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ABSTRACT

Osteoarthritis (OA) is a multifactorial disease characterised by the whole joint degeneration.
The low availability, reproducibility, and reliability of eastggein vitro disease models are
currently limiting research into novel treatments. The aimla§tPhD project was to develop

newin vitromodels and evaluate their effectiveness.

Firstly, a scaffoldree spheroidsbased model of Articular Cartilage (AC) was developed, taking
inspiration from the clinically approved Chondrosphere® technique. Thi®agh utilised a
bankable cell type (immortalised mesenchymal stem cells differentiated in chondrocytes
(Y201C)) and produced a standardisable and reproducibldik&Cconstruct, showing high
expression of chondrogenic markers and AC matrix productpopBmising a cocktail of pro
inflammatory mediators (Interleukimi > ¢ - §ROUKBCYIFAYy TFSI Gdz2NBa
at earlymedium disease stage could be introduced. The obtainadgtro OA model was used

as platform for evaluating a novel microRiNAsed polyplex treatment, showing potential for

further therapeutics testing.

The main limitation of scaffolffee models is to adequately recapitulate the heterogeneous
composition and high level of AC zonal organisation, and the influence of subchbodeal

(SB) in OA pathogenesis. Therefore, the second part of this PhD was focused on the design,
manufacturing, and optimisation of a foapnes osteochondral model by combining multiple
manufacturing techniques (electrospinning, bioprinting, soft lithodgmapand fusion
deposition modelling); different materials (natuslahsed hydrogels for the AC side aad
thermo-plastic polymer for the SB side) and two cells type (Y201 for SB aneCY20AC).

The physicechemical properties and biological performancdseach 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 productiddso, 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 humatro models
closely mmicking AC with characteristic pathological features of estdge OA. These models
provide novel insights to inform future production of reliable and scalable humantro

models for testing novel OA treatments.
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hedgehog (Shh); winglesgppe MMTYV integration site family (Wnt); insuline growth factor
(IGF); Indian hedgehog (Ihh); parathyroidmone-related protein (PTHrP); cartilagkerived
retinoic acidsensitive protein (CIRAP); matrix metalloprotease (MMP). Readapted from Gao
et al.(Gao et al., 2017)

Figure 2.3:Representation of the two main elements of AC. Example of a PG, the aggreca
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 protef).(Example of Coll Il composed of triple helixes

2 F-chhins, each made of HB.YPRO aminoacid sequencé.(

Figure 2.4 Zonal representation of AGH&E staining of longitudinal cross sections of
decellularized cartilage. Bar=100um\).( Schematic representation of AC chondrocyte
morphology and orientation, Coll Il organisation and proteoglycans distributionnatie
superficial layer (SL), Middle layer (ML) and deep layer (DL) of AC BgsReddapted from
Bautista et al(Bautista et al., 2016)

Figure 2.5Stressrelaxation test. Curves showing the displacementiuse and the resulting

stress vstime (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 drate 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 [B3dRreadapted from Mente

et al.(Mente & Levis, 1989)

Figure 2.6:Classification of OA severity according th grading score: Grade | (doubtful),
Grade Il (Mild), Grade Il (Moderate) and Grade IV (Severe). Readapted from Kellgren et al.
(Kellgren & Lawrence, 1956)

Figure 2.7Crosssection of the articular surfaagf a diarthrodial joint illustrating histologically

the main structural elements, including the AC, tidemark, calcified cartilage, and subchondral
cortical and trabecular bone in healthy statd) (and pathological state, characterized by
fissuring and fragnentation 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 eBjlag
Readapted from MartePelletier et al(Martel-Pelletier et al., 2016)

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 meadhani
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forces and other factors {2). These molecules could bind specific receptors of synovium cells
and chondrocytes, stimulating the production of pgrdlammatory mediators (3}),
responsible for chondrocytes enhanced catabolic activity of and inhibafiots biosynthetic
activity, as well as for the activation of osteoclast activity mediated by osteoblast
degeneration (55). All these events lead to the ECM degradation (7).

Figure 2.9Proteolytic cleavage sites within the aggrecan core protein ihyA@QDAMTS4/5

(A), calpain (C); HtrAl (H), MMPs (Mj). (Cleavage site for Coll Il in AC by MMPs B8)1) (
Factors regulating expression and activity of collagenases (MMPs) and aggrecanases
(ADAMTS) in OA; the expression and activity of MMPs and ADAMMbe samulated (green)

or inhibited (red) by several intaelated mechanisms: inflammatory cytokines, via Histone
deacetylases (HDAC), induce-hB-dependant expression bfypoxiainducible factof2 HIF

H 1), resulting in increased expression of MM#Psl 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, allowdagmn 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 a, bkeh act as a transducer

of protective mechanical sigis 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 ADAMTSS inhilgor (

Figure 2.10:Scheme of the Chondrosphere® (CO.DON, AG)nigue: (1) chondrocytes
harvesting, (2) preparation of cells spheroids and suspension in isotonic sodium chloride
solution, (3) injection in the cartilaginous defect @@0 spheroids per ciwithin a syringe
Arthroscopic view after transplantatiomto an AC defect. [courtesy of Dr. Schreyer,ev.
Elisabethenstift Hospital,Darmstadt,GE]

Figure 2.11MicroRNA biology and function: MicroRNA is transcribed in the nucleus to either
pri-miRNA or premiRNA. The pr@RNA is then transported to the cytoplasmhere it is
further cleaved to generate mature miRNA. MiRNA binds to its target mMRNAs 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. ViiiBINA and mRNA
complement one other nearly perfectly, the mRNA is destroyed.

Figure 2.2: Scaffoldfree approaches for obtaining vitromodels: cell sheet engineering)(
aggregateengineering B) and seHassembling@.

Figure 2.13:Representation of electrospinning process and Taylor cd¥e $chematic
illustration of the effect of the concentration, flow rate, and voltage on electrosprayed/
electrospun nano/microstructures]. Electrospinning process for the obtainment of Random
(using a plate collector) or aligned (using a rolling collector) fibers. Bars=10 pm.

Figure 2.14.Schematic illustration of the procedures for obtaining a patterned polymer by
starting from a positive substrate via PDMS via soft lithography techniqueesieed pattern

is designed with a computaided 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 auiting agent, is poured onto
the micropatterned master substrate and thermally cured4)2 the PDMS pattern is
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transferred back into a replica of the original master by solidifying a liquid prepolymer such as
U\-curable or thermally curable hydrogels presor, against the soft PDMS mouldg)b

Figure 2.15Bioprinting fabrication technique. lllustration of bioprinting technique and bioinks
formulation, which has cells as mandatogngponent and materials as optional elemeAy
Modalities of bioprintirg processes: extrusidoased bioprinting, lasesssisted bioprinting,
ink-jet bioprinting @); 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 stabilit§)(

Chapter 3:

Figure 3.1Schematic representation of the GGMA synthesis process.
Figure 3.2Schematic representation of the CSDP synthesis process.

Figure 3.3:Picture of a cylindrical hydrogel sample (@&&GEL) during unconfined
compression test performed with a mechanical testing machine (EZ SX, Shimadzu), cell load
20 N.

Chapter 4:

Figure 4.1:Scheme of the manufacturing and characterisation process: fr(ih:cell

expansion (HC, Y201, Y201 TC28a2) and their-saispension in cell culture media supplied

with MC (0.25 % w/v)2) formation of spheroids (2 x 2@ells per spheroid) in a roundtiom

96-well plate, their culture for 7 days and characterisation (Growth kinetics analysis,
Live/Dead, CellTitelb f 21 0532 / Sf f ¢ 2 E»GlobBdsdy nd SENB)@saehblw S| f ¢ A Y
of spheroids on aGELcoated PLGA electrospun membrane (10 spheroid @® of

membrane) and their characterisation over 21 days of culture (Imaging, SEM, GAGs
quantification and RGPCR).

Figure 4.2Scheme explaining how the RealTime apoptosis and necrosis assay works. Healthy
cells give a negative signal, cells in eapgposis 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].

Figure 4.3:Manufacturing process of the OA in vitro model: HC and ¥2@gllssxpansion

(1), Spheroids culture and characterisation in a round bottorw®8 plate for 10 days (2)

with the addition of IL6, I-1R, TN LINPAY FE I YYI G2NBE YSRALFG2NA |0
(3), Chondrospheres culture and characterisation for Hert 11 days on aEkcoated
electrospun PLGA membrane (4).

Figure 44 Pictures taken from the bottom of the round bottomed -9&ll plate. Each well
contains 2x10Y201C cells per spheroids, cultured in DMEM/F12 media supplemented with
0.25% MC. Picture taken after 24 h of spheroids cultuke The arrow igointing the
spheroids on a microscope slid® (

Figure 45: Manufacturing of spheroids with four differérell types: TC28a2, Y201, HC, Y201

/| ® {OKSYS 2F GUKS ALKSNRARQa TFT2NXIFGA2Y |yl feaAa
(A). Phase contrast brightfield images of spheroids after 72 hours with TCBgaz201 ©),

HC D) and Y204 g). Scheme of th cell type used for the experiments: code, name of the

cells and result of the trial of spheroids formation in 72 ho#js (
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Figure 46: HC and Y20C spheroids pictures taken at day 1, dagnd day7. Bars:100 um

(A). Graphs reporting the changespheroids diameter and area at the respective time points
for HC and Y20C ). Analysis of the circularity and roundness for HC and ~&2@.
Statistics: **** p<0.0001.

Figure 47: HC and Y20C spheroids Live/Dead assay at day 1,3agd day7, forHC A) and
Y201C B). Bars:100um. Calcein stains live cells (green) and Ethidium Bromide (EthBr) stains
dead cells (red).

Figure 48: HC and Y20C spheroids metabolic activity via CellH&pb® 3D assay at day 1,
day 3 and day 7 for both cellstyp&®)(/ St f & @Al oAt AG& LISNOSydGl 3s
Assay B). Statistics: **** p<0.0001, *** p<0.005.

Figure 49: TEM images of changes to cellular ultrastructure during spheroids maturation in
vitro at day 2 and day 7 for H&-P and Y204 GL) inthe core A,B,D,E,G,H,J)l&and in the
peripheral zone @,F,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 410: ApoptosisNecrosisassessment via Retiine assay at early stage (day day 3)
and late stage (day &day 7) for HC and Y2@L Graphs for HC and Y201at early and late
stages reporting the apoptosis percentadg &nd the necrosis percentagB)(

Figure 411: SEM anaisis of HC and Y2l spheroids at day 2(Q and day 78,D. Inserts
report a higher magnification on the surface morphology of spheroids.

Figure 412: Chondrosphere fusion trial after 21 days of culture inwil plate with @) or
without (B) the addiion of MC.

FHgure 4.13:Chondrospherdormation 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 Y204C B). SEM images of chondrosphere after 21 days of culture on-BEEA
membraneof HC ¢) and Y201C(D). Higher magnification in the areas of interest (1, 2).

Figure 4.8: GAGs quantification analysis on W 4nd Y204C ) for the chondrospheres at
day 0,14 and 21 of culture. Results are normalised to spheroids at day 1. $tatistic
p<0.0001.

Figure 4.5: RFqPCR analysis graphs showing the-fifldnge (2 "} 4t day 1 and day 21 of
chondrospheres culture relative to spheroid at day 1: SOX9 foAH&h({ Y204C D), ACAN
for HC B) and Y204 E) and COL2A1 for HQ @ndY201C §). Statistics: ****p<0.0001.

Figure 4.16Spheroids growth. Images of HC spheroids at day,déy 4 B-D) and day 10
G) in Healthy A,B,B LCOA C,F and HEOA D-G) conditions. Bars: 300 um. Diameter length
analysisk). Statistics: ****p<0.0001.

Figure 4.17Spheroids growth. Images of Y2Ql1spheroids at day A), day 4 B-D) and day
10 EG) in Healthy A,B,B LCOA C,F and HEOA D-G) conditions. Bars: 300 um. Diameter
length analysisH). Statistics: ****p<0.0001.

Figure 4.18HC A) and Y204C B) cells metabolic activity evaluated with MTS assay at day 1,
day 4 and day 10 of spheroids culture in Healttt§yODA andHGOA. Statistics: **p<0.05 and
*p<0.01.

XV



Figure 4.19Analysis upon cells proliferation at day 1 and day 21 in HedltBA and HOA
conditions by staining of ¥7 (green) proliferation marker; cells nuclei are counterstained
with DAPI (blue), for H@)and Y204C g). Bars:150 pm.

Figure 4.20:Evaluation of HC and Y2(Qlcells nuclei (stained with DAPI) organisaaod
morphology at 21 days in Healthy,-D& and H@A conditions 63x magnification. Bap§}
pm.

Figure 4.21Gene expression of anabolic markers viagRTR analysis for HC and ¥-201old
change of SOX@(B), COL2A1Q,0 and ACANE,F in Healthy, LEOA and HEA conditions.
Statistics: **** p<0.0001, **p<0.01, p<0.05.

Figure 4.22:Gene expression of catabolic markers viagRTR analysis for HC and ¥201
fold change of MMP13X;B), ADAMTS (C,D in Healthy, LOA and HOAconditions. Report
of the COL2A1/COL1A2 ration for HCand Y204C §) 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 HCA) and Y204C B) samples in Hdthy, LEOA and H@A condition at days
1land 21.Bars =150Y &

Figure 4.241HC on cryosection of H&,B) and Y204C C,D in Healthy, LOA and HOA
conditions: Coll Il (AlexaFluor59Red) A,Q and ACAN (Fluorescei@reen) B,D). Nuclei are
counterstained (DAPL f dzSuv® . I NB ' mpn >Yo

Chapter5:

Figure5.1: Manufacturing process of PLLA/EeMS, via an Oil/Water emulsion process (1
4), followed by freezairying (5) and plasma treatment (6), to activate the surface of the MS

(7).

Figure5.2: Manufacturing process of the PLLA/MS loaded i©Aitro model: Y20i1C cells

SELJ yaAz2y owotor€and chiaStétiBatioR @ a roudd bottom-9&ll plate for 10

days (2) with the addition of 48 IL-1R, TNP LINEAYFELFYYFO2NE YSR)
Chondrospheres culture and characterisation for further 11 days®@Elzoated electrospun

PLGA membrane (4)

Figure5.3: Manufacturing of the CH/miRNA polyplexes, starting from CH (5, 10, 15, 20, 100,
HPpNZ PpPANI HAAN-1403x(I0[uM). Représentationvds the cellular uptake of
the positively charged polyplexes, through the negatively charged cehlsbmane.

Figure5.4: SEM images of the obtained PLLA/MS at different magnificatiddsx, 426 x, 862

x and 2700 XA) and analysis of the percentage of the microspheres with a diameter in the
ranges: @; 10, 10¢ 20, 20¢ 30, 30¢ 40, 40¢ 50, 50¢ 60,60¢ 70, > 70 um. Analysis performed
from 3 images from each batch of MB.(

Figure5.5: Image of the round bottom 96 mudivell plate and the obtained spheroids after
48 h of culture in DMEM/F12 with 0.25 % MC. Ratios of Y2(QMS exploited: 1:0, 1:1;12
3:1and 1:2.

Figure5.6: 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 spheroidsA), analysis of the average atneter in each condition Bj,
morphometric analysis of spheroids roundness and circulaily Arrows pointing at the
inhomogeneous surface of the MSspheroids ink).

Figure5.7: Analysis of cells viability via staining of all cells nuclei with HOEBGHE) and
dead cells with propidium iodide (PI) (red). Arrows pointing at the MS. Bars = 108)um (
Metabolic activity evaluation for Y26Q@ B). The conditions exploited were CHRLMSH,
CTRYIP, MSP. Statistics: ****p<0.0001.

Figure5.8: TEM analysis performed for CHiRland MSH at day 7. Images taken at the
peripheral region of the spheroidéB,E,Fand in the middle of the spheroi€(DQG,H.

Figure5.9: RTqPCR results showing the fold changs@t9(A), col2al(B), acan(Q, mmpl3
(D) andadamts5 (E) at day 21, with respect of day 1. Conditions analysed: -ElTd&id CTRL
P, Y204C without the MS and without the bioreactor stimulatiodiSH and MSP, Y204C
with the MS and without the bioreactor stimulation; EMPand EX¥P, Y201C with the MS
and with the bioreactor stimulation. Statistics: ****p<0.0001.

Figure 510: DNJ LIK & NI LINBS gotenfial and Size (diktGbution of the difrent
polyplexes at 0, 5, 10, 15, 20, 199, 250, 500, 2000 pg/mL of CH.

Figure5.11: Cell viability performed at 24 and 48 hours using CH at 3 different concentrations
6n >3AkY[ X p >3IKY[ X FYR Hpn >3AKY[ 0P Ilddead f dzS
cells (EthBrom)A). Cells metabolic activity assessment at day 1 and day 2 in the same three
conditions B). Statistics: ***p<0.001

Figure5.12: Immunostaining images of CH/miR0 polyplexes at 24 and 48 hours. The images
shown are a merge of DAFPhalloidin Rhodamine (PhallRhod) and labelled mirna (mirFl).
Images are taken at 20 x at 24 and 48 h for the three conditiyyan(l at 20 x and 40 x at 48

h for the CH250ug/mL condition.

Figure5.13: Gene RTPCR analysis to evaluate the expressiosoa®(A), acan(B), col2al

(O, mmp13(D) andadamts5 (B, for assessing the therapeutic treatment of CH/miRNA based
polyplexes in an O vitro model, compared to OA conditions and healthy conditiorse

fold change at day 10 with respect to day 1 is reported in the graphs. A graph reporting the
col2al/collaZatio is reported as well@). Statistics: *p<0.05, ***p<0.001, ****p<0.0001.

Figure 6.14 Histological analysis of cryosections of HC spheratiditay 1 and at day 10 in
healthy, OA and OA+polyplexes conditions. H&E staining of cells nuclei and cytoplsm (
Picrosirius red staining of collagegHi), Alcian blue staining of GAG4.),

Chapter®6:

Figure6.1: Scheme of the manufacturing process for the zonal model: (1) manufacturing of SB
via FDM of PLA with Rokit INVIVO bioprirfex 6 x 1 mm)(2) DL manufacturing, based on
GG3, via softithography, with PDMS mouldin@ x 6 x 3 mm)(3) combination of SBnd DL
constructs during UV exposure(4) bioprinting of Y20Gloaded GG2VMH bioink for the
obtainment of the ML(6 x 6 x 2 mm)(5) electrospinning of PCL/GEL membranes and seeding
with Y201C for the manufacturing of the $6 x 6 mm;) (6) combinatiorof SL and ML; (7)
formation of the zonal construct by merging theL construct with the SBL construct, via
CSDP hydrogel loaded with Y20lnd seeding of the SB with Y201.
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Figure6.2 Chemical characterisation of GG and GGMA.-RTR spectra of lowacyl GG and
GGMA freezalried samplegA); NMR graph of GG before and after the methacrylation,
relative to the’*C CPYH MAS and 2BH-*3C heteronuclear correlation spectra with relattd
and 13C projections B); XPS data relevant to Cls curve fittiond<GG and GGMA samples,
whose attributions and atomic percentages were reported @ble6.5 (O.

Figure 6.3 Analysis ofGelation time for GG2, GG3 and GIdR hydrogels with Photo
crosslinking or a combination of lonical and Photosslinking: Tube inverted vial test at O
minutes @,B), 3 C,D and 10 minutesKE,B.

Figure6.4: Water Uptake study of GG2, GG3 and @42 at dfferent time points up to 48
hours (insert: zoom on the first 8h of uptake).

Figure 6.5. Morphological analysis of GG2, GG3 and -GBG2 hydrogels. SEM images
representing crossection microstructure of: GG2 at 39%) @nd 1@ x(B); GG2MH at 35x )
and 100 x (B) and (C,D) GGMKH hydrogels at magnifications 35x (A,C) an@ £@B,D).

. FNBRTpnn >YT 090 5A&0NROGdzGAZY |yl fcmpha 2YZ(OKS

150cH nn >YS BHAn >Y T2 N-Mbigey). 66t 010 FyR DDa!

Figure6.6: Unconfined ompression test of GGMA | 8 SR K& RNR3ISt ad 9ELI YLI S

AOGNIAY 050 OdzNBBS& FT2NJ DDH 00 f A)GG3H MNBG L2 AY (A

MHQ ® wSLR2NI 2F GKS | 2dzy 3 QdH Sttt 0B F 2 NJ DDH =

Figure6.7: Rreological analysis of GG2, GMBI and GG3 hydrogels. Strain sweep test at 37
c/ &aK2gAy3a {(i2NIr3IS O6DQO YR [2&4a O0D&-PO%W 2RdzZ A
(A); Complex modulus (G*) as a function of the strain-@0%) B); Temperature seep test

in the temperaturerange 29 n ¢/ | yR NBO2NR 2F DQ I \0; D¢

AY
WSLIR2 NI 2F DfF 0 w: a0NFAYIZ LI NByild omaoz2anri

Figure6.8: Chemical characterisation of CS and CSDRATR spectra of CS powder and
freezedried CSDP samplés); NMR graph of CS and CSBP XPS data relevant to C1s and
N1s curve fittings of CS, DP and CSDP saniples (

Figure6.9: Physicechemical characterisation of CSDP10 and CSB}R#20gels: SEM images

of the freezedried hydrogels. Bars= 500 und) (Water Uptake study of at different time
points up to 48 hoursB); Unconfined compression test of CSDP hydrogels: example of
AaNBaao 0 Qa@ AGNIAYy o650 Odz2NBSa

Figure 6.10 Imagesof the 3Dprinted PLA grid for the SB manufacturing, at different
magnifications.

Figure6.11: Assessment of the functionalisation effect on the PLA structure. SEM analysis on
PLA to assess the morphology befofeB) and after the functionalisation witbOPAC,D,

with DOPA and GEL (1%w/v) via padypamine coatingE,§ and with GEL (1% w/v) and nHA
(5% wi/w) via poydopamine coating (arrows pointing at the nHA deposi&H. Bar= 100 pm
(A,C,E,6 and 500 pum B,D,F,Bl Magnification: 35x A,C,E, arnd 10 x (B,D,F,H
Representative microCT images of all the 3D printed scaffoldéupctionalisation () and
postfunctionalisation with DOPA)( DOPA/GEIKY and DOPA/GEL/nHB).(All thescaffolds

are 13 x 13 x 1 mm. Table reporting the total porogly in the four conditions\).
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Figure 6.12: Y201s viability on PLA 3D printed scaffolds. Live/Dead viability assessment
(calceinstaining live cells in green and Ethidium Bromide staining dead cells in red) at day 3
on PLA/DOPAA] and PLA/GEB), and at day 3@ and day 7[@) on PLA/GEL/nHA. Number

of metabolically active cells at day 1, day 7 and day 21 on PLA/GEL and PUAAGEL/n
evaluated with MTT assal)( Statistics: ****p<0.0001.

Figure6.13: Cells distribution and morphology on PLA/GEL/nHA scaffold. Immunostaining of
cells cytoskeleton (PhalloidinRhodamine) and Nuclei (DAPI) on PLA/GEL/nHA a&)dayd3 (
day 7 B): arrows indicate mitosis. Bars= 1(dn. SEM images after 1 day of cells seeding at
250 x(©) and 150 x(D).

