) 

were observed in OA condition. 

In conclusion this project has successfully developed and validated human in vitro models 

closely mimicking AC with characteristic pathological features of early-stage OA. These models 

provide novel insights to inform future production of reliable and scalable human in vitro 

models for testing novel OA treatments. 
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contains 2x105 Y201-C cells per spheroids, cultured in DMEM/F12 media supplemented with 
0.25 % MC. Picture taken after 24 h of spheroids culture (A). The arrow is pointing the 
spheroids on a microscope slide (B). 

Figure 4.5: Manufacturing of spheroids with four different cell types: TC28a2, Y201, HC, Y201-
/Φ {ŎƘŜƳŜ ƻŦ ǘƘŜ ǎǇƘŜǊƻƛŘΩǎ ŦƻǊƳŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ŦǊƻƳ ǘƘŜ ǎŜŜŘƛƴƎ ǘƻ ǘƘŜ ǎǇƘŜǊƻƛŘ ŦƻǊƳŀǘƛƻƴ 
(A). Phase contrast brightfield images of spheroids after 72 hours with TC28a2 (B), Y201 (C), 
HC (D) and Y201-C (E). Scheme of the cell type used for the experiments: code, name of the 
cells and result of the trial of spheroids formation in 72 hours (F).  



XV 
 

Figure 4.6: HC and Y201-C spheroids pictures taken at day 1, day 3 and day 7. Bars: 100 µm 
(A). Graphs reporting the change in spheroids diameter and area at the respective time points 
for HC and Y201-C (B). Analysis of the circularity and roundness for HC and Y201-C (C). 
Statistics: **** p<0.0001. 

Figure 4.7: HC and Y201-C spheroids Live/Dead assay at day 1, day 3 and day 7, for HC (A) and 
Y201-C (B). Bars:100µm. Calcein stains live cells (green) and Ethidium Bromide (EthBr) stains 
dead cells (red). 

Figure 4.8: HC and Y201-C spheroids metabolic activity via CellTiter-Glo® 3D assay at day 1, 
day 3 and day 7 for both cells type (A). /Ŝƭƭǎ Ǿƛŀōƛƭƛǘȅ ǇŜǊŎŜƴǘŀƎŜ ƻōǘŀƛƴŜŘ ōȅ /Ŝƭƭ¢ƻȄϰ DǊŜŜƴ 
Assay (B). Statistics: **** p<0.0001, *** p<0.005. 

Figure 4.9: TEM images of changes to cellular ultrastructure during spheroids maturation in 
vitro at day 2 and day 7 for HC (A-F) and Y201-C (G-L) in the core (A,B,D,E,G,H,J,K) and in the 
peripheral zone (C,F,I,L); specific organelles are reported: nuclei (N), mitochondria (M) and 
endoplasmic reticula (ER) and cellular degeneration in form of chromatin clumping and 
nuclear fragmentation (red arrow) and vacuolisation (purple arrow).  

Figure 4.10: Apoptosis-Necrosis assessment via Real-time assay at early stage (day 1 - day 3) 
and late stage (day 5 ς day 7) for HC and Y201-C. Graphs for HC and Y201-C at early and late 
stages reporting the apoptosis percentage (A) and the necrosis percentage (B). 

Figure 4.11: SEM analysis of HC and Y201-C spheroids at day 2 (A,C) and day 7 (B,D). Inserts 
report a higher magnification on the surface morphology of spheroids. 

Figure 4.12: Chondrosphere fusion trial after 21 days of culture in 48-well plate with (A) or 
without (B) the addition of MC. 

Figure 4.13: Chondrosphere formation and maturation after 21 days of culture. Brightfield 
images taken of spheroids seeded on the membrane and some higher magnifications in inserts 
for HC (A) and Y201-C (B). SEM images of chondrosphere after 21 days of culture on PLGA-GEL 
membrane of HC (C) and Y201-C (D). Higher magnification in the areas of interest (1, 2). 

Figure 4.14: GAGs quantification analysis on HC (A) and Y201-C (B) for the chondrospheres at 
day 0,14 and 21 of culture. Results are normalised to spheroids at day 1. Statistics: **** 
p<0.0001. 

Figure 4.15: RT-qPCR analysis graphs showing the fold-change (2-ɲɲ/ǘ) at day 1 and day 21 of 
chondrospheres culture relative to spheroid at day 1: SOX9 for HC (A) and Y201-C (D), ACAN 
for HC (B) and Y201-C (E) and COL2A1 for HC (C) and Y201-C (F). Statistics: ****p<0.0001. 

Figure 4.16: Spheroids growth. Images of HC spheroids at day 1 (A), day 4 (B-D) and day 10 (E-
G) in Healthy (A,B,E) LC-OA (C,F) and HC-OA (D-G) conditions. Bars: 300 µm. Diameter length 
analysis (H). Statistics: ****p<0.0001. 

Figure 4.17: Spheroids growth. Images of Y201-C spheroids at day 1 (A), day 4 (B-D) and day 
10 (E-G) in Healthy (A,B,E) LC-OA (C,F) and HC-OA (D-G) conditions. Bars: 300 µm. Diameter 
length analysis (H). Statistics: ****p<0.0001. 

Figure 4.18: HC (A) and Y201-C (B) cells metabolic activity evaluated with MTS assay at day 1, 
day 4 and day 10 of spheroids culture in Healthy, LC-OA and HC-OA. Statistics: **p<0.05 and 
*p<0.01. 
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Figure 4.19: Analysis upon cells proliferation at day 1 and day 21 in Healthy, LC-OA and HC-OA 
conditions by staining of Ki-67 (green) proliferation marker; cells nuclei are counterstained 
with DAPI (blue), for HC (A) and Y201-C (B). Bars:150 µm. 

Figure 4.20: Evaluation of HC and Y201-C cells nuclei (stained with DAPI) organisation and 
morphology at 21 days in Healthy, LC-OA and HC-OA conditions 63x magnification. Bars: 20 
µm. 

Figure 4.21: Gene expression of anabolic markers via RT-qPCR analysis for HC and Y201-C: fold 
change of SOX9 (A,B), COL2A1 (C,D) and ACAN (E,F) in Healthy, LC-OA and HC-OA conditions. 
Statistics: **** p<0.0001, **p<0.01, p<0.05. 

Figure 4.22: Gene expression of catabolic markers via RT-qPCR analysis for HC and Y201-C: 
fold change of MMP13 (A,B), ADAMTS-5 (C,D) in Healthy, LC-OA and HC-OA conditions. Report 
of the COL2A1/COL1A2 ration for HC (E) and Y201-C (F) Statistics: **** p<0.0001, **p<0.01, 
p<0.05. 

Figure 4.23: Histological staining of H&E, Alcian Blue and Picrosirius Red on obtained 
cryosection of HC (A) and Y201-C (B) samples in Healthy, LC-OA and HC-OA condition at days 
1 and 21. Bars = 150 ˃ ƳΦ 

Figure 4.24: IHC on cryosection of HC (A,B) and Y201-C (C,D) in Healthy, LC-OA and HC-OA 
conditions: Coll II (AlexaFluor594 - Red) (A,C) and ACAN (Fluorescein - Green) (B,D). Nuclei are 
counterstained (DAPI- .ƭǳŜύΦ .ŀǊǎ Ґ мрл ˃ƳΦ  

Chapter 5: 

Figure 5.1: Manufacturing process of PLLA/Fe2O3 MS, via an Oil/Water emulsion process (1-
4), followed by freeze-drying (5) and plasma treatment (6), to activate the surface of the MS 
(7). 

Figure 5.2: Manufacturing process of the PLLA/MS loaded OA in vitro model: Y201-C cells 
ŜȄǇŀƴǎƛƻƴ όмύΣ {ǇƘŜǊƻƛŘΩǎ Ŏulture and characterisation in a round bottom 96-well plate for 10 
days (2) with the addition of IL-6, IL-1ß, TNF-ʰ ǇǊƻƛƴŦƭŀƳƳŀǘƻǊȅ ƳŜŘƛŀǘƻǊǎ όоύΣ 
Chondrospheres culture and characterisation for further 11 days on a GEL-coated electrospun 
PLGA membrane (4). 

Figure 5.3: Manufacturing of the CH/miRNA polyplexes, starting from CH (5, 10, 15, 20, 100, 
нрлΣ рллΣ нллл ˃ƎκƳ[ύ ŀƴŘ Ƴƛwb!-140-5p (20 µM). Representation of the cellular uptake of 
the positively charged polyplexes, through the negatively charged cells membrane.  

Figure 5.4: SEM images of the obtained PLLA/MS at different magnifications: 144 x, 426 x, 862 
x and 2700 x (A) and analysis of the percentage of the microspheres with a diameter in the 
ranges: 0 ς 10, 10 ς 20, 20 ς 30, 30 ς 40, 40 ς 50, 50 ς 60, 60 ς 70, > 70 µm. Analysis performed 
from 3 images from each batch of MS (B). 

Figure 5.5: Image of the round bottom 96 multi-well plate and the obtained spheroids after 
48 h of culture in DMEM/F12 with 0.25 % MC. Ratios of Y201-C: MS exploited: 1:0, 1:1, 2:1, 
3:1 and 1:2. 

Figure 5.6: Analysis of the morphology of the obtained spheroids after 48 hours of culture, in 
healthy and pathological conditions and with (MS) and without (CTRL) the presence of MS. 
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Images of the spheroids (A), analysis of the average diameter in each condition (B), 
morphometric analysis of spheroids roundness and circularity (D). Arrows pointing at the 
inhomogeneous surface of the MS-P spheroids in (A). 

Figure 5.7: Analysis of cells viability via staining of all cells nuclei with HOECHST (blue) and 
dead cells with propidium iodide (PI) (red). Arrows pointing at the MS. Bars = 100 µm (A). 
Metabolic activity evaluation for Y201-C (B). The conditions exploited were CTRL-H, MS-H, 
CTRL-P, MS-P. Statistics: ****p<0.0001.  

Figure 5.8: TEM analysis performed for CTRL-H and MS-H at day 7. Images taken at the 
peripheral region of the spheroids (A,B,E,F) and in the middle of the spheroid (C,D,G,H). 

Figure 5.9: RT-qPCR results showing the fold change of sox9 (A), col2a1 (B), acan (C), mmp13 
(D) and adamts-5 (E) at day 21, with respect of day 1. Conditions analysed: CTRL-H and CTRL-
P, Y201-C without the MS and without the bioreactor stimulation; MS-H and MS-P, Y201-C 
with the MS and without the bioreactor stimulation; EXP-H and EXP-P, Y201-C with the MS 
and with the bioreactor stimulation. Statistics: ****p<0.0001. 

Figure 5.10: DǊŀǇƘǎ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ʸ- potential and size distribution of the different 
polyplexes at 0, 5, 10, 15, 20, 199, 250, 500, 2000 µg/mL of CH.  

Figure 5.11: Cell viability performed at 24 and 48 hours using CH at 3 different concentrations 
όл ˃ƎκƳ[Σ р ˃ƎκƳ[Σ ŀƴŘ нрл ˃ƎκƳ[ύΦ Lƴ ōƭǳŜ ŀǊŜ ǎǘŀƛƴŜŘ ŎŜƭƭǎ ƴǳŎƭŜƛ όIh9/I{¢ύ ŀƴŘ ƛƴ ǊŜd dead 
cells (EthBrom) (A). Cells metabolic activity assessment at day 1 and day 2 in the same three 
conditions (B). Statistics: ***p<0.001. 

Figure 5.12: Immunostaining images of CH/miR-140 polyplexes at 24 and 48 hours. The images 
shown are a merge of DAPI, Phalloidin Rhodamine (PhallRhod) and labelled mirna (mirFI). 
Images are taken at 20 x at 24 and 48 h for the three conditions (A)and at 20 x and 40 x at 48 
h for the CH 250 µg/mL condition.  

Figure 5.13: Gene RT-qPCR analysis to evaluate the expression of sox9 (A), acan (B), col2a1 
(C), mmp13 (D) and adamts-5 (E), for assessing the therapeutic treatment of CH/miRNA based 
polyplexes in an OA in vitro model, compared to OA conditions and healthy conditions. The 
fold change at day 10 with respect to day 1 is reported in the graphs. A graph reporting the 
col2a1/col1a2 ratio is reported as well (G). Statistics: *p<0.05, ***p<0.001, ****p<0.0001. 

Figure 6.14: Histological analysis of cryosections of HC spheroids at day 1 and at day 10 in 
healthy, OA and OA+polyplexes conditions. H&E staining of cells nuclei and cytoplasm (A-D), 
Picrosirius red staining of collagen (E-H), Alcian blue staining of GAGs (I-L). 

Chapter 6: 

Figure 6.1: Scheme of the manufacturing process for the zonal model: (1) manufacturing of SB 
via FDM of PLA with Rokit INVIVO bioprinter (6 x 6 x 1 mm); (2) DL manufacturing, based on 
GG3, via soft-lithography, with PDMS moulding (6 x 6 x 3 mm); (3) combination of SB and DL 
constructs, during UV exposure; (4) bioprinting of Y201-C-loaded GG2-MH bioink for the 
obtainment of the ML (6 x 6 x 2 mm); (5) electrospinning of PCL/GEL membranes and seeding 
with Y201-C for the manufacturing of the SL (6 x 6 mm); (6) combination of SL and ML; (7) 
formation of the zonal construct by merging the SL-ML construct with the SB-DL construct, via 
CSDP hydrogel loaded with Y201-C and seeding of the SB with Y201. 
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Figure 6.2: Chemical characterisation of GG and GGMA. FTIR-ATR spectra of low-acyl GG and 
GGMA freeze-dried samples (A); NMR graph of GG before and after the methacrylation, 
relative to the 13C CP, 1H MAS and 2D 1H-13C heteronuclear correlation spectra with related 1H 
and 13C projections (B); XPS data relevant to C1s curve fittings of GG and GGMA samples, 
whose attributions and atomic percentages were reported in Table 6.5 (C). 

Figure 6.3: Analysis of Gelation time for GG2, GG3 and GG2-MH hydrogels with Photo-
crosslinking or a combination of Ionical and Photo-crosslinking: Tube inverted vial test at 0 
minutes (A,B), 3 (C,D) and 10 minutes (E,F). 

Figure 6.4: Water Uptake study of GG2, GG3 and GG2-MH at different time points up to 48 
hours (insert: zoom on the first 8h of uptake). 

Figure 6.5: Morphological analysis of GG2, GG3 and GG2-MH hydrogels. SEM images 
representing cross-section microstructure of: GG2 at 35x (A) and 100 x (B); GG2-MH at 35x (A) 
and 100 x (B) and (C,D) GGMA-MH hydrogels at magnifications 35x (A,C) and 100 x (B,D). 
.ŀǊǎҐрлл ˃ƳΤ ό9ύ 5ƛǎǘǊƛōǳǘƛƻƴ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǇƻǊŜǎ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜǎ ғмлл ˃ƳΣ мллςмрлл ˃ƳΣ 
150ςнлл ˃ƳΣ Ҕнлл ˃Ƴ ŦƻǊ DDa! όōƭŀŎƪύ ŀƴŘ DDa!-MH (grey). 

Figure 6.6: Unconfined compression test of GGMA-ōŀǎŜŘ ƘȅŘǊƻƎŜƭǎΦ 9ȄŀƳǇƭŜ ƻŦ ǎǘǊŜǎǎόˋύ ǾǎΦ 
ǎǘǊŀƛƴ όʶύ ŎǳǊǾŜǎ ŦƻǊ DDн όōƭŀŎƪ ŀǊǊƻǿ ǇƻƛƴǘƛƴƎ ŀǘ ǘƘŜ ōǊŜŀƪŀƎŜ Ǉƻƛƴǘύ όA), GG3 (B) and GG2-
MH (CύΦ wŜǇƻǊǘ ƻŦ ǘƘŜ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ŦƻǊ DDнΣ DDо ŀƴŘ DDн-MH. Statistics: *p<0.05. 

Figure 6.7: Rheological analysis of GG2, GG2-MH and GG3 hydrogels. Strain sweep test at 37 
ϲ/ ǎƘƻǿƛƴƎ {ǘƻǊŀƎŜ όDΩύ ŀƴŘ [ƻǎǎ όDέύ ƳƻŘǳƭƛ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊŀƛƴ ƛƴ ǘƘŜ ǊŀƴƎŜ лΦм -20 % 
(A); Complex modulus (G*) as a function of the strain (0.1-20%) (B); Temperature sweep test 
in the temperature range 15-рл ϲ/ ŀƴŘ ǊŜŎƻǊŘ ƻŦ DΩ ŀƴ Dέ ƛƴ [±9w ŀǘ ŜŀŎƘ ǘŜƳǇŜǊŀǘǳǊŜ όC); 
wŜǇƻǊǘ ƻŦ Dϝ ŀǘ н҈ ǎǘǊŀƛƴΣ ŀǇǇŀǊŜƴǘ ǾƛǎŎƻǎƛǘȅ όʹύ  ŀƴŘ ǎǘǊŀƛƴ ǾŀƭǳŜ ŀǘ ȅƛŜƭŘ Ǉƻƛƴǘ ό¸ƛŜƭŘ ʴ ҈ύ όD). 

Figure 6.8: Chemical characterisation of CS and CSDP. FTIR-ATR spectra of CS powder and  
freeze-dried CSDP samples (A); NMR graph of CS and CSDP (B); XPS data relevant to C1s and 
N1s curve fittings of CS, DP and CSDP samples (C).  

Figure 6.9: Physico-chemical characterisation of CSDP10 and CSDP20 hydrogels:  SEM images 
of the freeze-dried hydrogels. Bars= 500 µm. (A) Water Uptake study of at different time 
points up to 48 hours (B); Unconfined compression test of CSDP hydrogels: example of 
ǎǘǊŜǎǎόˋύ ǾǎΦ ǎǘǊŀƛƴ όʶύ ŎǳǊǾŜǎ (C).  
 
Figure 6.10: Images of the 3D-printed PLA grid for the SB manufacturing, at different 
magnifications.  
 
Figure 6.11: Assessment of the functionalisation effect on the PLA structure. SEM analysis on 
PLA to assess the morphology before (A,B) and after the functionalisation with DOPA (C,D), 
with DOPA and GEL (1%w/v) via poly-dopamine coating (E,F) and with GEL (1% w/v) and nHA 
(5% w/w) via poly-dopamine coating (arrows pointing at the nHA deposits) (G,H). Bar= 100 µm 
(A,C,E,G) and 500 µm (B,D,F,H). Magnification: 35x (A,C,E,G) and 100 x (B,D,F,H). 
Representative microCT images of all the 3D printed scaffolds pre-functionalisation (I) and 
post-functionalisation with DOPA (J), DOPA/GEL (K) and DOPA/GEL/nHA (L). All the scaffolds 
are 13 x 13 x 1 mm. Table reporting the total porosity (%) in the four conditions (M). 
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Figure 6.12: Y201s viability on PLA 3D printed scaffolds. Live/Dead viability assessment 
(calcein staining live cells in green and Ethidium Bromide staining dead cells in red) at day 3 
on PLA/DOPA (A) and PLA/GEL (B); and at day 3 (C) and day 7 (D) on PLA/GEL/nHA. Number 
of metabolically active cells at day 1, day 7 and day 21 on PLA/GEL and PLA/GEL/nHA, 
evaluated with MTT assay (E). Statistics: ****p<0.0001. 

Figure 6.13: Cells distribution and morphology on PLA/GEL/nHA scaffold. Immunostaining of 
cells cytoskeleton (PhalloidinRhodamine) and Nuclei (DAPI) on PLA/GEL/nHA at day 3 (A) and 
day 7 (B): arrows indicate mitosis. Bars= 100 µm. SEM images after 1 day of cells seeding at 
250 x (C) and 1500 x (D).   

Figure 6.14: Gene RT-qPCR and Western Blot analyses to evaluated respectively genes and 
proteins expression for assessing the ability of nHA functionalization to promote Y201s 
osteogenic differentiation onto PLA/GEL/nHA scaffolds, compared to bare PLA/GEL. Relative 
expression of runx2 (A), alpl (B) and sparc (C) by Y201s via RT-qPCR at day 1 and day 21 of 
culture. Proteins densitometric quantification expressed as intensity normalised to GAPDH at 
day 1, 7, 14 and 21, for RUNX2 (D), ALP active peptide 200KDa (E) and ON (F). Western blotting 
membrane of Y201s at days 1, 7, 14 and 21 incubated with ALP, RUNX2, ON and GAPDH 
antibodies (G). Statistics: *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001. 

Figure 6.15: Immunofluorescence images of Osteonectin staining (red) and cells nuclei (blue) 
on PLA/GEL (A-C) and PLA/GEL/nHA (D-F) scaffolds at day 21 of culture. Bars= 100 µm. 

Figure 6.16: Analysis of mineralisation on PLA scaffolds with (PLA/GEL/nHA) and without 
(PLA/GEL) the presence of nHA: Images at day 1 (A,B), day 7 (C,D) and day 21 (E,F). Higher 
magnification in the inserts. Bars= 2 mm. Quantification of Alizarin Red at days 1, 7 and 21 (G).  

Figure 6.17: Gene RT-qPCR and Western Blot analyses to evaluated respectively genes and 
proteins expression for assessing the pathological features of PLA/GEL/nHA scaffold with (SB-
P) and without (SB-H) the presence of cytokines. Relative gene expression of runx2 (A), collIa2 
(B), spp1 (C) and vegf (D) at day 1, day 14 and 21 in SB-H and SB-P conditions. Proteins 
densitometric quantification expressed as fold-change at days 7, 14 and 21 with respect of day 
1 for RANKL (E) and OPG (F). Western blotting membrane incubated for RANKL, OPG and 
GAPDH at days 1, 7, 14 and 21 in SB-H and SB-P samples (G). Statistics: *p<0.05, **p<0.01, *** 
p<0.001 and **** p<0.0001. 

Figure 6.18: Alizarin red analysis at days 1, 7, 14 and 21 in SB-H and SB-P samples, both 
qualitative (A-F) and qualitative (G). Higher magnification in the inserts. Bars= 2 mm. 

Figure 6.19: Manufacturing process of DL: PLA master fabrication via FDM (1), PDMS molding 
(2) and the obtained finale GG3 construct, to be filled with CSDP and Y201-C in the holes (3). 

Figure 6.20: Viability of Y201s-C embedded within DL-emulating hydrogel. Live/Dead viability 
assessment at day 1 and day 7: live cells are stained in green (A,C) and dead cells are stained 
in red (B,D). Histogram of cell viability obtained by MTS assay at days 1, 3 and 7 (E). Statistics: 
***  p<0.001. 

Figure 6.21: DAPI/Phalloidin staining at day 1 (A) and day 7 (B), with a focus on the x,z axys, 
to observe the cells organisation through the channels of GG3 (C). SEM images at day 1: 50 x 
(D), 250 x (E) and 2500 x (F). 
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Figure 6.22: Assessment of DL in OA (DL-P) and healthy (DL-H) conditions. 
Immunofluorescence staining for ACAN (green) and COLLX (red) at days 1 and 21 for DL-H and 
DL-P: cell nuclei were counterstained with DAPI (A). Scale bar: 100 µm. Graph showing the 
percentage of ACAN and COLLX positive cells with respect to the nuclei (B). GAGs 
quantification at day 1, 14 and 21 in DL-H and DL-P samples: acellular GG-CSDP15 background 
was subtracted and data were extrapolated from a standard curve. 

Figure 6.23: Stress relaxation curves obtained for DL construct at day 1 (A) and at day 14 in 
healthy (B) and pathological (arrow pointing at the breakage point) (C) conditions. Table 
ǊŜǇƻǊǘƛƴƎ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ǘƘŜ tŜŀƪ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ǘƘŜ ǾƛǎŎƻŜƭŀǎǘƛŎ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜ όˍ1) and 
ǘƘŜ ǇƻǊƻŜƭŀǎǘƛŎ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜ όˍ3). 

Figure 6.24: Morphological analysis of cells within the DL-H and DL-P constructs, after 21 days 
of culture. 

Figure 6.25: Bioprinting procedure for GG2 and GG2-MH for manufacturing AC ML: scheme of 
the bioprinting process with encapsulated Y201-C and the optimised printing parameters for 
the Rokit INVIVO bioprinter (A). Images of the obtained GG2 and GG2-MH constructs: a four 
layers grid (left) and a 10-layers construct obtained with GG2-MH selected bioink at different 
magnifications (right). 

Figure 6.26: Zoom in on the filament extruded before being deposited on the printing bed for 
GG2 (A) and GG2-MH (B): the red lines are indicating the change in the diameter alongside 
the length of the filament; (F,J) Phase contrast pictures of GGMA and GGMA-MH extruded 
filaments; (G,K) GFP images of GGMA and GGMA-MH extruded filaments. 

Figure 6.27: Assessment of cells viability within the bioprinted GG2 (A,B) and GG2-MH (C,D) 
at day 1 and day 3, via confocal microscopy: 3D view. All cells nuclei are stained in blue 
(Hoechst) and dead cells are stained in red (Ethidium Bromide). The amount of dead cells are 
quantified with Image J software, from the obtained images (E). Evaluation of the number of 
metabolically active cells, via MTS assay (F). Statistics: ****p<0.0001, ***p<0.001. 

Figure 6.28: Immunostaining of cells nuclei (blue, DAPI) and cytoskeleton (red, PhRhod): 2D 
images at days 1, 3 and 7 for GG2 (A,C,E) and GG2-MH (B,D,F); 3D view at day 7 for GG2 (G) 
and GG2-aI όIύΦ .ŀǊǎҐ млл ˃ƳΦ 

Figure 6.29: SEM analysis of GG2 (A,B) and GG2-MH (C,D) hydrogels after 21 days of culture 
at 2000 x (A,C) and 4000 x (B,D). 

Figure 6.30: Histological analysis of cryosections of GG2 and GG2-MH at day 1 and at day 21 
in healthy (GG2-H and GG2-P) and OA conditions (GG2-MH-H and GG2-MH-P). H&E staining 
of cells nuclei and cytoplasm (A-F), Picrosirius red staining of collagen (G-L), Alcian blue 
staining of GAGs (M-RύΦ .ŀǊǎҐ мрл ˃ƳΦ 

Figure 6.31: GAGs quantification for GG2 (A) and GG2-MH (B) at days 1, 7 and 21 in healthy 
and OA conditions. 

Figure 6.32: Gene RT-qPCR analysis to evaluated the expression of sox9 (A,B), acan (C,D), 
col2a1 (E,F), mmp13 (G,H) and adamts-5 (I,J), for assessing the pathological features of GG2 
and GG2-MH construct in presence (GG2-P and GG2-MH-P) and absence of cytokines (GG2-H 
and GG2-MH-H). The fold change at day 21 with respect to day 1 is reported in the graphs. 
Fold change of SOX9, ACAN, COL2A1, MMP13 and ADAMTS-5 for GG2-MH-H and GG2-MH-P 
after 21 days of culture with respect to GG2-H (J) and GG2-P (K). In the dotted rectangles are 
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put the results which led to the selection of GG2-MH instead of GG2 for the zonal model 
manufacturing. Statistics: ****p<0.0001. 

Figure 6.33: Immunohistochemistry analysis of fixed tissue sections: of ACAN (A-F) and Coll II 
(G-L), for GG2 and GG2-MH at day 1 and day 21 in healthy (ML-H) and pathological conditions 
(ML-tύΦ bǳŎƭŜƛ ǿŜǊŜ ŎƻǳƴǘŜǊǎǘŀƛƴŜŘ ǿƛǘƘ 5!tLΦ .ŀǊҐ мрл ˃ƳΦ 

Figure 6.34: FTIR-ATR spectra of electrospun PCL and PCL/GEL membrane (A) and table of the 
typical PCL peaks and corresponding wavelength (B). 

Figure 6.35: Electrospun membranes random (A-C) and aligned (D-F). Magnifications: 5000 x 
(A,D), 6000 x (B,E) and 9000 x (G,FύΦ .ŀǊǎ Ґ мл ˃ƳΦ 

Figure 6.36: Cells viability onto PCL/GEL-Random and PCL/GEL-Aligned membranes at days 1 
and 3 of Y201-C culture, evaluated via Live/Dead assay. Live cells are stained in green (calcein) 
and dead cells in Red (EthBromide). 

Figure 6.37: Cells distribution and morphology onto PCL/GEL-Random (A,C,E,G) and PCL/GEL-
Aligned (B,D,F,H) membranes at day 7. Immunostaining of cells nuclei (DAPI) (A,B) 
cytoskeleton (PhalloidinRhodamine) (C,D), Ki-67 (E,F) and merged stainings (G,H). Bars= 150 
˃ƳΦ 

Figure 6.38: Number of metabolically active cells at days 1, 3 and 7 onto PCL/GEL-Random and 
PCL/GEL-Aligned, evaluated with MTT assay. Statistics: ****p<0.0001. 

Figure 6.39: Histological analysis of cryosections of SL at day 1, SL-H and SL-P at day 21. H&E 
staining of cells nuclei and cytoplasm (A-C), Picrosirius red staining of collagen (D-F), Alcian 
blue staining of GAGs (G-I). 

Figure 6.40: Gene RT-qPCR analysis to evaluate the expression of sox9 (A), acan (B), col2a1 
(C), col1a2 (D), mmp13 (E) and adamts-5 (F), for assessing the pathological features of SL in 
absence (SL-H) or presence (SL-P) of cytokines. The fold change at day 21 with respect to day 
1 is reported in the graphs. Ratio of COL2A1 and COL1A2 at day 21 is reported for SL-H and SL-
P (G). Statistics: ****p<0.0001, **p<0.01. 

Figure 6.41: Immunohistochemistry analysis of fixed tissue sections: of Coll II (A-I) and ACAN 
(J-R) for SL at day 1 and SL-H and SL-P at day 21. Nuclei were counterstained with DAPI. Bar= 
мнр ˃ƳΦ 

Figure 6.42: Immunofluorescence analysis of Coll II and DAPI on fixed membranes for SL at 
day 1 (A-C) and SL-H (D-F) and SL-P (G-Iύ ŀǘ Řŀȅ нмΦ .ŀǊҐ мрл ˃ƳΦ 

Figure 6.43: Morphological analysis of Y201-C onto the PCL/GEL membranes at day 1 (A,B) 
and at day 21, in SL-H (C,D) and SL-P (E,F). Magnifications: 400 x (A,B,D,F), 750 x (C) and 1000 
x (DύΦ .ŀǊǎҐ нл ˃ƳΦ 

Figure 6.44: Obtained zonal construct, cultured in the 12 well plate with inserts (A). Image of 
the model on a glass slide (B) and a zoom (C). 

Figure 6.45: Assessment of cells viability within the zonal construct after 24 h of 
manufacturing: all cells nuclei are stained in blue (Hoechst) and dead cells are stained in red 
(Ethidium Bromide) (A). Evaluation of cells viability via MTS (BύΦ .ŀǊҐ мрл ˃ƳΦ {ǘŀǘƛǎǘƛŎǎΥ 
****p <0.0001. 
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Figure 6.46: Cells distribution and morphology within the zonal model at day 1 (A-F) and day 
7 (G-L). Staining of cells nuclei with DAPI and cytoskeleton with Phalloidin Rhodamine. Bars= 
мрл ˃ƳΦ 

Figure 6.47: Histological analysis of zonal construct cryosections at day 21 in healthy (A) and 
pathological (B) conditions. H&E staining of cells nuclei and cytoplasm, Picrosirius red staining 
ƻŦ ŎƻƭƭŀƎŜƴ ŀƴŘ !ƭŎƛŀƴ ōƭǳŜ ǎǘŀƛƴƛƴƎ ƻŦ D!DǎΦ .ŀǊǎҐ мрл ˃ƳΦ 

Figure 6.48: Morphological analysis of the obtained construct at day 1: total construct (A); 
zoom on different part of the construct: SL-ML interface (B), ML-DL interface (C), SL (D), 
morphology of the membrane and Y201-C on it (insert) (E). 

Figure 6.49: Morphological analysis of the obtained construct at day 21 in healthy conditions: 
total construct (A); zoom on different part of the construct: SL (B), ML-DL interface (C), SB (D), 
SL-ML interface (E). 

Figure 6.50: Morphological analysis of the obtained construct at day 21 in OA conditions: total 
construct (A); zoom on different part of the construct: SL-ML interface (B), SL ς red arrows 
pointing at the apoptotic bodies (C), DL (D) and SB(E). 
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Chapter 1. Introduction 

Articular Cartilage (AC) is an avascular tissue with a heterogeneous composition with a high 

level of organisation, which makes it difficult for it to be repaired when damaged (Mescher, 

2016). Among different forms of joint diseases, the progressive degeneration of AC due to 

osteoarthritis (OA) is the most common, with a global prevalence in the hip of 0.8 % and knee 

of 3.8 % (Versus Arthritis, 2021). In the UK over 8.75 million people, aged 45 and over, have 

sought OA treatment (Arthritis Research UK, 2011).  

The main methodologies involved in OA treatment are: (i) non-pharmacological (e.g., physical 

therapy) and pharmacological (e.g., non-steroidal anti-inflammatory drugs) for mild to 

moderate degenerative joint diseases with the aim of reducing pain, and (ii) surgical 

operations (e.g., joint replacement, bone marrow stimulation techniques and osteochondral 

plugs), which are very successful in reducing pain and increasing mobility (Alford & Cole, 2005; 

Glyn-Jones et al., 2015). In the last decade, regenerative medicine techniques have increased in 

popularity (Kloppenburg & Berenbaum, 2020). One of these strategies is autologous chondrocyte 

implantation (ACI), firstly used in humans in 1987, with the pilot study published in 1994 and 

over 35,000 patients had been treated worldwide by 2010 for cartilage defects (Armoiry et al., 

2019; Ogura et al., 2017; Harris et al., 2010). 

ACI has gone through several evolutions, and the most recent is ŎŀƭƭŜŘ /ƘƻƴŘǊƻǎǇƘŜǊŜϰ (or 

Spherox), considered the 4th generation ACI, that has been approved and recommended by 

the National Institute for Health and Care and Excellence (NICE), to treat symptomatic AC 

defects for up to 10 cm2 (Armoiry et al., 2019; Cummins et al., 2017). This approach is based 

on the use of different doses of spheroids of human autologous chondrocytes and their 

transplantation into the AC defect (Davies & Kuiper, 2019; Cummins et al., 2017). Although 

Chondrosphere® has been clinically approved, it is expensive with a cost of £10,000 per 

patient per therapy and this technique is not promoted as an OA treatment (Armoiry et al., 

2019).  