Figure6.14: Gene RT{PCR and Western Blot analyses to evaluated respectively genes and
proteins expression for assessing the ability of nHA funchmsizon to promote Y201s
osteogenic differentiation onto PLA/GEL/nHA scaffolds, compared to bare PLA/GEL. Relative
expression ofunx2 (A), alpl (B) andsparc(C) by Y201s via RJPCR at day 1 and day 21 of
culture. Proteins densitometric quantificatiorxgressed as intensity normalised to GAPDH at

day 1, 7, 14 and 21, for RUNX®, (ALP active peptide 200KEx&nd ONFK). Western blotting
membrane of Y201s at days 1, 7, 14 and 21 incubated with ALP, RUNX2, ON and GAPDH
antibodies Q). Statistics: *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.

Figure6.15: Immunofluorescence images of Osteonectin staining (red) and cells nuclei (blue)
on PLA/GELA(Q and PLA/GEL/nHR-f) scaffolds at day 21 of culture. Bars= 100.

Figure 6.16: Analysisof mineralisation on PLA scaffolds with (PLA/GEL/nHA) and without
(PLA/GEL) the presence of nHA: Images at dayB, day 7 C,D and day 21K,H. Higher
magnification in the inserts. Bars= 2 mm. Quantification of Alizarin Red at days 1, 7 &)d 21 (

Figure6.17: Gene RTPCR 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 (SiBl) the presence of cytokines. Relative gene expresdiama2(A), collla2

(B), sppl (O andvegf (D) at day 1, day 14 and 21 in-8Band SB® conditions. Proteins
densitometric quantification expressed as faldange at days 7, 14 and 21 with respect of day

1 for RANKLEH and OPGH. Western blotting memtane incubated for RANKL, OPG and
GAPDH atdays 1, 7, 14 and 21 iHS#hd SB? samples@). Statistics: *p<0.05, **p<0.01, ***
p<0.001 and **** p<0.0001.

Figure6.18: Alizarin red analysis at days 1, 7, 14 and 21 v{ $Bd SH> samples, both
qualitative (A-F and qualitative G). Higher magnification in the inserts. Bars= 2 mm.

Figure6.19: Manufacturing process of DL: PLA master fabrication via FDM (1), PDMS molding
(2) and the obtained finale GG3 construct, to be filled with CSDP andCri20the holes (3).

Figure6.20 Viability of Y202€ embedded within Demulating hydrogel. Live/Dead viability
assessment at day 1 and day 7: live cells are stained in ghe@®rafd dead cells are stained
in red B,D. Histogram of cell viability obtained by MTS assay at days 1, 3 &hdStatistics:
*** p<0.001.

Figure6.21: DAPI/Phalloidin staining at day A) (and day 7H), with a focus on the x,z axys,
to observe the cd$ organisation through the channels of GGB SEM images at day 1: 50 x
(D), 250x (B) and 250 ().
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Figure 6.22: Assessment of DL in OA {BL and healthy (DH) conditions.
Immunofluorescence staining for ACAN (green) and COLLX (red) at dayslif@anidlzH and
DL-P: cell nuclei were counterstained with DAR). (Scale bar: 100 um. Graph showing the
percentage of ACAN and COLLX positive cells with respect to the nBrleGAGsS
quantification at day 1, 14 and 21 in-BlLand DP samples: acellul&GCSDP15 background
was subtracted and data were extrapolated from a standard curve.

Figure6.23: Stress relaxation curves obtained for DL construct at dad) arfd at day 14 in
healthy @) and pathological (arrow pointing at the breakage poir@) ¢orditions. Table
NBELRZ2NIAY3I F2NJ SIFOK alyYLXtS GKS tSFH]1 ,J)addy3IQa
GKS LR2NRSEFaAlGARO NBEFEIGAZY GAYS o.

Figure6.24: Morphological analysis of cells within the-Bland DP constructs, after 21 days
of culture.

Figure6.25: Bioprinting procedure for GG2 and GM# for manufacturing AC ML: scheme of
the bioprinting process with encapsulated Y20&nd the optimised printing parameters for
the Rokit INVIVO bioprinteA]. Images of the obtained GG2 and G@Z constructs: a four
layers grid (left) and a Hayers construct obtained with G@2H selected bioink at different
magnifications (right).

Figure6.26: Zoom in on the filament extruded before being deposited on the printing bed for
GG2 A) and GG2VIH 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 @&GMeéxtruded
filaments; (G,K) GFP images of GGMA and GMMAXxtruded filaments.

Figure6.27: Assessment of cellgability within the bioprinted GG2A(B) and GG2MH (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
qguantified with Image J software, from the obtained imagés Evaluation of the number of
metabolically active cells, via MTS asgayStatistics: ****p<0.0001, ***p<0.001.

Figure6.28: Immunostaining of cells nuclei (blue, DAPI) and cytoskeleton (red, PhRhod): 2D
images at days 1, 3 and 7 for GG2 (A,C,E) and\&G@B,D,F); 3D view at day 7 for GG2 (G)
andGG2al o061 0® . I NAI' mMmnn >Yo

Figure6.29: SEM analysis of GG B) and GG2MH (C,D hydrogels after 21 days of culture
at 20 x(A,Q and 400 x(B,D.

Figure6.30: Histological analysis of cryosections of GG2 and-KBBat day 1 and at day 21
in healthy (GGH and GG®) and OA conditions (G&2H-H and GGMH-P). H&E staining
of cells nuclei and cytoplasni-f), Picrosirius red staining of collage@l), Alcianblue
staining of GAGM-RO @ . | NAT mMpn >Y®

Figure6.31: GAGs quantification for GG&)(and GG2VIH (B) at days 1, 7 and 21 in healthy
and OA conditions.

Figure6.32: Gene RTYPCR analysis to evaluated the expressiosax®(A,B), acan(C,D,
col2al(E,B, mmpl3(G,H andadamts5 (l,J), for assessing the pathological features of GG2
and GG2MH construct in presence (G&2and GGR2H-P) and absence of cytokines (G&2
and GG2VIH-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 ABAMTSG2MH-H and GGMH-P
after 21 days of culture with respect to GG2J) and GG K). In the dotted rectagles are
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put the results which led to the selection of GGIH instead of GG2 for the zonal model
manufacturing. Statistics: ****p<0.0001.

Figure6.33: Immunohistochemistry analysis of fixed tissue sections: of ABAINand Coll I
(G, for GG2 and GGZH at day 1 and day 21 in healthy (M. and pathological conditions
MLt 0P bdzOf SA 6SNB O2dzy i SNARGIFIAYSR 6AGK 5! tLd

Figure6.34: FTIRATR spectra of electrospun PCL and PCL/GEL memBAjaral(table of the
typical PCL peaks and correspondivayelength B).

Figure6.35: Electrospun membranes random-CA and aligned @B). Magnifications: 5000 x
(A,D), 6000 xB,Band 9000 xG,mM ® . I NB I wmMn >YO

Figure6.36: Cells viability onto PCL/GRlandom and PCL/GBligned membranes at days 1
and 3of Y201C culture, evaluated via Live/Dead assay. Live cells are stained in green (calcein)
and dead cells in Red (EthBromide).

Figure6.37: Cells distribution and morphology onto PCL/&&ndom A,C,E,and PCL/GEL
Aligned B,D,F,Hl membranes at day 7.mimunostaining of cells nuclei (DAPK,B)
cytoskeleton (PhalloidinRhodaming},D, Ki67 E,F and merged staining&(H. Bars= 150
>Yd

Figure6.38: Number of metabolically active cells at days 1, 3 and 7 onto PGR&telom and
PCL/GERligned, evaluad with MTT assay. Statistics: ****p<0.0001.

Figure6.39: Histological analysis of cryosections of SL at day-#, &id SIP at day 21. H&E
staining of cells nuclei and cytoplas&-@), Picrosirius red staining of collagdK), Alcian
blue staining of BGs G).

Figure6.40 Gene RTPCR analysis to evaluate the expressiosoax®(A), acan(B), col2al

(O, colla2(D), mmpl3(E) and adamts5 (F), for assessing the pathological features of SL in
absence (SH) or presence (SB) 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 fordSEL

P (). Statistics****p<0.0001, **p<0.01.

Figure6.41: Immunohistochemistry analysis of fixed tissue sections: of CAHl)Jland ACAN
(FR) for SL at day 1 and-BlLand SIP at day 21. Nuclei were counterstained with DAPI. Bar=
MHpPp >YO

Figure6.42: Immunofluorescence analysis of Coll Il and DAPI on fixed membranes for SL at
daylAQandSIHOPandSIPGIO i RI&@ HmM® . NI wmpn >YO

Figure6.43: Morphological analysis of Y2@l onto the PCL/GEL membranes at dag,B)(
and at day 21, in SH (CD) and SIP E,F. Magnifications: 400 »A(B,D,, 750 x Q) and 1000
XQO®d . FNAT Hn >Yo

Figure6.44: Obtained zonal construct, cultured in the 12 well plate with inseXjs lfnage of
the model on a glass slidB)(and a zoom(@).

Figure 6.45. Assessm@t 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 MTBO(® . I NI wMpn >Y®
****p <0.0001.
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Figure6.46: Cells distribution and morphology within the zonal model at dag-E)(and day
7 (G-D). Staining of cells nuclei with DAPI and cytoskeleton with Phalloidin Rhodamine. Bars=
Mpn >Yo®

Figure6.47: Histological analysis of zonal constracyosections at day 21 in health4)(and
pathological B) conditions. H&E staining of cells nuclei and cytoplasm, Picrosirius red staining
2F O2tftl3ASy YR ''tOAlLY o6fdzS adlrAyAy3a 2F D! Dao

Figure6.48: Morphological analysis of the obtained construct at day 1: total constrigt (
zoom on different part of the construct: $IL interface B), ML-DL interface @, SL D),
morphology of the membrane and Y2@lon it (insert)).

Figure6.49: Morphologicalanalysis of the obtained construct at day 21 in healthy conditions:
total construct A); zoom on different part of the construct: R),(ML:-DL interface@, SBD),
SEML interface ).

Figure6.50: Morphological analysis of the obtained construct ay@4 in OA conditions: total
construct A); zoom on different part of the construct: -BAL interface B), SL¢ red arrows
pointing at the apoptotic bodie<), DL D) and SH).
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Chapter 1lintroduction

Articular Cartilage (AC) is an avasctiksue witha heterogeneous composition with a high
level of organisationwhichmakesit difficult for it to be repaired wherdamaged(Mescher,
2016) Among different forrs of joint diseases, the progressive degeneration ofdd€ to
osteoarthritis (OA) is the most commgnith a global prevalence in the hgs 0.8% and knee
of 3.8% (Versus Arthritis, 2021)n the UKover 8.75 million peopleaged 45 and ovehave
sought OA treatmenfArthritis Research UK, 2011)

The main methodologies involved in OA treatment adendnpharmacological (e.g., physical
therapy) and pharmacological (e.g., nsteroidal antiinflammatory drugs) for mild to
moderate degenerative joint diseases with the aim of reducing pain, ainds(rgical
operations (e.g.joint replacementbone marrow stimulation techniques and osteochondral
plugs),which arevery successfuh reducing pain and increasing mobil{jiford & Cole2005;
GlynJones et al., 2015)n the last decadeegenerative medicine techniques have incredis
popularity(Kloppenburg & Berenbaum, 202@ne of these strategies is autologous chondrocyte
implantation (ACI), firstly used in humans in 198ithwhe pilot study published in 1994 and
over 35,000 patients had been treated worldwide by 2010 for cartilage deféatsoiry et al.,
2019; Ogura et al., 2017; Harris et al., 2010)

ACI has gone througseveralevolutions, and the most recent @ £ £t SR / K2 (6R NP2 a L.
Spherox), considered thé"4generation ACI, that has been approved and recommended by

the National Institute forHealth andCare and Excellence (NICiB)treat symptomatic AC

defects for up tol0 cn? (Armoiry et al., 2019; Cummins et al., 201Wis approach is based

on the use of different doses of spheroids of human autologous chondrocytes and their
transplantation into the AC defedDavies & Kuiper, 2019; Cummins et al., 201Xthoudn
Chondrosphere® has been clinically approved, it is expemsthea cost of£10,000per

patient per therapy and this technique is not promoted as an OA treatr(®mhoiry et al.,

2019)

OAdisease pathogenesis is due to a joint action of physiemical and mechanical factors,
where the progressive breakdown of AC and underlying subchondral bone (SB) are the main
pathological features of OfGlynJones et al., 2015However there are $ill uncertainties

about a longterm surgical treatment for OA joints, mainly because of the lack of knowledge

about the OA evolution process and its internal mechani@vtesch et al., 2016)
1



In this context, egineered AGn vitro models are ideal candidates for-depth research into

the physiology, biology, and progression of OA disorders. This is driving research into early
stage disease causess a key element for exploring, designing, and testing new therapeutic
treatments inreliable and predictive mode(€raig |. Johnson et al., 2016; Grenier et al., 2014)
The benefits of usinigp vitromodels are their easy manipulation, the importance of the ethical
philosophy of refining, reducing, and replacing the use of animashbnd S NOK 6éowQa
(European Parliament, 201,Ghe low reliability of animal studies when translated to human,

and the high costs ah vivostudies(Peric et al., 2015)

Traditional 2D monolayer culture systems lack the ability to replicatesfiatial organisation
and celfcell interaction found in the native AC. To obtain a functionalikeCtissuein vitro,
capable of reliably recreating the mechanicampositionaland structuralpropertiesof AC,
it is necessary to design a 3D envirompeable to support and stimulate the growth,
organization and activity of the celiiluso et al., 2019)Several works involving the
manufacture ofin vitro AC construct can be found in literature, atttese canmainly be

categorisedasscaffoldfree and scaffolebased approaches.

Scaffoldfree approachesim to produce tissues by mimicking developmental processes
where 3D cell aggregate cultuseare techniques which enables cell communications, by
recapitulating the conditions of AC delopment (DuRaine et al., 2015; Sun et al., 2022)
Numerous effortshave beenmade to identify novel cell sources. Since chondrocytes are
already committed to cartilage development, most research groups focused on their use.
However obtaining autologos chondrocytes might result in donsite morbidity and cell de
differentiation during 2D growth. Therefore, mesenchymal stromal cells (MSCs), such as those
obtained from bone marrow, provide amlternative cell source, reducing donesite
morbidity. MSCsan be grown in monolayer culture and conditioned with certain growth
factors (GFs)(e.g., transforming growth factdveta (TGF)) in vitro to differentiate into

chondrocytelike cellgBrodkin & Garc, 2004)

Scaffoldbased approachesombine chondrogenic cells with biomaterialgand sveral
biomaterials able to influence cell fate towarBB£M productiorhave beerexplored, mainly
naturatbased hydrogels due to their similarity to AC E@kiento et al., 20181utmacher,
2006; Ngadimin et al., 2021$caffold based approacheanalsoincorporate GFs téurther

influence cell fate towardananabolic metabolisniKwon et al., 2019)

LIN.



Despite the numerous efforts made in AC tissue engineering to identify novel cell sources,
biomaterials and signalling factors, most reseahas focused on the manufacturing of a
homogeneousn vitro construct able to mimic the overall bulk properties tife 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 elegls on its deptkdependent structure

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

In the last years, an emergent approach, based on the manufaofukC zonaéngineeredn

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 anin vitro construct representative ofmature cartilage with respecto: zonal
organisation (superficial, middle, deep layer a8, biochemical composition (decreasing
collagen Il and increasing proteoglycans content from the surface to the deep zone), cellular
morphology (flatten in the superficial layer, rounded anddamly distributed in the middle

fIr @SN IYR LAfSR dzLJ Ay GKS RSSLI tI@SNbL |YyR
with the depth from 0.1 MPa to 8.0 MPd&esearcherbave reported themanufactureof a
partial and total zonaéngineered construgtinvestigating the cells source, th@umber,or

the ECM composition. However, to date relatively few studies have attempted to successfully
engineer reliable and reproducible zonalvitro constructs with a structure and composition
mimicking that of he native tissugRen et al., 2016a; Brown et al., 2020a; Gegg & Yang, 2020;
Owida et al., 2018)

Furthermore,to study the OA pathophysiologthree mechanisms to induce the pathology
and monitor its progression withiim vitro AC models have been explored:) chemical
induction, using a variety of pamflammatory mediators to simulate the ECM degradation
seen in human OA2) mechanical induction, via injurious (i.e. biopsy punch and scalpel) or
excessive and hyperphysiologicmechanical loads to AC constructed (3) biological
induction, using osteoarthritic cel(&renier et al., 2014; Yeung et al., 2019; Bartolotti et al.,
2021; Salgado et al., 202To date, no studies performed on healthy and pathological 3D

zonalin vitro AC models aresportedin literature.



1.1 Aim, rationale, and objectives

This thesis aimed to develop and evaluate scalable process to pradwiteo healthy and
pathological models representative of AC tissteebe used aglatforms for testing novel
therapeutics treatmentsTo this goal, two strategies were explored: a scaffodd approach
using multicellular spheroids and a biomatetialsed zonal approach, byimcking the

depth-dependent AC features.

Rationale Although significant progregswere recentlymade in OA research, very little is yet
known about the molecular mechanisms of OA initiation and progression. In addition, current
OA treatments present several drawbacksg., high costs, formation of transienthbiio-
cartilaginous tissue and only symptomatic pain relief. Therefore, a better understanding of the
OA pathophysiological mechanisms within relialite vitro models will accelerate the
development of novel efficient and affordable therapeutic strategiesda.These developed
strategies are expected to significantly advance the biomedical field, contributing to the
definition of new platformsn vitro, which could answer to the specific need of researchers,

patients,surgeonsand medical doctors.

Hypothesis The hypothesibehindthis research is that engineereal 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 theative AC tissue compkity, more value the

model will acquireTo test this hypothesis, the following objectives were considered:

1 Objective 1. To develop a scaffdlge in vitro spheroidsbased AC model, taking
inspiration from the clinically approved Chondrosphere® techniduwe using a
bankable cell type. Cells viability, gene expression of chondrogenic markers and AC
ECM productionvere assessed within this model.

1 Objective 2: To use the scaffeficce model to study the OA eset and development
in vitro, by optimising apro-inflammatory mediator¢ based chemical strategy and
evaluating their effect on cells anabolic and catabolic activity.

1 Objective3: To use the obtaine®A scaffoledree modelas platform for evaluating
novel advanced therapeutic treatmentmicroRNAbasedpolyplex treatment and a
magnetic fieldbased bioreactor stimulatianThis element of the research was

performed in collaboration with thé&niversitat Politecnica de Valéncia
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1 Objective 4. Design, manufactey and optimisation of a fouzone in vitro
osteochondrakonalmodelreproducing the hierarchical structure of the native tissue,
by combining multiple manufacturing techniqyedifferent materials andtwo cell
types.

1 Objective5: Analysis of the obtainedonstruct in terms of cell behaviour, matrix

composition and organisation in healthy and pathological conditions.

1.2 Thesis structure

Thestructure ofthis PhD thesisonsists okevenchapters as follows:

Chapter 1provides an overview of theesearch field, the rationale of this research together
with the aim and objectives of this worlerein it will be explained the structure of the thesis

with a brief overview of each chapt@@ontent.

Chapter Zocusen the literature review of the fadamental concepts of the thesis, including
an introduction on theAC tissugits degeneration irDAand the relative disease therapeutic
treatment strategies exploited. Then, there are reported the rationale ofirA@tro tissue
modelling and the requim@ents 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 zeeabineered AC model.

Chapter 3contans all the materials and general methodologies involved in the work
performed in ths PhDproject. Themanufacturing 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 4focuseson the manufacturing of aspheroidbased scaffoldree in vitro model of
AC in line with a clinical approved technique (Chorghtzere® (CO.DON AGThis obtained
model will be used to study the OA pregsion by optimising a novel strategy based on a

cytokinesbased chemical induction

Chapter 5 is centred on the assessment of microRAiged and magnetitield bioreactor
based strategies within the scaffeftee in vitro model, as potential novel strategies for OA

therapeutic treatment.



Chapter6 focuseson the design,manufacturingand characterisatiomf the zonal model of

AC in healthy and pathological condition. At first instance, it was studiedlageirsingulary

in terms of cells and materials choice, manufacturing technique optimisation, pRysico
chemicalproperties,and cells behaviour. Then, the single zones were assembled as whole

zonal modeland cells viability and quality of the tissue produced were aggess

Chapter 7 provides an overall discussion and the impact of the obtained results on the fields
of ACin vitromodel studies and OA research, as well as slimmigation of the current project

andrecommendations for future studies.



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 resilientrpperties, thus reducing friction and preventing damagdg et al.,

2017)
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Figure 2.10verview of the cartilage distribution within the human body.(There are three
types of cartilage distributed in many areas of the skeleton: hyakmglage B), fibrocartilage
(O, and elastic cartilagBj. Readapted fromMescher et al(Mescher, 2016)

The only cells found in cartilage are chondrocytes (from the gobekdros cartilage and

kytos cell) and their precursors, chondroblasts (blagerm) which are embedded in an
extensive extracellular matrix (ECM) composed of fibres and ground substance. Chondrocytes
YIE1S dzlJ 4O0Stf ySadtazé 3IANRdz2IE 2F OK2yRNRO?
responsible for the secretion and maintenance of théMg whose main components are
collagen (Cdl, mainly type Il, 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, extig variations in ECM compositioadapted to



local biomechanical needs: hyalirfedure 2.1B fibro- (Figure 2.1¢and elasticKigure 2.1
cartilage(Bhosale & Richardson, 2008)

The hyaline cartilage, (i.e. found in the nasal septum, at the efitie @ibs, 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 gredhkyalos glass)when fresh and it is composed of type Il collagen
fibers (Coll I)and chondromucoprotei. 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 ahthe tissues it supports. It is populated by spinslteped cells which

can differentiate into chondroblastghat will eventually develop into chondrocytes The

hyaline cartilage found lining bones in joints is called articular cartilage FAQ)d 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 fibersthat are organised in an orderly maer, oriented in the direction of functional
stresses. This type of cartilage does not have a perichondrmsnit usually represents a
transitional layer between hyaline cartilage and tendons or ligaments. It is primarily composed
of type | collagen(Col I) and the chondrocytes are surrounded by BCM which helps

differentiate fibrocartilage from dense connective tisskég(re 2.1

Finally, the elastic cartilage (i.e. found in the walls of the external auditory canals and larynx)
is composed of a tleadlike network of elastic fibefsvhere chondrocytes are dispersed. It
provides strength and elasticity, antl maintains the shape of certain structure. Elastic
cartilage is similar to hyaline cartilagmut contains elastic bundles (elastin), in adufitto Coll

Il fibers, scattered throughout the matrix and possesses a perichondritigure 2.1

(Bhosale & Richardson, 2008)

2.1.1 Articular Cartilage formation

Chondrogenesis is a waichestrated process mediated by interactions betwessailular
receptors, growth factors (GFs), and surrounding matrix proteins. ECM enzymes, lead to the
activation of cell signalling pathways and gene expression in a termppatiblspecific
manner Figure 2.2 (Zhu, Gong, Lui, et al., 201Qartilage deves from a common precursor

tissue, the embryonic mesenchyme.



The first step of the chondrogenesis is the condensation and mitotic proliferatidnSas
YSRAFGSR 6@ LI NIYONRYS FFOG2NA adzOK |a& TAONEP
by MSCs differentiation, characterised by ttedlsrounding up by retractingtheir extensions,

their rapid multiplying, andthe cellular condensations. Then, the aggregated cells start to
produce ECM, mainly CglColl laand fibronectin. In this phasé is possible to refer to MSCs

as chondroprogenitor cells, that is a population of stem/progenitor ceipable 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 factorsox9, which is critical for chondrocyte differentiation and functi@-igure

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

Following the strong interaction with the ECM, chondroprogenitors differentiate in
chondroblasts. These cells possess a ribosaoe basophilic cytoplasm and thereby
condensations of these celigve rise to a tissue, mainly composeddail Ib, Col X, aggrecan

and Cartilage Oligomeric Protein (COMP). Together saut cells expressox5and so)6,
whose cooperate wittsox9to implement the chondrocyte differentiation prograitiu &
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 instle it. The matrix enclosed compartmentéierethey 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 clusted akfls Figure
2.2B.