OA disease pathogenesis is due to a joint action of physico-chemical and mechanical factors, 

where the progressive breakdown of AC and underlying subchondral bone (SB) are the main 

pathological features of OA (Glyn-Jones et al., 2015). However, there are still uncertainties 

about a long-term surgical treatment for OA joints, mainly because of the lack of knowledge 

about the OA evolution process and its internal mechanisms (March et al., 2016).  



2 
 

In this context, engineered AC in vitro models are ideal candidates for in-depth research into 

the physiology, biology, and progression of OA disorders. This is driving research into early-

stage disease causes, as a key element for exploring, designing, and testing new therapeutic 

treatments in reliable and predictive models (Craig I. Johnson et al., 2016; Grenier et al., 2014). 

The benefits of using in vitro models are their easy manipulation, the importance of the ethical 

philosophy of refining, reducing, and replacing the use of animals in ǊŜǎŜŀǊŎƘ όоwΩǎ ǇǊƛƴŎƛǇƭŜύ 

(European Parliament, 2010), the low reliability of animal studies when translated to human, 

and the high costs of in vivo studies (Peric et al., 2015). 

Traditional 2D monolayer culture systems lack the ability to replicate the spatial organisation 

and cell-cell interaction found in the native AC. To obtain a functional AC-like tissue in vitro, 

capable of reliably recreating the mechanical, compositional, and structural properties of AC, 

it is necessary to design a 3D environment, able to support and stimulate the growth, 

organization and activity of the cells (Piluso et al., 2019). Several works involving the 

manufacture of in vitro AC construct can be found in literature, and these can mainly be 

categorised as scaffold-free and scaffold-based approaches. 

Scaffold-free approaches aim to produce tissues by mimicking developmental processes, 

where 3D cell aggregate cultures are techniques which enables cell communications, by 

recapitulating the conditions of AC development (DuRaine et al., 2015; Sun et al., 2022). 

Numerous efforts have been made to identify novel cell sources. Since chondrocytes are 

already committed to cartilage development, most research groups focused on their use. 

However, obtaining autologous chondrocytes might result in donor-site morbidity and cell de-

differentiation during 2D growth. Therefore, mesenchymal stromal cells (MSCs), such as those 

obtained from bone marrow, provide an alternative cell source, reducing donor-site 

morbidity. MSCs can be grown in monolayer culture and conditioned with certain growth 

factors (GFs) (e.g., transforming growth factor-beta (TGF̡)) in vitro to differentiate into 

chondrocyte-like cells (Brodkin & Garc, 2004). 

Scaffold-based approaches combine chondrogenic cells with biomaterials, and several 

biomaterials able to influence cell fate towards ECM production have been explored, mainly 

natural-based hydrogels due to their similarity to AC ECM (Armiento et al., 2018; Hutmacher, 

2006; Ngadimin et al., 2021). Scaffold based approaches can also incorporate GFs to further 

influence cell fate towards an anabolic metabolism (Kwon et al., 2019). 
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Despite the numerous efforts made in AC tissue engineering to identify novel cell sources, 

biomaterials and signalling factors, most research has focused on the manufacturing of a 

homogeneous in vitro construct, able to mimic the overall bulk properties of the native tissue 

by combining cells and biomaterials. AC, on the other hand, is a highly structured anisotropic 

tissue with spatially variable structure, composition, and mechanical characteristics. The 

tissue's biomechanical and biochemical function depends on its depth-dependent structure 

and composition (Klein et al., 2009; Kalamegam et al., 2018). 

In the last years, an emergent approach, based on the manufacture of AC zonal-engineered in 

vitro models, is attracting the attention of the scientific community. Its primary goal is to 

recapitulate heterogenous functional, compositional and structural features of the AC, to 

obtain an in vitro construct representative of mature cartilage with respect to: zonal 

organisation (superficial, middle, deep layer and SB), biochemical composition (decreasing 

collagen II and increasing proteoglycans content from the surface to the deep zone), cellular 

morphology (flatten in the superficial layer, rounded and randomly distributed in the middle 

ƭŀȅŜǊ ŀƴŘ ǇƛƭŜŘ ǳǇ ƛƴ ǘƘŜ ŘŜŜǇ ƭŀȅŜǊύ ŀƴŘ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƛƴŎǊŜŀǎƛƴƎ 

with the depth from 0.1 MPa to 8.0 MPa). Researchers have reported the manufacture of a 

partial and total zonal-engineered construct, investigating the cells source, their number, or 

the ECM composition. However, to date relatively few studies have attempted to successfully 

engineer reliable and reproducible zonal in vitro constructs with a structure and composition 

mimicking that of the native tissue (Ren et al., 2016a; Brown et al., 2020a; Gegg & Yang, 2020; 

Owida et al., 2018). 

Furthermore, to study the OA pathophysiology, three mechanisms to induce the pathology 

and monitor its progression within in vitro AC models have been explored: (1) chemical 

induction, using a variety of pro-inflammatory mediators to simulate the ECM degradation 

seen in human OA; (2) mechanical induction, via injurious (i.e. biopsy punch and scalpel) or 

excessive and hyperphysiological mechanical loads to AC constructs; and (3) biological 

induction, using osteoarthritic cells (Grenier et al., 2014; Yeung et al., 2019; Bartolotti et al., 

2021; Salgado et al., 2021). To date, no studies performed on healthy and pathological 3D 

zonal in vitro AC models are reported in literature. 
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1.1 Aim, rationale, and objectives 

This thesis aimed to develop and evaluate scalable process to produce in vitro healthy and 

pathological models representative of AC tissue, to be used as platforms for testing novel 

therapeutics treatments. To this goal, two strategies were explored: a scaffold-free approach 

using multicellular spheroids and a biomaterial-based zonal approach, by mimicking the 

depth-dependent AC features. 

Rationale: Although significant progresses were recently made in OA research, very little is yet 

known about the molecular mechanisms of OA initiation and progression. In addition, current 

OA treatments present several drawbacks, e.g., high costs, formation of transient fibro-

cartilaginous tissue and only symptomatic pain relief. Therefore, a better understanding of the 

OA pathophysiological mechanisms within reliable in vitro models will accelerate the 

development of novel efficient and affordable therapeutic strategies for OA. These developed 

strategies are expected to significantly advance the biomedical field, contributing to the 

definition of new platforms in vitro, which could answer to the specific need of researchers, 

patients, surgeons, and medical doctors. 

Hypothesis: The hypothesis behind this research is that engineered in vitro constructs, with a 

biomimetic internal and external spatial arrangement, may mature into functional tissue 

equivalents and in this way would be possible to analyse damaged or diseased AC. The closer 

in vitro model allows the reproduction of the native AC tissue complexity, more value the 

model will acquire. To test this hypothesis, the following objectives were considered: 

¶ Objective 1: To develop a scaffold-free in vitro spheroids-based AC model, taking 

inspiration from the clinically approved Chondrosphere® technique, by using a 

bankable cell type. Cells viability, gene expression of chondrogenic markers and AC 

ECM production were assessed within this model. 

¶ Objective 2: To use the scaffold-free model to study the OA on-set and development 

in vitro, by optimising a pro-inflammatory mediator ς based chemical strategy and 

evaluating their effect on cells anabolic and catabolic activity. 

¶ Objective 3: To use the obtained OA scaffold-free model as platform for evaluating 

novel advanced therapeutic treatments: microRNA-based polyplex treatment and a 

magnetic field-based bioreactor stimulation. This element of the research was 

performed in collaboration with the Universitat Politècnica de València. 
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¶ Objective 4: Design, manufacture, and optimisation of a four-zone in vitro 

osteochondral zonal model reproducing the hierarchical structure of the native tissue, 

by combining multiple manufacturing techniques, different materials and two cell 

types. 

¶ Objective 5: Analysis of the obtained construct in terms of cell behaviour, matrix 

composition and organisation in healthy and pathological conditions.  

1.2 Thesis structure 

The structure of this PhD thesis consists of seven chapters, as follows: 

Chapter 1 provides an overview of the research field, the rationale of this research together 

with the aim and objectives of this work. Herein it will be explained the structure of the thesis 

with a brief overview of each chapterΩǎ content.  

Chapter 2 focuses on the literature review of the fundamental concepts of the thesis, including 

an introduction on the AC tissue, its degeneration in OA and the relative disease therapeutic 

treatment strategies exploited. Then, there are reported the rationale of AC in vitro tissue 

modelling and the requirements in terms of cells, biomaterials and stimuli for its design and 

manufacturing; also, it will be paid attention on the traditional approaches involved in this 

field, highlighting the importance of proposing a zonal-engineered AC model.  

Chapter 3 contains all the materials and general methodologies involved in the work 

performed in this PhD project. The manufacturing techniques exploited for the different 

objectives of my work are reported in the single chapters, together with specific optimisation 

protocols and results and discussion.  

Chapter 4 focuses on the manufacturing of a spheroid-based scaffold-free in vitro model of 

AC, in line with a clinical approved technique (Chondrosphere® (CO.DON AG)). This obtained 

model will be used to study the OA progression by optimising a novel strategy based on a 

cytokines-based chemical induction.  

Chapter 5 is centred on the assessment of microRNA-based and magnetic-field bioreactor-

based strategies within the scaffold-free in vitro model, as potential novel strategies for OA 

therapeutic treatment. 
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Chapter 6 focuses on the design, manufacturing, and characterisation of the zonal model of 

AC in healthy and pathological condition. At first instance, it was studied each layer singularly 

in terms of cells and materials choice, manufacturing technique optimisation, physico-

chemical properties, and cells behaviour. Then, the single zones were assembled as whole 

zonal model, and cells viability and quality of the tissue produced were assessed. 

Chapter 7 provides an overall discussion and the impact of the obtained results on the fields 

of AC in vitro model studies and OA research, as well as some limitation of the current project 

and recommendations for future studies. 
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Chapter 2. Scientific Background 

2.1 Overview of the Human Cartilage 

Cartilage is a strong and flexible connective tissue distributed in different parts of the human 

body (Figure 2.1A) (Mescher, 2016). Its main purpose is to provide a framework on which 

bone deposition may begin. Another important purpose of cartilage is to act as shock-

absorbing and sliding surface for joints and to facilitate bones movements due to its smooth-

surfaced and resilient properties, thus reducing friction and preventing damage (Ng et al., 

2017). 

Figure 2.1: Overview of the cartilage distribution within the human body (A). There are three 
types of cartilage distributed in many areas of the skeleton: hyaline cartilage (B), fibrocartilage 
(C), and elastic cartilage(D). Readapted from Mescher et al. (Mescher, 2016). 

The only cells found in cartilage are chondrocytes (from the greek chondros, cartilage and 

kytos, cell) and their precursors, chondroblasts (blast, germ), which are embedded in an 

extensive extracellular matrix (ECM) composed of fibres and ground substance. Chondrocytes 

ƳŀƪŜ ǳǇ άŎŜƭƭ ƴŜǎǘǎΣέ ƎǊƻǳǇǎ ƻŦ ŎƘƻƴŘǊƻŎȅǘŜǎ ǿƛǘƘƛƴ ƭŀŎǳƴŀŜΣ ǿƘƛƭŜ ŎƘƻƴŘǊƻōƭŀǎǘǎ ŀǊŜ 

responsible for the secretion and maintenance of the ECM, whose main components are 

collagen (Coll), mainly type II, proteoglycans (PGs), mainly aggrecan, and small amounts of 

several glycoproteins. As a consequence of different functional requirements in the body, 

three forms of cartilage have evolved, exhibiting variations in ECM composition, adapted to 
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local biomechanical needs: hyaline (Figure 2.1B), fibro- (Figure 2.1C) and elastic (Figure 2.1D) 

cartilage (Bhosale & Richardson, 2008). 

The hyaline cartilage, (i.e. found in the nasal septum, at the ends of the ribs, and in the tracheal 

rings.) is the most common and the weakest of the three types of cartilage. It has a glassy 

appearance (from the greek hyalos, glass), when fresh, and it is composed of type II collagen 

fibers (Coll II) and chondromucoprotein. Chondrocytes are located within lacunae and 

surrounded by the cartilage they have produced. Hyaline cartilage has a perichondrium, a 

sheath of dense connective tissue that surrounds cartilage in most places, forming an interface 

between the cartilage and the tissues it supports. It is populated by spindle-shaped cells which 

can differentiate into chondroblasts, that will eventually develop into chondrocytes The 

hyaline cartilage found lining bones in joints is called articular cartilage (AC) (Figure 2.1B).  

The fibrocartilage, (i.e. found in the invertebral discs and joint capsules, in attachments of 

certain ligaments) is the strongest kind of cartilage, because it has a dense arrangement of 

cartilage fibers, that are organised in an orderly manner, oriented in the direction of functional 

stresses. This type of cartilage does not have a perichondrium, as it usually represents a 

transitional layer between hyaline cartilage and tendons or ligaments. It is primarily composed 

of type I collagen (Coll I) and the chondrocytes are surrounded by an ECM which helps 

differentiate fibrocartilage from dense connective tissue (Figure 2.1C). 

Finally, the elastic cartilage (i.e. found in the walls of the external auditory canals and larynx) 

is composed of a thread-like network of elastic fibers, where chondrocytes are dispersed. It 

provides strength and elasticity, and it maintains the shape of certain structure. Elastic 

cartilage is similar to hyaline cartilage, but contains elastic bundles (elastin), in addition to Coll 

II fibers, scattered throughout the matrix and possesses a perichondrium (Figure 2.1D) 

(Bhosale & Richardson, 2008). 

2.1.1 Articular Cartilage formation 

Chondrogenesis is a well-orchestrated process mediated by interactions between cellular 

receptors, growth factors (GFs), and surrounding matrix proteins. ECM enzymes, lead to the 

activation of cell signalling pathways and gene expression in a temporal-spatial-specific 

manner (Figure 2.2) (Zhu, Gong, Lui, et al., 2017). Cartilage derives from a common precursor 

tissue, the embryonic mesenchyme.  
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The first step of the chondrogenesis is the condensation and mitotic proliferation of MSCs, 

ƳŜŘƛŀǘŜŘ ōȅ ǇŀǊŀŎǊƛƴŜ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ŦƛōǊƻōƭŀǎǘ ƎǊƻǿǘƘ ŦŀŎǘƻǊ όCDCύ ŀƴŘ ¢DCʲΦ ¢Ƙƛǎ ƛǎ ŦƻƭƭƻǿŜŘ 

by MSCs differentiation, characterised by the cells rounding up, by retracting their extensions, 

their rapid multiplying, and the cellular condensations. Then, the aggregated cells start to 

produce ECM, mainly Coll I, Coll IIa and fibronectin. In this phase, it is possible to refer to MSCs 

as chondroprogenitor cells, that is a population of stem/progenitor cells, capable of 

chondrogenic differentiation and can be derived from multiple tissue sources including AC, 

synovium, and adipose tissue. These cells can be recognised by the expression of the 

transcription factor sox9, which is critical for chondrocyte differentiation and function (Figure 

2.2A) (Williams et al., 2003; Goldring, 2012).  

Following the strong interaction with the ECM, chondroprogenitors differentiate in 

chondroblasts. These cells possess a ribosome-rich basophilic cytoplasm and thereby 

condensations of these cells give rise to a tissue, mainly composed of Coll IIb, Coll IX, aggrecan 

and Cartilage Oligomeric Protein (COMP). Together with sox9, cells express sox5 and sox6, 

whose cooperate with sox9 to implement the chondrocyte differentiation program (Liu & 

Lefebvre, 2015). Synthesis and deposition of their own matrix then begin to separate the 

chondroblasts from one another. As the chondroblasts secrete matrix and fibres, they become 

trapped inside it. The matrix enclosed compartments where they sit in are called lacunae and 

they mature into cells called chondrocytes. In growing cartilage, the chondrocytes can divide, 

and the daughter cells remain close together in groups, forming a cluster of 2-4 cells (Figure 

2.2B). 

During late maturation, chondrocytes size increases, becoming hypertrophic and they secrete 

Coll X. Following the onset of hypertrophy, chondrocytes direct mineralization and vascular 

invasion, mediated by Vascular endothelial growth factor (VEGF). On vascularization, 

osteoblasts are transported by blood vessels into the cartilage, producing bone matrix using 

the residual cartilage template as a scaffold (Figure 2.2C). Concomitantly, hypertrophic 

chondrocytes undergo programmed cell death and are replaced by the bone matrix (Gao et 

al., 2017). Other chondrogenesis markers, mediating the process from early stage to the 

terminal differentiation, are shown in Figure 2.2 and will be mentioned and widely explained 

in the following sections. 
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Figure 2.2: Schematic MSCs chondrogenic differentiation process and relative factors and ECM 
protein involved in each phase of this process: condensation and proliferation of MSCs (A); 
differentiation and maturation (B); terminal differentiation of chondrocytes towards 
hypertrophic phenotype (C). Abbreviations: bone morphogenetic protein (BMP); sonic 
hedgehog (Shh); wingless-type MMTV integration site family (Wnt); insuline growth factor 
(IGF); Indian hedgehog (Ihh); parathyroid hormone-related protein (PTHrP); cartilage-derived 
retinoic acid-sensitive protein (CD-RAP); matrix metalloprotease (MMP). Readapted from Gao 
et al. (Gao et al., 2017). 

2.1.2 Composition, structure, and ultrastructure 

AC is an avascular, aneural and alymphatic tissue with a very poor regenerative potential once 

reaching maturity (Buckwalter, 1998). Its oxygen and nutrients supply are provided by synovial 

fluid, which by itself lacks of oxygen. Therefore, AC environment is low in oxygen, ranging from 

7 % to 1 % starting from the surface towards the interface with the bone. Indeed, 

chondrocytes cells have a specific and adapted response to low oxygen environment (Lafont, 

2010). Recent studies have reported that hypoxia enhances chondrogenic differentiation of 

MSCs (in comparison to control cultures at ambient oxygen tension) and promote tissue 

function, by upregulating expression of main AC genes expression in chondrocytes (Murphy 

et al., 2009). Chondrocytes (1 ς 5 % of the total AC volume) vary in size, shape, number and 

gene expression profile, based on the anatomical zones of the AC  and their average density 

is about 1 x 104 cells/mm3 (Alford & Cole, 2005). Chondrocytes are surrounded by an hydrated 

ECM of collagen fibers and proteoglycans (PGs) (Figure 2.3), as well as glycoprotein and other 
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molecules which all together are responsible for the maintainance of the AC tissue 

homeostasis (Table 2.1) (Guilak et al., 2006; Zhang et al., 2009; Sophia Fox et al., 2009a).  

Figure 2.3: Representation of the two main elements of AC. Example of a PG, the aggrecan, 
made of a HA core with side PG chains made of KS and CS attached to a protein core, which is 
non covalently binded to HA via a link protein (A). Example of Coll II composed of triple helixes 
ƻŦ ʰ-chains, each made of HYP-GLY-PRO aminoacid sequences (B). 

¶ Proteglycans 

PGs (10-40 % Dry Weight (DW)) consist of a protein core (10 % of Molecular Weight (MW)) to 

which one or more polysaccharide linear chains, called glycosaminoglycans (GAGs) (90 % of 

MW), are covalently attached (Roughley, 2006). There are several type of proteoglycans in 

ECM and their diversity is caused by the protein core, polysaccharide chains and length. GAGs, 

composed of repeating disaccharide units, are categorised in five groups based on their 

sugars: hyaluronan (HA), chondroitin sulfate (CS), dermatan sulfate, heparan sulfate and 

keratan sulfate (KS). GAGs are linear negatively charged chains, because of the presence of 

sulfate or carboxylic groups and this promotes the retention of water which gives compressive 

strenght to the relative tissue. Aggrecan is the main PG which populates the AC (3-6 % of Wet 

Weight (WW)). It is composed of a core protein upon which are anchorated highly charges 

GAG chains (CS and KS) and it forms a PG big aggregate by binding to a HA backbone through 

the link protein (Figure 2.3A). Other PGs within AC are biglycan, decorin and fibromodulin, 

which have as well a role in the AC ECM assembly, together with collagen, during development 

and repair. 
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¶ Collagen 

Collagens (60 % DW) are the major type of insoluble fibrous proteins of most tissuesΩ ECM. 

Collagen ǎǘǊǳŎǘǳǊŜ Ŏƻƴǎƛǎǘ ƻŦ ǘƘǊŜŜ ǇƻƭȅǇŜǇǘƛŘƛŎ ʰ-chains, which are wound together in a triple 

ƘŜƭƛȄ ōȅ ƘȅŘǊƻƎŜƴ ōƻƴŘǎΥ ŜŀŎƘ ʰ-chain is made of aminoacid sequences which consist in 

glycine repeated in every third unit (Gly-X-Y)n. The aminoacid composition of polypeptide 

chains is primarily glycine and proline, with hydroxyproline providing stability via hydrogen 

bonds along the molecule length. Approximately 20 % of collagen amino acids are iminoacids, 

prolyne and glycine (HYP-GLY-PRO) (Figure 2.3B) (Shoulders & Raines, 2009). Although the 

predominant AC collagen is Coll II (>70 %) and forms the primary component of the macro-

fibrillary framework, there are also present other types of collagen fibres (Col VI, IX, X, and XI) 

(Buckwalter & Mankin, 1998). With maturation, the content of Coll II increases from 75 % in fetal 

cartilage to 95 % in adult cartilage (Zhang et al., 2009). 

¶ Other molecules 

The remaining AC component is water and small amounts of molecules (inorganic salts as 

NaCl, CaCl, KCl, non-collagenous proteins, glycoproteins and lipids) (Ng et al., 2017; Roughley, 

2001). Glycoprotein are another class of molecules present in AC tissue ECM. Even if these are 

made of protein and polysaccharides as PGs, they possess a greater percentage of protein. 

Examples of glycoprotein are Laminin and Fibronectin. Especially the latter plays a main role 

ŦƻǊ ŎŜƭƭ ŀǘǘŀŎƘƳŜƴǘ ǘƻ ǘƘŜ 9/a Ǿƛŀ ǘƘŜ ʰ5 1̡, due to the presence of Arg-Gly-Asp (RGD) units. 

Other non collagenous proteins are, for instance, COMP, matrilin-1 and matrilin-3 which are 

structural protein (Murray et al., 2016; Guilak et al., 2006; Zhang et al., 2009). 

The average thickness of AC, from the superficial layer to the calcified zone is about 2.5 mm, 

but based on the different areas of the body (high or low load-bearing), there are differences 

in thickness (Hunziker et al., 2002). AC is divided into three different main zones, differing for 

their ECM composition, its organisation, cells morphology, shape and size, mechanical 

properties, and metabolic properties (Figure 2.4). All these characteristics determine the 

complex zonal structure. And each zone plays a different role in contributing to the functional 

properties of AC (Bautista et al., 2016). In Table 2.1 are reported the main characteristic of 

each layer. 
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Figure 2.4: Zonal representation of AC. H&E staining of longitudinal cross sections of 
decellularized cartilage. Bar=100µm (A). Schematic representation of AC chondrocyte 
morphology and orientation, Coll II organisation and proteoglycans distribution within the 
superficial layer (SL), Middle layer (ML) and deep layer (DL) of AC tissue (B). Readapted from 
Bautista et al. (Bautista et al., 2016). 
 

ZONE ECM CELLS BIOMECHANICS REF. 

SUPERFICIAL 

Thickness: 

10-20 % 

¶ Highest  Coll II 
amount  
(86 % DW) 

¶ Lowest PGs amount 
(15 % DW) 

¶ High H2O  
(84 % WW) 

¶ Parallel Coll II fibers  

Flat and 

parallel 

Nb: 14-24 
x 103 
cells/mm3 

Highest tensile 
strenght (TM: 
8.3±3.7MPa) 

CM: 1.2±0.2MPa 

Low frictional 
coefficient 

(Li et al., 2017; 
Saarakkala et al., 

2004) 

MIDDLE 

Thickness: 

40-60 % 

¶ Medium amount of 
Coll II and PGs 

¶ Moderate H2O 

¶ Oblique Coll II 
fibers 

Rounded 
and 
randomly 
dispersed 

Nb: 9-18 
x 103 
cells/mm3 

Superficial shear 
and compressive 

properties 

(Dimaraki et al., 
2021a; Brown et 

al., 2020b) 

DEEP 

Thickness: 

20-30 % 

¶ Lowest amount of 
Coll II (67 % DW) 

¶ Highest PGs (20 % 
DW) 

¶ Low H2O (40-60 % 
WW) 

Rounded/ 
ellipsoid 
in 
columns  

Compressive 
stiffness (CM: 
7.8±1.4MPa) 

TM: 4.1± 
1.9MPa 

(Zelinka & Kandel, 
2019; Brittberg et 

al., 1994) 
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¶ Perpendicular Coll 
II fibers 
 

Nb:7-9 x 
103 

cells/mm3 

 

Table 2.1: The zonal function and zonal properties and composition of AC in superficial zone, 
middle zone and deep zone. Info on Compressive modulus (CM) and Tensile Modulus (TM) of 
each zone. 

The superficial zone (10 % - 20 % of the total AC thickness) contains the highest density of 

collagen within the tissue with a low PGs and high-water content. Here, the collagen fibres 

(mostly type II and type IX collagen) are the thinnest and most densely packed to form an 

oriented lamina that covers the joint. This zone is in direct contact with the synovial fluid. 

Here, there is the highest amount of chondrocytes, which appear elongated (fibroblasts-like) 

and oriented parallel to the surface and the direction of shear stress (Quinn et al., 2005). They 

secrete the lubricin, which is the vital superficial zone protein, which helps the lubrication and 

low friction coefficient of this zone. It is believed that the composition and organization of this 

zone contribute to tensile strength, resist shear during articulation, and adjust fluid 

permeability (fundamental for nutrients transport to the underlying zones) (Zhang et al., 2009; 

Khrishnan et al., 2003; Buckley et al., 2008). Moreover the integrity of this layer is imperative 

in the protection and maintenance of deeper layers: in fact, the disruption of this zone alters 

the mechanical properties of the AC and, thus, contributes to the development of 

Osteoarthritis (OA) (Ng et al., 2017) . 

The middle zone (40 % - 60 % of the total AC thickness) has 50 % more PGs content and 20 % 

less collagen content compared to the upper layer. It contains thicker collagen fibrils with an 

oblique orientation and randomly distributed (Chen et al., 2006; Roughley, 2001). 

Chondrocytes content is lower in this zone and they appear spherical, embedded in abundant 

ECM of collagen and PGs (Quinn et al., 2005). Functionally, the middle zone is the first line of 

resistance to compressive forces (Sophia Fox et al., 2009). 

The deep zone (20 ς 30 % of the AC) is composed by large chondrocytes surrounded by a Coll 

VI containing pericellular matrix, which together with the chondrocyte is known as a chondron. 

In this zone, the vertically oriented thick collagen fibres run parallel to stacks of chondrons, 

and are inserted across the tidemark (a visible basophilic line that separates deep and calcified 

zones), the PGs content is the highest, while the water content is at its lowest amount 

(Armiento et al., 2018). This layer has been thought to provide the greatest resistance to 



15 
 

compressive forces imposed by articulation, due to the high amount of PGs (Ng et al., 2017). 

The collagen fibers in this layer have the function of strenghten the bond between cartilage 

and bone. The number of chondrocytes in this zone is the lowest and cells are arranged in a 

perpendicular manner in the same direction as the collagen fibres and they appear to have a 

rounded-elongated morphology (Quinn et al., 2005). Cells within the deep zone of AC are 10-

fold more synthetically active compared to the other layers.  

Also, below these three layers, there is the calcified zone, which is a mineralized layer (20-250 

µm) and transitional zone that forms an interface between cartilage and the stiffer bone 

(Murray et al., 2016). It contains small volume of cells embedded in a calcified matrix and thus, 

showing a very low metabolic activity. The chondrocytes in this zone express hypertrophic 

phenotype and they synthesize Col X, responsible for providing important structural integrity 

and provide a shock absorber along with the SB (Armiento et al., 2018; Sophia Fox et al., 

2009a; Kalamegam et al., 2018).  

2.1.3 Interaction between articular cartilage and subchondral bone 

Located below the calcified cartilage there is the SB, which, together with the AC forms the 

osteochondral unit (Gobbi et al., 2021). The SB possesses an organic and an inorganic phase 

and it has multiple functions (Table 2.2). This tissue is organised in two zones:  

¶ Subchondral bone plate, which is similar to the cortical bone. It is composed of osteons 

consisting of concentric lamellae surrounding the central Haversian canal. It has small 

holes through which blood vessels penetrate the calcified cartilage. Its thickness and 

mineralisation density depends upon age, location, stress applied and weight. 

¶ Subchondral spongiosa is a trabecular bone, more porous and metabolically active 

than the subchondral plate. Trabeculae are oriented in different direction within the 

different locations providing a unique network, which is adapted to the local 

mechanical influences through the remodelling activity of osteoblasts and osteoclasts, 

the two-cell type populating the bone. 

SB has the role of supporting the AC by absorbing 30 % of the joint load (compared to the 1-3 

% absorbed by AC). Indeed, it has a great shock-absorbing ability and consequently any 

damage to the SB, such as micro fractures, can change the bone elasticity by abnormal 

remodelling and can lead to AC degeneration (Murray et al., 2016). In addition to being fed by 

the synovium, AC receives nutrition from the SB through the arteriovenous complex and 

nerves, which penetrate the SB through canals and can diffuse from the SB to the calcified AC 
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and deep zone. These penetrating blood vessels enable signalling molecules and nutrients to 

reach the deep layers of cartilage accounting for about the 50 % of the glucose, oxygen and 

water required from AC (Gobbi et al., 2021). SB is populated by MSCs with multipotent 

potential, that can migrate towards the AC in the setting of osteochondral injuries, to 

contribute to the formation of fibrous repair (Madry et al., 2017). The overall structure of the 

osteochondral unit with its multiple layers enables the transmission and distribution of the 

forces necessary for the mechanical adaptation to the joint (Lepage et al., 2019). 

 

PHASE COMPONENTS FUNCTION REF. 

Organic  Collagen (mainly Type I) Tensile strength (Luo & Amromanoh, 

2021) 
PGs Compressive strenght 

Non-collagenous matrix 
protein (Osteocalcin and 
Osteonectin) 

Promote mineralisation 
and bone formation 

DCǎ ŀƴŘ ŎȅǘƻƪƛƴŜǎ ό¢DCʲΣ 
IGF, IL-1, IL-6,BMPs) 

Support bone cell 
differentiation, growth 
and turnover 

Inorganic  ¶ Calcium hydroxyapatite  

¶ Osteocalcium 

phosphate 

Compressive strenght 

(Luo & Wu, 2020) 

Table 2.2: Subchondral bone: components and their function.  

2.2 Biomechanics of Articular Cartilage 

As anticipated, the main role of AC is to provide a low-friction, wear-resistance surface able 

to withstand large loads over decades, by facilitating load support and transfer while allowing 

translation and rotation between bones. Each articulating joint, based on the body location 

experiences a different force exerted (e.g., the force exerted on the knee, hip, ankle, and 

ǎƘƻǳƭŘŜǊ ŀǊŜ ǊŜǎǇŜŎǘƛǾŜƭȅ оΦрΣ оΦоΣ нΦр ŀƴŘ мΦр ǘƛƳŜǎ ŀ ǇŜǊǎƻƴΩǎ ōƻŘȅǿŜƛƎƘǘύΦ ¢ƘŜ ƳŜŎƘŀƴƛŎŀƭ 

characteristics, together with the biochemical properties, play an important role in the joint 

performances and any change in these could dramatically alter the loading profile, beginning 

a degradation process which could end-up in a total loss of the tissue ό5Ω[ƛƳŀ Ŝǘ ŀƭΦΣ нлмнΤ aŜƴǘŜ 

& Lewis, 1989). 
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Being a fluid-saturated, fiber-reinforced, porous, permeable, composite matrix, AC possesses 

unique static and dynamic mechanical properties (Buckwalter, 1998). The perception of 

mechanical stress within cartilaginous tissues at cellular level is an important modulator of 

chondrocyte function and their sensing of mechanical forces leads to deep changes in the 

health and normal function of the joint (Guilak, 2000). These are generally mechano-

electrochemical events that, coordinate with other environmental, hormonal, and genetic 

ŦŀŎǘƻǊǎΣ ǊŜƎǳƭŀǘŜ ŎƘƻƴŘǊƻŎȅǘŜΩǎ ƳŜǘabolic activity and contribute to the ECM maintenance 

(Mow et al., 1980).  

PGs are mainly responsible for the AC static stiffness and is even important for the dynamic 

functional properties of cartilage, while the tensile resilience and strength of cartilage is 

imparted primarily by the network of Coll II fibres (Darling et al., 2009; Lee et al., 2017). A link 

between the fluid, PGs and collagen is established through the permeability of the cartilage 

matrix. The total fluid content in cartilage is controlled by the swelling pressures, due to the 

high density of fixed charges of the sulphated GAGs of PGs that draw water into cartilage, 

resulting in high osmotic pressure, which is restrained by the collagen fibres network, thus 

giving rise to the compressive behaviour of cartilage. The packing and orientation of collagen 

fibrils modulate the fluid flow in the tissue, and PGs resist the fluid flow throughout the tissue, 

both being factors which influence the permeability (Federico & Herzog, 2008). A compression 

test is a suitable method for determining the behaviour of cartilage under a compressive load 

and it is used to evaluate the compressive elŀǎǘƛŎ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ !/ 

stiffness. It was reported that the compressive modulus increased nearly 27-fold from the 

superficial zone (79 ± 39 kPa) to the deepest zone (2.10 ± 2.69 MPa). The compressive 

properties of AC vary along the depth of the tissue and is primarily related to the differences 

in the fluid flow in each zone (Muzzarelli et al., 2012).  

When tissue is loaded in compression, about 70 % of the water is expelled, resulting in 

potential fluid shear-stress at or near the cellular membrane. This shear stress, as mechanical 

stimulation, can impact chondrocytes through changes in membrane potential, solute 

transport, and cellular deformation. It is believed that articular chondrocyte metabolism is 

modulated by direct effects of shear forces that act on the cell through mechano-transduction 

(Buckley et al., 2008; Middendorf et al., 2020). 
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Also, an important property of AC is its viscoelasticity, which is given by its biphasic nature, 

made of a solid and a fluid phase and their interactions (Mow et al., 1980). Volumetric changes 

occur when a fluid is squeezed out from AC under compressive load. Upon removal of the 

load, AC recovers its initial dimensions, and this happens thanks to a combination between 

the elasticity of the solid matrix and the absorption of the surrounding fluid. This behaviour of 

AC can be determined by stress-relaxation test, where a known strain is applied on the 

unloaded sample (Figure 2.5). During the application of the strain slope there is a large rise of 

stress; in fact, the largest lateral deformation occurs, stressing the collagen fibrils in their 

tensile direction, exhibiting strain-dependent stiffening until the point of peak stress where 

ǘƘŜ ǇŜŀƪ ¸ƻǳƴƎΩǎ modulus (EP) is calculated; from this point, the relaxation behaviour at the 

fixed strain value reached, starts (Li et al., 2003). This phase mainly results from the AC ECM 

permeability, believed to be dependent on the PG and fluid content (Mow et al., 1980). As the 

fluid leaves the cartilage, load is shifted to the solid matrix and stress is reduced, starting a 

slow relaxation process of fluid redistribution within the matrix till the equilibrium, where the 

ŜǉǳƛƭƛōǊƛǳƳ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ό9Y), defined as the stiffness of the cartilage as all the fluid flows 

out, is recorded (Alexopoulos et al., 2005). 
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Physiological level of stress is fundamental for chondrogenesis and stimulation of the matrix 

synthesis: repetitive loads lead to an increase in cartilage thickness and PGs production. 

However, when the load is excessive it becomes hyper-physiological and could have adverse 

effect on chondrocytes behaviour (Klein et al., 2007). 

 

Figure 2.5: Stress-relaxation test. Curves showing the displacement vs. time and the resulting 
stress vs. time (A). Relative explanation of the dynamic process highlighting the function of 
aggrecan in AC: proteoglycan aggregates are entrapped by collagen fibrils. In the relaxed state 
the aggregates swell until swelling is balance by tensile forces in the collagen fibrils. Under 
compression, water is displaced and the GAGs chains are brought into closer proximity, so 
increasing their swelling potential and balancing the applied load (B). Readapted from Mente 
et al. (Mente & Lewis, 1989). 
 

2.3 Articular Cartilage degeneration in Osteoarthritis 

AC damages are caused by several conditions and diseases, such as traumatic injuries, 

infections, and arthritis. Among 200 different forms of existing arthritis (inflammation (itis) of 

the joints (arthr)), the progressive degeneration of AC due to OA is the most common and 

chronic form of joint disease in the Western World nowadays (Neogi, 2013). This is a 

degenerative disease of the whole joint (AC, SB and synovium), characterised by the 

progressive AC degradation, thickening of the SB and its growth within the joint, loss and 
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pathological changes of the synovial tissue, which lead to significant joint pain, swelling and 

stiffness for people affected (Glyn-Jones et al., 2015). Also, OA is one of the top five causes of 

disability amongst non-hospitalised adults (Arthritis Research UK, 

www.arthritisresearchuk.org ) and the economic burden of this disease for the society is great 

(Lutz et al., 2008). It is reported that one third of people over 45 years in UK are affected by 

OA in 2021, for a total of over 8.5 million people, with a prevalence of knee and hip (Versus 

Arthritis, 2021). The total annual National Health Service expenses related to arthritis and 

musculoskeletal conditions in England is roughly £5 billion, and the situation is only likely to 

worsen in the future, with an ageing population and rising rates of obesity. Indeed, although 

advancing age is a major risk factor for the development of OA, there are other significant 

contributing factors including: gender, affecting more female than male for hormonal reasons; 

obesity, with an increase in risk of development doubled compared to healthy/normal body 

weight people; a history of joint trauma; joint malalignment and consequent wear and tear 

phenomenon; genetic predisposition, lifestyle, because people doing physical activity 

regularly reduces risk of hip and knee OA pain by 6 % (Zhang Y and Jordan M, 2010).  

Several methods of assessing the severity of OA, in terms of both radiographic and clinical 

symptoms, have been proposed in the literature, but the oldest and most widely used 

radiographic assessment scale was proposed by Kellgren and Lawrence in 1957, which 

classifies radiographs on a grading scale of 0ς4 with a score of 2 or greater corresponding to 

significant OA (Figure 2.6). This classification was accepted in 1961 by World Health 

Organisation as the radiological definition of OA for the purpose of epidemiological studies 

(Kellgren & Lawrence, 1956): 

¶ Grade 0 (none): absence of X-ray changes of OA. 

¶ Grade 1 (doubtful): minimum disruption, doubtful joint space narrowing and possible 

osteophytic lipping (prominent osteochondral nodules); there is already 10 % of 

cartilage loss. 

¶ Grade 2 (minimal): definite osteophytes and possible joint space narrowing; cartilage 

starts to break down. 

¶ Grade 3 (moderate): moderate multiple osteophytes, definite narrowing of joint space 

and some sclerosis and possible deformity of bone ends; gaps in cartilage can expand 

until they reach the bone. 

http://www.arthritisresearchuk.org/
https://radiopaedia.org/articles/osteophyte-2?lang=gb
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¶ Grade 4 (severe): large osteophytes, great narrowing of joint space, severe sclerosis, 

and definite deformity of bone ends; loss of 60 % of cartilage. 

 

Figure 2.6: Classification of OA severity according to K-L grading score: Grade I (doubtful), 
Grade II (Mild), Grade III (Moderate) and Grade IV (Severe). Readapted from Kellgren et al. 
(Kellgren & Lawrence, 1956). 
 

2.3.1 Osteoarthritis features  

!ƎŜ ǊŜƭŀǘŜŘ ΩǿŜŀǊ ŀƴŘ ǘŜŀǊΩΣ ŎƘƻƴŘǊƻŎȅǘŜǎΩ ǇƻƻǊ ǊŜǎǇƻƴǎŜ ǘƻ DCǎΣ ŀltered bio-mechanical 

properties of AC, mitochondrial dysfunction, oxidative stress and inflammation are all 

implicated in the pathogenesis of OA, highlighting the multifactorial and complex nature of 

this degenerative joint disease (Zhang Y and Jordan M, 2010; Mobasheri et al., 2014). Under 

normal conditions, the chondrocytes maintain the ECM with a low turnover, with synthesis 

and degradation of the ECM in equilibrium. However, in OA tissue, there is perturbed ECM 

homeostasis (Goldring & Marcu, 2009). 

It is generally believed that degeneration of cartilage during OA is characterized by two 

phases: (1) a biosynthetic phase (anabolic ς pathway which requires energy to build up large 

molecules from smaller one) during which the chondrocytes, attempt to repair the damaged 

ECM to maintain the AC structure and function, hyper proliferating, increasing their metabolic 

activity and clustering in the region of the damage; (2) degradative phase (catabolic ς pathway 

which releases energy and is used to breakdown large molecules in smaller one), in which 

chondrocytes produce enzymes which digests the ECM, matrix synthesis is inhibited, and the 

consequent erosion of the cartilage is accelerated (Akkiraju & Nohe, 2015) (Figure 2.7). At early 

OA stages, the surface of the affected cartilage shows fibrillation with initially small defects, 
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gradually extending down to the underlying bone. This process is associated with duplication 

of the tidemark separating calcified AC from SB. At sites of microcracks and fissures in the 

osteochondral junction, vascular elements from the marrow space penetrate the SB and 

calcified cartilage (Martel-Pelletier et al., 2016). With the progression of OA, chondrocytes 

phenotype also changes from maturation state to hypertrophy (as anticipated in Figure 2.2). 

Eventually, they can be seen to undergo apoptotic loss. However, the exact mechanism of 

change from healthy to OA is still poorly understood (Tío et al., 2022). 

 

 

Figure 2.7: Cross-section of the articular surface of a diarthrodial joint illustrating histologically 
the main structural elements, including the AC, tidemark, calcified cartilage, and subchondral 
cortical and trabecular bone in healthy state (A) and pathological state, characterized by 
fissuring and fragmentation of the AC, chondrocyte proliferation and hypertrophy, duplication 
and advancement of the tidemark, expansion of the zone of calcified cartilage, thickening of 
the subchondral cortical plate and vascular invasion of the bone and calcified cartilage(B). 
Readapted from Martel-Pelletier et al. (Martel-Pelletier et al., 2016). 
 

2.3.2. Osteoarthritis: its pathophysiology  

For a long time, OA was considered a non-ƛƴŦƭŀƳƳŀǘƻǊȅ ŘƛǎŜŀǎŜ ǘƘŀǘ ǿŀǎ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ΨǿŜŀǊ-

and-ǘŜŀǊΩ ŀƴŘ ŀōƴƻǊƳŀƭ ƳŜŎƘŀƴƛŎǎΦ However, in the last decade, it became prominent the 

belief that inflammation not only exists in most OA patients, but also actively contributes to 

the disease's progression. Although there are a lot of uncertainties upon whether synovial 

inflammation is the cause or the effect of OA, it is well recognised that OA is a multi-factorial 

disease (Lattermann, 2022; Glyn-Jones et al., 2015).  

In the Figure 2.8 is reported a schematic overview of the processes that contribute to 

inflammation in OA, according to the most broadly supported view upon OA pathogenesis. 

The main trigger events could be an injurious or excessive mechanical stress on the joint, the 
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Ƨƻƛƴǘ ƳŀƭŀƭƛƎƴƳŜƴǘ ŀƴŘ ǊŜƭŀǘŜŘ ŦǊƛŎǘƛƻƴ ŀƴŘ άǿŜŀǊέ ǇƘenomenon, or some infection and then 

inflammation in tissues surrounding the joint or in the joint itself (van den Bosch, 2019). These 

events lead to a release of AC ECM fragments which comprise alarmins (or Damage Associated 

Molecular Patterns, DAMPS), which are endogenous molecules released upon cell stress or 

non-programmed cell death. Here, it starts the synovial inflammation: alarmins binds pattern 

recognition receptors (PRR) in chondrocytes (cartilage) and synovial fibroblasts and stimulates 

both neovascularization and the influx of inflammatory cells in the synovium (in fact high levels 

of many alarmins have been described in the synovial fluid of OA patients). Of central 

importance in PRR family there are Toll-like receptors (TLRs) and especially TLR-2 and TLR-4, 

which have been shown to bind a multitude of ECM degradative enzymes such as low 

molecular weight hyaluronan, tenascin C, fibronectin, biglycan and aggrecan (Nefla et al., 

2016). The activated synovial cells start to produce pro-inflammatory cytokines (mainly 

interleukin (IL)-6, IL-мʲΣ ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ό¢bCύ-ʰύΣ ǿƘƛŎƘ ƘŀǾŜ ŘƛŦŦŜǊŜƴǘ ŜŦŦŜŎǘ ƻƴ 

chondrocytes and osteoblasts. Within chondrocytes the increase of inflammatory mediators 

results in: shifting the otherwise tightly controlled anabolic/catabolic cartilage homeostasis 

toward a more catabolic state, by stimulating the production of degradative enzymes such as 

metalloproteases (MMP) and a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS) and inhibiting the expression of Coll II and PGs, via multiple signaling 

pathways such as HIF, Nuclear factor kappa B (NF-ˁ)̡, Mitogen-Activation Protein Kinase 

(MAPK) (Akkiraju & Nohe, 2015; Bennett et al., 2018). On the other side, it is reported that 

inflammatory cytokines such as these pro-inflammatory cytokines may play critical roles in 

osteoclast formation, which are multinucleated giant cells involved in bone absorption, by 

promoting receptor activator of NF-ˁ. ƭƛƎŀƴŘ όw!bY[ύ ǇǊƻŘǳŎǘƛƻƴ, by osteoblast precursors 

(bone marrow stromal cells (BMSCs)) and/or mature osteoblasts, which is the key osteoclastic 

cytokine; and/or by upregulating the receptor RANK on osteoclast precursors, thus increasing 

their sensitivity to prevailing RANKL concentration; and/or by reducing OPG production, which 

is a decoy receptor, preventing association of RANKL with RANK receptor, thus moderating 

osteoclastogenesis and bone resorption (Maruotti et al., 2017; Papadaki et al., 2019; 

Weitzmann, 2013). hǎǘŜƻŎƭŀǎǘΩǎ activation results in an imbalance of osteoblast/osteoclasts 
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activity resulting in elevated bone loss resorption within the SB, as well as production of 

catabolic factors including cathepsin K and MMP13 (Tat et al., 2009). 

Figure 2.8: Crosstalk between AC, SB and the synovium in the pathogenesis of OA. Alarmins 
are released from the AC matrix and/or the chondrocytes in response to adverse mechanical 
forces and other factors (1-2). These molecules could bind specific receptors of synovium cells 
and chondrocytes, stimulating the production of pro-inflammatory mediators (3-4), 
responsible for chondrocytes enhanced catabolic activity of and inhibition of its biosynthetic 
activity, as well as for the activation of osteoclast activity mediated by osteoblast 
degeneration (5-6). All these events lead to the ECM degradation (7).  

Therefore, the synthesis of catabolic degradative enzyme is closely involved in the breakdown 

of the AC. GAGs loss, collagen breakdown and formation of new fragments and alarmins, 

which could restart the cycle by activating new receptors on cells, may lead to a positive 

feedback loop where progressive generation of fragments leads to increased degradation of 

the ECM, by restarting the cycle (Okamura et al., 2015; Martel-Pelletier et al., 2016). 

2.3.3 Role of cytokines in OA 

Cytokines are a large group of proteins, peptides or glycoproteins secreted by specific cells of 

immune system, which role is to mediate and regulate immunity, inflammation, and 

haematopoiesis. A growing attention was directed towards the special role of the cytokine 

network in the OA disease pathogenesis: their role is to influence the catabolic and anabolic 

processes, which are vital in tissues often subject to high mechanical load, such as human 
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joints. As aforementioned, because of disrupting the said balance, in presence of cytokines 

there is a progressive degeneration of AC and consequent development of a positive feedback 

loop process which lead to a gradual loss of joint functions and pain (Goldring, 2000a).  

During the progression of OA, the production and behaviour of various cytokines can vary 

according to the stage of the disease. Also, these molecules are classified into pro-

inflammatory and anti-inflammatory cytokines. The pathophysiological degeneration of OA 

joint is largely mediated by pro-inflammatory cytokines which are critical mediators of the 

altered metabolism and enhanced catabolism of OA tissue. Their primary effects within the 

joint, is a critical impact on AC, consisting of the induction of aging and apoptosis of 

chondrocytes, a decreased synthesis of the key components of AC ECM, as well as an increased 

synthesis and release of many proteolytic enzymes responsible for AC destruction, which 

include MMPs and ADAMTS. They impact via intracellular pathways of signal transduction on 

the production of cytokines as well as other inflammatory compounds, free radicals, and 

enzymes, thus demonstrating an autocrine, paracrine, and self-propelling effect on the 

inflammation process (Goldring, 2000a). 

IL-1‍, IL-6 and TNF-ʰ are the main pro-inflammatory cytokines involved in OA 

pathophysiology. Besides, IL-15, IL-17, IL-18, IL-21, Leukaemia Inhibitory Factor (LiF) and 

chemokines are also implicated (Table 2.3) (Blom et al., 2007; Kapoor et al., 2011). On the 

other side anti-inflammatory cytokines are responsible for the modulation of an inflammatory 

response and act protectively on joint tissue by inhibition of inflammatory cytokines synthesis. 

In fact, this inhibition results in an increased PGs synthesis, inhibited apoptosis of 

chondrocytes, decreased synthesis and secretion of metalloproteinases, and decreased level 

of prostaglandine2 (PGE2). Also, the action of anti-inflammatory cytokines is mainly 

performed relating to cells stimulated by inflammatory cytokines, whereas no significant 

differences are noted in the metabolism of cells not subject to such stimulation. However, the 

effect of anti-inflammatory cytokines is not sufficient to stop the disease progression, by 

blocking the promotion of the catabolic pathway. An example of anti-inflammatory cytokines 

is IL-10 (Wojdasiewicz et al., 2014). 

CYTOKINE CHARACTERISTICS 

IL-1ß 
High in OA synovium, AC and SB 
Decrease of PGs synthesis in chondrocytes 
Induces the production of IL-6, NO and PGE2 and MMPs release 



26 
 

Induces chondrocytes apoptosis 

¢bCʰ 

High in OA synovium, AC and SB 
Suppress synthesis of glycoproteins and Coll II in chondrocytes 
Induces production of IL-6, PGE2 and MMPs release 
Induces chondrocytes apoptosis 

IL-6 

High in OA ǇŀǘƛŜƴǘǎΩ ǎȅƴƻǾƛŀƭ ŦƭǳƛŘ ŀƴŘ ǎŜǊŀ 
Reduces Coll II expression 
Inhibits PGs synthesis 
Reduces chondrocytes proliferation 
Upregulates MMP1, MMP13 

IL-15 Present in OA synovial fluid at early stage of OA 
Collaborates with MMP1 and MMP3 

IL-17 
Mild decrease of proteoglycans synthesis 
Upregulates the MMPs and NO 
Induces the production of IL-1ß, TNF-ʰΣ L[-6 

IL-18 
Present in OA chondrocytes 
Mild increase of PGs synthesis.  
Induces the production of IL-1ß, TNF-  h

IL-21 Present in OA synovial fluid at early stage of OA 

LIF Present in OA synovium 
Induces PGs degradation, MMPs synthesis and NO production 

Table 2.3: Pro-inflammatory cytokines involved in OA physiopathology and their 
characteristics. 

IL-1ß, IL-6 ŀƴŘ ¢bCʰ ŀǊŜ ǘƘŜ ƪŜȅ ƛƴŦƭŀƳƳŀǘƻǊȅ cytokines involved in the OA pathogenesis, 

which are synthetised by chondrocytes, ƻǎǘŜƻōƭŀǎǘǎΣ ǎȅƴƻǾƛŀƭ ƳŜƳōǊŀƴŜΩǎ ŎŜƭƭǎΣ ŀƴŘ 

mononuclear cells that were previously present in the joint or infiltrated its structure during 

the inflammatory response. In most of the phenomena occurring during OA, there is a marked 

synergism between these cytokines and the level of both cytokines is elevated in SB, AC and 

synovium of OA patients. Chondrocytes produce low levels of IL-6 under normal conditions, 

but several cytokines and GFs active in OA, such as IL-1 ,̡ TNFh  and TGF̡, directly stimulate 

its production in human chondrocytes, osteoblasts, and macrophages. The main action of IL-

6, IL-1  ̡and TNF-ʰ ƛǎ ǘƻ ŀŦŦŜŎǘ ǘƘŜ ŀƴŀōƻƭƛŎ ŀŎǘƛǾƛǘȅ ƻŦ ŎƘƻƴŘǊƻŎȅǘŜǎΣ ƛƴǘŜǊŦŜǊƛƴƎ ǿƛǘƘ ǘƘŜƛǊ 

synthesis of AC ECM key structural proteins such as Coll II and aggrecan. Also, these cytokines 

stimulate chondrocytes to release proteolytic enzymes from the group of MMPs, mainly 

interstitial collagenase (MMP1), stromelysin-1 (MMP3), and collagenase 3 (MMP13), which 

have a destructive effect on cartilage components, as well as they have effect on ADAMTS 

production, which is responsible for the proteolysis of aggrecan molecules. Amongst them, 

ADAMTS-4 (aggrecanase-1) and ADAMTS-5 (aggrecanase-2) are involved in OA pathogenesis. 

Chondrocytes subjected to the effect of IL-1ß, IL-6 and TNFh also tend to age more rapidly and 
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to induce apoptosis (Wojdasiewicz et al., 2014). Also, IL-6 is the key cytokine, which causes 

changes in the SB and the degeneration of the osteochondral portion. (Wojdasiewicz et al., 

2014; Bennett et al., 2018; Goldring, 2000b). The proinflammatory and catabolic effects of 

cytokines are mediated through the activation of several signalling pathways, including the c-

Jun N-terminal kinase and p38 mitogen-activated protein kinase (also known as extracellular 

signal-regulated kinase) pathways and, most importantly, NF-ˁ. signalling, which mediates 

the expression of several inflammatory genes such as those that encode IL-6, Nitric Oxide 

(NO), cyclooxygenase-2 (COX2) and PGE2 (Kapoor et al., 2011).  

2.3.4 Degradative enzymes: MMPs and ADAMTs 

Aggrecan loss is a crucial initial event in the development of OA, which is followed by 

essentially irreversible collagen degradation and ultimately leads to a loss of cartilage function 

(Hollander et al., 1995). Aggrecan consists of a protein backbone of 210ς250 kDa and its core 

protein folds into three globular domains (G1, G2, and G3): at the N-terminal G1 and G2 are 

connected by a short 128ςamino acid polypeptide referred to as the aggrecan interglobular 

domain (IGD), while the second G2 and the third G3 domain at C-terminal are separated by a 

1491ςamino acid sequence carrying a great number of GAGs chains (Porter et al., 2005). In 

cartilage, aggrecan forms aggregates with link protein and the non-sulfated HA, to form 

aggregate of very high MW, via the G1 domain. The depletion of aggrecan during OA can be 

attributed to the increased proteolytic cleavage of the core protein and, the IGD domain is the 

one undergoing the depletion. The aggrecan lacking G1 domain is then free to leave the matrix 

and not contributing to AC functions. There are two main IGD domains representing 

proteolytic cleavage: Asn341/Phe342, at which all MMPs present in cartilage mainly act, and 

Glu373/Ala374 at which several members of ADAMTS act (Tortorella et al., 2001; Verma & 

Dalal, 2011; Sandy et al., 1992; Collins-Racie et al., 2004). Other cleavage sites belong to the 

GAG-attachment region between the G2 and G3 globular domains. The pathologic cleavage of 

aggrecan at Glu373/Ala374 (thŜ ΨŀƎƎǊŜŎŀƴŀǎŜΩ ǎƛǘŜύ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ ƳŀƧƻǊ ǎƛǘŜ ƻŦ 

aggrecan degradation in human joint disease by analysis of synovial fluid samples from a range 

of human joint pathologies including OA. This is also the primary site of aggrecan cleavage in 

response to inflammatory stimuli. The main responsible for this process are the aggrecanases, 

a class of proteinases (ADAMTS-1, ADAMTS-4, ADAMTS-5, ADAMTS-8, and ADAMTS-9), which 

have shown to degrade the cartilage proteoglycanςaggrecan during OA. ADAMTS-4 and 

ADAMTS-5 have received most attention in the OA pathology, because seems to be the most 

active aggrecanases (Gendron et al., 2007; Verma & Dalal, 2011). 
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The regulation of these aggrecanases activity is crucial for maintaining a balance between 

aggrecan anabolism and catabolism. In normal human body, a control mechanism for 

aggrecan catabolism may involve endogenous inhibitors like tissue inhibitor of matrix 

metalloproteinase (TIMP-3) of the aggrecanases, but in diseases such as OA, the balance 

between TIMP-3 and ADAMTS-4 synthesis is disturbed in favour of catabolism. Which 

aggrecanase is mainly responsible for aggrecan degradation during human AC destruction in 

vivo, however, remains debatable up to date. It has been studied that ADAMTS-4 mRNA was 

induced by inflammatory cytokines such as IL-мʲ ŀƴŘ ¢bCʰ ƛƴ ƘǳƳŀƴ !/Σ ōǳǘ !5!a¢{-5 mRNA 

was not regulated by cytokines and it expressed constitutively. Also, the ADAMTS-4 was up-

ǊŜƎǳƭŀǘŜŘ ǳǇƻƴ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ¢DCʲ ƛƴ AC at the mRNA level. Furthermore, an exposure to 

TNF-  hor IL-1  ̡blocking agents reduces only the activity of ADAMTS-4. This finding from in 

vitro studies deviates from the animal studies, which show that ADAMTS-5 mRNA expression 

is up-regulated by catabolic cytokines. Therefore, it is still not clear which aggrecanase plays 

the main role in pathological cartilage degradation in humans (Verma & Dalal, 2011; Tortorella 

et al., 2001). 

MMPs start participating in this process during development of the disease and continue with 

the degradation of collagen (Nagase & Kashiwagi, 2003). Along with aggrecan breakdown, 

degradation of collagen is a central feature of OA. Several in vitro studies on cartilage explants 

suggest that collagen degradation occurs only after aggrecan is lost from the tissue, and that 

the presence of aggrecan protects the collagen from degradation (Karsdal et al., 2008). 

Furthermore, while aggrecan loss can be reversed, collagen degradation is irreversible, and 

AC cannot be repaired once collagen is lost. Collagen can be degraded by only a few 

mammalian enzymes, namely cathepsin K and the collagenolytic MMPs: MMP1, 8, 13 and 14. 

Amongst them, MMP13 is thought to be the primary collagenase in OA. The degradation of 

Coll II occurs through a triple helical cleavage, which results in denaturation of the triple helix 

at physiological temperatures and pH. The cleavage site is Gly775ςLeu/Ile776, within each 

chain of the triple helical collagen molecule, at approximately three quarters of the distance 

from the amino terminal end of each chain. The cleaved collagen fragments denature into 

non-helical gelatin derivatives, thus becoming vulnerable to further degradation by these 

collagenases and by other proteinases (Billinghurst et al., 1997). The MMPs are strongly 

inhibited by all four of the mammalian TIMPs (TIMP-1, -2, -3 and -4). Figure 2.9 summarises 
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the main factors involved in MMPs and ADAMTS expressions (Fath et al., 2006; Vogel et al., 

1997; Vincent et al., 2007; Amiable et al., 2011; Yokota et al., 2003; Echtermeyer et al., 2009). 

 

Figure 2.9: Proteolytic cleavage sites within the aggrecan core protein in AC by: ADAMTS4/5 
(A), calpain (C); HtrA1 (H), MMPs (M). (A). Cleavage site for Coll II in AC by MMPs (M) (B). 
Factors regulating expression and activity of collagenases (MMPs) and aggrecanases 
(ADAMTS) in OA; the expression and activity of MMPs and ADAMTs can be stimulated (green) 
or inhibited (red) by several inter-related mechanisms: inflammatory cytokines, via Histone 
deacetylases (HDAC), induce NF-kB dependant expression of Hypoxia-inducible factor-2 (HIF-
н )h, resulting in increased expression of MMPs and ADAMTS and increased RUNX2 expression 
via Indian hedgehog (IHH); mechanical damage has the same effect on IHH, while the 
inhibitors of HDAC can have chondroprotective effect; High temperature requirement A 
(HtrA), highly expressed during OA, allows collagen binding with discoin domain receptors 
(DDR) causing downstream of signalling events such as MMP13 expression; Activated protein 
(APC) and Matriptase 1 increase MMP expression, as well as FGF-2, which act as a transducer 
of protective mechanical signals suppressing ADAMTS; CITED2, which is a mediator of 
mechanical responses in AC and suppresses MMPs; syndecan4 acts as an ADAMTS5 stimulator 
and on the other side miRNA 140 as ADAMTS5 inhibitor (C). 
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2.4 Osteoarthritis treatment strategies 

2.4.1 Non-surgical and surgical treatments 

OA treatment options depends upon the injury site, the extent of the damage, as well as the 

patient profile. Current clinical treatments for OA include non-surgical (pharmacological and 

non- pharmacological) measures for mild to moderate degenerative joint disease, and surgical 

approaches for moderate to severe degenerative joint diseases, for improving tolerance for 

functional activity based on the severity and stage of the disease (Bhosale & Richardson, 2008).  

Physical therapy, exercises and weight loss are regularly utilised non-pharmacological 

treatments especially for the elderly, who have a higher risk of co-morbidities and 

pharmaceutical toxicity. However, in OA patients, these techniques have only proved to have 

a moderately good effect on pain, physical function, and quality of life (Glyn-Jones et al., 

2015).  

Analgesics, nonsteroidal anti-inflammatory drugs (NSAIDs), oral corticosteroids, hormones, 

chondroprotective agents, calcium and vitamins, and intra-articular steroid injections are 

common pharmacological therapies for reducing OA inflammation and pain, but they are not 

completely curative and have side effects. Hyaluronic acid visco-supplementation for knee OA 

pain reduction was investigated, which showed minor clinical advantages without affecting 

disease progression. There has been a growing interest in the last years in searching for 

potential new medications and some new therapeutic targets include chondrogenesis 

inducers, anti-inflammatory cytokines, matrix degradation inhibitors and apoptosis inhibitors 

(Ng et al., 2017). 

Non-invasive therapeutic modalities, such as magnetic resonance treatment and pulsed 

electromagnetic field (PEMF) therapy, have shown positive effects on OA patients. 

Electromagnetic waves consisting of coupled electric and magnetic fields. PEMF uses 

frequencies at the lower end of the electromagnetic spectrum, up to 500 Hz, since at higher 

frequencies it could have peculiar biological effects, stimulating biological currents in the 

tissues. Compared to electrical stimulation, by use of electrodes, whose electrical field can be 

attenuated through some tissue and then, needs to be applied at high density having 

detrimental effect on humans, magnetic field penetrates unaffected through electrically 

insulating regions (skin or bones) and, therefore, it is possible to avoid the application of high 

density of stimulating current. Few groups reported that PEMFs increased chondrocytes 
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anabolic activity and phenotypic maturation without side effect or may cause a significant 

reduction in some of the most relevant proinflammatory cytokines in human chondrocytes, 

but the underlying mechanism of action of PEMFs in OA are not entirely understood (Murray 

et al., 2016; Hu et al., 2020). Several surgical options exist for OA treatment, that started since 

мфрф ǿƛǘƘ tǊƛŘƛŜΩǎ ǊŜǎǳǊŦŀŎƛƴƎ ǘŜŎƘƴƛǉǳŜ ƛƴǎǇƛǊŜŘ ōȅ ƻōǎŜǊǾƛƴƎ ǘƘŀǘ Ŧǳƭƭ ǘƘƛŎƪƴŜǎǎ ŘŜŦŜŎǘǎ 

showed an ability to repair thanks to the involvement of the SB; this allows the resident 

progenitor cells to infiltrate the site of the defect and promote the repair process (Pridie & 

Kh., 1959; Insall, 1974). From this discovery, a series of bone marrow stimulation techniques 

were developed such as joint debridement, subchondral drilling, and micro fracture ((Alford & 

Cole, 2005). These repair strategies led to tissue with inferior mechanical properties and 

deteriorated clinical results. Osteochondral plugs as autograft and allograft for the treatment 

of cartilage defects were first introduced during the 1970s. Major drawbacks still exist, such 

as the lack of available tissue, the donor site morbidity, and the mechanical inferiority of an 

osteochondral plug taken from a non-load bearing area for autologous grafting and the 

mismatch between the graft and the implant and the host immune reactions for the allograft 

(Zhang et al., 2009). As an alternative approach, mosaicplasty, firstly described in 1993, has 

been adopted in the treatment of small to medium size defects (up to 4 cm2), to improve 

integration of the plug and the tissue (Matsusue et al., 1993). When these methods fail, in 

severe cases (Grade IV of W-L scale), the diseased osteochondral tissue is partially or 

completely removed and resurfaced in joint replacement therapy (TJR). To replace the injured 

joint, an artificial implant with a metal shell (such as titanium, stainless steel, or alloys), a 

polymer piece (such as polyethylene), and a metal stem, is inserted. There is a potentially 

substantial market for complete knee and hip replacements as the population's average age 

rises. However, often revision surgeries are needed due to complications, such as wear and 

tear or loosening of the implant or infections, as well as because of the short life span of 

current implants (in fact, it should be decided very cautiously for young people especially) 

(Katz, 2006).  

2.4.2. Regenerative medicine techniques  

Regenerative medicine techniques were intǊƻŘǳŎŜŘ ƛƴ ǘƘŜ флΩǎΦ !ƳƻƴƎǎǘ ǘƘŜǎŜΣ ŀǳǘƻƭƻƎƻǳǎ 

chondrocyte implantation (ACI) was first used in rabbits in 1987 with the first pilot study 

published in 1994 by Brittberg et al (Brittberg et al., 1994). By 2010, over 35,000 patients had 

been treated worldwide. This technique implies the harvest of 200-300 mg of cartilage from a 

non-load-bearing area in the knee. Then, the cartilage is sent to a lab for processing: it is 
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digested, the isolated chondrocytes are expanded in vitro for 2 to 3 weeks, and the expanded 

final number of cells is re-sent to the surgeon as a cell suspension. The cells are then be 

injected into the defect covered with a periosteal flap (1st generation ACI). All post-operative 

failures occurred within the first two years.  

Geistlich (Switzerland) produced Chondro-DƛŘŜϰΣ ŀ ǇƻǊŎƛƴŜ /ƻƭ L ŀƴŘ LLL ƳŜƳōǊŀƴŜΣ ǘƻ ǊŜǇƭŀŎŜ 

the periosteum (2nd generation ACI). Preliminary studies gave satisfactory outcomes, although 

re-operation was still required to deal with some cases of delamination, graft failure, or the 

inability of the regenerated tissue to integrate with the surrounding native cartilage. Long-

term follow-up provided evidence that Chondro-DƛŘŜϰ ŀƭƭŜǾƛŀǘŜŘ Ǉain and swelling to 

increase the level of knee functionality, resulting in a better quality of repaired tissue 

(McCarthy & Roberts, 2013).  

Third generation ACI, matrix-ŀǳǘƻƭƻƎƻǳǎ ŎƘƻƴŘǊƻŎȅǘŜ ƛƳǇƭŀƴǘŀǘƛƻƴ όa!/LϰύΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ 

suspending expanded chondrocytes in a hydrated scaffold (the first Tissue Engineering 

technique involved in AC), was commercially developed by Verigen (Germany and USA). This 

technique showed several advantages, such as better control of cell distribution throughout 

the defect, cells sustainment and the potential to manage more extensive osteochondral 

defects. MACI failure rate was stated at 10.7 % at seven years compared to 33 % of the 1st 

generation; in fact, it showed significant improvement respect to clinical outcomes (Basad et 

al., 2015). MACI is the first FDA-approved cellularised scaffold product that applies tissue 

engineering processes to grow cells on scaffolds using healthy cartilage tissue; it has been 

already authorised, as well, in certain EU countries, but EU licence was suspended due to 

commercial reasons (Autologous et al., 2017). Some MACI implants commercially available 

are Hyalograft® and Bioseed® scaffolds (Kreuz et al., 2009). 