During late maturation, chondrocytes size increases, becoming hypertrophic and they secrete
Col X.Following the onset of hypertrophy, chondrocytes direct mineralization and vascular
invasion, mediated by Vascular endothelial growfictor (VEGF). On vascularization,
osteoblasts are transported by blood vessels into the cartilage, producing bone matrix using
the residual cartilage template as a scaffoléigure 2.2 Concomitantly, hypertrophic
chondrocytes undergo programmed celladle and are replaced by the bone mat(i@ao et

al., 2017) Other chondrogenesis markers, mediating the process from early stage to the
terminal differentiation are shown irFigure 2.2and 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 MBCs (
differentiation and maturation B); terminal differentiation of chondrocytes towards
hypertrophic phenotype @. Abbreviations: bone morphogenetic protein (BMP); sonic
hedgehog (Shh); winglesgpe MMTYV integration site family (Wnt); insuline growth farct
(IGF); Indian hedgehog (Ihh); parathyroid hormoekated protein (PTHrP); cartilagkerived
retinoic acidsensitive protein (CIRAP); matrix metalloprotease (MMMeadapted from Gao

et al (Gao et al., 2017)

2.1.2 Composition, structure, analtrastructure

ACis an avascular, aneural and alymphatic tissue with a very poor regenerative potential once
reaching maturityfBuckwalter, 1998)its oxygen and nutrients supply are provided by synovial
fluid, which by itself lacks of oxygen. Therefoh&€ environment is low in oxygen, ranging from

7 % to 1% startingfrom the surface towards the interface with the bone. Indeed,
chondrocytes cells have a specific and adapted response to low oxygen envirofiaiemit,
2010) Recent studies have reported that hypoxia enhances chondrogenic differentiation of
MSCs (in compaon to control cultures at ambient oxygen tension) and promote tissue
function, by upregulating expression of main AC genes expression in chondr@biugshy

et al., 2009) Chondrocytegl ¢ 5 % of the total AC volume) vary in size, shape, number and
gene expression profile, based on the anatomical zones of thewdtheiraverage density

is about 1x 10* cells/mn? (Alford & Cole, 2005Chondrocytes are surrounded by an hydrated
ECM of collagen fibers and proteoglycéR&s)Figure 2.3, as well as glycoprotein and other

10



molecules which all together are responsible for the maintainance of the AC tissue

homeostasisTable 2.} (Guilak et al., 2006; Zhang et al., 2009; Sophia Fox et al., 2009a)

A B

v
Core protein
Triple helix
KS
a-chain
S A4 S
HA - ’i",‘. o ".1'4 ke
\ |
Link protein HYP-GLY-PRO

Figure 2.3 Representation of the two main elements &C Example of a PG, the aggrecan,
made of aHAcore with side PG chains made of KS and CS attached to a protein core, which is
non covalently binded to HA via a link protef).(Example of Coll Il composed of keipelixes

2 F-chhins, each made of HYAR.YPRO aminoacid sequencé.(

1 Proteglycans

PGs (1810% Dry Weight (DW)) consist of a protein core¥d0f Molecular Weight (MW)) to

which one or more polysaccharide linear chains, called glycosaminoglycans)((G8% of

MW), are covalently attache(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 categoriseflve 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 prorastthe retention of water which gives compressive
strenght to the relative tissue. Aggrecan is the main PG which populates the6A% (3 Wet
Weight (WW)). It is composed of a core protein upon which are anchorated highly charges
GAG chains (CS and Ki8) & forms aPGbig aggregate by binding to a HA backbone through

the link protein Figure 2.3A OtherPGswithin AC are biglycan, decorin and fibromodulin,
which have as well arole in the AC ECM assembly, together with collagen, during development

and repair.
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1 Collagen

Collagens (606 DW) are the major type of insoluble fibrous proteins of most tiSHESH.
Collagera i NHzO G dzNB O 2 y & A & dchahFwhishkaneIv@inditdgetherlids tripieh R A O
KStAE o6& Ke&RNR-&hsiyis roatle/ dk anvinoaSid $@Guentes which corisist
glycinerepeatedin every third unit (GR¢Y). The aminoacid compositioof polypeptide
chains is primarily glycine and proline, with hydroxyproline providing stability via hydrogen
bonds along the molecule length. Approximately@2®f collagen amino acids are iminoacids,
prolyne and glycine (HYEBLYPRO) Kigure 2.3B (Shoulders & Raines, 2009\lthough the
predominant AC collagen &oll 11(>70%) and forms the primary component of the macro
fibrillary framework, there aralso presenbther types of collagen fibres (Col VI, 1X, X, and XI)
(Buckwalter & Mankin, 198. With maturation, thecontentof Coll lincreases from 7% in fetal

cartilage to 9%% in adult cartilagéZhang et al., 2009)

1 Other molecules

The remaining AC component is water and small amounts of molecules (inorganic salts as
NaCl C&| KCJ non-collagenous proteins, glycoproteins and lipifidy 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 pgecehfprotein.
Examples of glycoprotein are Laminin and Fibronectin. Especially the latter plays a main role
F2NJ OStt | G0l OKY Sy iduetiozhe préséneedf Aagly-&sp (RGI) Kirfts. h
Other non collagenous proteins affer instance COMP, matrilinl and matrilin3 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 areasf the body(high or low loaebearing), there are differences

in thicknesgHunziker et al., 2002AC is divided into threeftirent main zones, differing for

their ECM composition, its organisation, cells morphology, shape and size, mechanical
properties, and metabolic propertied=igure 2.4. All these characteristics determine the
complex zonal structure. And each zone playhfferent role in contributing to the functional
properties ofAC(Bautista et al., 2016)n Table2.1 are reported the main characteristic of

each layer.
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Figure 2.4 Zonal representation of AGH&E staining of longitudinal cross sections of
decellularized cartilage. Bar=100umh\).( Schematic representation of AC chondrocyte
morphology and orientationColl Il organisation and proteoglycans distribution within the
superficial layer (SL), Middle layer (ML) and deep layer (DL) of AC Bsdreaflapted from
Bautista et al(Bautista et al., 2016)

ZONE ECM CELLS BIOMECHANIC: REF.
1 HighestColl Il Highest tensile
SUPERFICy ~ amount Flatand | girenght(tm:
SE— (86%DW) parallel 8.3+3.7MPj (Li et al., 2017;
Thickness: Lowest PGamount
1 ' Nb: 1424 | CM: 1.2+0.2MP4 Saarakkala et al.,
(15%DW) - 2004)
10-20% 1 High HO x1 Low frictional
cells/mm?

(84%WW) coefficient
1 Parallel Coll Il fiber;

Rounded
1 Medium amount of | and
MIDDLE
Coll Il and PGs randomly | superficial shea| (Dimaraki et al.,
Thickness: 3 '(\)Agl‘?'eratec"fﬁl dispersed| and compressiv§ 2021a; Brown et
Ique Lo : roperties al., 2020b
40-60% fibers Nb: 918 | PIOP )
x 1C¢
cells/mn?
1 Lowest amount of Compressive
R .
DEEP Coll Il (6”6DW) qund'ed stiffness(CM: :
. ellipsoid 7 8+1.4 (Zelinka & Kandel,
Thickness: | T g{%‘e“ PGs (Z |, BLAMPA) | 5010 Brittberg et
) al., 1994)
2030% | Low HO (4660% columns T™M: 4.1+
WW) 1.9MPa
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1 Perpendicular Coll | Np:7-9 x
Il fibers 108

cells/mm?

Table 21: The zonal function and zonal properties and compositioA®in superficial zone,
middle zone and deep zonmfo on Compressive modulus (CM) and Tensile Modulus (TM) of
each zone.

The superficial zone (1% - 20 % of the total AC thickness) contains the highest density of
collagen within the tissue with a low PGs and higiter content. Here, the collagen fibres
(mostly type Il and type IX collagen) are the thinnest and most densely packed to form an
oriented lamna 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

and oriented parallel to the surface and the direction of shear stf@ssnn etal., 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,esist shear during articulation, and adjust fluid
permeability (fundamental for nutrients transport to the underlying zor(@$lang et al., 2009;
Khrishnan et al., 2003; Buckley et al., 2008)reover the integrity of this layer is imperative

in the praection and maintenance of deeper layers: in fabe disruption of this zone altar

the mechanical properties of the AC anthus, contributes to the development of
Osteoarthritis (OAJNg et al., 2017)

The middle zone (4%- 60 % of the total AC tickness) has 50 % more PGs content ané620
less collagen content compared to the upper layer. It contains thicker collagen fibrils with an
oblique orientation and randomly distributedChen et al., 2006; Roughley, 2001)
Chondrocytes content is lower in this zone and they appear spherical, embedded in abundant
ECM of collagen and P@3uinn et al., 2005)Functionally, the middle zone is the first line of

resistance to compressive forc€Sophia Fox et al., 2009)

The deep zone (2Q 30% of the AC) is composed by large chondrocytes surroundedoyl a

VI containing pericellular matrix, which together with the chondrocyte is knowrcheradron

In this zone, the vertically oriented thidollagenfibres run paralleto 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 beethought to provide the greatest resistance to
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compressive forces imposed by articulation, due to the high amount of{Rgst al., 2017)
Thecollagenfibers in this layer have the function of strenghten the bond between cartilage
and bone. The number of chondrocytes in this zone is the lowestaltshre arranged in a
perpendicular manner in the same direction as tidlagenfibres and they appeaiothave a
rounded-elongated morphologyQuinn et al., 2005)Cells withirthe deep zone of A@re 10-

fold more synthetially active compared to the other layers.

Also, below these three layers, there is the calcified zamgch is a mineralized layer@250

pum) 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 ang thus
showing a very low metabolic activity. The chondrocytes ia #one express hypertrophic
phenotype and they synthesize Col X, responsible for providing important structural integrity
and provide a shock absorber along with t88(Armiento et al., 2018; Sophia Fox et al.,
2009a; Kalamegam et al., 2018)

2.1.3Interaction between articular cartilage and subchondral bone

Located below the calcified cartilage there is the SB, which, together with the AC forms the
osteochondral uni{Gobbi et al., 2021)The SBossesses an organic and an inorganic phase
and it has multiple functionsTable 22). This tissués organised in two zones:

1 Subchondral bone plate, which is similar to the cortical bdiris 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, stragplied andveight.

1 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 netwaqrkvhich is adapted tothe local
mechanical influences through the remodelling activity of osteoblasts and osteoclasts,
the two-celltype populating the bone.

SB has the role of supporting the AC by absorbing 38 the joint load (compared to thed

% absorbed by AC). Indeed, it has a great shbslorbing 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 degeneratibturray et al., 2016)In addition tobeing 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 signaiblecules and nutrients to
reach the deep layers of cartilage accounting for about the 50 % of the glucose, oxygen and
water required from AQGobbi et al.,, 2021)SB is populated by MSCs with multipotent
potential, that can migrate towards the AC ie setting of osteochondral injuriego
contribute to the formation of fibrous repaiMadry et al., 2017)The overall structure of the
osteochondral unit with its multiple layers enables the transmission and distribution of the

forcesnecessary fortte mechanical adaptation to the joifitepage et al., 2019)

PHASE COMPONENTS FUNCTION REF.
Organic | Collagenmainly Type I) Tensile strength (Luo & Amromanoh,
2021)
PGs Compressive strenght

Non-collagenous matrix
protein (Osteocalcin and
Osteonectin)

Promote mineralisation
and bone formation

Support bone cell
differentiation, growth
and turnover

DC& FyR O8iiz
IGF, It1, 1:6,BMPS)

Inorganic| § Calcium hydroxyapatite (Luo & Wu, 2020)
1 Osteocalcium Compressive strenght

phosphate

Table 22: Subchondral bone: components and their function.

2.2 Biomechanics of Articular Cartilage

As anticipated, the main role of AC is to provide a-fdation, wearresistance surface able

to withstand large loads over decadéy facilitating load support and transfer while allowing

translation and rotation between bones. Each articulating joint, based on the body location
experiencs a different force exertedd.g.,the force exerted on the rkee, hip,ankle,and

aK2dz RSNJ I NBE NBALISOIAPSEEe odpX odoX HPp YR ™
characteristics, together with the biochemical propertiptay an important role in the joint
performances and any change in these could catically alter the loading profile, beginning

a degradation process which could end in a total loss of the tissue5 Q[ A Yl SG | ®X HAawm

& Lewis, 1989)
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Being a fluisaturated, fibefreinforced, porous, permeabjeomposite matrix, AC possesses
unique static and dynamic mechanical properti@uckwalter, 1998) The perception of
mechanical stress within cartilaginous tissues at cellular level is an important modulator of
chondrocyte function and their sensing wfechanical forces leads to deep changes in the
health and normal function of the join{Guilak, 200Q) These are generally mechano
electrochemical events that, coordinate with other environmentadymonal, and genetic

FIL OG2NARZ NXB3Idz | abSic a0tkig e KahtGbditd © thé ECKISriaintenance
(Mow et al., 198Q)

PGs are mainly responsible for the AC static stiffa@sss even important for the dynamic
functional properties of cartilagewhile the tensile resilience and strength of chatje is
imparted primarily by the network da€oll Iifibres(Darling et al., 2009; Lee et al., 201XK)link
between the fluid, PGs antbllagenis established through the permeability of the cartilage
matrix. The total fluid content in cartilage is controlled by the swelling pressduesto the

high density of fixed charges of the sulphated GAGs of PGs that draw water into cartilage
resultingin high osmotic pressure, which is restrained by the collagen fibres network, thus
giving rise to the compressive behaviour of cartilage. The packing and orientatofiagfen

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

both being factors which influence the permeabil{Bederico & Herzog, 2008) compression

test is a suitable method for determining thehaviourof cartilage under a compressive load

and it is used to evaluate the compressive d G A O |, 2dzy3Qa Y2 Rdz dza X
stiffness. It was reported that the compressive modulus increased neafgl@#rom the
superficial zone (79 * 39 kPa) to the deepest zone (2.10 + 2.69 MPa). The compressive
properties of AC vary along the dépof the tissue and is primarily related to the differences

in the fluid flow in each zongMuzzarelli et al., 2012)

When tissue is loaded in compression, about%0of the water is expelled, resulting in
potential fluid sheasstress at or near the delar 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 afhear forces that act on the cell through mecharensduction
(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 interactigview et al., 198Q)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 thanksdonhination between

the elasticity of the solid matrix and the absorption of the surrounding fluid. This behaviour of
AC can be determined by stremdaxation test, where a known strain is applied on the
unloaded sampleRigure 2.5. During the applicatin of the strain slope there is a large rise of
stress; infact, the largest lateral deformation occurs, stressing tt@lagenfibrils in their
tensile direction, exhibiting straidependent stiffening until the point of peak stress where
0KS LIS Jmodulgsdi id €@k&ulated; from this point, the relaxation behaviour at the
fixed strain value reached, startsi et al., 2003)This phase mainly results from the AC ECM
permeability, believed to be dependent on the PG and fluid confistaw et al.,1980) As the

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

slow relaxation process of fluid redistribution within the matrix till the equilibrium, where the
SljdzA £ A 0 NA dzY |, 3 defihnddaghe StifinRsszof thed cartil®@ye 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 increasecartilage thickness and PGs production.
However, when the load is excessive it becomes hybssiological and could have adverse

effect on chondrocytes behavio(Klein et al., 2007)
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Figure 2.5Stressrelaxation test. Curves showing the displacementime and the resulting
stress vstime (A). Relative explanation of the dynamic process highlighting the function of
aggrecan in AC: proteoglycan aggregates are entrappedllagenrfibrils. In the relaxed state

the aggregates swell until swellinghalance by tensile forces in trellagenfibrils. Under
compression, water is displaced and the GAGs chains are brought into closer proximity, so
increasing their swelling potential and balancing the applied [@)dReadapted fronMente

et al.(Mente & Lewis, 1989)

2.3 Articular Cartilage degeneration in Osteoarthritis

AC damages are caused by several conditions and disesisgs as traumatic injuries,
infections, and arthritis. Among 200 different forms of existing arthritis (inflammatic) ¢f

the joints @rthr)), the progressive degeneration of AC dueais the most common and
chronic form of joint disease in the Western World nowad#&ieogi, 2013) This is a
degenerative disease of the whole joint (AC, SB and synovium), chisadtdy the

progressiveACdegradation, thickening of the SB and its growth within the joio$s and
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pathological changes of the synovial tissue, which lead to significant joint pain, swelling and
stiffness for people affecte(GlynJones et al., 2015QIso, OA is one of the top five causes of
disability amongst notmospitalised adults (Arthritis Reseh UK,

www.arthritisresearchuk.orgyand the economic burden of this disease for the society is great

(Lutz et al., 2008)1t is reported that one third of people over 45 years in UK are affected by
OAin 2021, for a total of over 8.5 million people, with a prevalence of knee an(Meifsus
Arthritis, 2021) The total annual National Health Serviegpensegelated to arthritis and
musculoskeletal conditions in England is roughly £5 billion, anditihation is only likely to
worsen inthe 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, affting 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 predmsition, lifestyle, because people doing physical activity

regularly reduces risk of hip and knee OA pain B(Bhang Y and Jordan M, 2010)

Several methods of assessing the severity of i@Aerms 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 scalecdf With a score of 2 or greater corresponding to
significant OA Figure 2.9. This classification was accepted in 1961 by World Health
Organisationasthe radiological definition of OA for the purpose of epidemiological studies

(Kellgren & Lawrence, 1956)
1 Grade 0 (none)absence of Xay changes ocDA
1 Grade 1 (doubtful) minimum disruption, doubtful joint space narrowing and possible

osteophytic lipping(prominent osteochondral nodules); there is already %0 of

cartilage loss.

1 Grade 2(minimal). definite osteophytes and possible joint space narrowing; cartilage

starts to break down.

1 Grade 3 (moderate)moderate multiple osteophytes, definite narrowing of joint space
and some sclerosis and possible deformity of bone ends; gaps iragart&n expand

until they reach the bone.
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1 Grade 4 (severe)arge osteophytes, great narrowing of joint space, severe sclerosis,

and definite deformity of bone ends; loss of &Jof cartilage.

= Ot [ IO

DOUBTFUL MILD MODERATE SEVERE

Figure 2.6:Classification of OA severity according th ¢rading score: Grade | (doubtful),
Grade Il (Mild), Grade Il (Moderate) and Grade IV (Sevesa)dapted from Kellgren et al.
(Kellgren & Lawrence, 1956)

2.3.1 Osteoarthritis features

1'3S NBfIFGSR Q@SN IFyR (S NDI lte@& Biofriedtdnioad G S & O
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 diseagZhang Y and Jordan ®010; Mobasheri et al., 2014Under

normal conditionsthe 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

homeostasigGoldring & Marcu2009)

It is generally believed that degeneration of cartilagering OA is characterized by two
phases(1)a biosynthetic phase (anaboligoathway which requires energy to build up large
molecules from smaller one) during which the chondrocytes, agteto repair the damaged

ECM to maintain the AC structure and function, hyper proliferating, increasing their metabolic
activity and clustering in the region of the dama(fd,degradative phase (cataboligpathway

which releases energy and is used todkdown 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 acceleraikkiraju & Nohe, 2015fFigure 2.7. At early

OAstages, the wrface 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 anmedigs the
osteochondral junction, vascular elements from the marrow space penetrateStand
calcified cartilaggMartel-Pelletier et al., 2016)With the progression of OA, chondrocytes
phenotype also changes from maturation state to hypertrophy (as anticipatéture 2.2.
Eventually, they can be seen to undergo apoptotic lbkswvever,the exactmechanism of

changefrom healthy to OA is stipoorly understoodTio et al., 2022)

A

Chondrocytes ——

AC

AC

Surface fibrillation and
fessuring
Chondrocytes clusters

Hypertrophic chondrocytes

Tidemark Tidemark duplication

sB_c SB'C

Vascular invasion
SB-T

Figure 2.7Crosssection 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 statd) (and pathological ste, 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 vascularaswn of the bone and calcified cartilagg(
Readapted fronMartel-Pelletier et al(Martel-Pelletier et al., 2016)

2.3.2. Osteoarthritis: its pathophysiology

For a long time, OA was considered a#oyf Ff | YY I 12NB RA&SIF &S -0KIFQ

andi SI N | YR | 0y plowkverf in theSastkdecydit, Oetaime prominent the
belief that inflammation not only exists in most OA patients, but also actively contributes to
the disease's progressioAlthough there are a lot ofincertainties upon whether synovial
inflammation is the cause or the effect of OA, it is well recognised that OA is afacidtiial
diseasgLattermann, 2022; Glydones et al., 2015)

In the Figure 2.8is reported a schematic overview of the procesdbat 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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inflammation in tissues surrounding the joint or in the joint it§gHn den Bosch, 2019)hese

events lead to a release AICECM fragments which comprise alarmins@amage Associated
Molecular Patterns, DAMPSyhich are endogenous molecules released upon cell stress or
non-programmed cell death. Here, it starts tBgnovial inflammation: alarmins binds pattern
recognition receptors (PRR) in chondrocytes (cartilagdgynovial 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 Tlidé receptors (TLRs) and especialll)RZ and TLH,

which have been shown to bind a multitude of ECM degiate enzymes such as low
molecular weight hyaluronan, tenascin C, fibronectin, biglycan and agg(dtfta et al.,

2016) The activated synovial cells start to produce rflammatory cytokines (mainly
interleukin (1LY, I:mi X GdzY2dzNJ ySONBEAFKEXDODRI KNIDE ¢ IRGF F
chondrocytes and osteoblasté/ithin chondrocytes thencreaseof inflammatory medi#ors

results in: shifting the otherwise tightly controlled anabolic/catabolic cartilage homeostasis
toward a more catabolic stajéy stimulating the production of degradative enzymes such as
metalloproteases (MMP) and a disintegrin and metalloproteinasth whrombospondin

motifs (ADAMTS) and inhibiting the expressionGdil Iland PGs, via multiple signaling
pathways such asllF,Nuclear factor kappa BNES ), MitogentActivation Protein Kinase
(MAPK)(Akkiraju & Nohe, 2015; Bennett et al., 2018)n the other side, it is reported that
inflammatory cytokines such as these pnflammatory cytokines may play critical roles in
osteoclast formation, which are multinucleated giant cells involved in bone absorption, by
promoting receptor activatoof NF¢ . £ A 3 Yy R 0 w! by dsfedblast NG Rstz® (i A 2 y
(bone marrow stromal celldMSCB and/or mature osteoblasts, which is the key osteoclastic
cytokine; and/or by upregulating the receptor RANK on osteoclast precursors, thus increasing
their sensitvity 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 resorptigMaruotti et al., 2017; Papadaki et al., 2019;

Weitzmann, 2013)h & (i S 2 @Qdtivation r@silts in an imbalance of osteoblast/osteoclasts
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activity resulting in elevated bone loss resorption within t88 as well as production of

catabolic factors including cathepsin K and MMPTI&t et al., 2009)
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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 €2). These molecules could bind specific receptors of synoeells

and chondrocytes, stimulating the production of grdlammatory mediators (31),
responsible for chondrocytes enhanced catabolic activity of and inhibition of its biosynthetic
activity, as well as for the activation of osteoclast activity mediatey osteoblast
degeneration (56). All these events lead to the ECM degradation (7).