Recently, the use of stem cell-based therapy is emerging as viable alternative for OA 

treatments, thanks to MSCs ability to proliferate and differentiate in different cell lines. The 

harvest of multinucleated cells from within the bone-marrow and direct injection to the 

cartilage defect area using the bone-marrow aspirate concentrate (BMAC) system, which is 

gaining prominence amongst the clinicians as it helps to circumvent the labour-intensive 

protocols with cell culture and the associated high costs. This treatment was approved by FDA 

and it appears to be a safe procedure that is growing exponentially. However, the interaction 

of the transplanted cells with the host tissue, their differentiation into AC, fulfilment of the 
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biomechanical properties and long-term benefits remains to be understood (Cotter et al., 

2018) . 

2.4.3. Chondrosphere® technique 

¢ƘŜǊŜ ƛǎ ŀ ǊŜŎŜƴǘ ǇǊƻǎǇŜŎǘƛǾŜ ǊŀƴŘƻƳƛȊŜŘΣ ŎŀƭƭŜŘ /ƘƻƴŘǊƻǎǇƘŜǊŜϯ όƻǊ {ǇƘŜǊƻȄϰύ ǘƘŀǘ ƛǎ 

considered the 4th generation ACI based on the use of different doses of spheroids of human 

autologous matrix-associated chondrocytes and their implantation. Briefly, primary 

ŎƘƻƴŘǊƻŎȅǘŜǎ ŀǊŜ ƘŀǊǾŜǎǘŜŘ ŦǊƻƳ ǇŀǘƛŜƴǘΩǎ ŎŀǊǘƛƭŀƎŜ ōƛƻǇǎȅ ŀƴŘ ǘƘŜ ŎŜƭƭǎ ŀǊŜ ŜȄǇŀƴŘŜŘ ƛƴ ŀ 

monolayer culture. After the expansion step, chondrocytes are transferred to coated culture 

plates, where they cannot adhere to the surface, but start to form cell aggregates, spheroids. 

The optimal culture period for the spheroids to achieve optimal size is claimed to be less than 

2 weeks. When spheroids are formed, these are washed and suspended in isotonic sodium 

chloride solution (0.9 % sodium chloride (NaCl) in phosphate buffer solution (PBS)) and 

injected within the defect site, after debriding and removing the synovial fluid (EMA, 2017) 

The NICE from 2017 approved the Chondrosphere® as clinically effective approach for patients 

with a large defect size (up to 10 cm2) defining it as follows: άAutologous chondrocyte 

implantation using Chondrosphere® is recommended as an option for treating symptomatic 

AC defects of the femoral condyle and patella of the knee (International Cartilage Repair 

Society grades III or IV) in adults, only if (1) the person has not had previous surgery to repair 

AC defects, (2) there is minimal osteoarthritic damage to the knee as assessed by clinicians 

and experienced in investigating knee cartilage damage using a validated measure for knee 

OA, and (3) the defect is over 2 cm2έ(National Institute For Health and Care Excellence, 2017b). 

It was demonstrated that, ǿƘŜƴ ǎǇƘŜǊƻƛŘǎ ŀǊŜ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀƴŘ ǿƛǘƘ ǘƘŜƛǊ 

native ECM environment, after injection, they arrange themselves in 3D cell aggregates, 

adhere to full-thickness cartilage defects and appear to produce a cartilaginous ECM which 

fuses with native cartilage, thus generating an autologous cartilage-like repair tissue (Figure 

2.10) (Schubert et al., 2009). The results were ideal in terms of synthesize cartilage-specific 

proteins and matrix components, mainly GAGs and Coll II, that were deposited in the 

intercellular space. This technique allows to overcome problems such as chondrocyte de-

differentiation, during in vitro monolayer expansion, and the resulting decreased capacity of 

re-implanted chondrocytes to regenerate hyaline AC because of the phenotype loss. However, 
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this technique has some disadvantages including the high cost (£10,000 per patient per each 

therapy) (Cummins et al., 2017; National Institute For Health and Care Excellence, 2017b). 

Figure 2.10: Scheme of the Chondrosphere® (CO.DON, AG) technique: (1) chondrocytes 
harvesting, (2) preparation of cells spheroids and suspension in isotonic sodium chloride 
solution, (3) injection in the cartilaginous defect (10 ς 70 spheroids per cm2) within a syringe - 
Arthroscopic view after transplantation into an AC defect. [courtesy of Dr. Schreyer,ev. 
Elisabethenstift Hospital,Darmstadt,GE] 
 

2.5 New trends in Osteoarthritis treatment  

There are currently no disease-modifying OA drugs (DMOADs) available, therefore their 

development is vital. Most of the research in this field focuses on identifying methods for 

either preventing cartilage breakdown or boosting its repair. Since the role of MMPs and 

ADAMTS during OA pathogenesis is well established, these proteases are an attractive target 

for DMOADs development (McClurg et al., 2021). 

Because reversible aggrecan breakdown is considered to occur before irreversible collagen 

loss, and ADAMTS-5 is assumed to be the essential "aggrecanase" in both murine and human 

OA, it got a lot of attention. For example, Novartis out-licensed anti- ADAMTS-5 nanobody 

(M6495) which proved to protect mice against surgically induced OA in vivo (Siebuhr et al., 

2020). 

The adverse effect of targeting MMPs and ADAMTS is that these inhibitors could target 

aggrecanases and collagenases outside of the joint. For example, it was found a potential 

involvement of ADAMTS-5 in wound healing, glucose metabolism, inflammation, and brain 

plasticity (Santamaria et al., 2021). On the other side MMP13 was found to play physiological 

functions in wound healing, muscle regeneration, and fracture repair, all of which should be 

considered when developing MMP13 inhibitors for OA treatment (Smith et al., 2020). 



35 
 

Alternatives to direct suppression of metalloproteinase activity are being investigated. An 

option is to increase the amounts of endogenous MMP and ADAMTS inhibitors in cartilage. 

TIMP-3 is the only one of the four mammalian tissue inhibitors of MMPs, that efficiently 

inhibits both MMPs and ADAMTSs. Alternatively, GFs that block metalloproteinase-mediated 

cartilage breakdown, while encouraging anabolic repair pathways, can be used to induce AC 

repair (Meliconi et al., 2013). 

Local injectable treatment using biologic agents such as platelet-rich plasma (PRP) or stem 

cellςbased preparations has been linked to considerable improvements in joint pain and 

function in OA patients and has grown in popularity over the last decade. PRP treatment for 

OA includes injecting a preparation of autologous plasma with high platelet levels directly into 

the joint. Platelets are activated by abundant cartilage ECM proteins in the joint, resulting in 

the release of cytoplasmic components such as TGF-̡1, platelet-derived growth factor (PDGF), 

IGF, and FGF2, which promote aggrecan and Coll II synthesis while reducing expression and 

activity of catabolic MMPs. BMAC, as anticipated, is an autologous cell-based therapy that 

attempts to harness the regenerative power of MSCs, cytokines, and GFs present in bone 

marrow. The primary contents of BMAC are MSCs, which make up 0.001 % and 0.01 % of the 

total content and GFs, mainly ¢DCʲΣ .at-2 and BMP-7, and IL-1Ra. BMAC enables for larger 

anti-inflammatory and anabolic factor concentrations to be delivered locally without 

increasing proinflammatory or catabolic factor concentrations (Weber et al., 2021). 

An alternative is the direct injection of cells. MSCs are the most promising cell type, with 

multiple clinical trials demonstrating their ability to improve joint function and reduce pain in 

knee OA patients. Both in vitro and in vivo investigations demonstrated MSCs therapeutic 

potential in preventing AC degeneration with over 100 clinical trials 

(http://www.clinicaltrials.gov) for evaluating the safety and effectiveness of MSC intra-

articular injection in OA patients (Giannasi et al., 2020). However, there are some concerns 

about the injection of MSCs, such as their low availability and difficulty of high number of cells 

to reach the target site, regulatory difficulties limiting their use, genetic instability, and 

chromosomal alteration during long-term ex-vivo culture, and their immunogenicity (Vizoso 

et al., 2017). 

To address these restrictions, researchers have concentrated on the secretome of MSCs over 

the past 15 years. In fact, MSCs favourable effects on tissue repair and regeneration was 

http://www.clinicaltrials.gov/
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mainly found to be related to their paracrine activity, which is defined by their ability to 

produce GFs, cytokines, and chemokines that coordinate interactions within the 

microenvironment and impact tissue regeneration, rather than cellςcell interaction. These 

substances can prevent apoptosis, boost cells proliferation, enhance ECM production, and 

alter the immune system (Wu, 1995). Extracellular vesicles (EVs) (exosomes, microvesicles) 

containing peptides, small proteins, and bioactive compounds such as microRNA (miRNA) 

make up most of the stem cell secretome. To mediate their physiologic action, these vesicles 

are released by cells in the surrounding microenvironment and most MSCs therapeutic actions 

are mediated by soluble mediators that are transported through EVs. EVs were studied on OA-

like murine chondrocytes by Cosenza et al., revealing their protective role on chondrocytes 

from apoptosis and encouraged macrophage polarisation toward an anti-inflammatory 

phenotype. Also, exosomes from MSCs were found to prevent the onset of OA (Cosenza et al., 

нлмтΤ 5ΩŀǊǊƛƎƻ et al., 2019). Similarly, Vonk et al. and Tofiño Vian et al. studied the effect of 

exosomes on OA chondrocytes, showing good results in terms of decreased interleukins and 

MMPs production, and increased Coll II expression (Tofiño-Vian et al., 2018; Vonk et al., 2014). 

2.5.1 miRNA treatment for OA 

MiRNAs have a role in the homeostasis of AC during the progression of OA. These are a class 

of endogenous non-protein-coding short RNA that have been discovered as important post-

transcriptional regulators. These molecules primarily affect biological response, by regulating 

post-transcriptional gene expression (Li et al., 2015). 

The generation of miRNA is a multistep process that starts in the nucleus and finishes in the 

cytoplasm (Figure 2.11). RNA polymerase II or III transcribes miRNA genes to produce long 

RNA precursors with a single or many stem loops, which is called Primary (pri)-miRNA and it 

has a hairpin look and partly complementary sequences in the stem region, which houses the 

future miRNA. The primiRNA is cleaved by Drosha (a highly conserved RNase-III-type enzyme), 

which is a miRNA processor associated with DiGeorge syndrome critical region gene (DGCR8), 

into a shorter precursor miRNA called pre-miRNA, which has a stem loop or hairpin structure 

composed of 70 ς 100 nucleotides in the nucleus. Pre-miRNAs are transported to the 

cytoplasm by the exportin-5 pathway and are sliced by the RNAse III called Dicer. This 

produces a 22-nucleotide double-stranded miRNA duplex, including the mature miRNA and 

the passenger miRNA strand. The passenger miRNA strand is destroyed, while the mature 

miRNA (ǘƘŜ ƻƴŜ ǿƛǘƘ ǘƘŜ ǘƘŜǊƳƻŘȅƴŀƳƛŎŀƭƭȅ ƭŜǎǎ ǎǘŀōƭŜ р-end) is transported to the RNA-
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induced silencing complex (RISC), which contains Argonaute proteins. Depending on the 

degree of base-ǇŀƛǊƛƴƎ ǎƛƳƛƭŀǊƛǘȅ ōŜǘǿŜŜƴ ǘƘŜ Ƴƛwb! ŀƴŘ ǘƘŜ ǘŀǊƎŜǘ Ƴwb!ϥǎ о-untranslated 

ǊŜƎƛƻƴǎ όо-UTRs), miRNA causes gene silence via translation repression or targeted mRNA 

cleavage. When perfect base-pairing between miRNAs and their targets occurs, miRNA causes 

cleavage or degradation of target mRNA όhΩ.ǊƛŜƴ Ŝǘ ŀƭΦΣ нлмуύ. 

Figure 2.11: MicroRNA biology and function: MicroRNA is transcribed in the nucleus to either 
pri-miRNA or premiRNA. The pre-miRNA is then transported to the cytoplasm, where it is 
further cleaved to generate mature miRNA. MiRNA binds to its target mRNAs by forming a 
complex with the miRNA induced silencing complex (RISC). Translation of mRNA into protein 
is inhibited when miRNA and mRNA are partially complementary. When miRNA and mRNA 
complement one other nearly perfectly, the mRNA is destroyed.  

MiRNAs can play crucial roles in cell proliferation, migration, invasion, and differentiation by 

binding to the 3' untranslated region (3'UTR) of target genes. Dysregulation of numerous 

miRNAs has been implicated with OA-related ECM degradation. ADAMTS-4 and ADAMTS-5, 

for example, are downstream of miR-140, which is linked to chondrocyte death (Miyaki et al., 

2010). On the other side MMP13 is found to be up-regulated when miR-27b is down-regulated 

(Park et al., 2013). Although many studies have indicated the close relationship between 

miRNAs and ECM degradation in OA, the corresponding upstream or downstream have not 

been illuminated clearly yet. In Table 2.4 are reported the miRNA involved in OA pathogenesis 

with a chondroprotective role, together with their specific function. Particularly miRNA-140 
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was widely studied and literature results indicate that miR-140 plays dual roles in both AC 

development and homeostasis, in part via regulating ADAMTS5, a major AC matrix-degrading 

protease in OA (Miyaki et al., 2010). 

 

miRNAs TARGET FUNCTION REF. 

miRNA-140 

SMAD3 
MMP13 
ADAMTS4/5 
IL-м ̡
RALA 

Suppression of SMAD2/3 
pathway; 
Inhibition of MMP13 and 
ADAMTS4/5 and IL-мʲΤ 
upregulation of 
SOX9,ACAN,COL2A1 

(Miyaki et al.) 

miRNA-25 IL-м ̡
Chondrocytes proliferation 
and reduced apoptosis 

(He & Deng, 
2021) 

miRNA-29 
COL3A1 
Osteonectin 

Promotes osteogenesis, 
inhibits osteoblast 
differentiation 

(Le et al.) 

miRNA-19b IL-м ̡
Chondrocytes proliferation 
and reduced apoptosis 

(Y. Li et al.) 

miRNA-27b 
NF-ˁ. 
MMP13 

Responsible of AC 
homeostasis 
Inhibition of MMP13 

(Akhtar et al.) 

miRNA-127 MMP13 Inhibition of MMP1/13 (Dong et al.) 

miRNA-148 
MMP13 
COL10A1 
ADAMTS5 

Show pro-anabolic and anti-
catabolic activities 

(Vonk et al.) 

miRNA-543 IL-м ̡
Responsible of AC 
homeostasis 
 

(Xiao et al.) 

Table 2.4: miRNA involved in AC chondroprotection during OA progression. 

2.6 In vitro models of AC  

Although the progressive breakdown of AC and underlying SB, mediated by synovium, are the 

well-known main pathological features of OA, the disease pathogenesis is due to a joint action 

of physico-chemical and mechanical factors, leading to a damage in the AC matrix (Lories & 

Luyten, 2018). In this scenario, engineered AC in vitro models are suitable candidates in the 

endeavours of deeply investigation on physiology, biology, and progression of OA diseases. 

This is pushing the research forward the early-stage causes of the disease as a crucial keystone 

to explore, design and testing new therapeutic treatments in reliable and predictive models 

(Chen et al., 2006). Particularly, the advantages of moving forward in vitro ƳƻŘŜƭǎΩ ŎƘƻƛŎŜ ŀǊŜΥ 
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(i) ease of manipulating in vitro systems, (ii) shift towards the newly adopted EU Directive 

about the ethical philosophy of Refining, Reducing and Replacing use of animals in the 

ǊŜǎŜŀǊŎƘ όоwǎΩ ǇǊƛƴŎƛǇƭŜύΣ όƛƛƛύ ƭƻǿ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ǎǘǳŘies on animals when translated to human 

and (iv) high costs involved within in vivo studies (Armiento et al., 2018; Sophia Fox et al., 

2009b).  

2.6.1 Tissue engineering approach: cells, biomaterials and biophysical stimuli 

Tissue engineering (TE) is a promising strategy for manufacturing in vitro model of AC tissue. 

One of the goals of AC TE is to create constructs that resembles the native ǘƛǎǎǳŜΩǎ structure, 

metabolic characteristics, and biomechanical capabilities. This approach exploits the bottom-

up principle, based on growing TE constructs based on biomaterials which are loaded with cell 

lines and cultured in vitro under physiological conditions (37 °C, 5 % CO2) to generate artificial 

tissues. Only a few literature studies have generated tissue-engineered structures with 

cartilage characteristics that are almost identical to natural cartilage. The three main elements 

of TE are cells, biomaterials and physiological stimuli to mimic the natural environment. 

¶ Cells 

Cells choice is critical for cartilage TE, as they determine the degree of damaged tissue 

regeneration that may be achieved. Seeded cells in AC tissue engineering come from 

autologous cartilage cells (chondrocytes) or MSCs with multiple differentiation potential 

(Chen et al., 2006).  

Chondrocytes are the cells naturally found in AC; these can be isolated from several sources 

(e.g. AC or cartilage of nose, rib or ears) and each zone gives cells with different properties 

(elastic, hyaline or fibrous). Chondrocytes cells can be obtained from a biopsy: for example, 

from an explant of 5 mm x 10 mm. it is possible to obtain around 250,000 cells. Therefore, 

chondrocytes are culture-expanded to obtain enough cells needed for obtain in vitro AC 

models (up to 100 million cells/mL) (Puelacher et al., 1994). The expansion process can lead 

to a loss of their chondrocytic phenotype and their de-differentiation in fibroblasts before 

becoming senescent: this results in a decrease in aggrecan and Coll II synthesis. Consequently, 

stromal stem cells have been widely exploited to obtain in vitro model of AC. Adult stem cells, 

known as MSCs, can be obtained from both human and animal sources. Human MSCs are non-

haematopoietic multipotent stem cells that can develop into three distinct lineages: 

mesodermal (chondrocytes), ectodermal (neurocytes), and endodermal (hepatocytes). These 

cells can be extracted from a variety of human tissues, including bone marrow, adipose tissue, 

amniotic fluid, dental tissue, endometrium, and the umbilical cord. MSCs are known to have 
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high proliferation rate, and these can differentiate into chondrocytes using some signals such 

as GFs or mechanical stimuli. This process of differentiation can be reproduced in vitro by 

adding some GFs which are responsible for MSCs differentiation, within the MSCs culture 

medium. Also, BM-MSCs showed promises as therapeutic agent in OA treatments, as widely 

explained in section 2.5 (Shah et al., 2021). Other cells source used for AC are: AC-derived 

progenitor cells (ACPCs), which were found to have a similar behaviour to MSCs and expansion 

does not alter differentiation, but their disadvantage is their limited abundance due to the use 

of autologous sources; and induced pluripotent stem cells (iPSCs), based on the idea that a 

large number of autologous cells can be derived from a small starting population of cells and 

this holds great promise for cartilage TE (Rikkers et al., 2022; Urlic & Ivkovic, 2021). 

¶ Biomaterials 

Biomaterials are a fundamental element in AC TE, by providing cells with a suitable 

environment that allows them to adhere, proliferate, and differentiate to obtain a functional 

AC-like tissue. A biomaterial is a three-dimensional (3D) matrix or scaffold that can facilitate 

cellular signalling and tissue remodelling on both a physical and biological level. Both natural 

and synthetic biomaterials have been employed for AC TE. Synthetic biomaterials are 

frequently employed in bone and cartilage tissue engineering due to their favourable 

mechanical properties. For AC, poly(glycolic acid) (PGA), poly(L-lactic acid) (PLA), or a 

copolymer of PGA and PLA (PLGA) have been employed as scaffolds, however they lack 

signalling molecules such as the RGD sequence for cell attachment, which prevents them from 

being widely used alone. The physical and chemical features of synthetic scaffolds, on the 

other hand, can be altered to influence cellular function. To induce cell-specific bioactivities, 

cell adhesion molecules, enzymatic degradation sites, or GF-binding regions can be inserted 

into the synthetic scaffold. On the other side, natural biomaterials (e.g. collagen, alginate, 

gellan gum (GG), hyaluronic acid (HA), gelatin (GEL), chitosan) can mimic the ECM of AC tissue 

and are more biocompatible for cell culture. However, they possess lower mechanical 

properties (Kwon et al., 2019; Silva et al., 2009).  

Hydrogels, which are both water-based and water insoluble, were discovered as an excellent 

scaffold for engineering a tissue with a high-water content, such as AC, because of their 

capacity to recapitulate the AC solid/liquid ratio and efficiently repair injured tissue (Armiento 

et al., 2018). Hydrogels are water-swollen networks that support the transfer of cells, 

bioactive substances, nutrients, and waste. They can also homogeneously suspend cells in a 
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3D environment, retaining a rounded morphology that may produce a chondrocytic 

phenotype. Importantly, hydrogels can be physically or chemically crosslinked, allowing the 

material to be held together by molecular entanglements and secondary forces including 

ionic, hydrogen bonding, and hydrophobic interactions, as well as covalently attached. They 

are intelligent materials that react to environmental factors such as temperature, pH, ionic 

strength, and electric field. However, hydrogels have low mechanical property, which is 

considered the major drawback for their use in TE, as found in the load-bearing bone and 

cartilage tissues. To solve this problem, one approach is increasing polymer concentration and 

crosslinking density (Scalzone et al., 2021a). The biomechanical and biological features of 

various biomaterials for cartilage tissue regeneration were reported in Table 2.5. 

¶ Biophysical stimuli 

There is currently no appropriate in vitro culture technique for AC tissue regeneration. 

Simulating the natural cellular environment is one way to identify the best culture 

environment in vitro. To this aim it is possible to apply biophysical stimuli, which can be divided 

in biochemical and biomechanical stimuli (Kwon et al., 2019) 

GFs have long been known as essential contributors in neocartilage formation. Many studies 

have demonstrated the beneficial effects of GFs such as TDCʲ-мΣ ¢DCʲ-нΣ ¢DCʲ-3, bone 

morphogenetic proteins (BMPs), FGF-2 and insulin-like GF-1 (IGF-1) on chondrogenic 

ŘŜǾŜƭƻǇƳŜƴǘΦ CƻǊ ŜȄŀƳǇƭŜΣ ¢DCʲ-1ς3, IGF-I, PDGF, and BMP7 stimulate PRG4 expression in 

ǘƘŜ ǎǳǇŜǊŦƛŎƛŀƭ ȊƻƴŜΣ ǿƘƛƭŜ ¢DCʲ-1ς3, IGF-I, PDGF, and BMP7 stimulate Cartilage Intermediate 

Layer Protein (CILP) expression in the middle zone of human AC (Schmidt et al., 2008; Mori et 

al., 2006). Also, Matrilin 3 has been demonstrated to stimulate chondrogenesis in a BMSCs 

cultures and Kartogenin to stimulate chondrogenic differentiation in MSCs and alleviated Coll 

II breakdown by 1.8-fold in an OA model (Cai et al., 2019). Hypoxia is another critical element 

commonly found in AC, since it is avascular. In vitro, hypoxia (5 % O2) has been shown to 

increase MSC proliferation and chondrogenesis, as well as GAGs production, compared to 

normoxia condition (20 % O2) (Bae et al., 2018). Hypoxia has also been demonstrated to 

enhance PRG4 gene expression in chondrocyte subpopulations (Ruan et al., 2013).  
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TYPE NAME ADVANTAGES DISADVANTAGES REF. 

 

Natural 

polymer 

Alginate 
High functionality, rapid gelation, low 

cost, structurally similar to GAG 

Poor cell adhesion, poor mechanical 

strength 

(Jeuken et al., 2016; Arno et 

al., 2020) 

Agarose 

High functionality, thermo-reversible 

gelation, low cost, structurally like 

GAGs 

Poor cell adhesion, poor bioactivity, 

limited mechanical properties 

(Mauck et al., 2006; Zarrintaj 

et al., 2018) 

Chitosan 

Antibacterial, pH and temperature 

responsiveness, cationic features 

(electrostatic interaction with anionic 

GAGs), low cost, structurally like GAGs 

Poor water solubility, low 

mechanical properties 

(Scalzone et al., 2019a; Liu et 

al., 2020) 

CS 
Component of AC ECM, easy to 

functionalise 

Rapid degradation, low mechanical 

properties 

(Scalzone et al., 2020; X. Li et 

al., 2021; Lee et al., 2021; 

Shin et al., 2021a; Yang et 

al., 2020) 

Collagen 
Component of AC ECM, good cell-

matrix interaction 

High cost, potential 

immunogenicity, low mechanical 

properties 

(Ren et al., 2016a; Wei et al., 

2021; Kilmer et al., 2020) 

GEL 

Biologically active for cellular 

interaction, low immunogenicity, easy 

to process and functionalise 

Rapid degradation, low thermal 

stability, low mechanical properties 

(Tsai et al., 2020; Q. Li et al., 

2021) 

GG 
pH and temperature responsiveness, 

structurally similar to GAGs 

Poor cell adhesion, small 

temperature window, weak 

mechanical strength 

(Lee et al., 2021; Bonifacio et 

al., 2020; Baek et al., 2019; 

Oliveira et al., 2009) 
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HA 
Component of AC ECM, easy to 

functionalise 

Rapid degradation, weak cell 

adhesion, low mechanical 

properties 

(Mohan et al., 2017; Park et 

al., 2019) 

Silk fibroin 

High mechanical properties, low 

immunogenicity, structurally similar to 

collagen, morphologic flexibility 

Low biodegradability, Source 

variability 

(Lee et al., 2021; Liu et al., 

2020) 

Synthetic 

polymer PEG 

Good biocompatibility, low 

immunogenicity, easy to process and 

functionalise, mechanically tuneable 

Biologically inert for cellular 

interaction, non biodegradable 

(Wang et al., 2017; Yu et al., 

2014) 

 
Poly lactic acid 

(PCL) 

Easy to manufacture, low melting 

temperature, long term mechanical 

stability 

Poor bioactivity, hydrophobic 
(Wang et al., 2017; Yu et al., 

2014; Scaffaro et al., 2016) 

 PLA 

PGA 

PLGA 

Good biocompatibility and 

biodegradability, easy 

functionalisation, low immunogenicity 

Low bioactivity, could produce 

inflammatory response 

(Marycz et al., 2020; Iulian et 

al., 2018) 

 
Poly vinyl alcohol 

(PVA) 

Good water absorption and retention, 

chemical resistance, good mechanical 

properties 

Biologically inert, non degradable (Chen et al., 2021) 

Table 2.5: Biomechanical and biological features of various biomaterials for cartilage tissue regeneration.
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A particular focus can be put on mechanical stimuli, such as shear stress, compression and 

hydrostatic pressure which showed to affect AC synthesis and chondrocytes behaviour a lot. 

For example, cyclic compression boosts GAG production, which is beneficial in the medium 

and deep zones of AC (Gilbert et al., 2021), while shear stimulation enhances PRG4 

production, which is beneficial for the superficial zone (Grad et al., 2005; Davisson et al., 2002). 

Furthermore, mechanical stimuli have been found to have a frequency and amplitude-

dependent effect on AC ECM production. Static and low-frequency strain (0.3 Hz) suppressed 

GAGs synthesis by chondrocytes in agarose scaffolds, whereas a frequency of 1 Hz at 15 % 

strain amplitude enhanced it. When the frequency was increased to 3 Hz, however, the 

amount of GAG synthesised reduced (Lee & Bader, 1997). In agarose scaffolds, cyclic 

compression at 10 % strain frequency of 1 Hz for 4 hours per day triggered chondrogenic 

development of rabbit BMSCs (Huang et al., 2004). In addition, Chen et al. optimised the 

parameters of cyclic dynamic compressive loading for both a monoculture of chondrocytes or 

a co-culture of chondrocytes and adipose stem cells within a cryogel made of GEL/CS/HA/CH. 

In both cultures with a stimulation at a frequency of 1 Hz, 20 % strain and 3 h/day stimulation, 

chondrocytes showed the highest level of AC matrix production and gene expression, while 

stem cells in co-culture showed a great chondrogenic potential (Chen et al., 2018). Mechanical 

stimuli can be applied by using bioreactors, which are devices able to provide physiological 

requirements of the cell such as nutrition, GFs and mechanical environment. Various 

bioreactors have been used in cartilage and bone TE such as dynamic compression 

bioreactors, tensile bioreactors, hip simulator-based bioreactor, and spinner flask (Zhao et al., 

2016). Among all of these, dynamic compression bioreactors are the most used to improve 

matrix production in tissue-engineered cartilage (Klein et al., 2009). Also, the combination of 

shear stress and compression was analysed by resulting in increased Coll II production. 

2.6.2 Gellan Gum methacrylate 

GG is a linear anionic polysaccharide containing one carboxyl side group and is made up of 

four repeating carbohydrates: 1,3-b-D-glucose, 1,4-b-Dglucuronic acid, 1,4-b-D-glucose, 1,4-

a-L-rhamnose. It was first described by Moorhouse et al., and this material has a wide range 

of applications in the food industry (FDA approved) and biomedical science, owing to its ability 

to be processed into clear gels that are heat and acid stress resistant (Moorhouse et al., 1981). 

GG is commercially prepared by microbial fermentation from the bacterium Sphingomonas 

elodea or Pseudomonas elode (Warren & In Het Panhuis, 2015). There are two types of GG: 
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ŀŎŜǘȅƭŀǘŜŘ όDŜƭǊƛǘŜϰύ ŀƴŘ ŘŜŀŎŜǘȅƭŀǘŜŘ όYŜƭŎƻƎŜƭϰύΣ ǿƛǘƘ ǘƘŜ ƭŀǘǘŜǊ ōŜƛƴƎ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ 

and commercially available. Both form thermo-reversible gels with mechanical characteristics 

ranging from soft and elastic in the acetylated form, to rigid and brittle in the totally 

deacetylated form. Gellan molecules are present in the form of random coils at high 

temperature and in the form of double helices at low temperature, resulting in the 

construction of a three-dimensional network (Zand-Rajabi & Madadlou, 2016a). The chemical 

nature and quantity of cations present in GG solutions have a significant influence on the 

gelation of the solution. The helix creation and partial aggregation at low temperature (near 

the body temperature) due to the sol/gel transition may generate an ordered structure at low 

GG concentrations, but this does not lead to gel formation since there is the electrostatic 

contact between carboxyl side groups, which prevents the tight binding of helices and their 

cohesive aggregation (Quinn et al., 1993; Miyoshi et al., 1996). The insertion of cations reduces 

electrostatic repulsion, allowing for tight helical binding and aggregation in form of gels. Also, 

cations composition influences its gelation capabilities, with divalent cations (Ca+2, Zn+2, Pb+2, 

Al+3 etc) promoting gelation far more strongly than monovalent ones. The electrostatic 

repulsion between the ionised carboxylate groups on the GG chains is screened in monovalent 

cations, resulting in gelation. On the other side, there is a chemical bonding between divalent 

cations and two carboxylate groups belonging to glucuronic acid molecules in the Gellan 

chains. In addition to that, it was discovered that K+ ions instead of Na+ and Ca2+ divalent ions 

instead of Mg2+, have a more remarkable effect on the GG viscoelasticity (Zia et al., 2018). 

GG's advantages in biomedical applications include its lack of toxicity, biodegradability, ability 

to be used as an injectable system in a minimally invasive manner. It also showed good 

processability, a wide spectrum of mechanical and suitable rheological properties. The 

presence of this carbohydrate residue, which contains carboxylic groups, could give this 

substance additional capabilities. Indeed, being negatively charged polysaccharide, it can 

produce polyelectrolytes with the oppositely charged polymers like chitosan (Oliveira et al., 

2009). GG applications in biomedical field include: (i) gene therapy and cell-based therapy 

(Vieira et al., 2019); (ii) protein carrier and drug delivery system, in form of hydrogel, 

macrocapsules and microcapsules, for asthma or cancer therapy (Palumbo et al., 2020); (iii) 

TE of multiple tissues and disease modelling (Stevens et al., 2016). GG structure is similar to 

native AC GAGs, due to the glucuronic acid residues in their repeating unit. Oliveira et al. used 

GG for the first in AC TE, by encapsulating human nasal chondrocytes obtaining a hydrogel 
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with viscoelastic properties within the range of other hydrogels used for cells encapsulation 

and being cytocompatible, showing a potential role in AC regeneration approaches (Oliveira 

et al., 2009). However, GG has some drawbacks such as: poor stability in physiological 

condition due to the exchange of divalent ions with monovalent ones, leading to a loss of 

mechanical properties; ǘƘŜǊƳŀƭƭȅ ǊŜǾŜǊǎƛōƭŜ άǿŜŀƪ ƎŜƭϦ ǇǊƻǇŜǊǘȅΣ ōŜŎŀǳǎŜ ŀǘ ƘƛƎƘ 

temperatures, GG has a disordered coiled shape, while at lower temperatures, it undergoes a 

thermally reversible coil-double helix transition; low cell attachment and anomalous 

differentiation behaviours, because it does not participate in the specific cell binding 

interactions (Kang et al., 2015). 