Therefore, the synthesis of catabolic degradative enzigusely involved in the breakdown

of the AC.GAGs loss;ollagenbreakdown 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 restairig the cycldOkamura et al., 2015; Mart&elletier 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 imityyninflammation, and
haematopoiesis. A growing attention was directed towards the special role of the cytokine
network in the OA disease pathogenesi®ir role is to influence the catabolic and anabolic
processes, which are vital in tissues often sabf@ high mechanical load, such as human
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joints. As aforementionedhecause oflisrupting the said balancé) presence of cytokines
there is a progressive degeneration of AC and consequent development of a positive feedback

loop process which lead to aaglual loss of joint functions and pai@oldring, 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 classifiegroito
inflammatory and antinflammatory cytokines. The pathophysiological degeneratdbi©A

joint is largely mediated bpro-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 ohg@gnd apoptosis of
chondrocytes, a decreased synthesis of the key components of AGAGE@#II as an increased
synthesis and release of many proteolytic enzymes responsible for AC destruction, which
include MMPs and ADAMTS. They impact via intracelhatdnways of signal transduction on

the production of cytokines as well as other inflammatory compounds, fegkcals,and
enzymes, thus demonstrating an autocrine, paracrine, andpselfelling effect on the

inflammation proces$Goldring, 2000a)

I, IL6 and TNF are the main pro-inflammatory cytokines involved in OA
pathophysiology. Besides,-15, 1:17, 1:18, [l:21, Leukaemia Inhibitory Factor (LiF) and
chemokines are also implicateddble 23) (Blom et al., 2007; Kapoor et al., 2010Onthe

other side antiinflammatory 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 synshesihibited apoptosis of
chondrocytes, decreased synthesis and secretion of metalloproteinases, and decreased level
of prostaglandine2(PGE2 Also, the action of aninflammatory cytokines is mainly
performed relating to cells stimulated by inflammatocytokines, whereas no significant
differences are noted in the metabolism of cells not subject to such stimulation. However, the
effect of anttinflammatory cytokines is not sufficient to stop the disease progression, by
blocking the promotion of the cabmlic pathway. An example of aatiflammatory cytokines

is 1:10 (Wojdasiewicz et al., 2014)

CYTOKINE CHARACTERISTICS
High in OA synovium, AC and SB
IL-18 Decrease of PGs synthesis in chondrocytes
Induces the production of 1&, NO and PGE2 aiMMPs release
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Induces chondrocytes apoptosis

High in OA synovium, AC and SB

¢ b ch | Suppress synthesis of glycoproteins &wll llin chondrocytes
Induces production of 16, PGE2 and MMPs release
Induces chondrocytes apoptosis

HighinOAJr GASYy(GaQ aeyz2@0Aalf FfdzAR |y
Reduce<Coll llexpression

IL-6 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

Mild decrease oproteoglycans synthesis

IL-17 Upregulates the MMPs and NO

Induces the production of 1L, TNF Z-6 L |

Present in OA chondrocytes

IL-18 Mild increase of PGs synthesis.

Induces the production of L3, TN

IL-21 Present in OA synovial fluid at easkage of OA

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

Table 23: Proinflammatory cytokines involved in OA physiopathology and their
characteristics.

ILIB, 16 YR ¢ bCh | NB { K 8ytokin&sginvolvgdTirt the YOR Ipaihddedesis

which are synthetisedby chondrocytes,2 3G S26f Fadasx aey20Alf YSYo
mononuclear cells that were previously present in the joint or infiltrated its structure during

the inflammatory responsdn mostof the phenomena occurring during Aere is a marked

synergism between thee ¢/tokines and the level of both cytokines is elevated in SB, AC and
synovium of OA patient€Chondrocytes produelow levels of H6 under normal conditions,

but several cytoikes andGFs active in OA, such asliL, TNF and TGF, directly stimulate

its production in human chondrocytessteoblastsand macrophagesihe main action offL-

6,ILU and TNP A& G2 | FFSOU GKS IylFLo2tA0 | OQUAQDAGE
synthesis of AC ECM key structural proteins suébadidland aggrecan. Also, these cytokines
stimulate chondrocytes to release proteolytic enzymes from the group of MMRaEnly

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

have a destructive effect on cartilage components, as well as they have effedDAMTS
production, which is responsible for the proteolysis of aggrecan moleculesngst them,

ADAMTS! (aggrecanasé) and ADAMTS (aggrecanas®) are involved in OA pathogenesis.

Chondrocytes subjected to the effect oflR, IL-6 and TNF also tend to age more rapidly and
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to induce apoptosigWojdasiewicz et al., 2014Also, IL6 is the key cytokine, which causes
changes in the SB and the degeneration of the osteochondral po¥gojdasiewicz et al.,
2014; Bennett et al., 2018; Goldring, 2000bhe proinflammatory and catabolic effects of
cytokinesare mediated though the activation of severalgnallingpathways including the €
Jun Nterminal kinase and p38 mitogegictivated protein kinase (also known as extracellular
signalregulated kinase) pathways and, most importanti-¢ .signalling which mediates
the expression of several inflammatory genes such as those that entte@eNitric Oxide
(NO), cyclooxygenas@ (QOX2 andPGEZKapoor 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., 1995Aggrecan consists of a protein backbom@ 10250 kDa and its core
protein folds into three globular domains (G1, G2, and G3): at thermNinal G1 and G2 are
connected by a short 12&mino acid polypeptide referred to as the aggrecan interglobular
domain (IGD), while the second G2 and the tl@®ldomain at @erminal are separated by a
1491camino acid sequence carrying a great number of GAGs ctRamter et al., 2005)in
cartilage, aggrecan forms aggregates with link protein and the-subiated HA, to form
aggregate of very high W, via the G1 domain. The depletion of aggrecan during OA can be
attributed to the increased proteolytic cleavage of the core protam, thelGD domain is the

one undergoing the depletion. The aggrecan lacking G1 doim¢hen free to leave the matrix

and not contributing to AC functions. There are two main IGD dosnegpresenting
proteolytic cleavage: Asn341/Phe342, at which all MMPs present in cartilage mairdyact
Glu373/Ala374 at which several members of AD/AVac{(Tortorella et al., 2001; Verma &
Dalal, 2011; Sandy et al., 1992; ColReie et al., 2004Dther cleavage sites belong to the
GAGattachment region between the G2 and G3 globular domdihs. pathologic cleavage of
aggrecan at Glu373/Ala374 8h WI IINB Ol yIFaSQ aaasSuv gl a AR
aggrecan degradation in human joint disease by analysis of synovial fluid samples from a range
of human joint pathologies includin@A This is also the primary site of aggrecan cleavage in
responseo inflammatory stimuli. The main responsible for this procesdlae@ggrecanases,

a class of proteinas€&DAMTSL, ADAMTSE, ADAMTS, ADAMTS, and ADAMTS), which

have shown to degrade the cartilage proteoglycaggrecan during OAADAMTSI and
ADAMTSS have received most attention in ti@A pathologybecause seems to be the most

active aggrecanasg&endron et al., 2007; Verma & Dalal, 2011)
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The regulation of these aggrecanases activity is crucial for maintaining a balance between
aggrecan anab@m and catabolism. In normal human body, a control mechanism for
aggrecan catabolism may involve endogenous inhibitors like tissue inhibitor of matrix
metalloproteinase (TIMB) of the aggrecanasebut in diseases such as OA, the balance
between TIMP3 and ADAMTS synthesis is disturbed ifavour of catabolism. Which
aggrecanases mainly responsible for aggrecan degradation during hu@destructionin

vivo, however, remains debatable up to date. It has been studied that ADAMIBNA was
induced by inflammatory cytokinessuchasilL YR ¢b Ch Ay Ke&EWRNA |/ X
was not regulated by cytokines and it expressed constitutively. Also, the ADAM&S up
NBE3IdzE | G SR dzLl2 y (i KAEat thg mRNazewelORbirtherfioret @x@sure Aoy
TNFh or IL-1 blocking agents reduces only the activity of ADAMTShis finding fronin

vitro studies deviates from the animal studjeghich show that ADAMTFS mMRNA expression

is upregulated by catabolic cytokines. Therefore, it is sbll clear which aggrecanase plays

the main role in pathological cartilage degradation in hum@afesma & Dalal, 2011; Tortorella

et al., 2001)

MMPs start participating in this process during development of the disease and continue with
the degradation of allagen (Nagase & Kashiwagi, 2003)\long with aggrecan breakdown,
degradation of collagen is a central feature of OA. Sewenratrostudies 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 degradafiarsdal et al., 2008)
Furthermore, while aggrecan loss canreeersed, 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 toe the primary collagenase in OA. The degradation of
Coll lloccurs through a triple helical cleavage, which results in denaturation of the triple helix
at physiological temperatures and pH. The cleavage site is Gly&uBle776 within each

chain of thetriple helical collagen moleculat 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 degradationhbget
collagenases and by other proteinas@illinghurst et al., 1997)The MMPs are strongly
inhibited by all four of the mammalian TIMPs (THUPR2, -3 and-4). Figure 2.9summarises
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the main factors involved in MMPs and ADAMTS expressgieath et al, 2006; Vogel et al.,
1997; Vincent et al., 2007; Amiable et al., 2011; Yokota et al., 2003; Echtermeyer et al., 2009)
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Figure 2.9Proteolytic cleavage sites within the aggrecan core protein in AC by: ADAMTS4/5
(A), calpain (C); HtrAl (H), MM@d). (A). Cleavage site faCollll in AC by MMPs (MBY.
Factors regulating expression and activity of collagenases (MMPs) and aggrecanases
(ADAMTS) in OA,; the expression and activity of MMPs and ADAMTSs can be stimulated (green)
or inhibited (red) byseeral inter-related mechanismsinflammatory cytokines, via Histone
deacetylases (HDAC), induce-RB-dependant expression bfypoxiainducible factof2 HIF
H P, resulting inncreased expression MMPs and ADAMTS ainttreasel RUNX2 expression
via Indian hedgehog (IHH)mechanical damage has the same effect on ,IkHile the
inhibitors of HDAC can have chondroprotective effddigh temperature requirement A
(HtrA), highly expressed during Qa&llows collagerinding with discoindomain receptors
(DDRYxausingdownstream of signalling events such as MMP13 expressictivated protein
(APC) and Matriptase 1 increase MMP expression, as well a3, Bkeh act as aansducer
of protective mechanical signals suppressing ADAMTEDRIWhich is a mediator of
mechanical responses in AC and suppresses MMPs; syndecan4 acts as an ADAMTS5 stimulator
and on the other side miRNA 148ADAMTShnhibitor (O.
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2.4 Osteoarthritis treatment strategies

2.4.1 Nonsurgical and surgical treatmerst

OA treatment options depends upon the injury site, the extent of the damagevell as the
patient profile. Current clinical treatments for OA include rgmgical (pharmacological and
non- pharmacological) measures for mild to moderate degenerative joint disease, and surgical
approaches for moderate to severe degenerative jaigteasesfor improving tolerance for

functional activity based on the severity and stage of the disé¢@isesale & Richardson, 2008)

Physical therapy, exercises and weight loss are regularly utiliseepmmacological
treatments especially for the lgerly, who have a higher risk of -coorbidities 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(GfigrrJones et al.,

2015)

Analgesis, nonsteroidal aniinflammatory drugs (NSAIDs), oral corticosteroids, hormones,
chondroprotective agents, calcium and vitamins, and Hartcular steroid injections are
commonpharmacological therapies for reducing OA inflammation and pain, but treepat
completely curative and have side effects. Hyaluronic acid \@gpplementation for knee OA
pain reduction was investigated, which showed minor clinical advantages without affecting
disease progression. There has been a growing interest in theydass in searching for
potential new medications and some new therapeutic targets include chondrogenesis
inducers, antinflammatory cytokines, matrix degradation inhibitors and apoptosis inhibitors

(Ng et al., 2017)

Norrinvasive therapeutic modalitiessuch as magnetic resonance treatment and pulsed
electromagnetic field (PEMF) thergphave shown positive effects on OA patients.
Electromagnetic waves consisting of coupled electric and magnetic fields. BEd4F
frequencies at the lower end of the elsomagnetic spectrum, up to 500 Hz, since at higher
frequencies it could have peculiar biological effects, stimulating biological currents in the
tissues. Compared to electrical stimulatjday use of electrodesvhose electrical fieldan be
attenuated tlrough some tissue and themeeds to be applied at high densityaving
detrimental effect on humansmagnetic field penetrates unaffected through electrically
insulating regions (skin or bones) atigerefore, it is possible to avoid the application of hig

density of stimulating current. Few groups reported that PEMFs increased chondsocyte
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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 humamdracytes,

but the underlying mechanism of action of PEMFs in OA are not entirely underdihody

et al., 2016; Hu et al., 202@everal surgical options exist for OA treatment, that started since
Mppd BAGK t NARASQA NBAdNFIFOAYy3I GSOKYAIldzS A
showed an ability to repair thanks to the involvement of t88 this allows the resident
progentor cells to infiltrate the site of the defect and promote the repair proc@sdie &
Kh.,1959; Insall, 1974From this discovery, a series of bone marrow stimulation techniques
were developed such as joint debridement, subchondraling, and microfracture ((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 kg the 1970s. Major drawbacks still existich

as the lack of available tissue, the donor site morbidity, and the mechanical inferiority of an
osteochondral plug taken from a ndoad bearing area for autologous grafting and the
mismatch between the gfaand the implant and the host immune reactions for the allograft
(Zhang et al., 2009As an alternative approach, mosaicplasty, firstly described in,1883

been adopted in the treatment of small to medium size defects (up to %,dmimprove
integration of the plug and the tissu@atsusue et al., 1993When these methods fail, in
severe cases (Grade IV of-Wscale), the diseased osteochondral uesss 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 atahstem 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 complicasank as wear and

tear or loosening of the impht or infections, as well as because of the short life span of
current implants (in factit should be decided very cautiously for young people especially)
(Katz, 2006)

2.4.2. Regenerative medicine techniques

Regenerative medicine techniques wereNd®® RdzOSR Ay (GKS donQad ! Y2\
chondrocyte implantation (ACI) was first used in rabbits in 1987 with the first pilot study
published in 1994 by Brittberg et @rittberg et al., 1994By 2010, over 35,000 patients had
been treated worlavide. This technique implies the harvest of 28T0 mg of cartilage from a

non-load-bearing area in the knee. Thethe cartilage is sent to a lab for processing: it is
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digested, the isolated chondrocytes are expandeditrofor 2 to 3weeks,and the expanded
final number of cells is rsent to the surgeon as eell suspension. The cells are then be
injected into the defect covered with a periosteal flapt (fenerationACl). All posbperative

failures occurred within the first two years.

~

Geistlich (Switzerland) produced ChondddA RSu > | LIR2NOAYS /2t L IyR L
the periosteum (29 generation ACI). Preliminary studies gave satisfactory outcpaitbsugh

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 ChondidA RS u I f dinSadid swlthe to LJ

increase the level of knee functionalityesulting in a better quality of repaired tissue

(McCarthy & Roberts, 2013)

Third generation ACI, matrix dzii 2 f 2 32dza OK2YyRNR OGS AYLI I yil b7
suspending expanded chorarytes in a hydrated scaffold (the first Tissue Engineering
technique involved in AC), was commercially developed by Verigen (Germany and USA). This
technique showed several advantagesch as better control of cell distribution throughout

the defect, cdb sustainment and the potential to manage more extensive osteochondral
defects. MACI failure rate was stated at 1@o7at seven years compared to 33of the #
generation; in fact, it showed significant improvement respect to clinical outcdBasad et

al., 2015) MACI is the first FD&pproved cellularisedcaffold product that applies tissue
engineering processes to grow cells on scaffolds using healthy cartilage tissue; it has been
already authorisedas well in certain EU countriedbut EU licence was suspended due to
commercial reason§Autologous et b, 2017) Some MACI implants commercially available

are Hyalograft® and Bioseed® scaff@iisuz et al., 2009)

Recently, the use of stem cdélhsed therapy is emerging as viable alternative for OA
treatments, thanks to MSCs ability to proliferatedadifferentiate in different cell lines. The
harvest of multinucleated cells from within the bomearrow and direct injection to the
cartilage defect area using the bomearrow aspirate concentrate (BMAC) system, which is
gaining prominence amongst the ratiians as it helps to circumvent the labaatensive
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 transpanted cells with the host tissue, their differentiation in&G fulfilment of the
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biomechanical properties and lorigrm benefits remains to be understoootter et al.,

2018).

2.4.3. Chondrosphere® technique

¢CKSNBE Aa | NBOSyd LINRaALISOGABGS NIyYyR2YAI SR:Z
considered the # generation ACI based on the use of different doses of spheroids of human
autologous matrixassociated chondrocytes and their implantatio®riefly, primary
OK2YRNRO&(dSa NS KIFINWBSaiSR FNRY LI GASYyGQa
monolayer culture. After the expansion step, chondrocytes are transferred to coated culture
plates, where they cannot adhere to the surface, buttsta 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 cldride (NaCl) in phosphate buffer solution (PBS)) and
injected within the defect siteafter debriding and removing the synovial fl(EMA, 2017)

The NICE from 2017 apprailne Chondrosphere® as clinically effective approach for patients
with a large déect size (up to 10 cfh defining it as followstAutologous 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
Sociey grades Il or 1V) in adults, onlyfdfthe 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 ‘ealida¢asure for knee

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

It was demonstrated thatd KSy &LIKSNRARA FFNB Ay O2yil 04 o
native ECM environment, after injection, they arrange themselves in 3D cell aggregates,
adhere to fulithickness cartilage defects and appear to produce a cartilaginous ECM which
fuses with néive cartilage thus generating an autologous cartilatiee repair tissueRigure

2.10) (Schubert et al., 2009)he results were ideal in terms of synthesize cartisggecific
proteins and matrix components, mainly GAGs and Colh#it were depositd in the
intercellular spaceThis technique allows to overcome problems such as chondrocyte de
differentiation, duringin vitro monolayer expansion, and the resulting decreased capacity of

re-implanted chondrocytes to regenerate hyaline AC because gflieaotype loss. However,
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this technique has some disadvantages including the high(E@8t000 per patient per each
therapy) (Cummins et al., 2017; National Institute For Health and Care Excellence,.2017b)

1. Chondrocytes harvesting

2. Preparation of cells
spheroids and
suspension in isotonic
sodium chloride solution

3. Injection in the cartilage defect
(10-70 spheroids per cm?)

Figure 2.10:Scheme of theChondrosphere® (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 @@0 spheroids per cBwithin a syringe
Arthroscopc view after transplantation into an AC defect. [courtesy of Dr. Schreyer,ev.
Elisabethenstift Hospital,Darmstadt,GE]

2.5New trends in Osteoarthritis treatment

There are currently no diseaseodifying OA drugs (DMOADS) available, thereforerthe
development isvital. Most of the research in this fielflocuses on identifying methods for
either preventing cartilage breakdown or boostiitg repair. Since he role of MMPs and
ADAMTS during OA pathogenesis is well establighede proteases are aattractive target

for DMOADs developmerfMcClurg et al., 2021)

Because reversible aggrecan breakdown is considered to occur before irreversible collagen
loss, and ADAMTSis assumed to be the essential "aggrecanase"” in both murine and human
OA, itgot a lot of attention.For exampleNovaris outlicensed anti ADAMTS nanobody
(M6495)which proved to protect mice against surgically induced @Avivo(Siebuhr et al.,
2020)

The adverse effect of targeting MMPs and ADAMT®ds these inhibitors could target
aggrecanases and collagenases outside of the joint. For examplas found apotential
involvement of ADAMTS in wound healing, glucose metabolism, inflammation, and brain
plasticity(Santamaria et al., 2021pn the other sid MMP13was found toplay physiological
functions in wound healing, muscle regeneration, and fracture repair, all of which should be

considered when developing MMP13 inhibitors for OA treatmé¢Bmith et al., 2020)
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Alternatives to direct suppression ofietalloproteinase activity are being investigatesh
option is to increase the amounts of endogenous MMP and ADAMTS inhibitors in cartilage.
TIMR3 is the only one of the four mammalian tissue inhibitorsMi¥IPs that efficiently
inhibits both MMPs and\DAMT SdAlternatively,GFshat block metalloproteinasenediated
cartilage breakdownwhile encouraging anabolic repair pathwagan be used to inducaC

repair(Meliconi et al., 2013)

Local injectable treatment using biologic agents such as platieletplasma (PRP) or stem
celicbased preparations has been linked to considerable improvements in joint pain and
function in OApatients andhas grown in popularity over the last decad®RP treatment for

OA includes injecting a preparationaftologous 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 TGiplateletderived growth factor (PDGF),
IGF, and=GF2, which promote aggrecan a@dll lisynthesis while reducing expression and
activity of cataboliodMMPs BMAGC as anticipatedis an autologous ceblased therapy that
attempts to harness the regenerative power of MSCs, cytokines, and GFs presemtein b
marrow. The primary contents of BMAC are MSCs, which make up @@t 0.01% of the

total contentand GFsmainly¢ D Ci 2-2 andaBMP7, and IELRa BMAC enables for larger
anti-inflammatory and anabolic factor concentrations to be delivered locally without

increasing proinflammatory or catabolic factor concentratifvi&eber et al., 2021)

An alternative is the direct injection of cellsISCs are thenost promising cell type, with
multiple clinical trials demonstrating their ability to improve joint function and reduce pain in
knee OA patientsBoth in vitro and in vivoinvestigations demonstrated MSCs therapeutic
potential in preventing AC degenerabn with over 100 clinical trials

(http://www.clinicaltrials.qoy for evaluating the safety and effectiveness of MSC intra

articular injection in OA patient&Siannasi et al., 2020owever,there are some concerns
about theinjectionof MSCssuchas their low availabilitand difficultyof highnumberof cells
to reach the target siteregulatory difficulties limihg their use geneticinstability, and
chromosomal alteration during lorigrm ex-vivo culture, and thar immunogenicity(Vizoso

et al., 2017)

To address these restrictions, researchers have concentrated on the secretome of MSCs over

the past 15 years. In facMSCs favourable effects on tissue repair and regeneratias
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mainly found to be relatedo their paracrine activity, which is defined Iiyeir ability to
produce GFs cytokines, and chemokines that coordinate interactions within the
microenvironment and impact tissue regeneratjarather than celicell interaction These
substancesan prevent apoptosis, boostells proliferation, enhanceECM productionand
alter the immune systenfWu, 1995) Extracellular vesicleEVs)exosomes, microvesicles)
containing peptides, small proteins, and bioactive compounds such as microRIRNA)
make upmost ofthe stem cell secretome. Traediate their physiologic action, these vesicles
are released by cells in the surrounding microenvironnarmtmostMSCgherapeutic actions
are mediated by soluble mediators thatetransported throughEVsEVsawvere studiedon OA

like murine chondrocyteby Cosaza et al, revealingtheir protective role onchondrocytes
from apoptosis and encouraged macrophage polarisation toward arirdldmmatory
phenotype Also, exosomes from MSCs were fotmgrevent the onset of OfCosenza et al.,
HAMmT T Btall, 2aNBSihilarly Vonk et aland Tofiio Van et al studied the effect of
exosomes on OA chondrocyteshowing good results in terms of decreased interleukins and

MMPs productionand increased Coll Il expressi@mfifioVian et al., 2018; Vonk et al., 2014)

2.5.1 miRNA treatment for OA

MiRNAshave a role in the homeostasis AC during the progression &fA Theseare a class

of endogenoushon-protein-coding short RNA that have been discovered as important-post
transcriptional regulatorsThese moleculegrimarily affect biologicalesponseby regulating

post-transcriptionalgene expressiofLi et al., 2015)