Several chemical modifications of GG (methacrylation, esterification or peptidic 

functionalisation via click chemistry) and combination with other polymers (e.g., HA, GEL), or 

biologically active molecules (e.g., bioactive glasses, hydroxyapatite, calcium phosphate) were 

exploited to overcome these limitations. Among them, the addition of methacrylate groups in 

the GG chain was proposed for the first time by Coutinho et al. for the obtainment of 

Methacrylated Gellan Gum (GGMA) (Coutinho et al., 2010). GGMA can be physically (with 

cations) and chemically crosslinked (through photo crosslinking due to MA groups). The 

photo-crosslinking reaction involves the presence of a photo-initiator compound and 

irradiation by light, typically ultraviolet (UV), to initiate a free radical polymerization reaction 

that propagates through carbonςcarbon double bonds to form high-molecular-weight kinetic 

chains and form covalent crosslinks between the polymer chain. This approach can be used to 

tune the mechanical and physical properties of GG, to make it suitable for the desired 

application. GGMA showed lƻǿ ŎȅǘƻǘƻȄƛŎƛǘȅ ŀƴŘ ƘƛƎƘŜǊ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ό¸ƻǳƴƎΩǎ 

modulus up to 148 kPa), compared to bare GG (Daniela F. Coutinho et al., 2010). In addition, 

the functionalisation with methacrylate groups leads to an improved water solubility and 

processability at physiological temperature of GG and, therefore, the obtained GG-MA 

hydrogels are compatible with cell encapsulation, and their mechanical properties, as well as 

their stability, are improved as compared to unmodified GG hydrogels (Silva-Correia et al., 

2013). GGMA alone, or in combination with some fillers or other polymers, was studied for 

different TE applications (Table 2.6). Also, it was exploited for AC TE for the first time by Vilela 

et al, by encapsulating adipose-derived stem cells, obtaining a construct with highly 

favourable characteristics and biological performance both in vitro and in vivo (Vilela et al., 

2018). 
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AIM FORMULATION APPLICATIONS ADVANTAGES REF. 
B

IO
F

U
N

C
T
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N

A
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IT

Y
 

GG/HA 

Osteochondral tissue 
Intervertebral disk 

Vasculature 
Scar tissue 

Improved cell binding 
(Bellini et al., 2015; 
Cerqueira et al., 2014; 
Cencetti et al., 2011) 

GG/Fibronectin TE applications 
Improved cell binding, differentiation 

of endothelial cells 
(Da Silva et al., 2014) 

GG/GEL Cardiac tissue 
Bone tissue 

Increased cell binding, mechanical 
strength, promoted cells physiological 

activity 

(Wen et al., 2014; 
Kirchmajer & Panhuis, 
2014; Koivisto et al., 
2019) 

GG/nanohydroxyapatite Bone tissue 
Increased cells adhesion, proliferation 

and mineralisation 
(Jamshidi et al., 2016; 
Bastos et al., 2021) 

S
T

R
E

N
G

T
H 

GG/ALP Bone tissue 
Improved strength and stiffness, 
promoted cells attachment and 

differentiation 

(Jamshidi et al., 2016; 
Bastos et al., 2021; 
Douglas et al., 2014, 
2017) 

GG/PLGA microspheres Intervertebral disk Improved strength and stiffness (Zong et al., 2020) 

GG/PCL fibers Nucleus pulposus Improved mechanical properties and 
biomimicry 

(Thorvaldsson et al., 
2013) 

GG/ AuNr Bone tissue Increased strength and microstructure (Vieira et al., 2019) 
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G
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H

 

GGMA 
Intervertebral tissue 

AC 
Soft tissues 

Photocrosslinking, reinforcement, cells 
adhesion 

(Vieira et al., 2019; 
Silva-Correia et al., 
2013; Pacelli et al., 
2016; Daniela F. 
Coutinho et al., 2010) 

GGMA/GelMA Load bearing tissue Photocrosslinking 
Reinforcement 

(Shin et al., 2014) 

GGMA/laponite Wound dressing Increased mechanical properties, 
Good drug releasing system 

(Pacelli et al., 2016) 

GGMA/Silk 
fibroin/Chondroitin sulfate 

AC 
Good mechanical properties, cell 

growth and expression of AC-specific 
ECM and genes 

(Lee et al., 2021) 

GG/Manuka Honey AC tissue Antibacterial, increased mechanical 
stiffness, Promoted cells activity 

(Bonifacio et al., 2018) 

GG/glycerol/HNT 
nanotubes 

Soft TE 
Increased biocompatibility, viscosity, 

mechanical properties and cells activity 
(Bonifacio et al., 2017) 

Table 2.6: TE applications of Gellan gum polymer combined with several polymers or molecules to improve the biofunctionality, strength or both 
properties.  
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2.6.3 Chondroitin sulfate dopamine 

CS is a polysaccharide molecule which constitutes 80 % of AC GAGs, and it is the major 

component of AC ECM. It is a sulphated linear GAG with D-glucuronic acid and DN-acetyl-

galactosamine units that repeat. CS is present in multiple tissues of the human body and plays 

an important role in regulating cell functions, such as cell migration and receptor binding. CS 

has a high-water content because of its high charge density, resulting in mechanical weakness. 

However, it is involved in a variety of mechanical and biological functions, including resistance 

to compressive load, nutrient and water absorption, anti-inflammatory activity, and 

chondrocyte metabolism on a cellular scale (Shin et al., 2021a). Due to degradation, the 

content of CS in cartilage declines with age (Ngadimin et al., 2021). Indeed, CS scaffolds have 

not been successful in inducing AC regeneration, despite its advantages in AC TE, due to their 

weak mechanical qualities and the rapid degradation. Furthermore, due to its negative charge 

and absence of adhesive motifs, CS has a low cell affinity (Han et al., 2018). Therefore, 

researchers have unavoidably attempted to circumvent these restrictions by combining CS 

with supporting materials including various natural or synthetic polymers (e.g., HA, chitosan, 

alginate, polyacrylamide, polyethylene glycol, etc.).  

For example, CS was combined with GEL obtaining a multi-compositional, macroporous, 

extracellular matrix-based microribbon scaffolds to regenerate cartilage with biochemical, 

mechanical, and morphological zonal organization encapsulating MSC. The construct showed 

good collagen deposition and AC tissue formation (Gegg & Yang, 2020). Jiang et al, instead 

combined collagen, CS and HA in a three-phase hydrogel for the encapsulation of allogeneic 

chondrocytes with a diffusion chamber system that was implanted in vivo into a rabbit 

cartilage defect. The three phases system promoted cell growth and matrix synthesis, 

facilitating cartilage repair, compared to the mono-phase (Jiang et al., 2018). Similarly, Yu et 

al studied a high-performance biological interpenetrating hydrogel, composed of GEL, HA and 

CS via click chemistry reaction, showing high mechanical properties systems (Yu et al., 2013).  

Polydopamine (PDA), which shares structural similarities with secreted adhesion proteins 

from marine mussels, has recently been shown to have significant adherence to a variety of 

substrates, with the potential to improve cells attachment and their proliferation. PDA's 

strong adhesiveness is due to the active catechol groups on the surface, which aid cell 

adhesion by interacting with reactive groups on cell membranes (amino groups, carboxyl 

groups, and catechol groups). In particular, the Mytilus edulis foot protein (3,4-dihydroxy-L-
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phenylalanine and lysine) contains a catechol amine motif that can affect adhesiveness and 

cohesiveness depending on the pH: Catechol has an adhesive effect in acidic pH, resulting in 

a surface coating, whereas basic pH allows it to increase its cohesive capabilities, resulting in 

the production of hydrogels. In terms of adhesiveness, catechol moieties form strong 

connections through a variety of methods, including covalent bonds, hydrogen bonds, pςp 

stacks, and coordination bonds. Crosslinking reactions (e.g., dismutation and CatςCat bonds, 

hydrogen bonds, and van der Waals and other cohesive forces established with the polymeric 

chains) result from the production of transitory quinone groups in an alkaline environment 

and the formation of hydrogels (Scalzone et al., 2020). Han et al introduced a CS-PDA in a 

Polyacrylamide system for AC application, demonstrating good cell affinity, and a growth-

factor-free and biomimetic microenvironment for chondrocyte growth and cartilage 

regeneration (Han et al., 2018).  

2.7 3D in vitro models: strategies 

It's becoming clear that typical tissue culture models (monolayer cultures) aren't realistic of 

the original cellular environment, and that they can lead to untruthful conclusions. As a result, 

to obtain a functional AC-like tissue in vitro, capable of reliably recreating the properties, e.g., 

mechanical, compositional, and structural of the AC, it is necessary to design a 3D 

environment, that better reflects the original environment able to support and stimulate the 

growth, organization and activity of the cells (Kalamegam et al., 2018). Several works, 

involving the manufacture of in vitro AC construct, can be found in literature, and are mainly 

categorised in scaffold-free and biomaterials-based approaches. 

2.7.1 Scaffold-free approaches 

Scaffold-based approaches have been successfully exploited in musculoskeletal TE because 

they are analogous to the condensation and differentiation that occurs during the 

developmental process of cartilage tissue (DuRaine et al., 2015). Scaffold-free approaches are 

characterised by the presence of high number of cells. Although autologous cells are ideal for 

improving clinical translation, obstacles such as a lack of primary cells and donor site morbidity 

have led to the adoption of allogeneic and xenogeneic sources (DuRaine et al., 2015). Also, 

exogenous stimuli, such as GFs, enzymes, and mechanical stimulation, are used to increase 

ECM formation and maturation to reproduce a functional tissue. Scaffold-free approaches 

could be subdivided in self-organisation process, which are cell sheet engineering and 
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aggregate engineering, and self-assembly process, which is the self-assembling technique 

(Figure 2.12) (De Moor et al., 2020).  

¶ Cells sheet approach involves external manipulation to generate the desired structure. 

Cells are expanded in monolayer over long periods to achieve high confluence to generate 

a cell sheet. The sheet is pulled from the substrate once enough ECM has been created for 

the culture to form a cohesive layer. This technique was employed for the RevaFlex 

(formerly DeNovo ET) (ISTO Technologies, Missouri, USA) which is an AC repair technology 

using a sheet of expanded juvenile allogeneic chondrocytes obtaining good results. Cells-

sheet approach was used as well in miniature pigs, achieving successful defect filling and 

integration. However, this technique has the drawback of cells de-differentiation during 

the sheet formation process (McCormick et al., 2013). 

¶ The aggregate approach involves external force (i.e., rotational speed and duration) to 

obtain the aggregates formation that can decrease cell viability or lead to loss of cell type 

homogeneity. Rotational culture may have better diffusion and nutrient/gas exchange 

than static cultures due to this motion, making it an appealing TE technique. Aggregate 

culture is a common TE culture method because it can be utilised to generate cartilaginous 

microtissues as well as (re)differentiate cells to a chondrocytic phenotype. It was firstly 

exploited with the micromass culture by Johnston et al. in 1998, has been used for example 

in the Chondrosphere® technique. Aggregate engineering, while capable of overcoming 

diffusion restrictions in the production of cartilaginous tissues, has drawbacks due to a 

lack of substrate interaction during the early stages of suspension culture before cell 

interaction and coalescence. This leads to low proliferation. The most promising strategies 

for employing aggregates to design musculoskeletal cartilages include fusing small 

aggregates to produce bigger tissues or injecting aggregates into defects (Sun et al., 2022). 

¶ The self-assembling does not employ external forces to form tissues. Indeed, self-

assembling cellular spheroids of predictable and repeatable size can be obtained, as a pre-

set number of cells are seeded into a mould with a known shape. Even though this 

technique requires high number of cells per construct (10ς100 million cells/mL) and 

displays diffusion problems, it has been successfully tested with primary bovine articular 

chondrocytes, dermis-isolated adult stem cells, and co-culture of bovine articular and 

meniscus cells. To address the issue of the number of cells, MSCs are good candidates and 
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to overcome the further issue of poor nutrients diffusion, several dynamic cultures have 

recently been introduced (Dissanayaka & Zhang, 2020; De Pieri et al., 2021). 

 

Figure 2.12: Scaffold-free approaches for obtaining in vitro models: cell sheet engineering (A), 
aggregate engineering (B) and self-assembling (C). 

Although many promising scaffold-free approaches have been developed, there are still some 

drawbacks such as: they rely on specific cell populations and matrix synthesis to produce a 

specific structure; it is often needed long culture period and big number of cells.  

On the other side, scaffold-based biomaterial approaches have the potential to directly 

provide structure, mechanical strength, and organisation through scaffold design (Klein et al., 

2009).  

2.7.2 Scaffold-based approaches 

The primary goal of scaffold-based techniques was to obtain a homogeneous tissue in vitro 

able to mimic the overall bulk properties of native tissue by combining cells and biomaterial 

in chondrogenic conditions, without considering the importance of the zonal hierarchical 

native AC organisation (Sun et al., 2016). For this purpose, multiple fabrication techniques 

were employed, as widely explained in the following section 2.8. Being AC a soft tissue, most 

of the literature work focused on building up a monophasic hydrogel-based network, as these 

are matrices offering several opportunities for producing organized tissues providing a 

physiological-like environment with properties similar to natural ECMs, such as high content 

of water, porosity, and cytocompatibility. Despite the great progress achieved in 

manufacturing tissue engineered scaffolds with biomaterials simulating the native AC tissue, 

these constructs can hardly mimic the tissueΩs microenvironment. Indeed, only few 
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information were obtained on the construct organisation at sub-millimetric scale. AC is 

anisotropic and highly organised with a spatial-varying structure, composition and mechanical 

properties and its depth-dependent organisation is fundamental for the overall biochemical 

and biomechanical properties of the construct (Klein et al., 2007). Thus, to obtain a biomimetic 

in vitro construct it is highly required to consider this heterogenous nature of the native tissue.  

2.7.3 Zonal-engineered articular cartilage 

In the last years, an emergent approach, based on the manufacturing of AC zonal-engineered 

in vitro models, is attracting the attention of the scientific community. Its primary goal is to 

recapitulate heterogenous functional, compositional, and structural features of the AC (Figure 

2.4), to obtain an in vitro construct indistinguishable from mature cartilage with respect to: 

zonal organisation, biochemical composition, cellular morphology and mechanical properties 

(Sharma et al., 2007).  

Different literature works have reported the creation of a partial and total zonal-engineered 

construct, investigating the cells source (i.e. chondrocytes harvested from different zones of 

native AC) or number (according to each native layer) (Brown et al., 2019; Kim et al., 2003; 

Klein et al., 2003; Ren et al., 2016b) and ECM composition (i.e. proteoglycans-based 

biomaterial to replicate the deep layer and aligned fibers to recapitulate the tangential zone) 

(Owida et al., 2018; Gegg & Yang, 2020; Brown et al., 2020b). Scaffold-free models have been 

manufactured for studying the zonal nature of AC, for example by Klein et al. which used 

chondrocytes subpopulation from superficial and middle layers of AC in monophasic or 

biphasic culture. Although they got insight into the importance of considering the zonal 

property of cartilage, the lack of scaffold and support lead to a construct with 20 x lower 

mechanical properties compared to fetal bovine AC (Klein et al., 2003). Walzer et al., instead, 

created a 3D architecture of collagen alignment in chondroprogenitors pellet cultures, 

resulting in the formation of zonally organized engineered hyaline cartilage, comparable to 

the 3 zones of native cartilage (Walzer et al., 2021). However, the size of the pellets is often 

too small to obtain a relevant size construct, and the zonal variations are spherical rather than 

depth-dependent. An alternative investigated by Shen et al, was the use of cell-sheet 

engineering approach, by stacking layers of superficial, middle, and deep zones chondrocytes 

to obtain a stratified construct with greater viability, proliferation and increased expression of 

chondrogenic markers compared to mixed cells construct (Shen et al., 2021). 
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Cell-free models were analysed as well, to evaluate some properties of AC zonal tissue. Liu et 

al., designed and 3D printed a tri-layered scaffold made of GelMA (15 % w/v) for the AC top 

layer, a combination of GelMA/nanohydroxyapatite (nHA) (20/3 % w/v) for interfacial layer, 

and a 30/3 % GelMA/nHA hydrogel for subchondral bone. The physico-chemical properties of 

the obtained construct showed to be appropriate for reproducing AC and SB tissues 

simultaneously (Liu et al., 2019). Also, Jia et al, developed a biomimetic multilayered scaffold 

including an oriented AC ECM-ŘŜǊƛǾŜŘ ŎŀǊǘƛƭŀƎŜ ƭŀȅŜǊΣ ŀ ǇƻǊƻǳǎ о5 ǇǊƛƴǘŜŘ t[D!κʲǘǊƛŎŀƭŎƛǳƳ 

phosphate (PLGA/TCP) bone layer, and an intermediate PLGA/TCP compact interfacial layer. 

The obtained scaffold showed to be not only good as a template for osteochondral tissue 

regeneration, but it could also generate a smooth osteochondral interface with an integrated 

tidemark (Jia et al., 2018). Similarly, Girao et al. suggested a method for fabricating 3D 

biomimetic, anisotropic, multilayered fibrous scaffolds through electrospinning, PCL into 

three types of bulk materials with fibres aligned horizontally, randomly, and vertically, and 

then joined with graphene oxide collagen gel to make a multilayered scaffold. The measured 

parameters of each layer of the scaffold demonstrated that this is a reasonable strategy for 

designing and achieving fibre orientations and mechanical properties that are similar to native 

AC (Girão et al., 2018). 

Lots of challenges are present within the existent models, for example the difficulty in 

distinguishing different zones in the native tissue for isolating chondrocytes and the relatively 

low availability of zonal chondrocytes or the poor integration and mechanical discontinuity 

between different layers made of different materials. Table 2.7 reports chronologically the 

main studies regarding the manufacturing of cell and biomaterials-based zonal AC tissue with 

the related findings obtained.  



55 
 

MODEL MATERIALS/CELLS/FABRICATION OUTCOMES & LIMITATIONS 

Zonal model with respect to cell properties and phenotype 

(Klein et al., 2003) 

Cells: Chondrocytes from superficial (A), middle (B), deep 
(C) AC 
Material/Fabrication: UV-curable PEGDA (10 % w/v) gel 

Biomimetic content: Cell phenotype 

ĕ Feasibility of isolation protocol 
ĕ Cell viability and maintenance in the each layer of 

hydrogel 
Ė Single zones thickness and cell density. 
Ė Low availability of zonal cells 
Ė Biomechanical and structural AC engineering. 

(Sharma et al., 2007) 
 

Cells: Chondrocytes from superficial (S) and deep zone 
(D) or full thickness of AC (20 x106 cells/mL) 
Material/Fabrication: UV-curable PEOD (10 % w/v) gel 

Biomimetic content: Cell phenotype 

Ė Bilayered constructs demonstrated greater shear 
and compressive strength  

Ė Lack of demonstration of the interaction between 
layers. 

(Ren et al., 2016b) 

Cells: Chondrocytes at 3:2:1 ratio from top to bottom of 
zonal model and one density in mono-phase gel  
Material/Fabrication: Bioprinting a biomimetic cells 
density gradient hydrogels (Coll II). 

Biomimetic content: Cell density/layers thickness 

ĕ Optimised cells density and thickness of the 
layers 

Ė Lack of easily available and cheap materials 
Ė Difficult phenotype control 
Ė No compositional gradient 

(Dimaraki et al., 2021b) 

Cells: Chondrocytes 20, (superficial), 10 (middle), and 5 
(deep) million cells/mL 
Material/Fabrication: Three phases 3D printing of: PCL as 
a supporting structure and Alg with different cells density 
for three zones of AC. 

Biomimetic content: Cell density/layers thickness 

ĕ Smooth transition between the zones in terms of 
cell distribution  

ĕ Higher sGAG deposition in the highest cell density 
zone 

Ė Single biomaterial 
Ė Other gradients should be considered 
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Zonal model with respect to matrix composition and orientation 

(Camarero-Espinosa et al., 2016) 

Cells: Chondrocytes (3 million cells/cm3) 
Material/Fabrication: DEEP: PLA and phosphate CNC -
orthogonal pores; MIDDLE: PLA and sulphated CNCs; 
SUPERFICIAL: PLA - parallel tubular pores 
 
Biomimetic content: ECM composition and orientation 

ĕ Good biomaterials gradient 
ĕ After 2 weeks of culture, the constructs displayed 

mechanical properties comparable to the native. 
Ė Lack of cells density organisation 
Ė  Post-fabrication cells seeding 

(Schiavi et al., 2018) 

Cells: BM-MSC (3 × 106 cells/ml) 
Material/Fabrication: BONE: Alg/Hap gel (1.5 % w/v); 
CARTILAGE: Alg/HA gel (1.5 % w/v). CALCIFIED: 5.5 PEMs 
bilayers of PLL/HA. Construct exposed to daily 
intermittent compressions. 
Biomimetic content: Mechanical loading 

ĕ Synthesis of specific matrix 
ĕ Welded layers after 8 weeks 
Ė Not faithful choice of zonal adequate 

biomaterials and cells 
ĕ  Monophasic cartilage side 

(Owida et al., 2018) 

Cells: Chondrocytes  

Material/Fabrication: HA 10 % w/v in NaOH and PLA 

nanofibers: aligned in superficial layer, random in the 

middle, channels in the deep zone  

 

Biomimetic content: Fibril orientation 

ĕ Optimised collagen organisation reproduction. 
Ė Cells density rationale. 
Ė Scalability of the fabrication technique 
Ė Difficulty to obtain high amount of primary cells. 
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(Zhu et al., 2018) 

Cells: Chondrocytes  

Material/Fabrication: Gradient hydrogel of PEG (20 ς 2 % 

w/v) and 25 % CS-MA  

 

Biomimetic content: Mechanical stiffness gradient 

ĕ Gradient hydrogel with stiffness ranging from 2 
to 60 kPa 

ĕ Stiffness-dependent upregulation of cartilage 
markers 

Ė No compositional gradient and cells organisation  

(Gegg & Yang, 2020) 

Cells: MSCs 
Material/Fabrication: Photopolymerisation of Gel/CS gel. 
DEEP: 75Gel:25CS + unaligned µRB; MIDDLE: 90Gel:10CS 
+unaligned µRB; SUPERFICIAL: 100Gel:0CS + aligned µRB 
 
Biomimetic content: ECM composition, fibril orientation; 

pore properties 

ĕ Optimised composition with aligned fibers on top 
layer helped the production of proper AC 

Ė Needs to be exploited with chondrocytes 
ĕ Lack of zonal structural design and cells density  

 

(Korpayev et al., 2020) 

Cells: MC3T3-E1 preosteoblasts 
and ATDC5 chondrocytes 
Material/Fabrication: BONE: freeze drying of: CH(2 % 
w/v), Coll I (20:80 with respect to CH), nHA (1 % w/v); 
CALCIFIED: CH, Coll II, nHA by using thermal gelation; 
CARTILAGE: Thermal gelation of CH/Coll II (50:50) 

Biomimetic content: ECM composition, mechanical 
properties 

ĕ Stratified scaffold displayed a compact structure 
and no separation between the layers 

ĕ Cells maintained the phenotype in each zone. 
Ė Lack of cartilage zonal structure 

Table 2.7: Report of the most relevant zonal-engineered AC in vitro model exploited from 2003 to 2021, with schematic of the model, methodology 
and findings.
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2.8 Fabrication techniques 

The design of an ideal in vitro cartilage is still a hard challenge in TE field and the selection of 

the raw materials, and their processing technique is a crucial issue to be addressed. The shape, 

porosity, and mechanical properties of ideal construct are not only related to the qualities of 

the materials employed (highlighted in section 2.5) but are also directly tied to the 

manufacturing procedures used for mimicking the complicated multi-layered microstructure 

of real AC tissue. Novel technologies, or a combination of techniques, are required for the 

fabrication of multilayered scaffolds for AC TE (Fu et al., 2020). 

2.8.1. Electrospinning 

Electrospinning is a technique for producing micro and nanofibers from a polymeric solution. 

In TE, fibrous scaffolds have become quite popular: the fibres provide a wide surface area for 

cell adhesion, as well as interconnected pores for the exchange of nutrition within the scaffold 

(Ma & Zhang, 1999). Electrospun nanofibrous structures have been intensively investigated 

because they can imitate the hierarchical architecture of ECM. Furthermore, the nanofiber 

configuration can be tweaked.  

Electrospinning technique uses high electrostatic forces to create polymer fibres: the 

formation of fibres starts when a critical potential is achieved, and the jet solution is ejected 

from the Taylor cone and deposited on the collector. There are four main components 

necessary for this technique: direct current power supply, a metallic needle with a blunt tip, a 

syringe for containing the electrospun solution, and a grounded conductive collector (Figure 

2.13A). Aside from the basic setup, many elements can influence the fibre preparation (Figure 

2.13B):  

(i) Process parameters. The applied voltage has a fundamental role for starting the 

electrospinning process and it has effect on the resulting fibers dimension and 

morphology. Some authors reported a decrease of resulting fibers length and diameter 

and a better morphology with the obtainment of uniform fibers, with the increase in 

voltage. However, others reported opposite results when the voltage overpass a 

critical value (depending on the polymer-solvent system). Typically, it is used a voltage 

of 20 - 25 kV between the nozzle and the collector. The solution flow-rate affects the 

drying of fibres and, hence, their morphology and size of pores: an increase beyond a 

certain point can result in the beads formation due to lack of drying. The work distance 

(between tip and collector) has a substantial impact on the fibre diameter by affecting 
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the drying process and it usually is 10-20 cm (Sill & von Recum, 2008). The collector 

serves as a conductive substrate for collecting the charged fibres and its conductivity 

affects the arrangement of the fibres; a collector with a low conductivity allows the 

deposited fibres to detain some of their charges, causing a repulsive effect on the 

incoming fibres. Flat aluminium collectors are commonly utilised, or porous metals 

with varying porosity and pore shape, wire mesh, pin, grids, liquid bath, rotating disc 

(Yilmaz & Zeugolis, 2020). The collector shape is another element which plays an 

important role: it is usually a stationary plate, although advances in engineering have 

allowed the use of a rotating cylinder. Fibres orientation, which is important for seeded 

cell growth direction, depends mainly upon the collector: a static plate collector can 

be used for random orientation fibres and a rotating collector for aligned nanofiber 

(Figure 2.13C). 

(ii) Solution parameters. If the polymer solution concentration is too low, the fibres will 

break up and form rings, discs, and beads before reaching the collector, while if the 

solution concentration overpass a critical level, the capillary tip becomes blocked, 

resulting in undesirable beaded polymer fibres. The viscosity of the polymer solution 

is also important to provide smooth fibres, as well as the conductivity of the polymer 

solution, since the electrospinning process is dependent on the charges accumulating 

in the polymer solution. The diameter of the fibres decreases as the conductivity of 

the polymer solution increases (Haider et al., 2018). It has also been demonstrated 

that chain entanglements in the polymer solution, related to the length of the polymer 

chains and their conformation, and electrospinnability are related. Finally, the solvent 

plays an important role: good solvents are those in which polymerςsolvent interactions 

are favoured, in contrast to polymerςpolymer self-interactions (Shenoy et al., 2005). 

(iii) Environmental parameters. Temperature, humidity, pressure, and type of 

atmosphere. Affect the diameter and shape of the fibres (Narkhede & Rao, 2017). 
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Figure 2.13: Representation of electrospinning process and Taylor cone (A). Schematic 
illustration of the effect of the concentration, flow rate, and voltage on electrosprayed/ 
electrospun nano/microstructures (B). Electrospinning process for the obtainment of Random 
(using a plate collector) or aligned (using a rolling collector) fibers. Bars=10 µm. 

A variety of materials were used for electrospinning including natural and synthetic. Regarding 

AC TE, the main natural polymers used were Coll II, CH, GEL and keratin (Yilmaz & Zeugolis, 

2020). However, to prevent them from degrading in the harsh solvents used in the 

electrospinning process (Hexafluoroisopropanol, Methylene chloride, Trifluoroethano, 

Sodium dodecyl sulfate), they must be heavily cross-linked, which can result in cytotoxicity in 

vitro. On the other side synthetic polymers (PCL, PLA, PGA, PLGA, PLLA) are often stronger 

than natural polymers and can withstand electrospinning without notable losses and have a 

predictable biodegradability. However, there are some drawbacks for synthetic polymers as 

abovementioned. Therefore, synthetic polymers electrospinning can be followed by a 

functionalisation phase or synthetic polymers can be electrospun together with natural 

polymers to obtain a composites scaffold. For example, Ren et al. electrospun an aligned 

porous fibrous scaffold made of PLLA which was functionalised with CS via polydopamine 

coating for promoting the chondrocytes growth and chondrogenic activity (Ren et al., 2019). 

He et al., instead proposed a composite electrospun membrane made of PCL and GEL as a co-

culture platform for MSCs and chondrocytes towards AC regeneration (He et al., 2015). 

Another interesting method was applied by Levorson et al., who electrospun a scaffold 
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containing micro and nanofibers of fibrin and PCL, obtaining good cellular response in terms 

of cells viability and cartilage regeneration (Levorson et al., 2014). 

Since electrospinning technique is very promising due to its high versatility (e.g., ability to 

produce functionalised nanofibrous scaffolds with a variety of orientations, sizes, and 

mechanical properties), it could be used for producing biomimetic multilayered scaffolds.  

Munir et al. developed a three-layer AC scaffold: an aligned electrospun superficial zone, a 

random electrospun intermediate zone, and a cryo-printed deep zone. Indeed, aligned 

nanofibres reproduce AC superficial zone with parallel fibres, whereas a random nanofibre 

configuration, for example, mimics collagen distribution in the middle zone. The multilayered 

scaffold was discovered to induce the expression of AC key genes and allowed the 

identification of sulphated GAG when compared to controls. In comparison to the electrospun 

and control scaffolds, the multilayered scaffold possessed compressive properties that were 

more akin to those of native cartilage. Furthermore, the cryo-printed deep zone of the 

multilayered scaffold provided an appropriate starting platform for cartilage defect healing, 

affecting cell adhesion and stress (Munir et al., 2020). Similarly, as already reported in Table 

2.7, Girao et al. suggested a method for fabricating 3D biomimetic, anisotropic, multilayered 

fibrous scaffolds. PCL was electrospun into three different bulk materials with fibres arranged 

horizontally, randomly, and vertically, and then bonded with graphene oxide collagen gel to 

create a multilayered scaffold. The features of each layer of the scaffold were measured, 

demonstrating that this is a viable technique for creating and achieving cartilage-like fibre 

orientations and mechanical properties (Girão et al., 2018). 

2.8.2 Soft lithography 

In the scientific world microfabrication and nanofabrication are becoming essential 

manufacturing technique. In microfabrication, lithography, or the transfer of a pattern to the 

substrate/surface of a layer, is a critical production step that is often accomplished by 

photolithography. Despite being a well-established technology, photolithography has 

difficulties such as limited feature size due to optical diffraction, the need for high-energy 

radiation for microscopic features, and the expensive cost of complex apparatus needed. It 

also can't be used on non-planar surfaces. Soft lithography is a simple and low-cost technology 

which works with a wide range of materials and has a huge surface area. It is a supplement to 

photolithography by addressing its disadvantages (Lakshminarayanan, 2018). An elastomeric 

stamp with patterns as negative structures on its surface is a vital component of soft 
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lithography. The stamp is normally made by casting a liquid precursor against a master having 

complementary structures patterned on its surface. The capacity of an elastomeric stamp to 

transmit a pattern with high fidelity is determined by its mechanical qualities: most literature 

research exploited silicone-based rubber or cross-linked Polydimethylsiloxane (PDMS) Sylgard 

184 for stamp production with feature sizes greater than 500 nm. PDMS, firstly developed by 

Whitesides in 1998 at Harvard, is a Si-based organic polymer widely explored due to its 

biocompatibility, high flexibility (viscoelasticity), high chemical inertness, optical 

transparency, and adhesion to metals (Qin et al., 2010; Jana et al., 2016).  

Thus, soft lithography with PDMS is widely used to produce patterned scaffolds and there are 

different types of this technique, with the replica moulding (REM) being the most exploited 

for biomedical application. REM is a suitable technique for producing several replicas from the 

same substrate with a good resolution; it allows to pattern large areas, rapidly and onto non-

planar surfaces. In Figure 2.14 are reported the major steps of the procedure generally 

followed: 

 

 

Figure 2.14: Schematic illustration of the procedures for obtaining a patterned polymer by 
starting from a positive substrate via PDMS via soft lithography technique: the desired pattern 
is designed with a computer-aided design (CAD) software program and the topographically 
patterned substrate (which will have the same pattern of the final desired structure) is 
manufactured (e.g. via 3D printing) (1); liquid PDMS, mixed with curing agent, is poured onto 
the micropatterned master substrate and thermally cured (2-4); the PDMS pattern is 
transferred back into a replica of the original master by solidifying a liquid prepolymer such as 
UV-curable or thermally curable hydrogels precursor, against the soft PDMS mould (5-6). 
 

2.8.3 Fusion deposition modelling  

Additive manufacturing (AM) is a method of building up a structure by joining material 

together by deposition layer-by-layer. The basic principle that underpins nearly all AM 
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techniques (vat polymerization, material jetting, binder jetting, material extrusion, sheet 

lamination, powder bed fusion and directed energy deposition) is the creation of a virtual solid 

model, which is then broken down into a series of two-dimensional (2D) cross-sections and 

transferred to an AM machine, where it can be combined layer by layer to create the physical 

3D hierarchical structures (Vyavahare et al., 2020; Fu et al., 2020). The steps of additive 

manufacturing are: 

1) Creating a 3D CAD object; 

2) Converting it into the standard format of Standard Tessellation Language (STL); 

3) STL file is imported in slicing software to slice the object in different layers. Here, the 

printing parameters can be modified (material deposition plane, envelopes number of 

the parts and their thickness and filling patterns, printing speed and pressure); 

4) The file obtained from the slicing software is then used in a printer to print the final 

object.  

Fused deposition modelling (FDM) is the most popular among all techniques because of its 

low printer cost and the fact that it requires minimal technical skills to operate. This is a fast, 

versatile, low-cost, and widely used 3D printing approach that fabricates a complex-shaped 

item quickly and easily. Material extrusion via FDM was patented by Crump in 1988. This 

technique is based on the extrusion of a feedstock melt filament provided by the device which 

is controlled by an electric motor. The melted filament is pushed through the fusion printhead 

towards the nozzle and the nozzle deposits this melt along the X,Y plane on the printing 

platform. The platform moves down or print head moves up along the Z direction by exactly 

one layer thickness after the completion of deposition at the successive cross-section. Thus, 

3D structures are created in a layer-by-layer routine. 

All the polymers having a stiffness of 1 GPa and a processing temperature higher than the 

transition temperature, but lower than the degradation temperature, can be used for FDM 

(e.g., PLA, PCL, Ethylene vinyl acetate (EVA) and acrylonitrile butadiene styrene (ABS)) 

(Chaunier et al., 2018). Amongst them, PLA, being highly processable, biodegradable and user-

friendly, is the most widely used bioplastic, generated from the starch of agricultural plants 

such as corn. PLA is a thermoplastic aliphatic polyester generated by ring-opening 

polymerization of lactide or polycondensation of lactic acid monomer and is one of the most 

studied thermoplastic aliphatic polyesters. PLA is available in semicrystalline and amorphous 

forms. Pure L-lactic or D-lactic acid (PLLA or PDLA) is semicrystalline, whereas PLA made up of 
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50ς93 % L-lactic acid is amorphous. When compared to crystalline PLA, amorphous PLA has 

higher processability but poor mechanical characteristics. PLA is a potential thermoplastic for 

FDM, because of its low glass transition temperature (Tg = 60°C - 65°C) and melting 

temperature (Tm = 173°C - 178°C), reduced coefficient of thermal expansion, and non-

adherence to the printing surface. Several literature works have been focused on FDM with 

PLA for multiple application in TE field. Regarding bone TE, PLA was 3D printed alone or in 

combination with some molecules (for example with the addition of nHA to increase its 

bioactivity) by obtaining optimal porous scaffold with suitable compressive strength was 

significantly higher than those of pure HA ceramic scaffold and cancellous bone (Zhang et al., 

2021). 