The generation of miRNA is a multistep process that starts in the nucleus and finishes in the

cytoplasm(Figure 2.1). RNA polymerase Il dil transcribes miRNA genes to produoad

RNA precursors with a single many stem loopswhich is calledPrimary (priymiRNAand it

has a hairpin look and partly complementary sequences in the stem region, which houses the

future miRNAThe primiRNA is cleaved by Drosha (a highly conserved RNgpe enzyme)

which isa mRNA processassociated witlDiGeorge syndrome critical region ggiEsCRB

into a shorter precursor miRNA called preRNA, which has a stem loop or hairpin structure

composedof 70 ¢ 100 nucleotidesin the nucleus PremiRNAs are transported to the

cytoplasm by theexportin5 pathway and are sliced ihe RNAse Il called DicerFhis

produces a 2zhucleotide doublestranded miRNA duplexncluding the mature miRNA and

the passenger miRNA strand. The passenger miRNA strand is destroyed, while the mature

MRNAG KS 2yS gAGK (KS KSNa® R &afdpoftedds thefRNA £ S & &
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induced silencing complex (RISC), which contangenaute proteins Depending on the
degree of baséJr ANAY 3 AAYAT I NAGE& 0S(6SSy-urir&Satedr A whb !
NB 3 A 2YTRs), mRNA causes gene silence via translation repression or targeted mRNA
cleavage. When perfect bagairing betwen miRNAs and their targets occurs, miRNA causes

cleavage or degradation of target mMREA Q. NASY .SiG | f @ HAamMy O

NUCLEUS CYTOPLASM
DICER

RNA Pol II —— Crmm
)0%@5;0%0( mMIRNA gene COMPLEX

Transcription
ARGONAUTE Mature

DROSHA miRNA
( :"'"'r\"‘“’“t*{ pri-miRNA

Cleavage Crmm EXPORTATION GENE
SLICING Target mRNA N SILENCING

pre-miRNA l

mRNA degradation or
translational repression

Figure 2.11MicroRNA biology and function: MicroRNA is transcribed in the nucleus to either
pri-miRNA or premiRNA. The pr@RNA is then transported to the cytoplasm, where it is
further cleaved to generate mature miRNA. MiRNA binds to its target mMRNAs by forming a
complex with the miRNA induced silencing complex (RISC). Translation of mMRNA 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 plagrucial roles in cell proliferation, migration, invasion, and differentiation by
binding to the 3' untranslated region (3'UTR) of target genes. Dysregulation of numerous
mMiRNAs has been implicated widA-related ECM degradatiolPADAMTS! and ADAMT-S,

for example, are downstream of miRI0, which is linked to chondrocyteath (Miyaki et al.,

2010) On the other sid&MP13 is found to be upegulated when miRR7b is dowrregulated

(Park et al.,, 2013)Although many studies have indicated the close trefeship between
MiRNAs and ECM degradation in OA, the corresponding upstream or downstream have not
been illuminated clearly yetn Table2.4 are reported the miRNA involved in OA pathogenesis

with a chondroprotective roletogether with theirspecific functionParticularly miRNA40
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was widely studied and literatureesults indicate that miR40 plays dual roles in botAC
development anchomeostasis, ipart via regulating RAMTS, amajor ACmatrix-degrading

protease in @ (Miyaki et al., 2010)

MiRNAs TARGET FUNCTION REF.
SMAD3 Suppression of SMAD2/3
MMP13 pathway;
MIRNAL40 | ADAMTSA4/5 Inhibition of MMP13 and iy aii et al.)
IL-M | ADAMTS4/5 anddla1 T
RALA upregulation of

SOX9,ACAN,COL2A1
Chondrocytes proliferation  (He & Deng,

MiRNA25 | IL-m |

and reduced apoptosis 2021)
Promotes osteogenesis,
MiRNA29 COL3AL inhibits osteoblast (Le etal.)

Osteonectin differentiation

Chondrocytes proliferation

and reduced apoptosis

NES Responsible of AC

MIiRNA27b MMPiB homeostasis (Akhtar et al.)
Inhibition of MMP13

mMiRNA19b | IL-m i (Y. Lietal)

miRNA127 | MMP13 Inhibition of MMP1/13 (Dong et al.)
MMP13 . :
MIRNA148 | COL10A1 f:t‘;‘g’oﬂ)ircezr;ﬁafigi andanti o et al)
ADAMTS5
Responsible of AC
MIRNA543 | IL-M | homeostasis (Xiao et al.)

Table2.4: miRNA involved in AC chondroprotectiduring OA progression.

2.61n vitro models of AC

Although the progressive breakdown of AC and underlgBgnediated by synoviurare the

well-known main pathological features of OA, the disease pathogenesis is due to a joint action

of physicachemical and mechanical factors, leading to a damage irAtbanatrixLories &

Luyten, 2018)In this scenario, engineered ACvitro 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 eatlgge causes of the disease as a crucial keystone

to explore, design and testing new therapeutic treatments in reliable and predictive models

(Chen et al., 2006articularly, the advantages of moving forwardittoY 2 RSt 4 Q OK2 A OS
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(i) ease of manipulatingh vitro systems, (ii) shift towards the newly adopted EU Directive
about the ethical philosophy of Refining, Reducing and Replacing use of animals in the
NBE&aSIHNOK o6owadQ LINX Yy OAiddforSanimalsovhen ranslate@ td huhdht A |- ¢
and (iv) high costs involved within vivostudies(Armiento et al., 2018; Sophia Fox et al.,
2009b)

2.6.1 Tissue engineering approach: cells, biomaterials and biophysical stimuli
Tissue engineerin(lE)is a ppmising strategy for manufacturing vitro model of ACtissue.
One of the goals oACTE is to createonstructsthat resembleghe native(i A & Stdz&uDed
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 culturedn vitrounder physiological conditian(37°C, 5 % C{to generate artificial
tissues.Only a few literature studiehiave generated tissuengineered structures with
cartilage characteristics that are almost identical to natural cartilage. The three main elements
of TEare cells, biomaterialand physiological stimuli to mimic the natural environment.

1 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 caitage 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.ACor 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 biopgxaimple,
from an explant of 5 mm 20 mm. it is possible to obtain around 250,000ceTherefore,
chondrocytes are culturexpanded to obtain enough cells needed for obt@nvitro AC
models (up to 100 million cells/mPuelacher et al., 1994The expansion process can lead
to a loss of their chondrocytic phenotype and their -déferentiation in fibroblasts before
becoming senescent: this results in a decrease in aggrecan dritlsgnthesis. Consequently,
stromal stem cells have been widely exploited to obiaimitromodel of AC. Adult stem cells
known as MSCsan be obtaind 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 fro 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 proliferationrate, and thesecandifferentiate into chondrocytes using some signals such
as GFs or mechanical stimuli. This process of differentiation can be reprodircedro by
adding someGFs which are responsible for MSCs differentiation, within the MSCs culture
medium. Also, BMMSCs showed promises as therapeutic agent in OA treatmasitwidely
explained insection 25 (Shah et al., 2021PDther cells source used for AC akeGderived
progenitor cells (ACPCs), which were found to have a similar behaviour tcakiBE&gpansion
does not alter differentiation, but their disadvantageheir limited abundance due to the use
of autologous sourcesand induced pluripotent stem cel[@SCs), 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 cartilagé=(Rikkers et al., 2022; Urlic & Ivkovic, 2021)

1 Biomaterials
Biomaterials are a fundamental element in AC, Bi providing cells with a suitable
environment that allows them to adhere, proliferate, and differentiédeobtain a functional
AClike tissue. A biomaterial is a thremensional (3D) matrix or scaffoltdt 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 engmreg due to their favourable
mechanical properties. For A@oly(glycolic acid) (PGA), poléctic acid) (PLA), or a
copolymer of PGA and PLA (PLGA) have been employed as scaffolds, however they lack
signalling moleculesuch as the RGD sequence for aglhchment,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 inducespeitific bioactivities,
cell adhesion molecules, enmgtic degradation sites, déFbinding regions can be inserted
into the synthetic scaffold. On the other side, natural biomaterials (@tjagen alginate,
gellan gum(GG) hyaluronic acigHA) 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 watdrased and water insoluble, were discovered as an excellent
scaffold for engineering assue with a highlwater content, such as AC, because of their
capacity to recapitulate thA&Csolid/liquid ratio and efficiently repair injured tiss@&rmiento

et al.,, 2018) Hydrogels are wateswollen 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.lmportantly, 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 attadined. T
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 useTig as found in the loatbearing bone and
cartilage tissues. To solve this problem, one approach is increasing polymer concentration and
crosslinking densityScalzone et al., 2021ajyhe biomechanical and biological features of
various biomaterials for cartilage tissue regeat®sn were reported inTable 2.5.

1 Biophysical stimuli
There is currently no appropriaten vitro culture technique for AC tissue regeneration.
Simulating the natural cellular environment is one way to identify the best culture
environmentin vitro. To thisaim it is possible to apply biophysical stimuli, which can be divided

in biochemical and biomechanical stim{diwon et al., 2019)

GFs have long been known as essential contributors in neocartilage formation. Many studies
have demonstrated the benefidieffects of GFs such as D C-m 2~ HDXCi ¢3DhOne
morphogenetic proteins (BMPsFEG=2 and insulidike GF1 (IGF1) on chondrogenic
RSGSt 2LIYSy (o C2BUIGHEDGRMANE BMPT Rifiulate PRG4 expression in
0 KS & dzLJS NF A OA 143, IGF2BDSE, and RMP7 &imulaagilage Intermediate
Layer ProteinGILPexpression in the middle zerof humanAC(Schmidt et al., 2008; Mori et

al., 2006) Also, Matrilin 3 has been demonstrated to stimulate chondrogenesisBi %G
cultures andkartogenin to stimulate chondrogenic differentiation in MSCs and allevi@t

Il breakdown by 1.8old in an OA mode(Cai et al., 2019Hypoxia is another critical element
commonly found in AC, since it is avascularvitro, hypoxia (5 % £) has been shown to
increase MSC proliferation and chondrogenesis, as well as GAGs production, compared to
normoxa condition (20% Q) (Bae et al., 2018)Hypoxia has also been demonstrated to

enhance PRG4 gene expression in chondrocyte subpopuldiuas et al., 2013)
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TYPE NAME ADVANTAGES DISADVANTAGES REF
. High functionality, rapid gelation, lown Poor cell adhesion, poor mechanic (Jeuken et al., 2016; Arno e
Alginate .
Natural cost, structurally similar to GAG strength al., 2020)
olymer [ i [ i . . - .
POty High fgnctlonallty, thermerevergble Poor cell adhesion, poor bioactivity (Mauck et al., 2006; Zarrinte
Agarose gelation, low cost, structurallyke . . .
limited mechanical properties et al., 2018)
GAGs
Antibacterial, pH and temperature
. responsiveness, cationieatures Poor water solubility, low (Scalzone et al., 2019a; Liu
Chitosan . . . o . .
(electrostatic interaction with anionic mechanical properties al., 2020)
GAGs), low cost, structuralite GAGs
(Scalzone et al., 2020; X. Li
cs Component of AC ECM, easy to Rapid degradation, low mechanice al., 2021; Lee et al., 2021,
functionalise properties Shin et al., 20214a; Yang et
al., 2020)
Collagen Component of AC ECM, good <¢ell immun%lggn(i:;ft’ Foc\)/t/err:(l—:ﬂ?:lhanical (Ren et al., 2016a; Wei et al
g matrix interaction g Y, . 2021; Kilmer et al., 2020)
properties
Biologically active for cellular . . . . .
. . . . Rapiddegradation, low thermal (Tsai et al., 2020; Q. Li et al
GEL interaction, low immunogenicity, eas' o . :
. . stability, low mechanical properties 2021)
to process and functionalise
H and temperature responsiveness Poor cell adhesion, small (Lee et al., 2021; Bonifacio «
GG P structur:lll similar tg GAGS . temperature window, weak al., 2020; Baek et al., 2019;
y mechanical strength Oliveira et al., 2009)
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Rapid degradation, weak cell
adhesion, low mechanical
properties

Component of AC ECM, easy to
functionalise

(Mohan et al., 2017; Park et

HA al., 2019)

High mechanical properties, low

e . . I L [ ilit L l., 2021; Liu et al.
Silkfibroin immunogenicity, structurally similar tc ow biodegradability, Source  (Lee etal,, 2021; Liu etal.,

collagen, morphologic flexibility variability 2020)
Synthetic | Good b.lo.compatlblllty, low Siologically inert for celluar _ (Wang et al. 2017: Yu et al.
polymer PEG Iimmunogenicity easyto process and

. . . interaction, non bi r I 2014
functionalise, mechanicallyneable Interaction, non biodegradable  2014)

Easy tananufacture, low melting
temperature, long term mechanical Poor bioactivity, hydrophobic
stability

Poly lactic acid
(PCh

(Wang et al., 2017; Yu et al.
2014, Scaffaro et al., 2016)

LA Good biocompatibility and

PGA biodegradability, easy
functionalisation, low immunogenicity

Low bioactivity, could produce (Marycz et al., 2020; Iulian ¢
inflammatory response al., 2018)
PLGA

Good water absorption and retention
chemical resistance, good mechanic Biologically inert, non degradable (Chen et al., 2021)
properties

Poly vinyl alcoho

(PVA

Table 25: 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.
Forexample,cyclic compression boasGAG production, which is beneficialthe medium

and deep zones of AQGilbert et al., 2021)while shear stimulation enhances PRG4
production, which is beneficial for the superficial zd@ead et al., 2005; Davisson et al., 2002)
Furthermore, mechanical stimuli have been found tovéaa frequency and amplitude
dependent effect on AC ECM production. Static andfleguency strain (0.3 Hz) suppressed
GAG synthesis by chondrocytes in agarose scaffolds, whereas a frequency of 1 H%at 15
strain amplitude enhanced it. When the frequgnwas increased to 3 Hz, however, the
amount of GAG synthesised reducédee & Bader, 1997)In agarose scaffolds, cyclic
compression at 106 strain frequency of 1 Hz for 4 hours per day triggered chondrogenic
development of rabbiBMSCs(Huang et al., 2004)n addition, Chen et al. optimised the
parameters of cyclidynamic compressive loading for both a monocultureladndrocytes or

a coculture of chondrocytes and adipose stem cells within a cryogel ma@&EbCIHA CH

In both cultures with a stimulation at a frequency dfiz 20% strain and 3 h/day stimulation,
chondrocytes showed the highest level of AC matrix production and gepression, while

stem cells in ceulture showed a great chondrogenic potenti@hen et al., 2018Mechanical
stimuli can be applied by using bioreactors, which are devices able to provide physiological
requirements of the cell such as nutritiol;’5 and mechanical environment. Various
bioreactors have been used in cartilage and boRE such as dynamicompression
bioreactors, tensile bioreactors, hip simulatoasedbioreactor,and spinner flaskZhao et al.,
2016) Among all of these, dynamic compression bioreactorstlaemost usedo improve
matrix production in tissuengineered cartilagéKleinet al., 2009) Also, the combination of
shear stress and compression was analysed by resulting in increased Coll Il production.
2.6.2 Gellan Gum methacrylate

GGis a linear anionic polysaccharide containing one carboxyl side group and is made up of
four repeating carbohydrates: 1:/3D-glucose, 1,4-Dglucuronic acid, 1;8-D-glucose, 1,4
a-L-rhamnose. It was first described by Moorhouse etahd this materiahas 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 res{Mantrhouse et al., 1981)

GG is commercially prepared by microd&imentation from the bacteriunSphingomonas

elodeaor Pseudomonas elod@Varren & In Het Panhuis, 2015)here are two types of GG:
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I OSGeéetl SR O6DSEtNARGSuL YR RSIFOSGefl GSR oYSt
and commercially available. Botorm thermareversible gels with mechanical characteristics
ranging from soft and elastic in the acetylated forto rigid and brittle in the totally
deacetylated form. Gellan molecules are present in the form of random coils at high
temperature and in he form of double helices at low temperature, resulting in the
construction of a threadlimensional networkZandRajabi & Madadlou, 2016aJlhe 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 sinceetli®rthe electrostatic
contact between carboxyl side groups, which prevents the tight binding of helices and their
cohesive aggregatiof@uinn et al., 1993; Miyoshi et al., 199%he insertion of cations reduces
electrostatic repulsion, allowing for tig helical binding and aggregation in form of gélkso,
cationscompositioninfluences its gelation capabilities, with divalent cations{Czi?, Pb?,

A3 etc) promoting gelation far more strongly than monovaleses The electrostatic
repulsion béween 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 iGehan
chains. In addition to that, it was discovered thdid6s instead of Naand C&* divalent ions

instead of M@*, have a more remarkable effect on tl&Gviscoelastiity (Zia et al., 2018)

GG's advantages in biomedical applications includadgts of toxicity, biodegradability, ability

to be used as an injectable system in a minimally invasive mainatso showed good
processability, a wide spectrum of mechanical and suitable rheological propefties.
presence of thiscarbohydrate residue, which contains carboxylic groups, could give this
substance additional capabilities. Indeeckiry negatively charged polysaccharide, it can
produce polyelectrolytes with the oppositely charged polymers like chit¢€dineira et al.,
2009) GG applications in biomedical field include: (i) gene therapy catibasedtherapy
(Vieira et al., 2019)(ii) protein carrier and drug delivery system, in form of hydrogel,
macrocapsules and microcapsules, for asthma or cancer théRgdynbo et al., 2020) iii)
TEof multiple tissues and disease modellif®evens et al., 2016FGstructure is similar to
native AC GAGdue to the glucuronic acid residues in their repeating unit. Oliveira et al. used

GG for the first in ACE by encgsulating 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 roleAi@regeneration approache@liveira

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 i KSNXY I f f &8 NBOSNEAOES agSI]1 3Sth
temperatures, GG has a disordered coiled shape, while at lower temperatures, it undergoes a
thermally reversible coitlouble helix transition; low cell attachment and anomalous
differentiation behaiours, 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 (d4.GEL, or
biologically active molecules.@.,bioactive glasses, hydroxyapatite, calcium phosphate) were
exploited to overcome these limitationdmong them, the additio of methacrylate groups in

the GG chain was proposed for the first time by Coutinho et al. for the obtainment of
Methacrylated Gellan Gum (GGM&outinho et al., 2010)GGMA can be physically (with
cations) and chemically crosslinked (through photosstimking due to MA groups). The
photo-crosslinking reaction involves the presence of a pHaottator compound and
irradiation by light, typically ultraviolet (UV), to initiate a free radical polymerization reaction
that propagatesthrough carbomcarbondouble bonds to form higimolecularweight 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 showe®lg Oe G20 2EAOAGE YR KAIKSNI YSOKI
modulus up to 148 kPagompared tobare GG(Daniela F. Coutinho et al., 2010) addition,

the functionalisation with methacrylate groups leads to an improved water solubility and
processabilityat physiological temperature of GG antherefore, the obtained GGVA
hydrogels are compatible with cell encapsulation, and their mechanical properties, as well as
their stability, are improved as compared to unmodified GG hydroggilsaCorreia et al.,
2013) GGMA alongor in combination with some fillers or other polymers, was studied for
different TEapplicatiors (Table 26). Also, it was exploited for AEfor the first time by Vilela

et al, by encapsulating adiposkerived stem cells, obtaining a construct with highly
favourable characteristics and biological performance hathitro and in vivo(Vilela et al.,

2018)
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AIM FORMUATION APPLICATIONS ADVANTAGES REF
OSteOChO”Sral' [ooue . (Bellini et al., 2015;
N GG/HA Intervertebral dis Improved cell binding Cerqueira et al., 2014
- Vasculature :
— . Cencetti et al., 2011)
Z:' Scar tissue
g GG/Fibronectin TEapplications Improved cell blndlqg, differentiation (Da Silva et al., 2014)
= of endothelial cells
O ;
% L Increased cell binding, mechanical (Wen etal., 2014;
2 GGIGEL Cardiac tissue strenath. promoted cells phvsiologice Nrehmajer & Panhuis,
® Bone tissue gmh. p -0l CElIS PhYSIOOBICE 5614 Koivisto et al.,
GG/ranohydroxyapatite , Increased cells adhesion, proliferatio (Jamshidi et al., 2016;
Bone tissue and mineralisation Bastos et al., 2021)
_ Improved strength and stiffness, g:sr?:;]g §|t a£'622f_16;
GG/ALP Bone tissue promoted cells attachment and ¥ ’
differentiation Douglas etal., 2014,
= 2017)
o .
z GG/PLGA microspheres Intervertebral disk Improved strength and stiffness  (Zonget al., 2020)
o4
o GG/PCL fibers Nucleus pulposus Improved mechanical properties anc (Thorvaldsson et al.,
biomimicry 2013)
GG/ AuNr Bone tissue

Increased strength and microstructur (Vieira et al., 2019)
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(Vieira et al., 2019;

Intervertebral tissue Photocrosslinking. reinforcement. cel SilvaCorreia et al.,
GGMA AC - dr?ésion » “®1 2013 Pacelii et al.,
Soft tissues 2016; Daniela F.
Coutinho et al., 2010)
GGMA/GelMA Load bearing tissue Photocrosslinking (Shin et al., 2014)

Reinforcement

GGMA/laponite Wound dressing Increased mechanical properties, (Pacelli et al., 2016)
Good drug releasing system v

Good mechanical properties, cell
growth and expression of Aspecific (Lee et al., 2021)
ECM and genes
GG/Manuka Honey ACtissue Antibacterial, increased mechanical

stiffness, Promoted cells activity

GGMA/Silk AC
fibroin/Chondroitin sulfate

BIOFUNCTIONALITY &STRENGTH

(Bonifacio et al., 2018)

GG/glycerolHNT SOft TE Increasediocompatibility, viscosity,

nanotubes mechanical properties and cells activi (Bonifacio et al., 2017)

Table 26: TEapplications of Gellagum 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 consg®#@0 % of AC GAGand it s the major
component of AC ECM. It is a sulphated linear GAG wdludéuronic acid and Dhicetyt
galactosamine units that repeat. CS is present in multiple tissues of the human body and plays
an important role in regulating cell fations, such as cell migration and receptor binding. CS
has a highwater contentbecause oits high charge density, resulting in mechanical weakness.
However, it is involved in a variety of mechanical and biological functions, including resistance
to compessive load, nutrient and water absorption, aimtflammatory activity, and
chondrocyte metabolism on a cellular scgkhin et al., 2021a)Due to degradation, the
content of CS in cartilage declines with gijgadimin et al., 2021)ndeed, CS scaftls have

not been successful in inducidgregeneration, despite its advantages in AE 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 affiday et al., 2018)Therefore,
researchers have unavoidably attempted to circumventseheestrictions by combining CS
with supporting materials including various natural or synthetic polymers (g4y.chitosan,

alginate, polyacrylamide, polyethylene glycol, etc.).

For example, CS was combined wWiHELobtaining a multicompositional, mawporous,
extracellular matrixoased microribbon scaffolds to regenerate cartilage with biochemical,
mechanical, and morphological zonal organization encapsulating MSC. The construct showed
good collagen deposition and AC tissue formatiGegg & Yang, 202 Jiang et al, instead
combined collagen, CS and HA in a thpbase hydrogel for the encapsulation of allogeneic
chondrocytes with a diffusion chamber system that was implantediivo into a rabbit
cartilage defect. The three phases system promotedl growth and matrix synthesis,
facilitating cartilage repajrcompared to the monegphase(Jiang et al., 20185imilarly, Yu et

al studied ehigh-performance biological interpenetrating hydrogebmposed oGGEIl.HA and

CS via click chemistry reaction, showing high mechanical properties sy&terasal., 2013)

Polydopamine (PDA), which shares structural similarities with secreted adhesion proteins
from marine mussels, has recently been shown to have signifiadherence 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 oall membranes (amino groups, carboxyl

groups, and catechol groupsh particular, theMytilus edulis foot protein (3,4ihydroxyL-
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phenylalanine and lysine) contains a catechol amine motif that can affect adhesiveness and
cohesiveness depending on theélpCatechol 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
connectionsthrough a variety of methods, including covalent bonds, hydrogen bongs, p
stacks, and coordination bonds. Crosslinking reactions (e.g., dismutation ag@aCabnds,
hydrogen bonds, and van der Waals and other cohesive forces established with thepolym
chains) result from the production of transitory quinone groups in an alkaline environment
and the formation of hydrogel§Scalzone et al., 2020)an et al introduced a @EDAIn a
Polyacrylamide system for AC application, demonstrating good ffiglityy and a growth
factor-free and biomimetic microenvironment for chondrocyte growth and cartilage

regeneration(Han et al., 2018)

2.7 3Din vitro models: strategies

It's becomingclearthat typical tissue culture models (monolayer cultures) aren't realistic of
the original cellular environment, and that they can leaditdruthful conclusions. As a result,

to obtain a functional Adke tissuen vitro, capable of reliably recreatingdtpropertiese.g.,
mechanical, compositional, and structural of the AC, it is necessary to design a 3D
environment, that better refletthe original environment able to support and stimulate the
growth, organization and activity of the cel{&alamegam teal., 2018) Several works,
involving the manufacture ah vitro AC construct, can be found literature, and are mainly

categorised in scaffolttee and biomaterialdbased approaches.

2.7.1 Scaffoldree approaches

Scaffoldbased approaches have been successfully exploited in musculoskEigiatause

they are analogous to the condensation and differentiatithat occurs during the
developmental process of diage tissugDuRaine et al., 2015%caffoldfree approaches are
characterised by the presence of high number of cells. Although autologous cells are ideal for
improving clinical translation, obstles such as a lack of primary cells and donor site morbidity
have led to the adoption of allogeneic and xenogeneic soufdefkaine et al., 2015Also,
exogenous stimuli, such &Fs, enzymes, and mechanical stimulation, are used to increase
ECM formation and maturatioto reproduce a functional tissue c&fold-free approaches

could be subdivided in seffrganisation process, which are cell sheet engineering and
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aggregate engineer@ and seHassembly process, which is the sadlsembling technique

(Figure 2.2) (De Moor et al., 2020)

1 Cells sheet approach involves external manipulation to generate the desired structure.
Cells are expanded in monolayer over long periods to aetheyh confluencéo generate
a cell sheet. The sheet is pulled from the substmteeenough ECM has been created for
the culture to form a cohesive layer. This technique was employed for the RevaFlex
(formerly DeNovo ET) (ISTO Technologies, Missouk, Wisch is an AC repair technology
using a sheet of expanded juvenile allogeneic chondrocytes obtainingrgealis.Cells
sheet approach was used as well in miniature pigs, achieving successful defect filling and
integration. However,this technique hashe drawback of cells ddifferentiation during
the sheet formation proces@vicCormick et al., 2013)

1 The aggregate approach involves external foice,{fotational speed and duration) to
obtain the aggregates formation that can decrease cell vigholitiead 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 itlmantilised 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 Chondrosphe®technique. Agregate 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 suspensidture beforecell
interaction and coalescenceéhis 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 d€sectst al., 2022)

1 The selfassembling 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 sh&wen thoughthis
technique requires high number of cells per construct 1@ million cells/mL) and
displays diffusion problems, it has been successfully tested with primary bovine articular
chondrocytes, dermissolated adult stem cells, and -@ulture of bovine articular ah

meniscus cells. To address the issue of the number of cells, MSCs are good candidates and
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to overcomethe further issue of poor nutrients diffusion, several dynamic cultures have

recently been introduce@Dissanayaka & Zhang, 2020; De Pieri et al., 2021)
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Figure 2.2: Scaffoldfree approaches for obtaining vitromodels: cell sheet engineering)(
aggregate engineerin@) and seHassembling@.

Although many promising scaffefdee approaches have been developed, there are still some
drawbacks sch 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, scaffoldased biomaterial approaches have the potential to directly
provide structure, mechanical strength, and organisation through scaffold désigm et al.,
2009)

2.7.2 Scaffolebased approaches

The primary goal of scaffololased techniques was to obtain a homogeneous tigauatro

able to mimic the overall bulk properties of native tissue by combining cells and biomaterial
in chondrogenic conditions, withoutonsideringthe importance of the zoal hierarchical
native AC organisatio(Sun et al., 2016)For this purpose, multiple fabrication techniques
were employedas widely explained in the followirsgection2.8. Being AC a soft tissue, most

of the literature work focused on building up a naphasic hydrogebased networkas these

are matrices offering several opportunities for producing organized tissues providing a
physiologicalike environment with properties similar to natural ECMs, such as high content
of water, porosity, and cytocompidility. Despite the great progress achieved in
manufacturing tissue engineered scaffolds with biomaterials simulating the native AC tissue,
these constructs can hardly mimic the tis&iemicroenvironment Indeed, only few
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information were obtained on the construct organisation at sulflimetric scale. AC is
anisotropic and highly organised with a spatialying structure, composition and mechanical
properties and its deptidependent organisation is fundamental for the oak biochemical
and biomechanical properties of the constrkiein et al., 2007Yhus to obtain a biomimetic

in vitroconstruct it is highly required tconsiderthis heterogenous nature of the native tissue.

2.7.3 Zonalengineered articular cartage

In the last years, an emergent approach, based on the manufacturing of ACengiratered

in vitro models, is attracting the attention of the scientific community. Its primary goal is to
recapitulate heterogenous functionadlpmpositionaland structual features of the AG-{gure

2.4), to obtain anin vitro construct indistinguishable from mature cartilage with respect to:
zonal organisation, biochemical composition, cellular morphology and mechanical properties
(Sharma et al., 2007)

Different literatureworks have reported the creation of a partial amnotal zonatengineered
construct, investigating the cells source (i.e. chondrocytes harvested from different zones of
native AC) or number (according to each native lay@rpwn et al., 2019; Kim et al., 2003;
Klein et al.,, 2003; Ren et al., 2016&a)d ECM composition (i.e. proteoglycabased
biomaterial to replicate the deep layer and aligned fibers to recapitulate the tangential zone)
(Owida et al., 2018; Gegg & Yang, 2020; Brown et al., 203uiaffoldfree models have been
manufactured for studyig 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 cartlage, the lack of scaffold and support lead to a construct willxower
mechanical properties compared to fetal bovine &in et al., 2003Walzer et al.instead
created a 3D architecture of collagen alignment in chondroprogenitors pellet cultures,
resulting in the formation of zonally organized engineered hyaline cartilegaparable to

the 3 zones of native cartilag&Valzer et al., 2021 However, the sizefdhe 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 ofshebt
engineering approaclby stacking layers of suderal, middle, and deep zones chondrocytes

to obtain a stratified construct ith greater viability, proliferation and increased expression of

chondrogenic markers compared to mixed cells const(8ben et al., 2021)
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Cellfree models were analysed a%lly to evaluate some properties &iCzonal tissue. Liu et

al., designed and 3D printed a-tayered scaffold made of GeMM15 % w/v) for the AC top

layer, a combination of GelMAAnohydroxyapatite (HA) (20/3 % wi/v) for interfacial layer,

and a 30/3%GelMA/nHA hydrogel for subchondral bone. The phystvemical properties of

the obtained construct showed to be appropriate for reproduciA@ and SBtissues
simultaneouslyLiu et al., 2019)Also,Jia et al, developed a biomimetic multilayered scaffold
including an oriented AC EGRIS NA 3SR OF NI At +F3AS fF&@SNE | L2 NE dz
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 osteokchbtissue
regeneration, but it could also generate a smooth osteochondral interface with an integrated
tidemark (Jia et al., 2018)Similarly, Giraeet 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 graphenexide 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(Girédo 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 oretlpoor integration and mechanical discontinuity
between different layers made of different materialBable 27 reports chronologicallythe

main studies regarding the manufacturing of cell and biomatebaked zonal AC tissue with

the related findings otained.
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MODEL

MATERIALS/CELLS/FABRICATION

OUTCOMES & LIMITATIONS

Zonal model with respect to cell properties amhenotype

Cells:Chondrocytes from superficial (A), middle (B), dg
(C) AC
Material/FabricationU\~curable PEGDA (20 w/v)gel

Biomimetic content:Cell phenotype

M (D¢

Feasibility of isolation protocol

Cell viability and maintenance in the each layer
hydrogel

Singlezones thickness and cell density.

Low availability of zonal cells

Biomechanical and structural AC engineering.

Cdls: Chondrocytes from superficial (S) and deep zonég
(D) or full thickness of ACQX1C° cells/mL)
Material/FabricationlU\~curablePEOD (106 w/v)gel

Bilayered constructs demonstrated greater she
and compressive strength

o n E Lack of demonstration of the interaction betwee
(Sharma et al., 2007) Biomimetic content:Cell phenotype layers.
7 R - Cdls: Chondrocytes at 3:2:_1 ra_ltlo from top to bottom of € Optimised cells desity and thickness of the
s -miede e zonal model and one density in mophase gel layers
- deep  20ne . . . . . . . . . .
g/late_rtlaI/Fag_rlc?t;]oraBloplr;r;tllrlllglg a biomimetic cells E Lack of easily available and cheap materials
Cell density gradient Homogeneous distribution enSI y gra Ien y roge o ) E DIffICUIt phenOtype Contr0|
(Ren et al., 2016b) Biomimetic content:Cell density/layers thickness ENo compositional gradient
o Cdls: Chqn_drocytes 20, (superficial), 10 (middle), and & Smooth transition between the zones in terms «
i - (deep) million cells/mL cell distribution
5 ; o _ _
) : ! MatenaI/F_abrlcatlon Three phase_s 3D printing of: PCL & Higher sGAG deposition in the highest cell den
oo e emcaim a supporting structure and Alg with different cells deng sone
E Other gradients should be considered

Biomimetic content:Cell density/layers thickness
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Zonal model with respect to matrix composition and orientation

— Superficial layer (PLA)

Cdls: Chondrocytes (3 milliocells/cn?)

- Middle layer (PLA/ S-CNC) Material/Fabrication DEEP: PLA and phosphate GNC © Good biomaterials gradient .
) ) € After 2 weeks of culture, the constructs display:
- Deop layer (PLA/ P-CNC) orthogonal pores; MIDDLE: PLA and sulphated CNCs mechanical propertiesomparableo the native
miiodiztn SUPERFICIAL: Pparallel tubular pores - propet parat |
- s E Lack of cells density organisation
8 P T ) . . : E Postfabrication cells seeding
(CamarereEspinosa et al., 2016) Biomimetic content:ECMcomposition and orientation
CALoTED AS Cdis BMMSC § x 10 cells/ml) € Synthesis of specific matrix
Material/Fabrication BONE: Alg/Hap gel (195 w/v); & V\)leldedla ors F;fter 8 weeks
CARTILAGE: Alg/HA gel ¢.5v/v). CALCIFIED: 5.5 PE] - a1ay :
. : E Not faithful choice of zonal adequate

bilayers of PLL/HA. Construct exposed to daily . :

. : . biomaterials and cells

intermittent compressions. & Monophasic cartilage side

Biomimetic content:Mechanical loading P g

Cdls: Chondrocytes

Material/Fabrication HA 10% w/v in NaOH and PLA & Optimised collagen organisation reproduction.

nanofibers: aligned in superficial layer, random in the | E Cells density rationale.

middle, channels in the deep zone E Scalability of théabrication technique

E Difficulty to obtain high amount of primary cells

(Owida et al., 2018)

Biomimetic content:Fibril orientation
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‘e
H

Cdls: Chondrocytes

—H B - € Gradient hydrogel with stiffness ranging from 2
. i 3' = Material/Fabrication Gradient hydrogel of PEG (2@ % to 60 kPa
- w/v) and 25% CSVIA € Stiffnessdependent upregulation of cartilage
y - . markers
AR Biomimetic content:Mechanical stiffness gradient E No compositional gradient and cells organisatic
(Zhu et al., 2018)
Cells MSCs
VB +AkEried Material/Fabrication Photopolymerisation of Gel/Gfl | _ o . o _
e DEEP: 75Gel:25&8naligned uRB; MIDDLE: 90Gel:10( € Optimised composition with aligned fiteon top
Mekins] e +unaligned LRB: SUPERFICIAL: 100Gel#ig8ed uRB | . ayer helped the production of proper AC
Safete c5] s E Needs to be exploited with chondrocytes
Biomimetic content:ECM composition, fibril orientation| € Lack of zonal structural design and cells densit
(Gegg & Yang, 2020) .
pore properties
N Cells MC3T2E1 preosteoblasts
Pl and ATDC5 chondrocytes
porsrse M;atenéallll::?bzrg:.gtcl)on_BhONE: freezectlj_'rym?_lzf/: \;’/H(’z € Stratified scaffold displayed a compact structur
e \é:VA\\II)_’CIISIED(' C.H C\;VI:I ”resaic:)to ) ), nh { IV)’I _ and no separation between the layers
CARTILAGE' Th1 0 | gia 'ngulznﬁ Itl e5r(r)r?goge atiof é Cells maintained the phenotype in each zone.
ﬁ”“‘ : Thermal gex oll 11 (50:50) E Lack of cartilage zonal structure

(Korpayev et al., 2020)

Biomimetic content:ECM composition, meché&al
properties

Table 27: Report of the most relevant zorahgineered A vitromodel exploited from 2003 to 202 with schematic of the model, methodology

and findings.
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2.8 Fabrication techniques

The design of an ideal 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 mpsadit

the materials employed (highlighted isection 2.% but are also directly tied to the
manufacturing procedures used for mimicking the complicatedti-layeredmicrostructure

of real AC tissueNovel technologies, or a combination of techniques, egquired for the

fabrication of multilayered scaffolds for AE(Fu et al., 2020)

2.8.1. Electrospinning

Hectrospinning 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 exchangetatfiom within the scaffold

(Ma & Zhang, 1999)Electrospun nanofibrous structures have been intensively investigated
because theyanimitate the hierarchical architecture of ECM. Furthermore, tfanofiber
configuration can be tweaked.

Electrospinningtechnique uses high eledstatic forces to create polymefibres the
formation offibres 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 colléaturé
2.13A). Aside from the basic setup, many elementsicdinence the fibre preparatiorHigure

2.13B):

0] Process parametersThe applied voltage has a fundamental role for starting the
electrospinning process and ftas effect on the resulting fibers dimension and
morphology. Some authors reported a decreaseesiilting 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
criticalvalue (depending on the polymaolvent systern Typically, it is used a voltage
of 20- 25 kV between the nozzle and the collectine solutionflow-rate affects the
drying offibresand, hence their morphology and size of poresn increase beyond a
certain point can result in the beads formatidoe to lack of drying. The work distance

(between tip and collectofas a substantial impact on the fibre diameter by affecting
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(ii)

(iii)

the drying processnd it usually isl0-20 cm(Sill & von Recum, 20Q8Yhe 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 ryguksfect on the
incoming fibres. Flat aluminium collectors are commonly utilisgdporous metals

with varying porosity and pore shape, wire mesh, pin, grids, liquid bath, rotating disc
(Yilmaz & Zeugolis, 2020Yhe collector shape is another elemewhich plays an
important role it is usually a stationarnglate, although advances in engineering have
allowed the use of a rotating cylindéfibresorientation, which is important for seeded
cell growth direction, depends mainly upon the collector: atistplate collector can

be used for random orientatiofibres and a rotating collector for aligned nanofiber
(Figure 2.BO.

Solution parametersif the polymer solution concentration is too low, the fibres will
break up and form rings, discs, and beaé$obe 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 alsoimportant to provide smooth fibresas well ashe 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 increasedaider etal., 2018) It has also been demonstrated
that chain entanglements in the polymer solutjaelated tothe length of the polymer
chains and their conformatiomnd electrospinnability are relate&inally the solvent
plays an important rolegood solvents are those in which polymsolvent interactions

are favouredjn contrast topolymerpolymer seHinteractions(Shenoy et al., 2005)
Environmental parameters Temperature, humidity, pressure, and type of

atmosphere Affect the diameter and shape of the fibr@arkhede & Rao, 2017)
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A variety of materials were used for electrospinning including natural and synthetic. Regarding
ACTE the main natural polymers used were ColldH GELand keratin(Yilmaz & Zeugolis,
2020) However, to prevent them from degilang in the harsh solvents used in the
electrospinning process (Hexafluoroisopropanol, Methylene chloride, Trifluoroethano,
Sodium dodecyl sulfate), they must be heavily cilogsed, whichcan result ircytotoxicityin

vitro. On the other side syntheticofymers (PCL, PLA, PGA, PLGA, PLLA) are often stronger
than natural polymers and can withstand electrospinning without notatses andhave a
predictable biodegradability. However, there are sodrawbacksor synthetic polymers as
abovementioned. Therdore, 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 sdéold made of PLLA which was functionalised with CS via polydopamine
coating for promoting the chondrocytes growth and chondrogenic act{iAn et al., 2019)

Heet al., instead proposed a composite electrospmembrane made of PCL atElas a ce
culture platform for MSCs and chondrocytes towards AC regenerdtianet al., 2015)

Another interesting methd was applied by Levorson et al., who electrospun a scaffold
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containing micro and nanofibers of fibrin @ CL, obtaining good cellular response in terms

of cells viability and cartilage regeneratiflrevorson et al., 2014)

Since electrospinning technique is very promising due to its high versatility (e.g., ability to
produce functionalisednanofibrous scaffolds with a variety of orientations, sizes, and
mechanical properties)t could be used for producing biomimetic multilayered scaffolds.
Munir et al. developed a thretayer AC scaffold: an aligned electrospun superficial zone, a
random electrospun intermediate zone, and a crganted 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 mettihy
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 pexptrat were

more akin to those of native cartilage. Furthermore, the epymted deep zone of the
multilayered scaffold provided an appropriate starting platform for cartilage defect healing,
affecting cell adhesion and stre@dunir et al., 2020)Smilarly, as already reported ifhable

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, angtertically, 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 caHilegd&bre
orientations and mechanical properti€&irao 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 ofteroraptished by
photolithography. Despite being a wastablished technology, photolithography has
difficulties such as limited feature size due to optical diffraction, the need for-dmgngy
radiation for microscopic features, and the expensive cost afidex apparatus needed. It
also can't be used on ngplanar surfacesSoft lithographys a simple and lowost technology
which works with a wide range of materials and has a huge surface laiga supplement to
photolithography by addressing its dibantageqLakshminarayanan, 2018)n 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 structugs 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 silicoreased rubber or crosinked Polydimethylsiloxane (PDMS) Skdga

184 for stamp production with feature sizes greater than 500 nm. PDMS, firstly developed by
Whitesides in 1998 at Harvard, is ab&sed organic polymer widely explored due to its
biocompatibility, high flexibility (viscoelasticity), high chemical iness, optical
transparency, and adhesion to met#3in 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 replicaoulding(REM) beig the most exploited

for biomedical application. REM is a suitable technique for producing seepfalasfrom the

same substrate with a good resolution; it allows to pattern large areas, rapidly and onto non
planar surfaces. Ifrigure 2.8 are reportedthe major steps of the procedure generally

followed:

© 4

—r

Figure 2.4: Schematic illustration of the procedures for obtaining a patterned polymer by
starting from a positive substrate via PDMS via soft lithography technifaealesired pattern

is designed with a computeaided design (CAD) software program and the topogicgly
patterned substrate (which will have the same pattern of the final desired structure) is
manufactured(e.g. via 3D printing) (1jguid PDM$Smixed with curing agents poured onto

the micropatterned mastersubstrate and thermally cured (2-4); the PDMSpattern is
transferred back into a replica of the original master by solidifying a liquid prepolymer such as
U\-curable or thermally curable hydrogels precursor, against the soft PDMS 1fe6i)d

2.8.3 Fusion deposition modelling
Additive manufacturing (AM) is a method of building up a structure by joining material

together by deposition layeby-layer. The basic principle that underpins nearly all AM
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techniques (vat polymerization, material jetting, binder jetting, material extmussheet
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 tdimensional (2D) crossections and
transferred to an AM machine, where it can be combineetdyy layer to create the physical
3D hierarchical structureéVyavahare et al., 2020; Fu et al., 2020he steps of additive
manufacturing are:
1) Creating a 3D CAdbject,
2) Converting it into the standard format of Standard Tessellation Lang{&1je)
3) STL file ismported in slicing softwaréo slice the object in different layers. Here, the
printing parameters can be modifi€material deposition planeenvelopesiumber of
the parts and their thickness and filling patterns, printing speed@edsure)
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 tedcal skills to operate. This is a fast,
versatile, lowcost, and widely used 3D printing approach that fabricates a congblaged
item quickly and easily. Material extrusion via Fids patented by Crump in 1988. This
technique is based on the extrusioha 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 tiepkane on the printing
platform. Theplatform moves down or print head moves up along the Z direction by exactly
one layer thickness after the completion of deposition at the successive-seasi®n. Thus,

3D structures are created in a layey-layer routine.

All the polymers having a dtiless of 1 GPa and a processing temperature higher than the
transition temperature but lower than the degradation temperaturean be used for FDM

(e.g., PLA, PCL, Ethylene vinyl acetate (EVA) and acrylonitrile butadiene styrene (ABS))
(Chaunier et al.,@18) Amongst them, PLA, being highly processable, biodegradable and user
friendly, is the mest widely used bioplastic, generated from the starch of agricultural plants
such as corn. PLA is a thermoplastic aliphatic polyester generated byopéming
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 Hactic or Dlactic acid (PLLA or PDLA) is semicrystallihereas PLA made up of
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50¢93 % Hactic 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 tempene (Tg = 60°C 65°C) and melting
temperature (Tm = 173°€ 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 imEfield. Regading boneTE 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 plure HA ceramic scaffold and cancellous b{figang et al.,
2021)

Even though 3D printing has been used for fabricatioin eftrotissues such as bone, bladder
and trachea, the obtained constructs are mainly 3D structures covered by cells, rathernthan

organised 3D environment populated by cells in an organised mg@weatzone et al., 2021a)

2.8.4 Bioprinting technology

Re@nt advantages in 3D printing and its combination with cell biology and material science
allowed the development of bioprinting technology. This approach, by printing-loelied

inks, have enabled the generation of compiexvitro 3D tissue models, thatan 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 locationgScalzone et al., 202188D Biopriting 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 gogmed cellcontaining fabrication units
generated via cefliriven selforganization or through preparation of hybrid cetkaterial
building blocks, typically by applying enabling technologies, including microfabricated molds

or microfluidicgWoodfield et al., 2017)

Bioprinting is defined ®1the use of computeaided transfer processes for patterning and
assembling living and ndiving materials with a prescribed 2D or 3D organizateoproduce
bio-engineered structures serving in regenerative medicine, pharmacokinetic and basic cell
biology studies.This layeiby-layer technology makes it possible to spatially pattern cells,
bioactivefactors, YR 06A2Yl 0SNAIFIfa Ay o05® . A2LINAYyGAYy3AZ

formulation of cells that is suitable to be processed by an automated hicfion technique,
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to print living cells within a material construct, is an evolving aspect of 3D printing technology
(Figure 2.BA). This technique combines the features of 3D printing such as the complete
control over the design, fabrication and modedjiof the construct being manufactured with

the possibility of incorporating and precisely depositing living cells and biological cues in the
3D space to obtain weltlefined geometries with gradient composition of biomaterials and
cells. Additionally, byrinting with multiple bieinks, a zonally organized constructs can be

generated.