Even though 3D printing has been used for fabrication of in vitro tissues such as bone, bladder 

and trachea, the obtained constructs are mainly 3D structures covered by cells, rather than an 

organised 3D environment populated by cells in an organised manner (Scalzone et al., 2021a). 

2.8.4 Bioprinting technology 

Recent advantages in 3D printing and its combination with cell biology and material science 

allowed the development of bioprinting technology. This approach, by printing cells-loaded 

inks, have enabled the generation of complex in vitro 3D tissue models, that can further 

recapitulate native tissues physiology with the potential of focusing on their organisation at 

cellular level, provided via both construct design and controlled deposition of cells at 

predefined locations (Scalzone et al., 2021a). 3D Bioprinting together with Bioassembly is a 

biofabrication methodology.  

Bioassembly is defined as the fabrication of hierarchical constructs with a prescribed 2D or 3D 

organization through automated assembly of pre-formed cell-containing fabrication units, 

generated via cell-driven self-organization or through preparation of hybrid cell-material 

building blocks, typically by applying enabling technologies, including microfabricated molds 

or microfluidics (Woodfield et al., 2017).  

Bioprinting is defined as the use of computer-aided transfer processes for patterning and 

assembling living and non-living materials with a prescribed 2D or 3D organization to produce 

bio-engineered structures serving in regenerative medicine, pharmacokinetic and basic cell 

biology studies. This layer-by-layer technology makes it possible to spatially pattern cells, 

bioactive factors, ŀƴŘ ōƛƻƳŀǘŜǊƛŀƭǎ ƛƴ о5Φ .ƛƻǇǊƛƴǘƛƴƎΣ ƛƴǘŜƴŘŜŘ ŀǎ ǘƘŜ ǳǎŜ ƻŦ ΨōƛƻƛƴƪΩΣ ŀ 

formulation of cells that is suitable to be processed by an automated biofabrication technique, 
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to print living cells within a material construct, is an evolving aspect of 3D printing technology 

(Figure 2.15A). This technique combines the features of 3D printing such as the complete 

control over the design, fabrication and modelling of the construct being manufactured with 

the possibility of incorporating and precisely depositing living cells and biological cues in the 

3D space to obtain well- defined geometries with gradient composition of biomaterials and 

cells. Additionally, by printing with multiple bio-inks, a zonally organized constructs can be 

generated.  

 

 

Figure 2.15: Bioprinting fabrication technique. Illustration of bioprinting technique and bioinks 
formulation, which has cells as mandatory component and materials as optional element (A); 
Modalities of bioprinting processes: extrusion-based bioprinting, laser-assisted bioprinting, 
ink-jet bioprinting (B); Biomaterial properties for an ideal bioink in order to respect the 
biofabrication window for the rational design of bioinks, based on three parameters: 
printability; biocompatibility and mechanical stability (C). 

Few additive manufacturing techniques can be used to 3D bioprinting biological constructions 

by distributing cell-laden bioinks, which necessitates a cytocompatible deposition procedure. 

Laser-assisted, inkjet, and extrusion bioprinting are the three most researched approaches for 

direct bioprinting, according to the literature (Figure 2.15B). The main feature of each 

technique is explained in the Table 2.8. 



66 
 

 

 

 

 

 

 

 

 

 

 
Table 2.8: Overview and comparison of the mainstream techniques and specifications for 
the biofabrication of 3D constructs. 

¶ Inkjet printing ejects bioinks droplets via a nozzle by either thermal energy application 

(electrically heating to produce vapour bubbles that force droplets to come out through 

the nozzle) or a piezoelectric actuator (actuation of piezoelectric crystals by applying high-

frequency electrical energy). This is an inexpensive, high-throughput and reproducible 

technique which allows to create picolitre-sized drops and has a printing resolution of 20ς

100 µm. However, this can be a disadvantage because the printed constructs may not give 

appropriate structural support. Fabrication of huge 3D structures is a difficult barrier to 

overcome in transferring inkjet printing to organ printing (X. Li et al., 2020). 

¶ Extrusion systems are used in robotic dispensing procedures, which leads in more stable 

3D cell-laden structures. This technique uses air pressure (pneumatic) or mechanical 

mechanisms to push cell-encapsulated hydrogel filaments through the nozzle (piston or 

screw). However, because of lack of structural support, integrity, mechanical stability and 

printability, large free-form tissue structures are difficult to create. Extrusion bioprinting 

causes shear stresses in the viscous fluids that hold the cells. As a result, dispensing 

pressure has a greater impact on cell survivability than nozzle diameter, with resulting 

poorer cell vitality than ink-jet bio-printing (Murphy & Atala, 2014). 

¶ Laser-induced approach directs high-pressure laser pulses onto the donor slide, causing 

droplets of cell-encapsulated hydrogels to fall onto the collector. This nozzle-free 

PARAMETERS INK-JET EXTRUSION-BASED LASER-INDUCED 

Bioink viscosity up to 12 mPa/s up to 6x107 mPa/s up to 300 mPa/s 

Cell density < 106 cells/mL up to 107 cells mlҍ1 Up to 108 cells/mL 

Cell viability > 85 % 40-90 % > 95 % 

Resolution 10-50 µm 200-1000 µm 10-100 µm 

Printing speed 1x105droplet/s 10 µm/s-700 mm/s 200-1600 mm/s 

Gelation 
mechanism 

Chemical, 
photocrosslinking 

Chemical, 
photocrosslinking, 

thermal 

Chemical, 
photocrosslinking 

Costs Low Medium High 
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technique allows to print cells with extreme precision in small constructions without 

compromising viability or cellular function; also, it can use a wide range of materials 

(viscosity from 1 to 300 mPa s-1), but it necessitates rapid gelation hydrogels to generate 

high-resolution printed patterns. There are still limitations in terms of homogeneous cell 

distribution because the technology necessitates a quick gelation phase to get the correct 

form and size. Overall, fabricating big 3D constructions is a time-consuming process, which 

limits its usage in several clinical settings (Ventura, 2021).  

For the printing of AC tissue, extrusion-based printing techniques are most often considered 

since its high economic efficiency, ease of operation and flexibility to a wide range of materials 

(Wu et al., 2021).  

As mentioned before, the most promising carrier materials, for cell-based 3D bioprinting are 

hydrogels, as they facilitate homogeneous cell encapsulation in a highly hydrated and 

mechanically supportive 3D environment (Zhu, Gong, Liu, et al., 2017). Hydrogel prepared for 

extrusion printing must be viscous enough to keep its shape fidelity during printing, to avoid 

tension driven droplet formation at the nozzle tip for extrusion of continues filaments and 

must have cross-linking abilities allowing for it to retain the 3D structure after printing. Cross-

linking can be induced chemically (e.g. Ca ion to cross-link alginate), thermally, or using UV or 

visible light with the addition of appropriate initiators. Also, several studies have been 

conducted on bioinks formulations based on natural polymers, such as collagen, GEL, HA, CS 

and alginate (Murphy & Atala, 2014), by evaluating the following three primary characteristics 

(Figure 2.15C): biocompatibility, printability, and mechanical stability. Indeed, the chosen 

bioink should be: (i) printable: flowable or deformable, and able to be deposited precisely with 

good spatial, temporal, and volumetric control; (ii) able to preserve cell viability during the 

printing process and support cell viability and functions post-printing until tissue regeneration 

is complete; (iii) an ideal ink to be printed for the fabrication of high-resolution complex 

structures; (iv) possess mechanical properties to allow both post-printing and pre-printing 

mechanical manipulation and cells sustainment. The interplay between the diverse features 

of bioinks is crucial in achieving a balance among these criteria (Scalzone et al., 2021a). A 

summary of the properties found in literature studies on different materials in terms of 

printability, printing technique exploited, and crosslinking mechanisms is reported in Table 

2.9 (Ashammakhi et al., 2019; Murphy & Atala, 2014; Hospodiuk et al., 2017). 
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Table 2.9: Overview of polymers suitable for cell-encapsulation, their crosslinking mechanism, 
bioprinting technique and relative advantages and disadvantages. Abbreviations: Photocuring 
(P), Enzymatic (E), Covalent (C), Ionic (I), Thermal (T).  

Considering AC applications, Daly et al. evaluated the effects of various bioinks on MSCs 

behaviour, finding that alginate and agarose bioinks supported more hyaline-like cartilage 

tissues formation compared to GEL-metacrylate (GelMA)ς and poly(ethylene glycol) methyl 

ether methacrylate (PEGMA)ς based bioinks that supported more fibrocartilaginous tissue 

production (Andrew et al., 2016). Often bioinks are multi-materials formulations. Constantini 

et al. assessed 3 different formulations of hydrogel for scaffold-based bioprinting of cartilage 

tissue, which were (1) GelMA, (2) GelMA and CS amino ethyl methacrylate (CS-AEMA), and (3) 

GelMA, CS-AEMA, and HAMA. Each bioink also contained alginate to aid in stable fiber 

formation during bioprinting and was loaded with MSCs. GelMA and CS-AEMA have been 

observed to be the best in chondrogenic formation with the highest Coll II vs. Coll I and Coll X 

ratios (Costantini et al., 2016). Also, Mouser et al. analysed the effect of GG on GelMA bioink 

at various concentrations discovering that a concentration of 10/0.5 % GelMA/GG balanced 

the bioprintability and construct stiffness that impacted cell incorporation (Mouser et al., 

2016).  

POLYMER TECHNIQUE PRINTABILITY CROSSLINKING REF. 

Agarose IJ, EB, LAB + T (Duarte-Campos et al., 
2013) 

Alginate IJ, EB, LAB + I 
(Datta et al., 2020) 

CH EB - I,P 
(Tonda-turo et al., 2020) 

Collagen IJ, EB, LAB +/- T 
(Osidak et al., 2020) 

dECM EB  T 
(Hospodiuk et al., 2017) 

Fibrin IJ, EB, LAB - E 
(Cubo et al., 2017) 

GEL IJ, EB, LAB - C, E, T, P (Schwartz et al., 2020) 

GG EB + P, I (Mouser et al., 2020) 

HA EB - E, P, C (Ashammakhi et al., 2019) 

PEG IJ, EB, LAB + P, C (Xin et al., 2019) 

Pluronic IJ, EB ++ T, C (Gioffredi et al., 2016) 
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A limitation of using hydrogels is their poor mechanical properties. Co-depositing hydrogel 

bioinks within fused deposition modelling of thermoplastic polymer, in order to reinforce 

mechanically cell-laden hydrogels, have been successfully explored. For example, Dimaraki et 

al. ŦŀōǊƛŎŀǘŜŘ ŦŀōǊƛŎŀǘŜ ǎŎŀŦŦƻƭŘǎ ǿƛǘƘ ǘƘǊŜŜπȊƻƴŜ ŎŜƭƭ ŘŜƴǎƛǘȅ ǳǎƛƴƎ ōƛƻǇǊƛƴǘƛƴƎ ǿƛǘƘ ŀƴ 

ŀƭƎƛƴŀǘŜπōŀǎŜŘ ōƛƻƛƴƪ ŎƻƴǘŀƛƴƛƴƎ ƘǳƳŀƴ ŀǊǘƛŎǳƭŀǊ ŎƘƻƴŘǊƻŎȅǘŜǎ ŀnd a PCL support structure, 

which was fundamental for helping in the maintenance of the structural integrity of the 

scaffolds during bioprinting and subsequent in vitro culture (Dimaraki et al., 2021a). 

2.9 In vitro model of Osteoarthritis  

The goal of generating reproducible and reliable in vitro OA models, able to mimic disease 

complexity, is double: to gain a better knowledge of the illness and to test potential treatment 

modalities for proof-of-concept studies. There are three different approaches studied in 

literature for inducing OA:  

-Chemical: variety of enzyme types have been used to simulate the ECM degradation seen in 

human OA, such as collagenase, trypsin or chondroitinase. Also, because the inflammatory 

environment is a typical hallmark of OA, which activates several catabolic processes, most of 

the OA in vitro model of are based on reproducing this inflammation. To date, numerous 

biological sources of inflammatory stimuli have been identified, including the use of cytokines, 

synovial fluid from OA patients, activated macrophages and macrophage-conditioned 

mediums or EVs from OA cells. At this regard, one of the most frequent strategies, for inducing 

inflammation, is to use exogenous cytokines in in vitro systems (Johnson et al., 2016). From 

literature, it appears that the cytokines which most influence OA pathogenesis, as explained 

in section 3.3.3 are: (i) IL-мʲΣ ǿƘƛŎƘ ǿŀǎ ŦƻǳƴŘ ǘƻ ƛƴƘƛōƛǘ Coll II and PGs and stimulate the 

production of MMP1,3,13, (ii) IL-6 to activate NF-kB pathway and down-regulate the 

enzymatic antioxidant defences in chondrocytes with mitochondria disfunction (Fan et al., 

2007; Löfgren et al., 2018; Mathy-Hartert et al., 2008); (ii) TNF-ʰΣ ǿƘƛŎƘ Ŏŀƴ ŀŎǘƛǾŀǘŜ ǘƘŜ bC-

kB pathway, increase the expression of MMPs and inhibits anabolic molecules, and stimulates 

chondrocytes apoptosis (Meliconi et al., 2013).  

- Mechanical induction, via injurious (i.e. biopsy punch and scalpel) or excessive mechanical 

loads to AC explants in order to initiate damage or hyper physiological (30 % confined 

compression) compression triggers a shift in cartilage homeostasis towards catabolism and 

inflammation (Bartolotti et al., 2021). Since OA is often localised to weight-bearing AC, 

mechanical injuries were proposed as one of the primary initiators of the disease. De Vries-
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van Melle et al. developed an in vitro osteochondral model to study mechanisms involved in 

cartilage repair by creating defects of different depths using a dermal biopsy punch and scalpel 

(de Vries-van Melle et al., 2011), while Lin et al. applied a cyclical loading on cartilage explants 

with 1 and 5 MPa, and observed progressive changes in cell viability, collagen cleavage and 

proteoglycan loss after 24 hours (Lin et al., 2004). The cyclic compressive load was exploited 

as well by Ravalli et al. in a 3D culture of bovine chondrocytes in alginate beads, resulting in 

the induction of hypertrophic phenotype in cells by the release of RUNX2 and Coll X (Ravalli 

et al., 2020). Similarly, Thibault et al. subjected cartilage explants to high, but physiological 

cyclic load levels and characterized the resulting damage using a sequence of unconfined 

compression stress relaxation tests (Thibault et al., 2002). This mechanically induced in vitro 

degradation model resulted in collagen cleavage with a concomitant increase in matrix 

permeability. Finally, the physical removal of the superficial zone of AC in order to increase 

ECM permeability and deformation (phenomena that occurs at the early stages of the 

disease), is an alternative way to induce OA (Torzilli et al., 1983). 

-Biological induction, by using directly osteoarthritic chondrocytes to obtain a more in vivo-

like environment where these cells undergo a different behaviour compared to healthy ones 

(Sanchez et al., 2005; Li et al., 2012; Yeung et al., 2018). 

Each approach contains some limitation, for example the concentration of cytokines used for 

in vitro studies are lower than the once detected in synovial fluid of OA patient, therefore it is 

hard to obtain a faithful representation of the native OA environment. On the other side, the 

use of synovial fluid would allow just a reduced number of experimental studies, because of 

its biological variability. Conversely the exploitation of co-cultures with macrophages was 

discovered to closely mimic the early stage of OA. Mechanical-induced OA in vitro model have 

the drawback of the difficult repeatability and standardisation of the process when imposing 

an injurious load. The use of OA chondrocytes, as well, has some drawback such as the low 

availability of OA cells from patients, which excludes the possibility of obtaining a standard 

production of reproducible models (Bartolotti et al., 2021).  

To date most of the OA in vitro models exploited are 2D monocultures or co-culture and 

explants. Although monocultures are suitable for screening the effect of some 

chondroprotective compounds and co-cultures have been fundamental to investigate cell-cell 

communication as well as the chondroprotective role of MSCs on chondrocytes during OA 
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progression, 2D models do not reliably reproduce the physiological condition due to the lack 

of ECM environment and altered cells morphology. On the other side, while explants models 

clearly provide advantages over monolayer culture, particularly in terms of tissue interactions, 

yet there are still flaws that must be addressed when employing these models, such as cells 

death at the edges of the surgical cut, as well as the low availability of explants from the same 

biological sample. Indeed, changes in the sources could provoke adverse reactions. Therefore, 

3D models of OA, while showing the benefits of 2D culture, additionally these provide a 

customisable environment which is more comparable to physiological conditions, allowing the 

study of cell-cell interaction, cell-matrix interaction, and cell response to OA-inducing stimuli 

(Samvelyan et al., 2020).  

Given all these limitations, to date, no in vitro model has proved to be the gold standard for 

OA research and therapeutic testing (Craig I. Johnson et al., 2016).  
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Chapter 3. General methodology 

In this chapter, the main methodologies involved in this PhD work are reported, while specific 

experimental technique used only in one chapter have been reported there.  

3.1 Biomaterials synthesis 

3.1.1 Gellan gum Methacrylate (GGMA) 

The synthesis of Gellan Gum Methacrylate (GGMA) was obtained by reacting Gellan Gum (GG) 

(Gelrite® CM, Molecular Weight (MW) = 1.000.000 g/mol, Sigma Aldrich, UK) with Methacrylic 

Anhydride (MA) (Sigma Aldrich, UK), with an optimised protocol, in line with the methodology 

proposed by Coutinho et al (Daniela F. Coutinho et al., 2010) (Figure 3.1). First, a TRIS buffer 

solution (1 M) was prepared by adding 12.11 g of Tris base (Trizma® base, Sigma Aldrich, UK) 

to 80 mL of distilled water (dH2O) under stirring. Hydrochloric acid (HCl) (1 M) was slowly 

added to adjust the buffer pH to 8.5; to reach a final volume of 100 mL, the solution was filled 

with dH2O. The pH stability was monitored by utilizing a digital pH-meter (FiveEasy® Plus 

pH/mV bench meter, Mettler Toledo). Then, the solution was warmed up to 90 °C and then, 

GG powder was added (1 % w/v) and let dissolve for approximately 30 min, under stirring. 

Following, MA (8 % w/v) was added to the GG solution, when the solution reached 50 °C, and 

the reaction was continued for 5 hours, while the pH was monitored and continuously 

adjusted to 8 - 8.5 with the dropwise addition of sodium hydroxide (NaOH) (1 M). The obtained 

GGMA solution was purified by dialysis against distilled water for at least 3 days, using dialysis 

cellulose membranes with MW cut-off (MWCO) of 11 - 14 kDa, to remove un-reacted MA. 

Then, GGMA solution was stored at -20 °C overnight and subsequently lyophilised for 72 h in 

a freeze-dryer (Alpha 1ς2 LDplus, CHRIST, Germany) at -50 °C and 0.04 mbar, and stored in a 

vacuum chamber. 
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Figure 3.1: Schematic representation of the GGMA synthesis process.  

3.1.2 Chondroitin sulfate Dopamine (CSDP) 

The synthesis of CSDP was obtained dissolving 5 g of Chondroitin 4-sulfate sodium salt from 

bovine trachea (CS) (MW = 515.376 g/mol, Sigma Aldrich, UK) in 50 mL of activation buffer 

solution composed by 0.1 M of 2-(N-Morpholino) ethane sulfonic acid (MES) (MW = 195.24 

g/mol, Sigma Aldrich, UK) and 0.5 M of sodium chloride (NaCl) (MW = 58.44 g/mol, Sigma 

Aldrich, UK) at pH 6. Following, 1.82 g of 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC) (MW = 191.70 g/mol, Sigma Aldrich, UK) and 1.10 g of N -hydroxy 

succinimide (NHS) (MW = 115.09 g/mol, Sigma Aldrich, UK) were slowly added to the buffer 

solution until a final molar ration of 1:1:1 CS/EDC/NHS. After 30 min stirring, 1.8 g of dopamine 

hydrochloride (DP) (MW = 189.64 g/mol) was added to the mixture and let react overnight. 

After the reaction, the solution was purified by dialysis against dH2O using cellulose membrane 

(MWCO = 11 - 14 kDa) for 2 days in 0.1 M MES aqueous solution and 1 day in acidified dH2O 

(pH = 1 - 2) and subsequently lyophilized as explained in section 3.1.1 (Figure 3.2). All the 

process was performed protected by light to avoid the oxidation of the catechol groups.  

GG (1%w/v) in Tris Buffer
T= 90°C (30min)

Gellan Gum (GG)

MA (8%v/v) in 1% w/v GG 
T= 50°C (5 hours)

Tris buffer 
(pH=8.5) 

Methacrylic anhydride(MA) Gellan Gum methacrylate (GGMA)

Dyalisis  in dH2O  
T= 4°C (3 days)

GGMA 
solution

21

Preparation of TRIS buffer 
(1M)

3 4
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Figure 3.2: Schematic representation of the CSDP synthesis process. 

3.2 Hydrogels preparation 

3.2.1 GGMA-based hydrogels  

Multiple GGMA- based formulations, as reported in Table 3.1, were taken into consideration 

in this PhD work, but only four of them were selected for further experiments, because were 

the only one showing good printability (according to the tests performed with the ROKIT 

INVIVO Bioprinter). 

Two hydrogel compositions were based on bare GGMA at different polymeric concentration: 

GGMA 2 % w/v (GGMA 2 %) and GGMA 3 % w/v (GGMA 3 %). The other two hydrogel 

composition were prepared by combining GGMA with Manuka Honey (MH) (Manuka Guard®, 

US, Medical grade12+, MGO 400) (GGMA 2 % - MH 5 %).  

For the GGMA 2 % and GGMA 3 % hydrogels preparation, GGMA freeze dried powders were 

dissolved in dH2O at the proper concentration under constant stirring overnight at 60 °C with 

the addition the photo-initiator LAP (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate) at 

0.1 % w/v concentration. The glass vial was covered by light to not affect the 

photocrosslinking.  

For the GGMA 2 % - MH 5 % sample, 5 g of MH were added to 100 mL of the prepared GGMA 

2 % and let under stirring for 1 h at 60 °C.  

To obtain hydrogels cylindrical samples for further characterisation, GGMA 2 %, GGMA 2 % - 

MH 5 % and GGMA 3 % solutions were poured in a 48-well plate, and let photocrosslink at 

Room Temperature (RT) under UV light (365 nm wavelength, 8 W/m2, ROKIT INVIVO 

Bioprinter) for about 10 min, and physically crosslinked with the addition of an equal amount 

CS (10%w/v) in MESBuffer
+ 1.82g EDCand1.10g NHS

(30min)

Chondroitinsulfate(CS)

DP(1.8g) in 10% w/v CS 
(overnight)

MES 
Buffer 

(pH=6.0) 

Dialysisin MES Buffer (2days) 
and acidifieddH2O (1day)

CSDP
solution

21

MES buffer preparation: MES 
(0.1M) and NaCl (9.5M)

3 4

EDCNHS

Dopamine Hydrochloride(DP)
ChondroitinsulfateDopamine (CSDP)
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of cellular media Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) 

(Thermo Fisher Scientific, UK) with divalent ions. The gelation time was monitored for all the 

composition. The hydrogels obtained were stored in the incubator a 37 °C and 5 % CO2. Some 

of the obtained hydrogels were stored at -20 °C overnight and then lyophilised for 48 h in a 

freeze-dryer as reported in section 3.1.1. for water uptake and morphological analyses, whilst 

other hydrogels were covered by DMEM/F12 and stored in incubator at 37 °C for mechanical 

tests. Prior to use, DMEM/F12 was discarded, samples were washed in Phosphate Buffer 

Saline (PBS) and left overnight in the fridge to solidify, and subsequently cut with a hollow 

puncher to obtain cylinder-shaped specimens. 

For further tests, GGMA freeze-dried powders were sterilized under UV irradiation (254 nm 

wavelength) for 30 min before preparing the solutions.  

HYDROGEL NAME GGMA CONTENT (w/v) MH CONTENT (w/v)  

GGMA 
2.0 % - 

3.0 %  - 

GGMA - MH 

1.0 %  5.0 %  

1.5 %  5.0 %  

2.0 % 5.0 %  

Table 3.1: Name and composition (% w/v) of the GGMA-based hydrogel manufactured and 
analysed. Highlighted the formulation selected for further tests. 

3.2.2 CSDP hydrogel 

Two different CSDP hydrogel concentrations were evaluated: 10 % w/v and 20 % w/v. The 

hydrogels were formed by the crosslinking of catechol groups. First, CSDP was dissolved in PBS 

at 10 % w/v (CSDP10) and 20 % w/v (CSDP20) concentration, and the pH of the solution was 

adjusted to 8-9 by adding NaOH (2 M). After the addition of Sodium Periodate (NaIO4) (Sigma 

Aldrich, UK), CS-DP hydrogel was spontaneously formed without any further treatment. The 

gelation time of the hydrogel was measured while varying the amount of NaIO4 (from 1.0 to 

2.0 equivalents to the molar amount of Catechol). For CSDP 10 % w/v, 0.6 g of CSDP powder 

were dissolved in 6 mL solution composed by PBS, NaOH (2 M) and 843 µl of NaIO4 to obtain 

a molar ratio NaIO4/Catechol 1.5:1.0, which was the one selected in this work. The same 

procedure, adapting the concentrations was used for CSDP 20 % w/v.  
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3.3 Chemical characterisation 

3.3.1 Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) 

Infrared spectroscopy was carried out to characterize the sample surface and to confirm the 

composition and to assess the successfulness of the synthesis process. Measurements were 

obtained with a Spectrum Two PE instrument equipped with a horizontal attenuated total 

reflectance (ATR) crystal (ZnSe) (PerkinElmer Inc., USA). Samples were placed directly onto the 

ATR crystal and spectra were collected in absorbance mode. Each spectrum was the result of 

the average of 16 scans with 4 cmҍ1 resolutions. Measurements were recorded in the 

wavelength range of 4000 ς 550 cmҍ1. 

3.3.2 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was carried out to study the elemental composition 

of the samples. A PHI 5000 VersaProbe II (Physical Electronics, United States) was exploited, 

equipped with a monochromatised AlKa X-ray radiation source. Freeze-dried samples or raw 

polymer powders were examined recording survey scans (binding energy range 0 ς 1200 eV) 

and high-resolution signals in Fixed Analyzer Transmission mode (pass energy 29.35 eV), 

scanning areas of ~ 1400 x 200 mm. Spectra were acquired for C1s, N1s, O1s, P2p. The MultiPak 

software (v. 9.9.0) was exploited for data mining. The surface elemental composition was 

assessed after normalizing each peak area, referring to the software library for elemental 

sensitivity factors. High-resolution spectra were fitted with GaussianςLorentzian peaks having 

the same Full width at half maxima (FWHM). 

3.3.3 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR analysis was performed in two ways to analyse the structure of organic compounds: 

Solid-State NMR Facility (Department of Physics, University of Warwick) for GG and GGMA or 

Bruker AVANCE (School of Natural and Environmental Science, Newcastle University) for CS 

and CSDP.  

For GG and GGMA, the spectra were measured on a 4 mm HX probe in an 850 MHz 

spectrometer and the samples were spun at 12 kHz. Regarding the 13C CPMAS experiments, 

1024 scans were averaged for GG sample and 4096 scans for GGMA. For the 13C{1H} CP hector 

experiments 8 scans were averaged for 96 increments for GG and 128 scans with 128 

increments for GGMA. All 13C CP spectra were measured using: 2 ms contact time, 3 s 

relaxation delay and 92.5 kHz 1H decoupling. 
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For CS and CSDP, 1H and 13C spectra were recorded with either Bruker AVANCE 300 MHz or 

JEOL 400 MHz spectrometers at RT. NMR tubes of 5mm were used for the sample's 

preparation by dissolving CS raw powder of CSDP lyophilised in appropriate deuterated 

solvents. Chemical shifts are reported in ppm relatively to TMS as internal standard. 

3.4 Physical characterisation 

3.4.1 Measurement of the gelation time 

IȅŘǊƻƎŜƭΩǎ ǎƻƭκƎŜƭ ǘǊŀƴǎƛǘƛƻƴ ǘƛƳŜ ǿŀǎ ǉǳŀƭƛǘŀǘƛǾŜƭȅ ƳŜŀǎǳǊŜŘ ŀǘ RT ƛƴ ōȅ ǳǎƛƴƎ ǘƘŜ άǘǳōŜ 

ƛƴǾŜǊǘƛƴƎέ ǘŜǎǘΣ ǿƛǘƘƛƴ ŀ т Ƴ[ ōƛƧƻǳ (Scalzone et al., 2019a). For each hydrogel composition, 1 

mL of solution was poured in a bijou and exposed to the proper physical or chemical 

crosslinking method. Every 30 s, up to 10 min, the bijou was inverted at 45 ° for approximately 

10 s to visually assess samples deformation caused by their flow. The gelation time was 

defined as the time when no flow of the sample was detected. 

3.4.2 Water uptake kinetics  

Water uptake analysis was performed on gels, which were frozen at -20 °C overnight and 

lyophilized, as reported in section 3.1.1, to eliminate all the water content. Lyophilized 

hydrogel samples were weighted and placed separately in a 7 mL bijou vial containing 5 mL of 

PBS and stored at 37 °C in an incubator. The weight of all the samples was measured before 

immersion in PBS and after 30 min, 1, 2, 4, 6, 24 and 48 h of incubation in PBS. At each time 

point, the samples were gently dried on a filter tissue paper and weighted. The water uptake 

percentage was calculated using the following equation (Eq. 1): 

ὡὟ Ϸ
ὡ ὡ

ὡ
ρππ     Ὁή ρ 

where WU is the water uptake ratio, Wi is the initial weight of the hydrogel, Wt is the weight 

of the hydrogel after the considered time point. 

3.5 Mechanical tests 

3.5.1 Unconfined compression test 

Mechanical properties under compression were evaluated using a mechanical testing machine 

(EZ-SX, Shimadzu, Japan). Three specimens for each hydrogel composition were tested at RT 

with 20 N load cell, whereas 1 kN load cell was used for thermoplastics samples. The crosshead 

ǎǇŜŜŘ ǿŀǎ ǎŜǘ ǘƻ м ƳƳϊƳƛƴҍ1 and the load was applied while the specimen was compressed 

until break (Ḑ 60 % of original height) (Scalzone et al., 2019a; Bonifacio et al., 2020). Stress vs. 

{ǘǊŀƛƴ όˋκʶύ ŎǳǊǾŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘΥ ǘƘŜ ǎǘǊŜǎǎ ǿas calculated by dividing the applied force with 
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the initial specimen surface area whereas strain was calculated from the displacement of the 

ǎŎŀŦŦƻƭŘǎ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ ƻǊƛƎƛƴŀƭ ǘƘƛŎƪƴŜǎǎΦ ¢ƘŜ ŎƻƳǇǊŜǎǎƛǾŜ ¸ƻǳƴƎΩǎ ŎƻƳǇǊŜǎǎƛǾŜ ƳƻŘǳƭƛ 

(E) were calculated as the slope of the initial elastic/linear region of the curve (0 ς 10 % strain).  

3.5.2 Stress relaxation 

To evaluate the hydrogels viscoelastic stress-relaxation properties, it was followed the 

protocol used by Bian et al. (Bian, Zhai, Mauck, et al., 2011)(Bian, Zhai, Tous, et al., 2011). 

Stress relaxation tests were performed with a single compression ramp at a speed of 5 % per 

minute until reaching 5 % strain. Subsequently, the strain was held constant for 1000 s, while 

the load was recorded as a function of time. The stresses vs. strain relations of the gels were 

almost linear in the range 0 ς 5 %. The peak stress (Ep) was obtained when reaching 5 % strain. 

¢ƘŜ ŜǉǳƛƭƛōǊƛǳƳ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ό9Y) was determined by the equilibrium load obtained after 

1000 s of relaxation under unconfined compression. The data obtained were analysed using 

MATLAB R2019 software, fitting a third order exponential decay (Eq. 2) to the relaxation 

curves, according to the generalized Maxwell model and three relaxation times were acquired 

ό1̱Σ ˍ2Σ ˍ3) (Scalzone et al., 2019a). The linear region of the curve, corresponding to the stress 

increasing with the strain was not reported when fitting the relaxation curves. 

„ὸ ὃὩ ϳ ὄὩ ϳ ὅὩ ϳ Ὀ  Ὁή ς 

wheǊŜ ˋt is the total stress, while A1, A2 and A3 are the amplitudes related to the three 

ŘƛŦŦŜǊŜƴǘ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜǎ ˍ1Σ ˍ2 ŀƴŘ ˍ3.  

3.5.3 Rheological analyses 

Rheological measurements were carried out with Kinexus Pro rheometer (Malvern 

Instruments Ltd, UK). Measured data were registered with rSpace for Kinexus Pro 1.3 

software. Preparations were measured using a cone and plate geometry. The gap between 

the cone and plate of sample placement was 2 mm. The temperature of the samples was 

controlled with an accuracy of ± 0.1 °C, by Peltier system of the rheometer. In all 

measurements a cylindrical cover made of stainless steel was placed over the samples, to 

create a closed, saturated volume around the sample. 