\‘l“'
\ | BIOINKS FORMULATION |
—— Bioinks Mandatory component: Optional:
cells combination with materials
- Nozzle o ik . e &
B e y 6 A N N R
Platform . W @/ 7 L

Extrusion-based Laser-assisted
bicprinting

bioprinting
Shape stability

Stiffness - Printing

Laser beam =y process
Biomimicry & Gelation
* Reton / > . S 5 natice

. Nutrients " U o 5
diffusion = 0 H:g:\.
resolution
Ink-jet -~

Viscosity

biaprinting

5 " Shear
8’°compatib'\\\“‘ thinning

A S

Biodegrada-

bility Cells

Cytotoxicity differentiation

Figure 2.5: Bioprinting fabrication technique. lllustration of bioprinting technique and bioinks
formulation, which has cells as mandatogngponent and materials as optional eleme/)|
Modalities of bioprinting processes: extrustbased bioprinting, lasesissisted bioprinting,
ink-jet bioprinting @); Biomaterial properties for an ideal bioink arder to respect the
biofabrication window for the rational design of bioinks, based on three parameters:
printability; biocompatibility and mechanical stabilit@) (

Few additive manufacturing techniques can be used to 3D bioprinting biological corstrict

by distributing ceHaden bioinks, which necessitates a cytocompatible deposition procedure.
Laserassisted, inkjet, and extrusion bioprinting are the three most researched approaches for
direct bioprinting, according to the literaturerigure 2.5B). The main feature of each

technique is explained in thEable 2.8
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PARAMETER! INK-JET EXTRUSIORASED LASERNDUCED

Bioink viscosity up to 12 mPa/s up to 6x10 mPa/s  up to 300 mPa/s

Cell density < 1@ cells/mL up to 10 cells mt?  Up to 1@ cells/mL

Cell viability > 85% 40-90 % > 95%

Resolution 10-50 pm 200-1000 pm 10-100 pm

Printing speed 1x1Cdroplet/s 10 um/s700 mm/s  200-1600 mm/s

Chemical,

Gelation Chemical, ) Chemical,
: O photocrosslinking, O
mechanism photocrosslinking photocrosslinking
thermal
Costs Low Medium High

Table 28: Overview and comparison of the mainstream techniques and specifications for
the biofabrication of 3D constructs

T

Inkjet printing ejects bioinkslroplets 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 eletrical energy). This is an inexpensive, Higloughput and reproducible
technique which allows to creag@colitre-sized drops and has a printing resolution o€ 20

100 um. 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 printi(. Li et al., 2020)

Extrusion systems are used in robotic dispensing procedures, which leads in mdee stab
3D ceHlladen structures. This technique uses air pressure (pneumatic) or mechanical
mechanisms to push cedncapsulated hydrogel filaments through the nozzle (piston or
screw). However, because of lack of structural support, integrity, mechanicalitgtahd
printability, large freeform 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 erodiemeter,with resulting
poorer cell vitality than irndet bio-printing (Murphy & Atala, 2014)

Laserinduced approach directs higtressure laser pulses onto the donor slide, causing

droplets of ceHencapsulated hydrogels to fall onto the collector. This nezele
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technique allows to print cells with extreme precision in small constructions witho
compromising viability or cellular function; also,cén use a wide range of materials
(viscosity from 1 to 300 mPa)sbut it necessitates rapid gelation hydrogels to generate
high-resolution printed patternsThere are still limitations in terms ¢fomogeneous cell
distribution because the technology necessitates a quick gelation phase to get the correct
form and size. Overall, fabricating big 3D constructions is at¢mnsuming process, which

limits its usage in several clinical settiffy®ntura,2021)

For the printingof ACtissue, extrusiorbased 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, forte@tled 3D bioprinting are
hydrogels, as they facilitate homogeneous cell encapsulation in a highly hydrated and
mechanically supportive 3D environmg@hu, Gong, Liu, et al., 201AHydogel prepared for
extrusion printing must be viscous enough to keep its sHaj®dity during printing to avoid
tension driven droplet formation at the nozzle tip for extrusion of continues filaments and
must have crossinking abilities allowing for itat retain the 3D structure after printing. Cress
linking can be induced chemically (eGaion to crosdlink alginate), thermally, or using UV or
visible light with the addition of appropriate initiator\lso, several studies have been
conducted orbioinks formulations based on natural polymers, such as collaG&t,HA CS

and algnate (Murphy & Atala, 2014)y evaluaing thefollowingthree primary characteristics
(Figure 2.50): 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 celilijaduring the
printing process and support cell viability and functions gargtting until tissue regeneration

is complete; (iii) an ideal ink to be printed for the fabrication of higbolution complex
structures; (iv) possess mechanical propertiesatiow both postprinting and preprinting
mechanical manipulation and cells sustainment. The interplay between the diverse features
of bioinks is crucial in achieving a balance among these critdalzone et al., 2021aj
summary of the propertiesound in literature studies on different materials in terms of
printability, printing techniqueexploited,and crosslinking mechaniss reported inTable

2.9 (Ashammakhi et al., 2019; Murphy & Atala, 2014; Hospodiuk et al., 2017)
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POLYMEF TECHNIQUE PRINTABILIT CROSSLINKIN REF

Agarose  IJ, EB, LAB + T (Duarteggrrég)os etal,
1
Alginate 1J, EB, LAB * ! (Datta et al., 2020)
CH EB } LP (Tondaturo et al., 2020)
Collagen  IJ, EB, LAB +l- T (Osidak et al., 2020)
ECM EB T i
dEC (Hospodiuk et al., 2017)
Fibrin 13, EB, LAB - E (Cubo et al., 2017)
GEL IJ, EB, LAB - C.E.T.P  (sSchwartz et al., 2020)
EB +
GG P, 1 (Mouser et al., 2020)
HA EB - E,PC (Ashammakhi et al., 201¢
+
PEG |J, EB, LAB P,C (Xin et al.2019)
Pluronic |J, EB ++ T,C

(Gioffredi et al., 2016)

Table 29: Overview of polymers suitable for celhcapsulation, their crosslinking mechanism,
bioprinting technique and relative advantages and disadvantaelsteviations: Photocuring
(P) Enzymatic (E), Covalent (C), lonic (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 hykimeartilage
tissues formation compared tGEEmetacrylate (GelMA) and poly(ethylene glycol) methyl
ether methacrylate (PEGMA)pased bioinks that supported more fibrocartilaginous tissue
production(Andrew et al., 2016)Often bioinks are mukinateriak formulations. Constantini
et al. assessed 3 different formulations of hydrogel for scafifalded bioprinting of cartilage
tissue, which were (1) GelMA, (2) GelMA @&&hmino ethyl methacrylate (ES&EMA), and (3)
GelMA, C&EMA, and HAMA. Each bioinlsalcontained alginate to aid in stable fiber
formation during bioprinting and was loaded with MSCs. GelMA anrdEDFA hae been
observed to be the best in chondrogenic formation with the highesklCed Col | and CdIX
ratios (Costantini et al., 2006Also,Mouser et al. analysed the effect of GG on GelMA bioink
at various concentrations discovering that a concentration of 10#0.&%elMA/GG balanced
the bioprintability and construct stiffness that impacted cell incorporati@vouser et al.,
2016)
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A limitation of using hydrogels is their poor mechanical propertiesd€pmsiting hydrogel

bioinks within fused deposition modelling of thermoplastic polymer, in ordereioforce
mechanically celladen hydrogelshave been successfully explored. For example, Dimaraki et

a. FFONAROI SR FTIONAROIFGS aoOFFF2fRa 6A0K (KNS
Ff 3AYlFGSmol &SR 0A2AYy 1l 02yl nd g ROL Supdortiaridcyire, | NIi 7
which was fundamental for helping in the maintenance of the structural integrity of the

scaffolds during bioprinting and subsequémtvitro culture (Dimaraki et al., 2021a)

2.91n vitro model of Osteoarthritis

The goal of gnerating reproducible and reliable vitro OA modelsable to mimic disease
complexity is double: to gain a better knowledge of the illness and to test potential treatment
modalities for proofof-concept studies. There are three different approaches studied in

literature for inducing OA:

-Chemical: variety of enzyme types have been usesirtmlate 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 OAIn vitro model of are basean reproducing this inflammation. To date, humerous
biological sources of inflammatory stimuli have been identified, including the use of cytokines,
synovial fluid from OA patients, activated macrophages and macropt@aggitioned
mediums oEVdrom OA cés. At this regard, one of the most frequent strategies inducing
inflammation is to use exogenous cytokinesimvitro systems(Johnson et al., 2016From
literature, it appears that the cytokines which most influence OA pathogenasigxplaiad

in section 3.3.3re: () Ikmi = gKAOK ¢ & Coff I? almyPRsand Btimalafekiheo A
production of MMP1,3,13, (i) IL-6 to activate NFkB pathway and a@wn-regulate the
enzymatic antioxidant defences in chondrocytes with mitochondria disfundf@am et al.,

2007; Lofgren et al., 2018; Mattyartert et al., 2008)(i)) TNF* = g KA OK OF y- | O A
kB pathway, increase the expression of MMPs and inhibits anabolic molemutestjmulates

chondrocytes apoptosi@vieliconi 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 ¥80confined
compression) compression triggers a shift in cartilage homeostasis towatdbolism and
inflammation (Bartolotti et al., 2021)Since OA is oftettocalised to weighbearing AC

mechanical injuriesvere proposed as one of the primary initiators of the diseade.Vries
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van Melle et al. developed an vitro osteochondral modkto study mechanisms involved in
cartilage repair by creating defects of different depths using a dermal biopsy punch and scalpel
(de Vriesvan Melle et al., 2011while Lin et al. applied a cyclical loading on cartilage explants
with 1 and 5 MPaand observed progressive changes in cell viability, collagen cleavage and
proteoglycan loss after 2dours (Lin et al., 2004)The cyclic compressive load was exploited

as well by Ravalt al. in a 3D culture of bovine chondrocytes in alginate beaadsilting in

the induction of hypertrophic phenotype in cells by the release of RUNX2 and &all/xli

et al., 2020) Similarly,Thibault et al. subjected cartilage explants to hight physiological

cyclic load levels and characterized the resulting damage using a sequence of unconfined
compression stress relaxation teghibault et al., 2002)This mechanically inducel vitro
degradation model resulted in collagen cleavage wattconcomitant 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 (iAorzilli et al., 1983)

-Biological induction, by using directly osteoarthritic chondrocytesbtain a morein vive
like environment where these cells undergo a different behavemmpared to healthy ones
(Sanchez et al., 2005; Li et al., 20¥8ung et al., 2018)

Eachapproachcontains some limitation, for example the concentration of cytokines used for
in vitrostudies 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 experimesttmlies because of

its biological variability. Conversely the exploitation ofcoitures with macrophages was
discovered to closely mimic the early stage of OA. Mechainidakted OAn vitromodel have

the drawback of the difficult repeatability andastdardisation of the process when imposing
an injurious load. The use of OA chondrocytswel|] has some drawbackuch aghe low
availability of OAcellsfrom patients, which excludes the possibility adtaining a standard

production of reproducible mdels(Bartolotti et al., 2021)

To date most of the O vitro models exploited are 2D monocultures or-calture and
explants. Although monoculture are suitable for screening the effect of some
chondroprotectivecompounds and ceultureshave beendndamentatlto investigate ceitell

communicationas well as the chondroprotective role of MSCs on chondroaytesig OA
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progression2D models do not reliably reproduce the physiological condititue tothe lack

of ECM environment andltered cells morphologyOn the other sidewhile explants models
clearly provide advantages over monolayer culture, particularly in terms of tissue interactions
yet there are still flaws that must be addressed when empigythese models, such as cells
death at the edgesf the surgical cytas well as the low availabiliof explansfrom the same
biological sampldndeed,changes in the sources could provaayversereactions Therefore,

3D models of OA, whilshowing the benefits of 2D culture, additionally these provide a
customisable environment which is more comparable to physiological conditdiow/ing the
study of celicell interaction, celmatrix interaction,and cell response to Gikducing stimuli

(Samvelyan et al., 2020)

Given althese limitations to date, noin vitro modelhas proved to be the gold standard for

OA research and therapeutic testig@raig I. Johnson et al., 2016)
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Chapter 3. General methodology

In this chapter, the maimethodologies involved in this PhD work are reported, whgecific

experimental technique used only in one chapite@wve been reported there.

3.1 Biomaterials synthesis

3.1.1 Gellan gum Methacrylate (GGMA)

The synthesis of Gelldbum 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 protatthe with the methodology
proposd by Coutinheet al (Daniela F. Coutinho et al., 20XB)gure 3.). 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 (@) under stirring. Hydrochloric acitiCl) (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 dHO. The pH stability was monitored by utilizing a digitainpéter (FiveEasy® Plus
pH/mV bench meter, Mettler Toledo). Then, thelwion was warmed up to 90 °@dthen,

GG powder was added (1 % w/v) and let dissolve for approximately 30 min, under stirring.
Following, MA (8 % wi/v) was added to the GG solution, when the solution reached 50 °C, and
the reaction was continued for 5 hios, while the pH was monitored and continuously
adjusted to & 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 membanes with MW cubff (MWCO) of 1% 14 kDa, to remove ureacted MA.

Then, GGMA solution was stored-a0 °C overnight and subsequently lyophilised for 72 h in

a freezedryer (Alpha £2 LDplus, CHRIST, Germanyp@at°C and 0.04 mbar, and stored in a

vacuum chamber.
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Figure 3.1Schematic representation of the GGMA synthesis process.

3.1.2 Chondroitin sulfate Dopamine (CSDP)

The synthesis of CSDP was obtained dissolving 5 g of Chondssitifa#¢ sodium salt from
bovine trachea (CS) (MW515.376 g/mol, Sigma Aldrich, UK) in 50 mL of activation buffer
solution composed by 0.1 M of(&-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 pHs. Following, 1.82 g of-Ethyl3-(3-dimethylaminopropybcarbodiimide
hydrochloride (EDC) (MW = 191.70 g/mol, Sigma Aldrich, UK) and 1.10 ghgtirhixy
succinimide (NHS) (MW = 115.09 g/mol, Sigma Aldrich, UK) were slowly added to the buffer
solution urtil 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 againsQditsing célilose membrane
(MWCO = 1114 kDa) for 2 days in 0.1 M MES aqueous solution and 1 day in acidif@d dH
(pH = 1- 2) and subsequently lyophilized as explainesgéation 3.1.1(Figure 3.2. All the

process was performed protected by light to avoid théakion of the catechol groups.
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Figure 3.2Schematic representation of the CSDP synthesis process.

3.2 Hydrogels preparation
3.2.1 GGMAbased hydrogels

Multiple GGMA based formulations, as reported Trable 3.1were 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 performaith the ROKIT
INVIVO Bioprinter).

Two hydrogel compositions were based on bare GGMA at different polymeric concentration:
GGMA 2 % wiv (GGMA 2 %) and GGMA 3 % w/v (GGMA 3 %). The other two hydrogel
composition were prepared by combining GGMA with Manu&ady (MH) (Manuka Guard®,

US, Medical grade12+, MGO 400) (GGMA-284 5 %).

For the GGMA 2 % and GGMA 3 % hydrogels preparation, GGMA freeze dried powders were
dissolved in dkD at the proper concentration under constant stirring overnight at 60 °C with
the addition the photainitiator LAP (Lithium phemd,4,6trimethylbenzoylphosphinate) 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 100ofrthe 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 awid@l plate, and let photocrosslink at
Room Tempmature (RT)under UV light (365 nm wavelength, 8 WImMROKIT INVIVO

Bioprinter) for about 10 min, and physically crosslinked with the addition of an equal amount
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of cellular media Dulbecco's Modified Eagle Medium/Nutrient Mixtur€2HDMEM/F12)
(Thermo Fsher 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 & %oG@

of the obtained hydrogels were stored €0 °C overnight and then lyophiliseat 48 h in a
freezedryer as reported irsection 3.1.1for 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 overnign the fridge to solidify, and subsequently cut with a hollow
puncher to obtain cylindeshaped specimens.

For further tests, GGMA freezlied powders were sterilized under UV irradiation (254 nm

wavelength) for 30 min before preparing the solutions.

HYDROGEL NAME GGMA CONTENT (w/v) MH CONTEN{w/v)

2.0% -
GGMA
3.0% -
1.0% 5.0 %
GGMA- MH 1.5% 5.0%
2.0% 5.0%

Table 3.1Name and composition (% w/v) of the GGM#sed hydrogel manufactured and
analysed. Highlighted thi®@rmulation 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 % wMCP®P10)and 20 % w/N(CSDP2@oncentration, and the pH of the solution was
adjusted to 89 by adding NaOH (2 M). After the addition of Sodium Periodate ¢NE@ma

Aldrich, UK), GBP hydrogel was spontaneously formed without any further treatment. The
gelation time of the hydrogel was measured while varying the amount of N&&@n 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 |@.dbNéltain

a molar ratio Nal@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 attemied total reflection (FTIFATR)

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 instrumemiuipped 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 scansith 4 cnt! resolutions. Measurements were recorded in the
wavelength range of 4000550 cni.

3.3.2 Xray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out to study the elemental composition
of the samples. A PHI 5000 VersaProbe Il (Physical Electronics, United States) was exploited,
equipped with a monochromatised AlKara§ radiation source. Freezlried samples or raw
polymer powders were examined recording survey scans (binding energy ranb200 eV)

and highresolution signals in Fixed Analyzer Transmission mode (pass energy 29.35 eV),
scanning areas of ~ 1400 x 200 mm. Spectra were acquiredsfd£ Ois, Pp. 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. Highesolution spectravere fitted with Gaussiaglorentzian 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:
SolidState NMR Facilifpepartment 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 GGMAhe& spectra were measured on a 4 mm HX probe in an 850 MHz
spectrometer ad the samples were spun at 12 kiRegardinghe 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
incrementsfor GGMA. All 13C CP spectra were measured u&ings contact time, 3 s

relaxation delay and 92.5 kHz 1H decoupling.
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For CS and CSDH, and!3C spectra were recorded with either Bruker AVANCE 300 MHz or
JEOL 400 MHz spectrometers 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 areported in ppm relatively to TMS as internal standard.

3.4 Physical characterisation

3.4.1 Measurement of the gelation time

| @RNR ISt Qa az2ftk3St GNIFyairildARYAY(I YRS delAsy 3l dalf
AYOSNIAYAE (S a (Scatand el & A2¢7194dFor eachvhydrogek c8rapaszition, 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 tovisually 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 froze@fC overnight and
lyophilized, as reported irsection 3.1.1to eliminate all the water content. Lyophilized
hydrogel samples were weighted and placed separately in a 7 mL bijou viairgngt5 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 tisqasper and weighted. The water uptake

percentage was calculated using the following equation (Eq. 1):

. W
wYPhP -
W

prtmt Orp

where WU is the water uptake ratio, \'g the initial weight of the hydrogel, W¢ the weight

of the hydrogel aftethe considered time point.
3.5 Mechanical tests

3.5.1 Unconfined compression test

Mechanical properties under compression were evaluated using a mechanical testing machine

(EZSX, 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 thermoplasticdesanipe crosshead

AaLISSR ¢ a & &iandihe load was ¥gpliédiwhile the specimen was compressed

until break P 60 % of original heigh{scalzone et al., 2019a; Bonifacio et al., 203@ess vs.

{GNIAY 6 k¥ 0 OdzNIS a asedichiiBed Byadividing shéSapplied fofcSwithi (1 NB
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the initial specimen surface area whereas strain was calculated from the displacement of the
a0 FF2ftRa AY NBfFOGA2Yy (G2 GKS 2NRAIAYLIE GKAOLYS

(E) were calculated dke slope of the initial elastic/linear region of the curveg(D0 % strain).

3.5.2 Stress relaxation
To evaluate the hydrogels viscoelastic stredaxation properties, it was followed the
protocol used by Bian et aBian, Zhai, Mauck, et aRp11)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 asfanction of time. The stresses vs. strain relations of the gels were
almost linear in the range 5 %. The peak stress)&as obtained when reaching 5 % strain.
¢ KS SljdzA f A 0 NA dzYy) wadergtmiged by Yh2 eyditorilah load @btained 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 tireesacquired
012 22 3) (Scalzone et al., 20194d)he linear region of the curve, corresponding to the stress
increasing with the strain was not reported when fitting the relaxation curves.

,0 00Q | 6Q | 6Q 1 0 0K
wheNJX: is the total stress, while A1, A2 and A3 are the amplitudes related to the three
RAFTFSNBY (i NELHYERIGAZY (AYSE

3.5.3 Rheological analyses

Rheological measurements were carried out with KineX® 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 temperatii 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.

TheStran Sweep Teswas 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
NEIA2Y gKSNBE (KS &02N}3S Y2RdzZ dza cem@fthel y R K S
AGNIAY FYLX AGdzRSET o0SAy3a fAYSENI FYR LI NY¥ttSt o
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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 rigiditya material's soft solid

structure when exposed to stresses below the yield stress, was recorded with Eq. 3:

6 o @ Ofp

7 A

lfaz2sy GKS LI NBylhG @raodzaride o0'0 yR (K ai

TheTemperature Sweepestwas 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®#35C and
thevaluei 2F DQ YR Dé¢ BSNB NBO2NRSR Ay GKS [ %9
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), fixéldeon
aluminium stub using carbon tape agdld-coated using a BIBAD Sputter Coater machine.

SEM micrographs were peptocessing analysedith 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 passagdafes et al 2015) TC28a2

human chondrocyte cells (Merck, USA) and Y201 differentiated in chondrocytesy.201

HC were cultured in reaelp use Chondrocyte Growth Medium (PromoCell, UK) at 37 °C in a
humidified atmosphere incubator containing 5 %,CCells wee detached with tryps+EDTA
(PAALaboratories GmbH, Germany) at 80 % confluence angsiired to passage-3 for

experiments.

Y201 were cultured at 37 °C and 5 % @@ulbecco's Modified Eagle Medium (DMEM) with
low glucose content, supplemented WitLO % Foetal bovine serum (FBS), 2m$utamine
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 culturinglls for 21 days in serum free DMEM with
P/S supplemented with 1 %sulinTransferrinSelenium(ITS)+1, 10 ng/mID C-8, 40 pg/mL
L-Proline, 100 nM Dexamethasone, 50 pg/midcorbic acie-phosphate. Differentiated
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cells (Y20XL) were cultured in DMEM/RIs with high glucose (4.5 g/L) supplemented with 10
% FBS, 2mMdlutamine 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 describection 3.7and
resuspended in freezing medium, consisting of FBS supplied with 10 % v/v dimethyl sulfoxide
(DMSO) (Sigma Aldrich, UK), at a concentration $t&its per mL. Cell suspension was then
transferred in cryopreservation tubes (1 mL per tube) (Corningy) @8d placed in é80 °C
freezer for 3 days to have a controlled rate of cell freezing. Cryopreservation tubes were
moved into liquid nitrogen for longerm storage at-196 °C. For defrosting cells, cryogenic
tubes were thawed in a water bath at 37 °C #r 3 min, then the cell suspension was
resuspended into cold fresh cell culture media and centrifuged at 1200fop min. After

the supernatant removal, the pellet was resuspended in cell culture media at the desired

density for seeding into a cell kure flask (16cells per 75 cr).