The Strain Sweep Test was performed to verify the values of the strain amplitude to identify 

the linear viscoelastic region (LVER) and to assess the materials stretchability. LVER is the 

ǊŜƎƛƻƴ ǿƘŜǊŜ ǘƘŜ ǎǘƻǊŀƎŜ ƳƻŘǳƭǳǎ όDΩύ ŀƴŘ ǘƘŜ [ƻǎǎ ƳƻŘǳƭǳǎ όDέύ ǿŜǊŜ ƛƴŘŜǇŜƴŘent of the 

ǎǘǊŀƛƴ ŀƳǇƭƛǘǳŘŜΣ ōŜƛƴƎ ƭƛƴŜŀǊ ŀƴŘ ǇŀǊŀƭƭŜƭ ōŜǘǿŜŜƴ ŜŀŎƘ ƻǘƘŜǊΩǎΦ ¢Ƙƛǎ ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ 
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physiological temperature of 37 °C, with a rotational oscillation frequency of 1 Hz. The 

complex modulus G*, that is the direct measure of the rigidity of a material's soft solid 

structure when exposed to stresses below the yield stress, was recorded with Eq. 3: 

Ὃᶻ Ὃ Ὃͼ      Ὁή σ 

!ƭǎƻΣ ǘƘŜ ŀǇǇŀǊŜƴǘ ǾƛǎŎƻǎƛǘȅ όʹύ ŀƴŘ ǘƘŜ ǎǘǊŀƛƴ ǾŀƭǳŜ ŀǘ ȅƛŜƭŘ Ǉƻƛƴǘ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ 

The Temperature Sweep Test was carried out to assess the hydrogels behaviour at different 

temperature. The oscillatory measurement was set at a frequency of 1 Hz and 1 % strain 

amplitude. The temperature was increased at the rate of 5 °C in the range of 15 ς 45 °C and 

the valueǎ ƻŦ DΩ ŀƴŘ Dέ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ǘƘŜ [±9w ŦƻǊ ŜŀŎƘ ǘŜƳǇŜǊŀǘǳǊŜΦ 

3.6 Morphological analysis 

Morphological analysis was performed using a Hitachi TM3030 SEM at 15 kV and working 

distance of 2 mm. All samples were cut into small squares (3 mm length), fixed on the 

aluminium stub using carbon tape and gold-coated using a BIO-RAD Sputter Coater machine. 

SEM micrographs were post-processing analysed with image software (ImageJ).  

3.7 Cell Culture 

Four cell types were used within this Thesis, which are: Primary Foetal Human Chondrocytes 

(HC) (Cell Application, US), Human TERT immortalised bone marrow stromal cells (Y201) kindly 

provided by Prof P. Genever (York University) at passage 80 (James et al., 2015), TC28a2 

human chondrocyte cells (Merck, USA) and Y201 differentiated in chondrocytes (Y201-C). 

HC were cultured in ready-to use Chondrocyte Growth Medium (PromoCell, UK) at 37 °C in a 

humidified atmosphere incubator containing 5 % CO2. Cells were detached with trypsin-EDTA 

(PAA-Laboratories GmbH, Germany) at 80 % confluence and sub-cultured to passage 5-7 for 

experiments.  

Y201 were cultured at 37 °C and 5 % CO2 in Dulbecco's Modified Eagle Medium (DMEM) with 

low glucose content, supplemented with 10 % Foetal bovine serum (FBS), 2mM L-glutamine 

and a 1 % Penicillin/Streptomycin (P/S). After the expansion, cells were used for further 

experiments or were differentiated in chondrocytes at passage 85.  

Y201 differentiation was performed by culturing cells for 21 days in serum free DMEM with 

P/S supplemented with 1 % Insulin-Transferrin-Selenium (ITS)+1, 10 ng/mL TDCʲ-3, 40 µg/mL 

L-Proline, 100 nM Dexamethasone, 50 µg/mL L-Ascorbic acid-2-phosphate. Differentiated 
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cells (Y201-C) were cultured in DMEM/F12 s with high glucose (4.5 g/L) supplemented with 10 

% FBS, 2mM L-glutamine and a 1 % P/S. 

TC28a2 human chondrocyte cells (Merck, USA) were obtained at passage 22, and were 

cultured in DMEM/F12 with high glucose (4.5 g/L) supplemented with 10 % FBS, 2 mM L-

glutamine and a 1 % P/S. 

3.7.1 Cell Cryopreservation 

Cells were trypsinised at ~ 80 % confluency using the procedure described in section 3.7. and 

resuspended in freezing medium, consisting of FBS supplied with 10 % v/v dimethyl sulfoxide 

(DMSO) (Sigma Aldrich, UK), at a concentration of 106 cells per mL. Cell suspension was then 

transferred in cryopreservation tubes (1 mL per tube) (Corning, USA) and placed in a -80 °C 

freezer for 3 days to have a controlled rate of cell freezing. Cryopreservation tubes were 

moved into liquid nitrogen for long-term storage at -196 °C. For defrosting cells, cryogenic 

tubes were thawed in a water bath at 37 °C for 2 - 3 min, then the cell suspension was 

resuspended into cold fresh cell culture media and centrifuged at 1200 rpm for 5 min. After 

the supernatant removal, the pellet was resuspended in cell culture media at the desired 

density for seeding into a cell culture flask (106 cells per 75 cm2). 

3.8 Set-up of pathological model 

One of the main goals of this PhD research was the study of in vitro model of AC in Healthy 

and Pathological condition. To set-up the AC pathological model, it was used a cocktail of pro-

inflammatory cytokines to emulate the OA environment. Three different conditions were 

analysed, as reported in Table 3.2: Healthy (DMEM/F12); Pathological at low concentration of 

cytokines (LC-OA) (DMEM/F12 loaded with IL-1ß (1 ng/mL), IL-6 (10 ng/mL) and TNF-ʰ όм 

ng/mL)); and Pathological at high concentration of cytokines (HC-OA) (DMEM/F12 loaded with 

IL-1ß (5 ng/mL), IL-6 (50 ng/mL) and TNF-ʰ όр ƴƎκƳ[ύύΦ 

 

CYTOKINES 
High Concentration 

(HC-OA) 
Low Concentration 

(LC-OA) 
HEALTHY 

IL-м  ̡ 5 ng/mL 1 ng/mL - 

TNF-  h 5 ng/mL 1 ng/mL - 

IL-6 50 ng/mL 10 ng/mL - 
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Table 3.2: Culture condition set-up: Healthy, High concentration OA (HC-OA) and Low 

concentration OA (LC-OA). 

3.9 Cell viability assays 

3.9.1 Live and Dead  

Live/Dead assay (LIVE/DEAD® Cell Imaging Kit, Life Technologies, Thermo Fisher Scientific, UK) 

ǿŀǎ ǳǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢Ƙƛǎ ŦƭǳƻǊŜǎŎŜƴŎŜ-based kit combines 

calcein AM and ethidium bromide to yield two-color discrimination of the population of live 

cells (green) from the dead cells (red) population. Each cell culture condition was washed 

twice with PBS before incubation with the staining solution. For the preparation of Live/Dead 

ǎƻƭǳǘƛƻƴΣ п ˃a ŜǘƘƛŘƛǳƳ ƘƻƳƻŘƛƳŜǊ-м ŀƴŘ мл ˃a Ŏŀlcein were diluted in PBS, incubated in 

the dark with for 30 min at 37 °C. Alternatively, a ReadyProbes® Cell Viability Imaging Kit 

(Thermo Fisher, UK) was used. NucBlue® Live reagent (Hoechst 33342), staining the nuclei of 

all the cells was combined with ethidium bromideΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΥ 

4 µL ethidium homodimer-1 and 4 drops of Hoechst in 2 mL of PBS.  

Samples were imaged after the incubation with the Live/Dead or ReadyProbes® solutions 

using a EVOS M5000 microscope or LEICA DM LB2 Microscope or a Nikon A1R confocal laser, 

inverted microscope (Nikon, Japan) using constant illumination and capture parameters. A 

Galvano scanner was used to acquire 2 - 5 µm thick z-stacks through the entire thickness of 

the sample using either 10 x (Nƛƪƻƴ tƭŀƴ !Ǉƻ ˂ мл Ȅ b! лΦпрΤ ǿƻǊƪƛƴƎ ŘƛǎǘŀƴŎŜ п ƳƳΣ Ch± мΦнт 

Ȅ мΦнт ƳƳύ ƻǊ нл Ȅ όbƛƪƻƴ tƭŀƴ !Ǉƻ ˂ нл Ȅ b! лΦтрΤ ǿƻǊƪƛƴƎ ŘƛǎǘŀƴŎŜ м ƳƳΣ Ch± лΦсп Ȅ лΦсп 

mm) objectives. Some of the images were acquired as z-stacks, and a maximal projection 

algorithm was used for 3D reconstruction. Micrographs were then analysed using the NIS-

Elements and ImageJ v1.46 software packages. 

3.9Φн /Ŝƭƭ¢ƻȄϰ DǊŜŜƴ 

/Ŝƭƭ ŘŜŀǘƘ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ /Ŝƭƭ¢ƻȄϰ DǊŜŜƴ /ȅǘƻǘƻȄƛŎƛǘȅ ŀǎǎŀȅ όtǊƻƳŜƎŀΣ ¦YύΣ ƛƴ ǿƘƛŎƘ 

cell death is measured with a fluorescent dye that binds the DNA of cells with impaired 

ƳŜƳōǊŀƴŜ ƛƴǘŜƎǊƛǘȅΦ !ǘ ǎǇŜŎƛŦƛŎ ǘƛƳŜ ǇƻƛƴǘΣ ŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ /Ŝƭƭ¢ƻȄϰ DǊŜŜƴ 5ȅŜ όмΥрлл 

in the Assay buffer), incubated at RT for 15 min and fluorescence was measured at 485/535 

nm excitation/emission. Then, the labelled cells were lysed by addition of 4 µL of lysis solution 

for determination of 0 % viability signal, measuring the fluorescence as before. The results are 

presented as the percentage of live cells.  
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3.10 Metabolic Activity Assays 

Multiple metabolic activity assays are presented in this section. According to the suitability 

with the culture system set-up in each chapter, different metabolic assays have been 

performed. This information is reported in the proper chapter. 

3.10.1 MTT Assay 

Cells metabolic activity was analysed with the Thiazolyl Blue Tetrazolium Bromide (MTT) assay 

using a standard kit provided by Sigma Aldrich, UK. MTT solution was obtained dissolving the 

MTT powder in PBS (5 mg/mL) and this stock solution was mixed with serum-free DMEM 

without phenol red (1:10). Samples were incubated for 4 h at 37 °C protected from light. Then, 

MTT solution was removed and replaced by 400 ˃[ of dimethyl sulfoxide (DMSO, Sigma 

Aldrich, UK) for each well and the plates agitated for 30 min on a Stuart Mini Microtitre Plate 

Shaker, to dissolve the formazan crystals, a product of digestion of the MTT by the cell. Then, 

200 ˃ [ of each well solution (in duplicate) was transferred to a clear bottom 96- well plate and 

a Filter-based FLUOstar® Omega multi-mode reader (FLUOstar® Omega, Germany) was used 

to measure the absorbance at 570 nm. The estimation of the cell number was performed 

based on a standard curve, generated by seeding Y201 cells at different densities (0, 5 000, 10 

000, 30 000, 50 000, 100 000 and from there on up to 500 000 with a 50 000 increase). 

3.10.2 MTS assay 

To evaluate cells metabolic activity MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-tetrazolium) assay (CellTiter 96® AQueous One 

Solution Cell Proliferation Assay, Promega, UK) was used. MTS solution was prepared diluting 

at 1:6 the CellTiter 96® AQueous One Solution Reagent in phenol red-free DMEM/F12 

supplemented with 10 % FBS and 1 % P/S. MTS solution was added to each well containing 

samples in different volumes based on the system (spheroids or hydrogels) and left to 

incubate at 37 °C in a humidified 5 % CO2 atmosphere for 2.5 h. Then, 90 ˃ [ of solution was 

transferred into a 96-well plate in duplicate or triplicate for each sample. Absorbance was 

recorded at 490 nm using a FLUOstar® Omega multi-mode reader. The results were analysed 

using GraphPad Prism 9 software (section 3.20). The incubation time differed depending on 

the experiment and on the cell type and is reported in the specific section. 

3.10.4 Cell Titer assay 

CellTiter-Glo® 3D (Promega, UK) was used to quantify the ATP content. At specific time point 

samples were transferred to a 96-white bottom plate suspended in phenol red-free 
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DMEM/F12 and CellTiter-Glo solution (1:1). The plate was protected from light at RT while 

shaking for 10 min using a Stuart Mini Microtitre Plate Shaker, to induce spheroids lysis and 

then, without shaking for 20 min to stabilise the bio-luminescence signal. The recording was 

performed in luminescence with a FLUOstar® Omega multi-mode reader.  

3.11 Ultrastructural microscopy: Transmitted electron microscopy (TEM) 

Cellular ultrastructure (organelles and internal structure) assessment was conducted by TEM 

using a Phillips CM 100 Compustage (FEI) transmission electron microscope (TEM) (Philips) at 

HV = 100.0 kV, and digital images were collected using an AMT CCD camera (Deben) with a 

range of magnification up to 130,000 x. Cells were fixed overnight using a pre-warmed solution 

of 2 % glutaraldehyde (TAAB Laboratory Equipment) in sodium cacodylate buffer at 4 °C, 

followed by a post-fixation with 1 % osmium tetroxide (OsO4) (Agar Scientific, UK). After 

various dehydration steps, samples were embedded in resin, and cut in ultrathin sections 

using a diamond knife on a Leica EM UC7 ultra microtome (Leica Microsystems). The sections 

were stretched with chloroform to eliminate compression, mounted on Pioloform-filmed 

copper grids (Agar Scientific) and ready to be visualized using an AMT CCD camera (Deben). 

3.12 Immunostaining: DAPI and Phalloidin 

/ŜƭƭΩǎ ƳƻǊǇƘƻƭƻƎȅ ǿŀǎ ƻōǎŜǊǾŜŘ ōȅ ǎǘŀƛƴƛƴƎ ǘƘŜƛǊ ŎȅǘƻǎƪŜƭŜǘƻƴ ǳǎƛƴƎ ǊƘƻŘŀƳƛƴŜ-phalloidin 

ŀƴŘ ǘƘŜ ƴǳŎƭŜǳǎ ƻōǎŜǊǾŜŘ ǳǎƛƴƎ п Σ с- diamidino-2-phenylindole (DAPI). For the 

Immunostaining, samples were fixed in pre-warmed 4 % w/v paraformaldehyde (PFA) for 

minimum 30 min at 4 °C and washed three times with PBS. Cells were permeabilised using 0.1 

% v/v Tween20® (Sigma Aldrich, UK) in PBS for three washes. Rhodamine-phalloidin was 

prepared using 1:1000 dilutions of phalloidin-tetramethylrhodamine B isothiocyanate (Sigma 

Aldrich, UK) in 0.1 % PBS/Tween20®. Samples were incubated with rhodamine-phalloidin 

solution for 20 min at RT protected from light. Residue of phalloidin-rhodamine was removed 

by washing samples with 0.1 % PBS/Tween20® solution three times. Following this, samples 

were immersed in DAPI solution, prepared diluting DAPI (Vector Laboratories) in 0.1 % 

PBS/Tween20® (1:2500) for 10 min at RT protected from light. Then, samples were washed 

other three times with 0.1 % PBS/Tween20® and were imaged using a Nikon A1R inverted 

confocal microscope at 20 x magnification as explained in section.3.9.1. 
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3.13 Quantitative Real Time PCR analysis (RT-qPCR) 

3.13.1 RNA extraction from cells  

At specific time points, samples were washed with PBS and frozen in 1.5 mL Eppendorf tubes 

at -80 °C. RNA isolation was performed using miRNeasy Micro RNA Isolation Kit (Qiagen, USA), 

based on the use of spin columns. This method allows the extraction of high-quality total RNA 

from cells while maintaining its integrity due to highly effective inhibition of RNase activity 

while disrupting cells and dissolving cell components. Cells were incubated with Qiazol 

(Qiagen, USA) for 10 min at 4 °C and the supernatant was recovered after homogenisation 

with KIMBLE Dounce tissue grinder set (Sigma Aldrich, UK). Chloroform was added (1:5 ratio), 

mixed for 5 min and centrifuged for 15 min at 4 °C at 12,000 x g, thus the homogenate 

separated into a clear upper aqueous layer containing RNA, an interphase, and a lower organic 

layer containing DNA and proteins. RNA was then precipitated from the aqueous layer and 

washed using the miRNeasy Micro RNA Isolation Kit following the manufacturer`s instructions. 

RNA samples were then stored at - 80 °C.  

3.13.2 RNA quantification 

The total concentration and purity of the isolated RNA was measured using a 

ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ όbŀƴƻ5ǊƻǇϰ млллΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΣ ¦{!ύ by loading 1.2 µl of RNA 

solution. The instrument readout comprises the RNA concentration, the A260/A280 

(RNA/DNA) and the A260/A230 (RNA/phenolic compounds) ratios.  The last readouts were 

necessary to ensure the 260/280 ratio was within the range of 1.7 to 2.0 while 260/230 around 

2.  

3.13.3 Reverse Transcription Polymerase Chain Reaction 

Synthesis of cDNA from isolated total RNA was done using High-Capacity cDNA Reverse 

¢ǊŀƴǎŎǊƛǇǘƛƻƴ Yƛǘ ό¢ƘŜǊƳƻ CƛǎƘŜǊΣ ¦YύΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ǳǎƛƴƎ рлл ƴƎ 

of RNA for each sample. After that, a thermocycler (2720 Thermal Cycler, Applied Biosystems, 

US) based on cycles of 10 min at 25 °C, 120 min at 37 °C, 5 min at 85 °C was used for the 

reverse transcription and cDNA-transcripted samples were stored at 4 °C until further use. 

3.13.4 Quantitative Polymerase Chain Reaction (qPCR) 

¢ƘŜ ǇƻƭȅƳŜǊŀǎŜ ŎƘŀƛƴ ǊŜŀŎǘƛƻƴ όt/wύ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ¢ŀǉaŀƴϰ Cŀǎǘ !ŘǾŀƴŎŜŘ aŀǎǘŜǊ 

Mix (Thermo Fisher Scientific, UK) and commercially available TaqMan RT-qPCR probes 

(Thermo Fisher Scientific, UK) reported in Table 3.3. All samples were analysed with 

QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, US) with the following 40 x 
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three-step cycle: 10 sec denaturation, 95 °C; 30 s annealing, 60 °C; 15 s elongation, 72 °C). 

Gene expression was normalized to GAPDH housekeeping gene and expressed relatively using 

the 2-όɲɲ/ǘύ method (Livak & Schmittgen, 2001a), with expression levels at day 1 controls as 

calibrator. 1.5 µL of cDNA was used for each well. 

 

RT-qPCR PROBES ASSAY ID 

GAPDH Hs99999905_m1 

SOX9 Hs00165814_m1 

COL2A1 Hs00264051_m1 

ACAN Hs00153936_m1 

COL1A2 Hs01028956_m1 

MMP13 Hs00942584_m1 

ADAMTS5 Hs01095518_m1 

SPARC Hs00234160_m1 

RUNX2 Hs01047973_m1 

ALPL Hs01029144_m1 

COL1A2 Hs01028956_m1 

SPP1 Hs00959010_m1 

VEGFA Hs00900055_m1 

Table 3.3: List of RT-qPCR probes used in these experiments and relative Assay ID. 

3.14 Glycosaminoglycans quantification 

Quantitative analysis assessment of GAGs production was performed with Alcian Blue 8GX 

(Merck, BDH) at pH 2.5, obtaining dissolving Alcian Blue powder in 3 % v/v of Acetic Acid at a 

concentration of 1% w/v. Samples were fixed with 4 % PFA at 4 °C for 30 min at each time 

point, followed with a double wash with PBS. Then, 200 ˃[ of Alcian Blue solution was added 

to each sample for 15 min and samples were washed with dH2O until the blue came out. For 

evaluating the quantitative GAGs production, 28.66 g of guanidine hydrochloride was 

dissolved in 50 mL of dH2O. 500 ˃ [ of Guanidine solution was added to each Alcian Blue 

ǎǘŀƛƴŜŘ ǎŀƳǇƭŜΩǎ ǿŜƭƭ ŀƴŘ ƭŜǘ ŦƻǊ о Ƙ ŀŎǘƛƴƎ ǿƘƛƭŜ ǎƘŀƪƛƴƎ ŜǾŜǊȅ мл Ƴƛƴ ƻƴ a Stuart Mini 

Microtiter Plate Shaker. Then, 200 ˃ [ were taken in duplicate from each well and reading was 
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performed in absorbance at 630 nm with a Filter-based FLUOstar® Omega multi-mode reader 

in a 96-clear bottom well plate. 

3.15 Morphological analysis on cellular samples 

Tescan Vega 3LMU scanning electron microscope was used for analysing the morphology of 

cellular samples. At the chosen time point, samples were fixed in 2 % glutaraldehyde for 1 h 

at 4 °C, rinsed in PBS twice and dehydrated in ethanol grades (30 min in 25 % EtOH, 30 min in 

50 % EtOH, 30 min in 75 % EtOH, 30 min in 95 % EtOH and twice 1 h in 100 % EtOH). Samples 

were dried to critical pointing (BALTEC 030, Leica Geosystems Ltd, UK), mounted on carbon 

discs and gold-coated using a Polaron E5000 SEM Coating unit (Quorum Technologies Ltd, UK). 

Samples were imaged at different magnifications. 

3.16 Histology and Immunohistochemistry 

The preparation of samples for Histology and Immunohistochemistry (IHC) and the relative 

staining process were optimised within this PhD work to obtain proper tissue slices in all the 

configurations exploited in each chapter.  

3.16.1 Cryosections preparation 

For the preparation of cryosections from fresh tissue, at specific time points samples were 

washed with PBS, transferred to a 0.5 mL Eppendorf embedded in Optimal Cutting 

temperature (OCT) Compound (Agar Scientific, UK). OCT-included samples were snap frozen 

at -80 °C until further use.  

For the preparation of cryosections from fixed tissues, at specific time points samples were 

washed with PBS, fixed in formalin 10 % overnight at 4 °C. Fixed samples were washed in PBS 

and transferred in a sucrose solution (30 % w/v in PBS) overnight. Then, the sucrose solution 

was replaced by a solution made of 30 % sucrose and OCT Compound (1:1) for 1 h. Finally, 

samples were transferred in cryomolds (Agar Scientific, UK) included in OCT and frozen at -80 

°C until further use.  

All samples were cryosectioned using a CM1900 cryostat (Leica Biosystems, Germany) at -20 

ϲ/Φ 9ŀŎƘ ǎŜŎǘƛƻƴ ǿŀǎ Ŏǳǘ ǿƛǘƘ ŀ ǘƘƛŎƪƴŜǎǎ ƻŦ р ˃Ƴ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ŦǊŜǎƘ ǘƛǎǎǳŜ ǎŀƳǇƭŜǎ ŀƴŘ мн 

˃Ƴ ŦƻǊ ŦƛȄŜŘ ǎŀƳǇƭŜǎΣ ƭŜǘ ŘǊȅ ŀǘ RT for 2 h and kept frozen until analysis.  

To perform Histology and IHC, fresh tissue frozen slides were transferred to cold Acetone 

(Fisher, UK) at -20 °C for 10 min. Following this, the fixative was let evaporate 15-20 min under 
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a chemical fume hood and the slides were washed twice with PBS to remove any trace of OCT 

compound, ǿƘŜǊŜŀǎ ŦƛȄŜŘ ǎŀƳǇƭŜǎ ŘƛŘƴΩǘ ƴŜŜŘ ŀ ŦǳǊǘƘŜǊ Ǉƻǎǘ-fixation and were washed in PBS 

and ready to be used. 

3.16.2 Haematoxylin and Eosin staining 

CƛȄŜŘ ŀƴŘ ǿŀǎƘŜŘ ǎƭƛŘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ aŀȅŜǊΩǎ ƘŀŜƳŀǘƻȄȅƭƛƴ ό{ƛƎƳŀ !ƭdrich, UK) for 30 s 

and rinsed in running tap water for 1 min to blue haematoxylin-stained nuclei. Slides were 

dehydrated in 70 % EtOH and 95 % EtOH 30 s respectively prior to immersion in eosin solution 

(Sigma Aldrich, UK) for 1 min. Samples were further dehydrated in 95 % EtOH and 100 % EtOH 

for 3 min each and incubated in Histo-Clear® II (National Diagnostics, USA) for 5 min before 

being mounted in DPX (Sigma Aldrich, UK).  

3.16.3 Picrosirius red staining 

Fixed and washed slides were incubated in Picrosirius red solution, which stains collagen fibres 

ƛƴ ǊŜŘ ŀƴŘ ŎŜƭƭΩǎ ŎȅǘƻǇƭŀǎƳ ƛƴ ȅŜƭƭƻǿΣ ǿŀǎ ǇǊŜǇŀǊŜŘ ŘƛǎǎƻƭǾƛƴƎ лΦр Ǝ ƻŦ {ƛǊƛǳǎ ǊŜŘ ƛƴ рлл mL of 

saturated Picric acid, for 1 h. Following, slides were washed twice in Acidified water (0.5 mL 

of Acetic Acid in 99.5 mL of dH2O), dehydrated in three changes of absolute EtOH and 

incubated in Histo-Clear® II for 5 min before being mounted in DPX. Collagen fibers are stained 

in red and cytoplasm in yellow. 

3.16.4 Alcian Blue staining 

Fixed and washed slides were incubated in Alcian Blue solution at pH 1.0 in order to stain 

weakly and strongly sulphated proteoglycans, was prepared dissolving Alcian Blue powder 

8GX (Sigma Aldrich, UK) in 0.1 M HCl at a concentration of 1% w/v. Samples were incubated 

for 20 min, washed fast in 0.1 M HCl and dehydrated in 95 % EtOH and 100 % EtOH for 3 min 

respectively. Then, slides were incubated in Histo-Clear® II for 5 min before being mounted in 

DPX. Alcian Blue at pH 1.0 stains weakly and strongly sulphated glycosaminoglycans. 

3.16.5 Histology slides Imaging  

All the histology slides were let dry overnight under the fume hood and imaged the following 

dry with Leica M5000 Microscope in RGD Brightfield at 20 x and 40 x magnification. 

3.16.6 Immunohistochemistry 

For IHC, fixed and washed tissue slices were treated with Sudan Black solution (0.1 % w/v in 

100 % EtOH) to reduce the background interference during the immunofluorescence imaging. 

After the Sudan Black solution removal and slides washing, these were permeabilised with 
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Triton 100 x solution (0.1 % w/v in PBS) 30 min, immersed in Bovine Serum Albumin (BSA) (2 

% w/v in PBS) for 15 min and incubated for 2 h at RT with primary antibodies Anti-Collagen II 

(ab34712 Abcam) or Anti-Ki67 (NB500-170SS Bio-techne Ltd) or Anti-Aggrecan (ab3778 

Abcam) or Anti- Collagen X (14-9771-82 Thermofisher Scientific) respectively at dilution 1:200, 

1:100, 1:50 and 1:100 in BSA solution. After washes in PBS, secondary antibodies solutions 

were added for 1 h: AlexaFluor goat anti-rŀōōƛǘ ƛƎD όI Ҍ [ύ όŀōмрллул !ōŎŀƳύ мΥрлл ƛƴ .{! 

solution to Anti-Collagen II slides, Fluorescein-labelled goat anti-Ǌŀōōƛǘ LƎD όI Ҍ [ύ όCнтсрΣ 

Thermo Fisher Scientific) 1:1000 in BSA solution for Anti-Ki67 and Anti-Aggrecan slides, 

AlexaFluor Goat Anti-Mouse IgG H&L (ab150115 Abcam) 1:500 in BSA solution. Following, 

nuclei were stained with Hoechst solution (R37609, Thermo Fisher Scientific, UK), according 

ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ CƛƴŀƭƭȅΣ ŀ ŘǊƻǇ ƻŦ LƴǾƛǘǊƻƎŜƴ tǊƻ[ƻƴƎ Dƭŀǎǎ !ƴǘƛŦŀŘŜ aƻǳƴǘŀƴǘ 

(Thermo Fisher Scientific, UK) was added to each slide and covered with a rectangular 

coverslip. Slides were let dry under the hood for 15 min and imaged using EVOS M5000 

Microscope in fluorescence at 40 x magnification. 

3.16.7 Immunohistochemistry slides Imaging  

All the immunofluorescence slides were let dry overnight under the fume hood and imaged 

the following dry with Leica M5000 Microscope with Green Fluorescence protein (GFP), Red 

Fluorescence protein (RFP) and DAPI filters at 20 x and 40 x magnification. 

3.17 Immunofluorescence   

Immunofluorescence (IF) was performed as immunohistochemistry for Coll II, Coll X, ACAN 

and Ki-67. In addition, anti-SPARC (ON) was used as primary antibody (ab225716, Abcam), at 

a concentration of 1:15. For IF samples preparations, at the specific time point, samples were 

fixed with 4 % PFA at 4 °C for 30 min at each time point, followed with a double wash with 

PBS. Then cells were permeabilised using 0.1 % v/v Tween20® in PBS for three washes, 

immersed in Bovine Serum Albumin (BSA) (2 % w/v in PBS) for 15 min and incubated with 

primary antibody and secondary antibody, as reported in section 3.16.6. 

3.18 Alizarin Red  

To detect the calcium deposits, at specific time points samples were fixed in 4 % PFA for 30 

min at 4 °C and then washed in PBS twice and stained with 1 mL of Alizarin Red solution for 

30 min at RT. Following, samples were washed with dH2O multiple times and dried overnight 

at 50 °C in a 5 % CO2 atmosphere. Imaging of the samples was performed with 

stereomicroscope (Leica Microsystems). To quantify the Alizarin Red, 10 % acetic acid was 
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added to each stained sample and let under shaking on a Stuart Mini Microtiter Plate Shaker 

for 30 min. The acetic acid solution was then transferred to 1.5 mL Eppendorf, heated to 85 

ɕ/ ŦƻǊ мл Ƴƛƴ ŀƴŘ ǘƘŜƴ ǇƭŀŎŜ ƻƴ ƛŎŜ ŦƻǊ р ƳƛƴΦ ¢ƘŜƴ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ мл ҈ 

ammonium hydroxide to neutralize the acetic pH to 4.1-4.5 and the reading was performed in 

duplicated at 405 nm absorbance with a Filter-based FLUOstar® Omega multi-mode reader in 

a 96-clear bottom well plate. The standard curve was obtained in the range 0 ς 2 mM Alizarin 

Red. 

3.19 Western Blot analysis  

Protein expression analysis was carried out as previously reported (Licini et al., 2020). RIPA 

Lysis Buffer System (sc-24948, Santa Cruz Biotechnology inc.) combined with protease 

inhibitors (S8820, Sigma-Aldrich) was used to extract total proteins from samples. The 

concentration of protein was determined using a DC protein assay (LIT448D, Bio-Rad). Total 

protein extracts were incubated with Tris-Glycine SDS Sample Buffer (2X) (Novex) and then 

were fractionated on a 4-15 % SDS-PAGE gels. Electrophoretically, gels (HC1000 Surecast, 

Thermo Fisher Scientific) were transferred to 0.2 µm Nitrocellulose membranes (Bio-rad), 

which were incubated with 5% milk in Tris-buffered saline with 0.1 % Tween 20, prior to 

incubation with primary antibodies at 4 °C.  The endogenous control used was mouse anti-

GAPDH. After an overnight incubation, the membrane was washed with Tris-buffered saline 

with 0.1 % Tween 20 and incubated for 1.5 h at RT with anti-rabbit and anti-mouse secondary 

antibodies coupled to horseradish peroxidase (Table 3.4). Thermo Scientific's Pierce ECL 

Western Blotting Substrate was used to detect antibody binding, and pictures were captured 

with an Alliance Mini HD9 (Uvitec, Cambridge, UK), and analysed with ImageJ software. 

Western Blot analysis was performed by Dr. Cerqueni at Department of Clinical and Molecular 

Sciences, Università Politecnica delle Marche (Ancona, Italy). 

 

REAGENT ANTIBODY DILUTION SOURCE 

Primary antibody Anti-RUNX2 1:200 HPA022040 Sigma Aldrich 

Primary antibody Anti-ALP 1:1000 ab126820 Abcam 

Primary Antibody Anti-ON 1:250 
sc-73472 Santa Cruz 

Biotechnology 

Primary antibody Anti-RANKL 1:750 PA5-110268 Invitrogen 

Primary antibody 
Anti- TNFRSF11B 

(OPG) 
1:1000 Ma5-15960 Invitrogen 
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Primary antibody Anti-GAPDH 1:10000 60004-1-Ig Proteintech 

Secondary antibody Anti-rabbit HRP 1:500 
sc-2004 Santa Cruz 

Biotechnology 

Secondary antibody Anti-mouse HRP 1:15000 
A90-116P Bethyl 

Laboratories 

Table 3.4: List of Western Blot probes used in these experiments and relative information. 

3.20 Statistical analysis 

All tests were performed at least in triplicate for each sample in each condition. The results 

were represented as mean ± standard deviation. Differences between groups were 

determined using One-ǿŀȅ ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύ ǿƛǘƘ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ 

test using levels of statistical significance of p<0.0001 (****), p<0.001 (***), p<0.05(**) and 

p<0.01(*).  
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CHAPTER 4. A spheroid-based scaffold free approach to manufacture an         

in vitro articular cartilage validation model 

 

STATEMENT OF SIGNIFICANCE 

A fundamental step in this PhD research work was the design and manufacturing of a scaffold-

free in vitro model of AC based on an optimised protocol in line with the recent clinically 

approved Chondrosphere® (CO.DON AG) technique (National Institute For Health and Care 

Excellence, 2017a), which was used as a validation model for the zonal engineered AC. In fact, 

validating new models would be crucial for the ongoing phase of their development, during 

which physiological baseline data and responses to compounds are assessed and compared 

with clinical outcomes, in order to make them suitable as platform for studying pathologies 

progression and subsequent therapeutic treatments (Denayer et al., 2014). Thus, finding a 

reliable validation model is highly required. 

 

4.1. Introduction 

This chapter reports the results of a spheroid-based scaffold-free AC model manufactured via 

a self-assembly technique without the addition of external forces, following a protocol in line 

with the clinically approved Chondrosphere® (CO.DON AG) technique (Figure 2.10) (Eschen et 

al., 2020). This approach would lead to the obtainment of a few mm thick in vitro model of 

AC, which could be reliable and predictive for validation. The obtained in vitro AC model will 

be loaded with an optimised cocktail of proinflammatory cytokines to study the OA 

progression. Three main objectives (OBJ) were taken into account: 

OBJ 1: To manufacture the formation of spheroids and their characterisation, specifically their 

growth kinetics, viability, microstructure, and morphology, to obtain a reproducible and 

standardizable process.  

OBJ2: To study how the spheroids fuse when put together to mature into a tissue, to assess 

whether optimized maturity of the scaffold-free sizable, engineered cartilage could be a 

suitable in vitro model of cartilage repair via cells gene expression and analyses on the ECM 

production.  
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OBJ3: To demonstrate that a bankable cell type (Y201-C) could produce an engineered 

cartilage-like construct, giving a repeatable and predictive model. 

OBJ4: To obtain AC in vitro scaffold free model to optimise an approach for obtaining a reliable 

OA model, by using a cocktail of different concentration of pro-inflammatory cytokines and 

assessing their effect in terms of spheroids growth kinetics, cells metabolic activity, apoptosis, 

proliferation, expression of anabolic and catabolic markers and quality of tissues obtained.  

Most of the results presented in this chapter have been published (Scalzone, Wang, et al., 

2022). The PLGA-GEL membranes have been fully characterised in a work I am a co-author of 

(Carmagnola et al., 2020).  

4.2 Materials and Methodology 

4.2.1 Manufacturing of spheroids and chondrospheres  

The manufacturing process of spheroids and chondrospheres is reported in Figure 4.1. Briefly, 

HC, Y201, TC28a2 and Y201-C were expanded as reported in section 3.7, in Chondrocyte 

growth medium, DMEM or DMEM/F12. Spheroids were formed using a round bottom 96-well 

plate (non-tissue culture treated) (Thermo Fisher Scientific, UK). For the formation of the 

spheroids, cells were seeded in the 96-well plate at a density of 2 x 105 cells/well, suspended 

in 150 µL of DMEM/F12 with high glucose (4.5 g/L), 10 % FBS, 2 mM L-glutamine, 1 % P/S and 

supplemented with 0.25 % w/v methylcellulose (MC) at p. 4 for HC cells, p. 15 for Y201-C and 

p. 81 TC28a2; Y201 (p. 89) were suspended in DMEM with low glucose content, supplemented 

with 10 % FBS, 2 mM L-glutamine, 1 % P/S and 0.25 % w/v MC (James et al., 2015) . Once cells 

were seeded, the multi-well plates containing all different types of spheroids were incubated 

at 37 °C in a humified atmosphere with 5 % CO2 for 7 days, with medium change every other 

day.  

After 7 days, three different tests were exploited for the obtainment of the chondrospheres. 

Specifically, ten single spheroids were cultured together in a 48-well plate (i) with MC- 

supplemented DMEM/F12 medium, (ii) with a MC- free DMEM/F12 medium or (iii) on the top 

of an electrospun PLGA - dopamine functionalised and GEL - coated membranes (Carmagnola 

et al., 2020) (kindly supplied by Politecnico di Torino, Italy), mounted in 24-multiwell cell 

crowns. This last technique was selected for the further culture of the chondrospheres, which 

were cultured at 37 °C in a humified atmosphere with 5 % CO2 in DMEM/F12 medium 

supplemented with 10 % FBS, 2 mM L-glutamine and 1 % P/S for 21 days. 
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Figure 4.1: Scheme of the manufacturing and characterisation process: from: (1) cell 
expansion (HC, Y201, Y201-C, TC28a2) and their re-suspension in cell culture media supplied 
with MC (0.25 % w/v); (2) formation of spheroids (2 x 205 cells per spheroid) in a round bottom 
96-well plate, their culture for 7 days and characterisation (Growth kinetics analysis, 
Live/Dead, CellTiter-Dƭƻϯ о5Σ /Ŝƭƭ¢ƻȄϰ DǊŜŜƴΣ ¢9aΣ wŜŀƭ¢ƛƳ-Glo Assay and SEM); (3) assembly 
of spheroids on a GEL coated PLGA electrospun membrane (10 spheroid per cm2 of 
membrane) and their characterisation over 21 days of culture (Imaging, SEM, GAGs 
quantification and RT-qPCR). 
 

4.2.2 Evaluation of spheroids growth kinetics  

First, it was qualitatively analysed the ability of cells to form spheroids with HC, Y201, Y201-C 

and TC28a2 cells, by using a fluorescence microscope in phase-contrast brightfield (LEICA DM 

LB2 Microscope). Only the cell types able to form spheroids in three days were selected for 

further experiments (HC and Y201-C). The changes of HC and Y201-C spheroids shape and 

dimension were monitored during their culture incubation (after 1, 3 and 7 days) and 

estimated using a fluorescence microscope in phase-contrast brightfield (LEICA DM LB2 

Microscope). The morphometric analysis of the spheroids was performed by measuring 

diameters and areas of at least 5 spheroids for each time point with ImageJ software. The 

results were analysed using GraphPad Prism software to calculate the circularity (Eq. 1) and 

roundness (Eq. 2) of each spheroid, following the formula reported in literature (Moreira 

Teixeira et al., 2012): 
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where A is the area, P the perimeter and M is the major axis dimension. The more circularity 

and roundness are proximal to 1, the more the spheroids show morphological stability and 

homogeneity over time. 

4.2.3 Viability and metabolic activity assessment 

Multiple assays were used to estimate HC and Y201-C spheroids viability and metabolic 

activity over 7 days of culture.  

[ƛǾŜκ5ŜŀŘ ŀǎǎŀȅ ǿŀǎ ǳǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ, as reported in section 

3.9.1. At days 1, 3 and 7 of culture, two spheroids of HC or Y201-C were washed twice with 

PBS and incubated with the staining solution for 30 min at 37 °C. Images were collected using 

a fluorescence microscope (LEICA DM LB2 Microscope) in GFP and RFP with 5 x objective lens. 

CellTiter-Glo® 3D was used to quantify the intra-spheroids ATP content. Three spheroids of HC 

and Y201-C were harvested at days 1, 3 and 7 from the 96 round-bottom well plate and 

transferred in a 96-white bottom plate were suspended in 50 µL of phenol red-free 

DMEM/F12 and 50 µL of CellTiter-Glo® solution, and then incubated and analysed as reported 

in section 3.10.4.  

/Ŝƭƭ¢ƻȄϰ DǊŜŜƴ 5ȅŜ ŀǎǎŀȅ ǿŀǎ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ ǉǳŀƴǘƛǘŀǘƛǾŜƭȅ ŎŜƭƭǎ ǾƛŀōƛƭƛǘȅΦ !ǘ Řŀȅs 1, 3 and 7 

three HC and Y201-/ ǎǇƘŜǊƻƛŘǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ /Ŝƭƭ¢ƻȄϰ ǎƻƭǳǘƛƻƴ ǇǊŜǇŀǊŜŘ ŀǎ ǊŜǇƻǊǘŜŘ ƛƴ 

section 3.9.2 and analysed accordingly. 

4.2.4 Spheroids microstructure  

For evaluating HC and Y201-C spheroids microstructure at days 2 and 7, TEM analysis was 

performed, as reported in section 3.11. Digital images of spheroids core or spheroids 

peripheral region were collected using an AMT CCD camera (Deben). 

4.2.5 Apoptosis and Necrosis assessment 

RealTime-Dƭƻϰ !ƴƴŜȄƛƴ ± !ǇƻǇǘƻǎƛǎ ŀƴŘ bŜŎǊƻǎƛǎ !ǎǎŀȅ όtǊƻƳŜƎŀΣ ¦Yύ ǿŀǎ ǳǎŜŘ ǘƻ 

discriminate apoptosis from necrosis in cells within HC and Y201-C spheroids. This is a live-cell 

(non-lytic) real-time (kinetic) assay in which the exposure of phosphatidylserine on the outer 

leaflet of cell membranes and binding with Annexin V luciferase fusion proteins during the 
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apoptotic process is detected with a simple luminescence signal while necrosis upon loss of 

membrane integrity is detected with a fluorescence signal (DNA-binding dye) (Figure 4.2). This 

assay was performed at early stage of spheroids culture (0 - 48 h) and late stage (6 - 7 days). 

Luminescent and fluorescent (485/530nm excitation/emission) data were continuously 

collected every 6 h during 48 h exposure using FLUOstar® Omega multi-mode reader and 

samples were incubated within each reading at 37 °C in a humified atmosphere with 5 % CO2. 

Figure 4.2: Scheme explaining how the RealTime apoptosis and necrosis assay works. Healthy 
cells give a negative signal, cells in early apoptosis stage give a Luminescence (RLU) positive 
signal, while cells in secondary necrosis dive a RLU and Fluorescence (RFU) positive signal [re-
adapted from www.promega.uk ].  

4.2.6 Spheroids and chondrospheres morphology 

For evaluating the morphology of spheroids and chondrospheres, samples were fixed, 

dehydrated, critical point dried, gold coated and visualised with a SEM, as reported in section 

3.15. SEM analysis was performed for HC and Y201-C at day 2s and 7 of spheroids culture and 

at day 21 of chondrospheres culture. Samples were imaged at different magnifications (350 x, 

900 x and 1300 ȄύΦ !ƭǎƻΣ ƛƳŀƎŜǎ ƻŦ ǘƘŜ ǎǇƘŜǊƻƛŘΩǎ ŀǎǎŜƳōƭȅ ǿƛǘƘƛƴ t[D!-coated membrane 

inserts were acquired with a Leica Stereomicroscope at day 21 of culture. 

4.2.7 GAGs production and gene expression of chondrospheres 

Quantitative assessment of GAGs production by chondrospheres of HC and Y201-C was 

performed with Alcian Blue, according to section 3.14. Chondrospheres were fixed at days 0, 

7 and 21 of culture, while spheroids were fixed at day 1 as normalisation control for the 

chondrospheres. Results are reported for the chondrospheres respect to the sample of 

http://www.promega.uk/
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spheroids at day 1. The values were obtained using the calibration curve from the Chondroitin 

4-sulfate sodium salt from bovine trachea in a range of 0 ς 1 µg. 

RT-qPCR was performed at days 1 and 21 for chondrosphere and their fold-regulation was 

evaluated using the day 1 of spheroids as reference. The protocol used is reported in section 

3.13. TaqMan qRT-PCR sox9, acan, col2a1 and gapdh probes were quantified and gene 

expression of sox9, col2a1 and acan was normalized to gapdh and expressed relatively using 

the 2-όɲɲ/ǘύ method of Livak (Livak & Schmittgen, 2001b). Results are presented as the fold change 

of HC and Y201-/ ŎƘƻƴŘǊƻǎǇƘŜǊŜΩǎ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ sox9, acan and col2a1 at days 1 and 21. 

4.2.8 Manufacturing of in vitro OA model 

To set-up the AC pathological model, pro-inflammatory cytokines were introduced to the 

culture media to emulate the OA environment, as reported in section 3.8. Spheroids were 

formed as reported in section 4.2.1 and then, incubated at 37 °C and 5 % CO2 for 10 days. After 

one day of culture, three different conditions were set for the spheroids (HC-OA, LC-OA and 

Healthy), as reported in Table 3.2, and the media was changed every two days. Following the 

procedure optimised for the formation of chondrospheres (section 4.2.1), after 10 days of 

spheroids culture five single spheroids were transferred onto the electrospun PLGA-GEL 

membranes mounted in 48-well plate inserts (10 spheroids per cm2 of membrane) and 

cultured in DMEM/F12 medium loaded with the proper concentration of cytokines for further 

11 days at 37 °C in a humified atmosphere with 5 % CO2 (Figure 4.3). 

Figure 4.3: Manufacturing process of the OA in vitro model: HC and Y201-C cells expansion 
(1), Spheroids culture and characterisation in a round bottom 96-well plate for 10 days (2) 
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with the addition of IL-6, IL-1ß, TNF-ʰ ǇǊƻƛƴŦƭŀƳƳŀǘƻǊȅ ƳŜŘƛŀǘƻǊǎ ŀǘ Řŀȅ о ƻŦ ǎǇƘŜǊƻƛŘǎ ŎǳƭǘǳǊŜ 
(3), Chondrospheres culture and characterisation for further 11 days on a GEL-coated 
electrospun PLGA membrane (4). 

 

CYTOKINES HC-OA LC-OA Healthy 

IL-м  ̡ 5 ng/mL 1 ng/mL - 

TNF-  h 5 ng/mL 1 ng/mL - 

IL-6 50 ng/mL 10 ng/mL - 

Table 4.1: Culture conditions for HC and Y201-C: High concentration of cytokines (HC-OA), 
Low concentration of cytokines (LC-OA) and Healthy. 

4.2.9 Spheroids growth kinetics in OA conditions 

{ǇƘŜǊƻƛŘΩǎ ƎǊƻǿǘƘ ƪƛƴŜǘƛŎǎ ǿŀǎ ƳƻƴƛǘƻǊŜŘ ŀƴŘ ŀƴŀƭȅǎŜŘ ƻǾŜǊ ǘƘŜ мл Řŀȅǎ ƻŦ ŎǳƭǘǳǊŜ ŦƻǊ ŀƭƭ 

conditions as reported in section 4.2.2. Images were taken at days 1, 4 and 10 with a EVOS 

M5000 microscope with 10 x objective lens in phase-contrast brightfield and analysed. 

4.2.10 Spheroids metabolic activity in OA conditions 

To evaluate HC and Y201-C cells metabolic activity in the three conditions (Healthy, LC-OA and 

HC-OA) MTS assay was used, as reported in section 3.10.2. Three spheroids per each condition 

were analysed at days 1, 4 and 10. 200 ˃[ of MTS solution was added to each well containing 

spheroids and left to incubate at 37 °C in a humidified 5 % CO2 atmosphere for 2.5 h. Then, 90 

˃[ of solution was transferred into a 96-well plate in duplicate for each sample for the 

readings.  

4.2.11 Gene expression analysis in OA model 

Gene expression was performed at days 0 and 10 for spheroids and day 21 for 

chondrospheres, following the same protocol as reported in section 4.2.7, with the addition 

of the analysis of col1a2, mmp13 and adamts5 genes (Table 3.3). 

4.2.12 Histology and Immunohistochemistry assessment 

Samples of both Y201-C and HC in Healthy, HC-OA and LC-OA at day 1, 10 and 21 were 

analysed. For the preparation of cryosection, as well as for the histology staining (Alcian Blue, 

Picrosirius Red and H&E), it was followed the protocol reported in section 3.16.  

For IHC staining, it was followed the protocol in section 3.15.6, using as primary antibodies 

Anti-Collagen II, Anti-Ki-67 and Anti-Aggrecan, and AlexaFluor goat anti-Ǌŀōōƛǘ ƛƎD όI Ҍ [ύ ŦƻǊ 
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Anti-Collagen II slides and Fluorescein-labelled goat anti-Ǌŀōōƛǘ LƎD όI Ҍ [ύ ŦƻǊ !ƴǘƛ-Ki-67 and 

Anti-Aggrecan samples, as secondary antibodies. Finally, nuclei were counterstained with 

Hoechst solution. Cells nuclei, stained with Hoechst, were also imaged at 63 x with a Nikon 

A1R confocal microscope, to assess the apoptotic features. 

4.2.13 Statistical analysis 

Error bars represent the standard deviation of the mean. Differences between groups were 

determined using one- or two-way anŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύ ǿƛǘƘ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ 

comparison post-hoc test. Significance between groups was established for *p < 0.05, **p < 

0.01, ***p < 0.001 and ****p < 0.0001. 

4.3 Results 

4.3.1 Spheroid manufacturing optimisation 

The round-bottomed 96 well plate led to the production of one spheroid per well, allowing 

the delivery of the precise cell amount to each well (Figure 4.4). The time needed from the 

cell seeding to the formation of spheroids was ranged between 24 - 72 hours, as reported in 

Figure 4.5A. Figure 4.5B-E shows the phase-contrast brightfield images of the manufactured 

spheroids after 72 hours of incubation for the four different cell types: TC28a2, Y201, HC and 

Y201.C (Figure 4.5FύΦ .ƻǘƘ ¢/нуŀн ŀƴŘ ¸нлм ŘƛŘƴΩǘ ŦƻǊƳ ŀ compact spheroid, showing 

fragmented aggregates (Figure 4.5B,C), while HC and Y201-C evidenced a compact and 

rounded-like shaped spheroids (Figure 4.5D,E). Therefore, these cells were selected for the 

following tests. 
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Figure 4.4: Pictures taken from the bottom of the round bottomed 96-well plate. Each well 
contains 2x105 Y201-C cells per spheroids, cultured in DMEM/F12 media supplemented with 
0.25 % MC. Picture taken after 24 h of spheroids culture (A). The arrow is pointing the 
spheroids on a microscope slide (B). 

 

Figure 4.5: Manufacturing of spheroids with four different cell types: TC28a2, Y201, HC, Y201-
/Φ {ŎƘŜƳŜ ƻŦ ǘƘŜ ǎǇƘŜǊƻƛŘΩǎ ŦƻǊƳŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ŦǊƻƳ ǘƘŜ ǎŜŜŘƛƴƎ ǘƻ ǘƘŜ ǎǇƘŜǊƻƛŘ ŦƻǊƳŀǘƛƻƴ 
(A). Phase contrast brightfield images of spheroids after 72 hours with TC28a2 (B), Y201 (C), 
HC (D) and Y201-C (E). Scheme of the cell type used for the experiments: code, name of the 
cells and result of the trial of spheroids formation in 72 hours (F).  
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пΦоΦн {ǇƘŜǊƻƛŘΩǎ ƎǊƻǿǘƘ ƪƛƴŜtics 

To determine the HC and Y201-C spheroids growth dynamics, images were collected at days 

1, 3 and 7 (Figure 4.6A), and the change in spheroids diameter, area, circularity and roundness 

were monitored and plotted over 7 days culture (Figure 4.6B,C). The diameters and area of 

spheroids with both HC and Y201-C decreased gradually over culture time (Figure 4.6B). In 

fact, HC spheroids diameter of 1300 ± 150 µm at day 1 was statistically different (p<0.001) 

from both day 3 (790 ± 100 µm) and day 7 (600 ± 90 µm). Furthermore, the HC spheroids area 

decreased from 0.46 ± 0.05mm2 at day 1 to 0.38 ± 0.02 mm2 at day 3 and 0.22 ± 0.01 mm2 at 

day 7. Y201-C spheroids followed a similar trend, indeed the diameter at day 1 (1250 ± 60 µm) 

was statistical different (p<0.0001) from day 3 (990 ± 50 µm) and day 7 (800 ± 20 µm). Also, 

Y201-C spheroids areas decreased over culture, from 0.51 ± 0.02 mm2 at day 1 to 0.45 ± 0.01 

mm2 at day 3 and 0.35 ± 0.01 mm2 after 7 days.  

Regarding the circularity and roundness, as reported in the graph in Figure 4.6C, both HC and 

Y201-C showed a great circularity with a value between 0.8 and 1 over 7 days of culture. On 

the other side, the spheroids roundness was higher than 0.75, except for the HC at day 1, 

where the samples showed a big standard deviation with a value of 0.65 ± 0.18. 
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Figure 4.6: HC and Y201-C spheroids pictures taken at day 1, day 3 and day 7. Bars: 100 µm 
(A). Graphs reporting the change in spheroids diameter and area at the respective time points 
for HC and Y201-C (B). Analysis of the circularity and roundness for HC and Y201-C (C). 
Statistics: **** p<0.0001. 

 

4.3.3 Spheroids viability assessment 

Spheroids viability was qualitatively evaluated with the Live/Dead assay for HC (Figure 4.7A) 

and Y201-C (Figure 4.7B) at days 1, 3 and 7, showing high number of living cells (stained in 

green by Calcein) at days 1 and 3, with the presence of few dead cells (stained in red by 

Ethidium Bromide). Both samples showed an increase of dead cells at day 7. The localisation 

of these dead cells was not specific. The images were captured with a fluorescence 
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microscope. Attempt to use a confocal microscope to have a 3D image failed due to the high 

fluorescence of the whole spheroid, making hard to discriminate the single cells. Indeed, 

multiple viability assays were performed to understand and confirm the behaviour of cells 

within spheroids in 7 days of culture. 

 

Figure 4.7: HC and Y201-C spheroids Live/Dead assay at days 1, 3 and 7 for HC (A) and Y201-C 
(B). Bars: 100 µm. Calcein stains live cells (green) and Ethidium Bromide (EthBr) stains dead 
cells (red). 

Cells metabolic activity within spheroids was estimated analysing ATP production with 

CellTiter-Glo® 3D assay (Figure 4.8A). Both cells showed a similar trend with a statistically 

significant (p<0.0001) decrease of cells metabolic activity at day 7 of culture, compared to day 

1. Particularly, HC spheroids presented a value of 3.1 x 105 ± 0.2 x 105 RLU at day 1, which was 

statistically different to 1.9 x 105 ± 0.1 x 105 RLU at day 7. On the other side, Y201-C presented 

a value of 3.5 x 105 ± 0.5 x 105 RLU at day 1, statistically different to 1.5 x 105 ± 0.3 x 105 RLU 

for Y201-C spheroids. 
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Furthermore, time-dependent viability of spheroids quantitatively measured with the 

/Ŝƭƭ¢ƻȄϰ DǊŜŜƴ YƛǘΦ ¢Ƙƛǎ ŀǎǎŀȅ ǳǎŜǎ ŀǎȅƳƳŜǘǊƛŎ ŎȅŀƴƛƴŜ ŘȅŜ ǘƘŀǘ ƛǎ ŜȄŎƭǳŘŜŘ ŦǊƻƳ ǾƛŀōƭŜ Ŏells 

but stains the DNA from dead cells. Results are reported as the percentage of viable cells. 

Figure 4.8B showed that the viability of cells in Y201-C spheroids decreased from the 95 ± 2 % 

at day 1 to 68 ± 3 % at day 7 (p<0.001), while HC spheroids were less viable, reporting a 

percentage of living cells about 80 ± 3 % at day 1, which dramatically decreased to 50 ± 2 % at 

day 7 (p<0.001). 

 

Figure 4.8: HC and Y201-C spheroids metabolic activity via CellTiter-Glo® 3D assay at days 1, 3 
and 7 for both cells type (AύΦ /Ŝƭƭǎ Ǿƛŀōƛƭƛǘȅ ǇŜǊŎŜƴǘŀƎŜ ƻōǘŀƛƴŜŘ ōȅ /Ŝƭƭ¢ƻȄϰ DǊŜŜƴ !ǎǎŀȅ όB). 
Statistics: **** p<0.0001, *** p<0.001. 

 

4.3.4 Analysis on spheroids apoptosis and necrosis 

Analyses of ultrathin sections were performed with TEM to estimate the preservation of cells 

ultrastructure within the spheroids over culture (Figure 4.9). At day 2 of incubation, in both 

HC (Figure 4.9A-C) and (Figure 4.9G-I) spheroids, cells were closely contacting and tightly 

packed with a well-developed intracellular structure, retaining cells their nuclei (N), 

mitochondria and endoplasmic reticula (ER) both in the spheroids core (Figure 4.9A,B,G,H) 

and in the peripheral regions (Figure 4.9C,I). Interestingly, lots of dividing cells were observed 

at day 2 in the Y201-C samples (Figure 4.9H,I). However, after 7 days, cells degeneration within 

the spheroids was observed with convolution of cellular surface, nuclear fragmentation, and 

chromatin clumping (red arrows) and the presence of vacuoles (purple arrows). This 

phenomenon was much more evident in the HC spheroids (Figure 4.9D-F) compared to the 
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Y201-Chondro (Figure 4.9J-L). Furthermore, signs of ECM accumulation were observed at this 

stage in core of spheroids (Figure 4.9D,E,J,K).  

Figure 4.9: TEM images of changes to cellular ultrastructure during spheroids maturation in 
vitro at day 2 and day 7 for HC (A-F) and Y201-C (G-L) in the core (A,B,D,E,G,H,J,K) and in the 
peripheral zone (C,F,I,L); specific organelles are reported: nuclei (N), mitochondria (M) and 
endoplasmic reticula (ER) and cellular degeneration in form of chromatin clumping and 
nuclear fragmentation (red arrow) and vacuolisation (purple arrow).  

To quantify the necrotic and apoptotic cells within spheroids over culture, a real-time 

Apoptosis and necrosis assay was performed, and graphs reported in Figure 4.10. This analysis 

allows to discriminate apoptosis from necrosis, measuring Annexin V binding happening in 

early-stage apoptosis (luminescence) and loss of membrane integrity indicating an apoptotic 

phenotype that leads to secondary necrosis (fluorescence). This assay was performed at early 

stage (day 1 - day 3) resulting in an increase in the apoptosis for both HC and Y201-C (Figure 
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4.10A) over the 72 h of monitoring, reaching a value of around 90 % for HC and 50 % for Y201-

C with respect to the starting time point of analysis (time = 0 h). The assay was repeated at 

late stage (day 5 - day 7) confirming the TEM results, showing a higher increase of apoptosis 

in HC, which reached a value of 150 % compared to a 90 % of Y201-C spheroids. The necrosis 

process instead appeared to be slower with values that did not overpass the 50 % in early-

stage and 60 % in late-stage for both cells (Figure 4.10B). 

Figure 4.10: Apoptosis-Necrosis assessment via Real-time assay at early stage (day 1 - day 3) 
and late stage (day 5 ς day 7) for HC and Y201-C. Graphs for HC and Y201-C at early and late 
stages reporting the apoptosis percentage (A) and the necrosis percentage (B). 

4.3.5 Evaluation of spheroids morphology 

SEM analysis was performed to assess HC and Y201-C spheroids morphology at day 2 (Figure 

4.11A,C) and day 7 (Figure 4.11B,D). At early stage (day 2), spheroids exhibited a very smooth 

surface formed by intimately contacting compact cells. Also, HC spheroid showed to not be 

assembled yet in a 3D sphere (Figure 4.11A), while Y201-C had already formed an organised 

ovoidal shape (Figure 4.11C). After 7 days of culture the morphology of both aggregates 

changed. In fact, HC and Y201-C cells formed a regular round-shaped spheroid and the surface 

appeared to be rougher, with the presence of vesicles and microvilli. Interestingly, at day 7 

the HC spheroids presented cells organising in lacunae (Figure 4.11B insert). 
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Figure 4.11: SEM analysis of HC and Y201-C spheroids at day 2 (A,C) and day 7 (B,D). Inserts 
report a higher magnification on the surface morphology of spheroids. 
 

4.3.6 Chondrosphere formation and maturation assessment 

For the formation of chondrospheres, after 7 days of spheroids culture, multiple trials were 

exploited. The first experiment was based on combining 10 - 15 spheroids to form a 

chondrosphere, suspending cells in DMEM/F12 loaded with 0.25 % MC having as a control the 

suspension of spheroids in DMEM/F12 without the presence of MC (Figure 4.12). Both with 

and without MC, spheroids were not able to agglomerate and fuse after 14 days of culture, 

when seeded in the 24 - well plate. In the trial with DMEM/F12 with MC, spheroids appeared 

totally disrǳǇǘŜŘΣ ǿƘƛƭǎǘ ƛƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ a/Σ ǎǇƘŜǊƻƛŘǎ ŘƛŘƴΩǘ 

agglomerate but remained intact and the only defect present was a hole in their middle, 

probably related to their handling. 
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Figure 4.12: Chondrosphere fusion trial after 21 days of culture in 48-well plate with (A) or 
without (B) the addition of MC. 

The third trial was based on the use of GEL coated PLGA - membrane which allowed spheroids 

fusion (Figure 4.13), as evidenced after 21 days of culture. From day 0 of spheroids seeding 

on the membrane, it was observed the presence of spheroid migration and agglomeration 

ōŜǘǿŜŜƴ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀƴŘ ǿƛǘƘ ǘƘŜ ƳŜƳōǊŀƴŜΣ ŀǎ ǎƘƻǿŜŘ ōȅ ƭƛƎƘǘ ƳƛŎǊƻǎŎƻǇȅ ƛƳŀƎŜǎΦ ¢Ƙƛǎ 

result was confirmed by SEM, where it was visible the fusion of near spheroids and their 

adhesion to the GEL-coated membrane. The membrane appeared covered by a cells sheet 

suggesting that these like the environment and adapting themselves to it. 

Figure 4.13: Chondrosphere formation and maturation after 21 days of culture. Brightfield 
images taken of spheroids seeded on the membrane and some higher magnifications in inserts 
for HC (A) and Y201-C (B). SEM images of chondrosphere after 21 days of culture on PLGA-GEL 
membrane of HC (C) and Y201-C (D). Higher magnification in the areas of interest (1, 2). 
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4.3.7 Chondrogenic potential and neo-cartilaginous tissue production 

As a first step in the evaluation of cartilaginous tissue production, a quantitative assay to 

assess the production of GAGs by cells was performed with Alcian Blue and guanidine-

hydrochloride (Figure 4.14). HC chondrospheres showed a great increase in GAGs produced 

by cells at 21 days (0.30 ± 0.02 µg) compared to day 7 (0.14 ± 0.02 µg) and day 0 (0.09 ± 0.01 

µg) (p<0.0001); cells produced a three-fold enhanced GAGs content with the increase of 

chondrospheres culture time (Figure 4.14A). A similar trend was exhibited by Y201-C 

chondrospheres, with a more gradual increase of GAGs production over culture time: GAGs 

amount doubled in the first 7 days of chondrosphere culture, from 0.09 ± 0.01 µg at day 0 to 

0.20 ± 0.02 µg at day 7 (p<0.001), reaching a value around 0.25 ± 0.01 µg (p<0.0001) at day 21 

(Figure 4.14B). No statistical differences were observed between GAGs production by HC and 

Y201-C at days 1 and 21, whilst at day 7 Y201-C showed an increased GAGs accumulation 

compared to HC (p<0.01). 

 

 

Figure 4.14: GAGs quantification analysis on HC (A) and Y201-C (B) for the chondrospheres at 
day 0,14 and 21 of culture. Results are normalised to spheroids at day 1. Statistics: **** 
p<0.0001. 

Also, for evaluating the chondrogenic potential, the genes sox9, col2a1, acan were analysed 

with housekeeping gene gapdh. HC chondrospheres showed a 160 ± 60-fold and 220 ± 10-fold 

changes at days 1 and 21 (Figure 4.15A). Y201-C chondrospheres showed a statistically 

different fold change of sox9 expression at day 21 (205 ± 30-fold) compared to day 1 (5 ± 1-

fold) (p<0.0001) (Figure 4.15D). Acan expression of HC was significantly higher at day 21 (1800 

± 300-fold) compared to day 1 (490 ± 400-fold) (p<0.0001) (Figure 4.15B). Same trend was 

observed for Y201-C chondrospheres with a value of 7000 ± 250-fold at day 21 compared to 
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250 ± 200-fold at day 1 (Figure 4.15E). Similarly, the fold increase in col2a1 expression was 

significantly higher at day 21 for both HC and Y201-C chondrospheres, compared to day 1: 

20000 ± 200-fold vs. 60 ± 40-fold for HC (p<0.0001) (Figure 4.15C) and 4.0 ± 0.6-fold vs 2.2 ± 

0.2-fold for Y201-C (p<0.0001) (Figure 4.15F). 

Figure 4.15: RT-qPCR analysis graphs showing the fold-change (2-ɲɲ/ǘ) at days 1 and 21 of 
chondrospheres culture relative to spheroid at day 1: sox9 for HC (A) and Y201-C (D), acan for 
HC (B) and Y201-C (E) and col2a1 for HC (C) and Y201-C (F). Statistics: ****p<0.0001. 

 

4.3.8 Spheroids growth in healthy and OA conditions 

The growth dynamics of HC and Y201-C spheroids in Healthy, LC-OA, and HC-OA environments 

were studied on days 1, 4, and 10.  

Figure 4.16 shows the results for HC: it was visible a progressive decrease in the size of Healthy 

spheroids from day 1 (Figure 4.16A) to day 4 (Figure 4.16B) and, particularly, to day 10 (Figure 

4.16E). On the other side, during the on-set of OA, the growth dynamic of spheroids revealed 

a unique pattern, with spheroids of constant size throughout cultures at low (Figure 4.16C,F) 

and high cytokine concentrations (Figure 4.16D,G). This qualitative assessment was confirmed 

by quantitative analyses of spheroid diameter measurement over culture (Figure 4.16H). 

Healthy HC spheroids showed significant decrease in diameter from 1610 ± 100 µm at day 1 
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to 1450 ± 45 µm at day 4 and to 1050 ± 50 µm at day 10 (p<0.0001). In OA condition, a different 

tendency was detected, with the maintenance of a more constant diameter: LC-OA spheroids 

showed a diameter of 1480 ± 100 µm at day 4 and 1450 ± 50 µm at day 10 whereas HC-OA 

spheroids displayed a diameter of 1505 ± 70 µm at day 4 and 1650±50 µm at day 10. At day 

10 HC spheroids diameter in healthy conditions were statistically different from both LC-OA 

and HC-OA (p<0.0001). 

 

 

Figure 4.16: Spheroids growth. Images of HC spheroids at day 1 (A), day 4 (B-D) and day 10 (E-
G) in Healthy (A,B,E) LC-OA (C,F) and HC-OA (D-G) conditions. Bars: 300 µm. Diameter length 
analysis (H). Statistics: ****p<0.0001. 

Y201-C showed an analogous behaviour, where considerable reduction in the spheroids size 

in healthy conditions, from day 1 (Figure 4.17A) to day 10 (Figure 4.17E), was observed. 

Conversely, LC-OA and HC-OA samples showed the maintenance of a stable diameter over 
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culture (Figure 4.17C,F and Figure 4.17D,G, respectively for LC-OA and HC-OA). Figure 4.17H 

shows the diameter dimensions measurement. Healthy spheroids showed a clear decrease of 

diameter (from 1750 ± 50 µm at day 1 to 1490 ± 70 µm at day 4 and 1200 ± 20 µm at day 10) 

(p<0.0001) compared to LC-OA (1650 ± 55 µm  at day 4 to 1490 ± 70 µm at day 10) and to HC-

OA (1780 ± 100 µm at day 4 and 1850 ± 50 µm at day 10). At day 10 healthy samples showed 

a smaller diameter compared to OA conditions (p<0.0001). 

 

Figure 4.17: Spheroids growth. Images of Y201-C spheroids at day 1 (A), day 4 (B-D) and day 
10 (E-G) in Healthy (A,B,E) LC-OA (C,F) and HC-OA (D-G) conditions. Bars: 300 µm. Diameter 
length analysis (H). Statistics: ****p<0.0001. 

 

4.3.9 Cell metabolic activity, proliferation, and apoptotic tendency during OA progress 

MTS assay was used to determine the mitochondrial activity of cells within spheroids of HC 

(Figure 4.18A) and Y201-C (Figure 4.18B). The metabolic activity of HC spheroids decreased 












































































































































































































