3.8 Setup of pathological model

One of the main goals of this PhD research was the studty vfro model of AC in Healthy
and Pathological condition. Bet-up the AC pathological model, it was used a cocktail of pro
inflammatory cytokines to emulate th®A environment. Three different conditions were
analysed, as reported ihable 3.2 Healthy (DMEM/F12); Pathological at low concentration of
cytokines (GOA) (DMEM/F12 loaded with-1IB (1 ng/mL), H6 (10 ng/mL) and TNF 6 ™
ng/mL)); and Pathological at high concentration of cytokinesQAL(DMEM/F12 loaded with
IL1B (5 ng/mL), 6 (50 ng/mL)and TNF 6 p Y 3ak Y[ 00O D

HighConcentration Low Concentration

CYTOKINES (HGOA) (LGOA) HEALTHY
LM 5 ng/mL 1 ng/mL -
TNFh 5 ng/mL 1 ng/mL -

IL-6 50 ng/mL 10 ng/mL -
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Table 3.2:Culture condition setp: Healthy, High concentratio®A (HGOA) and Low
concentrationOA(LCOA).

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
gl & dzaSR | OO2NRAYy3 (G2 GKS YI y dziaked KitadowdbineR & A y
calcein AM and ethidium bromide to yield tvaolor discrimination othe 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
az2zfdziAzys n >a @i KNRA didein EseYddDikad i BBS] incubated in

the dark with for 30 min at 37 °@lternatively,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 wittthidium bromid&€ F OO2NRAY 3 (2 YI ydzFl O
4 pL ethidium homodimef and 4 drops of Hoechst in 2 mL of PBS.

Samples were imaged after the incubation with the Live/DeadReadyProbes®olutions

using a EVOS M5000 microscope or LEICA RNWildBoscope oa Nikon A1R confocal laser,
inverted microscope (Nikon, Japan) using constant illumination and capture parameters. A
Galvano scanner was used to acquire®2um thick zstacks through the entire thickness of

the sample usingeither@Ix(NA { 2y tf Ly 1 1J2 < mn E b! nonpT ¢
E M®HT YYU 2N uHn E oO6bAl2Yy tfly 1L} < Hn E |
mm) objectives. Some of the images were acquired-ageks, and a maximal projection
algorithm was use for 3D reconstruction. Micrographs were then analysed using the NIS

Elements and ImageJ v1.46 software packages.

39bH / Stf¢2Eu DNBSYy

/| Sttt RSIFIGK ¢l a lidd yGATASR dzaAy3a GKS / Stt¢2E
cell death is measured whita fluorescent dye that binds the DNA of cells with impaired
YSYONI YS AyiSaNraGeod ' aLISOAFTAO GAYS LRAylGZ
in the Assay buffer), incubated at RT for 15 min and fluorescence was measured at 485/535
nm excitaton/emission. Then, the labelled cells were lysed by addition of 4 uL 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 setip in each chapter, different metabolic assays have been

performed. This information is reported in thequer 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 wiim$eee 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 49Qof dimethyl sulfoxide (DMSO, Sigma
Aldrich, UK) for each well and the plates agitated for 30 mia &uart Mini Microtitre Plate
Shakerto 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 bottoaw@l plate and

a FilterbasedFLUOstar® Omegaulti-mode reader (FLUOst&tOmega, 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, 5000, 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 -(4&-dimethylthiazol2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfophenyi2Htetrazolium) assay (CellTiter 96® AQueous One
Soluion Cell Proliferation Assay, Promega, UK) was used. MTS solution was prepared diluting
at 1:6 the CellTiter 96® AQueous One Solution Reagent in phenfleeed®MEM/F12
supplemented with 10 % FBS and 1 % P/S. MTS solution was added to each well gontainin
samplesin different volumes based on the system (spheroids or hydrogets) left to
incubate at 37 °C in a humidified 5 %.@@nosphere for 2.5 hThen, 90> [of solution was
transferred into a 9@vell plate in duplicateor triplicate for each sampleAbsorbance was
recorded at 490 nm usingRLUOstar® Omegaulti-modereader.The results were analysed
using GraphPad Prism 9 softwase¢tion3.20). 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
CellTiterGId®3D (Promega, UK) was used to quantify the ATP content. At specific time point

samples weretransferred to a 96vhite bottom plate suspended in phenol rdrkbe
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DMEM/F12 and CellTitgglo 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 Hiominescence signal. The recording was

performed in luminescence withlLUOstar® Omegaulti-modereader.

3.11 Ultrastructural microscopy: Transmitted electron microscopy (TEM)

Cellular ultrastructure (@anelles 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 ofmagnification up to 130,000 x. Cells were fixed overnight using-avpareed solution

of 2 % glutaraldehyde (TAAB Laboratory Equipment) in sodium cacodylate buffer at 4 °C,
followed by a posfixation with 1 % osmium tetroxide (OgO(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 eliminateompression, mounted on Pioloforfiimed

copper grids (Agar Scientific) and ready to be visualized using an AMT CCD camera (Deben).

3.12 Immunostaining: DAPI and Phalloidin

/| StfQa Y2NLIK2f23& gl & 20aSNIISR 0 & -phaliodirh y Ay 3
YR (KS ydzOf Sdza 2 odiaRibids3 phenytizdofey (BAPI Far the
Immunostaining, samples were fixed in prarmed 4 % w/v paraformaldehyde (PFA) for
minimum 30 min at 4 °C and washed three times with PBS. Cells were permeabilisedlusing O
% viv Tween2® (Sigma Aldrich, UK) in PBS for three washes. Rhodghailwidin was
prepared using 1:1000 dilutions of phalloidetramethylrhodamine B isothiocyanate (Sigma
Aldrich, UK) in 0.1 % PBS/Tweeh2Bamples were incubated with rhodamipgalloidin
solution for 20 min at RT protected from light. Residue of phallaidodamine was removed

by washing samples with 0.1 % PBS/Tweé&is2lution three times. Following this, samples
were immersed in DAPI solution, prepared diluting DAPI (Vectorragb@s) in 0.1 %
PBS/Tween2®(1:2500) for 10 min aRTprotected from light. Then, samples were washed
other three times with 0.1 % PBS/Tweeff2hd were imaged using a Nikon A1R inverted

confocal microscope at®xmagnification as explained section3.9.1.
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3.13 Quantitative Real Time PCR analysis {{PICR)

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 extractioiglefjnality total RNA

from cells while maintaining its integrity due to highly effective inhibition of RNase activity
while disrupting cells and dissolving cell componer@gllswere incubated with Qiazol
(Qiagen, USA) for 10 min at 4 °C and the supemntateas 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 aqueougéa containing RNA, an interphase, and a lower organic
layer containing DNA and proteins. RNA was then precipitated from the agueous layer and
washed using the miRNeasy Micro RNA Isolation Kit following the manufacturer's instructions.

RNA samples were thestored at- 80 °C.
3.13.2 RNA quantification

The total concentration and purity of the isolated RNA was measured using a
ALISOGNRLIK2G2YSGSNI 6bl y25NR LI byloadingI.2 W&BNWY 2 CA &
solution. The instrument readout comprisethe 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 Polyrase Chain Reaction

Synthesis of cDNA from isolated total RNA was done usingCgigacity cDNA Reverse

CNF YAONRLIIAZ2Y YAOGD 6¢KSNXY2 CAAKSNE ! Y0Z I OO2NR
of RNA for each sample. After that, a thermocycler (ZV2érmal 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 cDN#anscripted samples were stored at 4 °C until further use.

3.13.4 Quantitative Polymerase Chain Retion (QPCR)
¢CKS LRfte@YSNIasS OKIAYy NBFOGA2Y ot/ w0 gl a OF NNA
Mix (Thermo Fisher Scientific, UK) and commercially available TagMaP@R probes
(Thermo Fisher Scientific, UK) reported Table 3.3 All samples were analysed with
QuantStudio 3 Redlime 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 expetgseady using

the 2¢ " n ‘mgthod (Livak & Schmittgen, 2001ayvith expression levels at day 1 controls as

calibrator. 1.5 pL 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

ADAMTSS

Hs01095518_m1

SPARC

Hs00234160_m1

RUNX2

Hs01047973_m1

ALPL

Hs01029144 m1

COL1A2

Hs01028956_m1

SPP1

Hs00959010_m1

VEGFA

Hs00900055_m1

Table 3.3List ofRFqQPCR probes used in these experiments and relative Assay ID

3.14 Glycosaminoglycans quantification

Quantitative analysis assessment of GAGs production was performedAlgiin Blue 8GX

(Merck, BDHat 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, 200f Alcian Blue solution waslded

to each sample for 15 min and samples were washed witt©Odthtil the blue came out. For

evaluating the quantitative GAGs production, 28.66 g of guanidine hydrochloride was

dissolved in 50 mL of dB. 500> [of Guanidine solution was added to eaclcian Blue

gStt

aidlrAySR

Microtiter Plate ShakerThen, 200> [were taken in duplicate from each well and reading was

al YL SQa
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performed in absorbance at 630 nm withrdter-basedFLUOstar®megamulti-modereader

in a 96c¢lear 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 fineti% 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 (BALTEQQ(Beica Geosystems Ltd, UK), mounted on carbon

discs and goldoated 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 samplder Histology and Immunohistochemistry (IHC) and the relative
staining process were optimised within this PhD wiarlobtain 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 OmBL Eppendorf embedded in Optimal Cutting
temperature (OCT) Compound (Agar Scientific, UK)-i@ided samples were snap fez

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 soluti¢®0 % 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 cryomoldsgar Scientific, UK) included in OCT and froze®0at

°C until furtheruse.

All samples were cryosectioned using a CM1900 cryostat (Leica Biosystems, Gerrvizihy) at

c/ ® 910K aSOuArzy sl a Odzi sAGK F GKAOlySaa 27
>Y F2NJ TAESR RTfoiv2Btar®i &ept froz8nluntilRalyBis. I (i

To perform Histology and IHC, fresh tissue frozen slides were transferred to cold Acetone

(Fisher, UK) a0 °C for 10 min. Following this, the fixative was let evaporat2Ql&in under
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a chemical fume hood and the slides were washed twice R8&o remove any trace of OCT
compoundg KSNB I a FAESR &l YLX S-ixatierhaRdmaréd wagh®SiRPBS T dz

and ready to be used.

3.16.2 Haematoxylin and Eosin staining

CAESR YR 6l aKSR af ARSa ¢ SNB A ydoagdK)§oBRsA Yy a
and rinsed in running tap water for 1 min to blue haematoxgt@mned 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 furtle¢rydrated in 95 % EtOH and 100 % EtOH

for 3 min each and incubated in His@lear® Il (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 Pidressied solution, which stains collagen fibres

AY NBR FyR OSttQa Oed2LXlay Ay &Stftamd o1 &
saturated Picric acid, for 1 h. Following, slides were washed twice in Acidified water (0.5 mL
of Acetic Acid i9.5 mL of dkD), dehydrated in three changes of absolute EtOH and
incubated in HisteClear® Il 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 ubated 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 HCI at a concentration of 1% w/v. Samples were incubated
for 20 min, washedast in 0.1 M HCI and dehydrated in 95 % EtOH and 100 % EtOH for 3 min
respectively. Then, slides were incubated in HiStear® Il 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 % EtOHD reduce the background interference during the immunofluorescence imaging.
After the Sudan Black solution removal and slides washing, these weresgbilised 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 Ratvith primary antibodies AntCollagen Il

(ab34712 Abcam) or AAKiI67 (NB5070SS Biechne Ltd or AnttAggrecan (ab3778

Abcam) or AntiCollagen X (8771-82 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 goatartio 6 A G A3ID 61 b [0 Ol ompnnyn
solution to AntiCollagen Il slides, Fluorescéaelled goat antNI 6 6 A4 L3ID o1 b [
Thermo Fisher Scientific) 1:1000 in BSA solution for-Wi6# and AntAggrecan slides,

AlexaFluor Goat AntMouse 1gG H&L (ab150115 Abcam) 1:500 in BSA solution. Following,

nuclei were stained with Hoechst solution (R37609, Thermo Fisher Scientific, UK), according

G2 YIFydzZFlF OGdzZNENRa AyadNdHzOGA2yad CAyrtftez I RN
(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

ImmunofluorescencélF)was performed as immunohistochemistry for Coll II, Coll X, ACAN
and Ki67.In addition, aniSPARC (ON) was used as primary antibaio®25716 Abcam), at

a concentration of 1:15. For IF samples preparatiah$he 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 ells were permeabilised using 0.1 % v/v Twe@hid PBS for three washges
immersed in Bovine Serum Albumin (BSA) (2 % w/v in PBS) for 15 min and inauitiated

primary antibody and secondary antibody, as reportedention 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 atRT Following, samples were washed with-@Hnultipletimes and dried overnight

at 50 °C in a 5 % e@tmosphere. 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 StuartMicrotiter Plate Shaker

for 30 min. The acetic acid solution was then transferred to 1.5 mL Eppendorf, heated to 85
6/ F2NJ mn YAY FYyR (GKSy LIXIFOS 2y AOS FT2NJ p
ammonium hydroxide to neutralize the acetic pi#4.1-4.5 and the reading was performed in
duplicated at 405 nm absorbance with a FilbarsedFLUOstar® Omegaulti-modereader in

a 96clear bottom well plateThe standard curve was obtained in the range2mM Alizarin

Red.

3.19 Western Blot analysi

Protein expressioranalysiswas carried out as previously reportédicini et al., 2020)RIPA
Lysis Buffer System (84948, Santa Cruz Biotechnology .incombined with protease
inhibitors (S8820, Sigmaldrich) was used to extract total proteinsdm samples The
concentration of protein was determined using a DC protein assay (LIT448RadioTotal
protein extracts were incubated with T+Slycine SDS Sample Buffer (2X) (Novex) and then
were fractionated on a 45 % SDSPAGE gsl Electrophoretally, gels (HC1000 Surecast,
Thermo Fisher Scientific) were transferred to 0.2 um Nitrocellulose membranesa(Bjo
which wereincubated with 5% milk in Trlsuffered saline with 0.1 % Tween 20, prior to
incubation withprimary antibodiesat 4 °C. The endogenous control used was mouse anti
GAPDH. After an overnight incubation, the membrane was washed withUffesed saline
with 0.1 % Tween 20 and incubated for 1.5 Ratvith anti-rabbit and antimouse secondary
antibodies coupled to drseradish peroxidaséTable 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, ,lH0d analysed witimageJ software
Western Blo@analysis was performeoly Dr. Cerqueni department of Clinical and Molecular

SciencesUniverdia Politecnica delle Marche (Ancona, Italy).

REAGENT ANTIBODY DILUTION SOURCE
Primary antibody Anti-RUNX2 1:200 HPA022040 Sigma Aldrich
Primaryantibody Anti-ALP 1:1000 ab126820 Abcam
Primary Antibody Anti-ON 1:250 5673472 Santa Cruz
Biotechnology
Primary antibody Anti-RANKL 1:750 PA5110268 Invitrogen
Primary antibody Antt ;I'cl)\lFl): GR)SFllB 1:1000 Ma5-15960 Invitrogen
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Primary antibody Anti-GAPDH 1:10000 60004 1-1g Proteintech

sc¢2004 Santa Cruz
Biotechnology

A90-116P Bethyl
Laboratories

Secondary antibody  Anti-rabbit HRP 1:500

Secondary antibody  Anti-mouse HRP 1:15000

Table 34: List ofWestern Blofprobes used in these experiments and relativ®rmation.

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 growgs w
determinedusingOng | & |yl fteaira 2F GFNRAFYyOS o6! bhx! 0 gA
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 spherdidsed scaffold free approach to mafacture 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 sg
free in vitro model of AC based on an optimised protocol in line with the recent clir

approved Chondrosphere® (CO.DON AG) tech(ipi®mnal Institute For Hidth and Care

affold

ically

Excellence, 2017ayhich was usedsa validationmodel for the zonal engineered AC. In fact,

validating new models would be crucial for the ongoing phase of their development, ¢
which physiological baseline data and responses to compounds are assessed and cqg
with clinical outcomes, in ordeo tmake them suitable as platform for studying patholog

progression and subsequent therapeutic treatmefid@e@nayer et al., 2014 hus, finding &

reliable validation model is highly required.

4.1. Introduction

Thischapter reports the results @t spheroidbased scaffoldree AC modeinanufacturedvia

a seltassembly technique without the addition of external forctslowing a protocol in line
with the clinically approved Chondrosphere® (CO.DON AG) techhigue (2.10 (Eschen et
al., 2020) This approach would lead to the obtainment of a few mm thirckitro model of

AC, which could be reliable and predictive for validation. The obtame&dro AC model will
be loaded with an optimised cocktail of proinfiaatory cytokines tostudy the OA

progression. Three main objectives (OBJ) were taken into account:

uring
mpared

es

OBJ 1To manufacture the formatioof spheroids and their characterisation, specifically their

growth kinetics, viability microstructure,and morphology, to obtain a reproducible and

standardizable process.

OBJ2o study how the spheroids fuse when put together to mature into a tissue, to assess

whether optimized maturity of the scaffefdee 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 demonstratethat a bankable cell type (Y241) could produce an engineered
cartilagelike construct, giving a repeatable and predictive model.

OBJ4To obtainAC in vitrascaffold free model toptimise an approach for obtaining a reliable
OA model, by using a cocktail of different concentration ofipilammatory cytokines and
assessing their effect in terms of spheradswth 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 publistg&zhlzone, Wang, et al.,
2022) The PLG&ELmembranes have been fully characterised in a work | am-autioor 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 reporféglire 4.1Briefly,

HC, Y201, TC28a2 and Y-ZDivere expanded as reported section 37, in Chondrocyte
growth medium, DMEM or DMEM/F12. Spheroids were formed using a round boiewe®
plate (nontissue culture treated) (Thermo Fisher Scientific, UK). For the formation of the
spheroids cells were seeded in the 98ell plate at a density of 2 x 1@ells/well, suspended

in 150 |Lof DMEM/F12 with high glucose (4.9.33/10 % FBR,mM L-glutamine, 1 % P/S and
supplemented with 0.25 % w/v methylcellulose (MCpad for HC cells, p. 15 for Y2Qland

p. 81 TC28a2; Y201 (p. 89) were suspended in DMEM with low glucose content, supplemented
with 10 % FBS, 2 mMglutamine, 1 % P/S artd25 % w/v M@James et al., 20150nce cells
were seeded, the mukivell plates containing all different types of spheroids were incubated
at 37 °C in a humified atmosphere with 5 % &0 7 dayswith mediumchange everpther

day.

After 7 days, three differentestswere exploited 6r the obtainment of the chondrospheres.
Specifically, ten single spheroids were cultured together in avd plate (i) with MCE
supplemented DMEM/F12 medium, (ii) with a Mf@e DMEM/F12 medium or (iii) on the top
of an electrospun PLGAlopamine funtionalised andGEL: coated membranegCarmagnola
et al., 2020)(kindly supplied by Politecnico di Torinkaly), mounted in 24multiwell cell
crowns. This last technique was selected forfiln¢her culture ofthe chondrospheres, which
were cultured at37 °C in a humified atmosphere with 5 %@ODMEM/F12 medium
supplemented with 10 % FBS, 2 miglutamine and 1 % P/S for 21 days.
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Spheroids

DMEM + MC 10 per cm?
(0.25 % w/v) (10 per cm’)
Cells PLGA-gelatin
(2 x 10%per , membrane
spheroid) \ ;
V'
. —> Helgddaaiaraia —
——
7 DAYS 21 DAYS
(D ¢« expansion (2) Spheroids culture (3 chondrosphere culture
+ characterisation + characterisation
-HC " 5 A
V201 _G(owth kinetics -Imaging
V201-C Live/Dead SEM
_ 2 ) Sl
-TC28a2 _Ce//Tlter o0 ﬁwD -GAGs quantification
CellTox Green RT-aPCR
-TEM 9
-RealTime-Glo™ Assay
-SEM

Figure 4.1:Scheme of the manufacturing and characterisation process: frih:cell
expansion (HC, Y201, Y201 TC28a2) and their-suspension in cell culture media supplied

with MC (0.25 % w/v)2) formation of spheroids (2 x 2@ells per spheroid) in a round bottom

96-well plate, their culture for 7 days and characterisatioBrqwth kinetics analysis,
Live/Dead, CellTiteD f 21 053 / St f ¢ 2 E »GloB3$d Snd SENB)asaemblyw S| £ ¢
of spheroids on aGELcoated PLGA electrospun membrane (10 spheroid pef ofm
membrane) and their characterisation over 21 days of celtmaging, SEM, GAGs
guantification and REPCR).

4.2.2 Evaluation of spheroids growth kinetics

First it was qualitatively analysed the ability of cells to form spheroids with HC, Y201CY201
and TC28agells by using dluorescence microscope in peacontrast brightfield (LEICA DM
LB2 Microscope)Only the cell types able to form spheroids in three days were selected for
further experiments(HC and Y20C) The changes of HC and YZDIlpheroids shape and
dimension were monitored during theiculture incubation (after 1, 3 and 7 days) and
estimated using a fluorescence microscope in phasstrast brightfield (LEICA DM LB2
Microscope). The morphometric analysof the spheroids was performely measuring
diameters and areas of at least 5 spheroids for each time point with ImageJ soffiixere
results were analysed using GraphPad Prism softw@ealculatethe circularity(Eq. 3 and
roundness(Eqg. 3 of eachspheroid 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 @ixmension.The more circularity
and roundness are proximal tg the more the spheroid show morphological stability and

homogeneity over time.

4.2.3 Viability and metabolic activity assessment

Multiple assays were usetb estimate HC and Y202 spheroidsviability and metabolic

activity over 7 days of culture.

[ AOSKk5SIFR |aale ¢l a dzSR | 002, dRdpyrad iréegtioni KS Y I y
3.9.1. Atday 1, 3 and 7 of culture, two spheroids of HC or ¥20&ere washed twice with

PBS and incutted 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.

CellTiterGlo® 3D was used to quantify the iniigheroids ATP content. Three spbieis of HC
and Y201C were harvested at dayl, 3 and 7 from the 96 rounbottom well plate and
transferred in a 9@vhite bottom plate were suspended in 50uL of phenol redfree

DMEM/F12 and 5QLof CellTiterGlo® solutionandthenincubated and analyseaks reported

in section 3.0.4.

/| St t¢2En DNBSy 588 laaleé ¢l a dz&aSRsljand7aaSaa |
three HCand Y201 & LIKSNRARA& ¢SNB GNBIFGSR ¢AlGK /Stf¢c2E
section 3.2 and analyse@ccordingly

4.2.4 Spheroids microstructure

For evaluating HC and Y2Qlspheroids microstructure at daf and 7, TEMwnalysis was

performed, as reported insection 311. Digital images of spheroids core or spheroids

peripheral region were collected ugjran AMT CCD camera (Deben).

4.2.5 Apoptosis and Necrosis assessment

RealTimeDf 2 ! yYSEAY =+ [ LRLI2aArAa YR bSONRarAa |
discriminate apoptosis from necrosis in cells within HC and-€28dheroidsThisis a livecell

(nontlytic) reattime (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 simple luminescere signal while necrosis upon loss of
membrane integrity is detected with a fluorescence signal (IbMéding dye) Figure 4.2. This
assay was performed at early stage of spheroids culturet®h) and late stage (67 days).
Luminescent and fluorescent485/530nm excitation/emission) data were continuously
collected every 6 h during 48 h exposure usiigJOstar® Omegaulti-mode reader and

samples were incubated within each reading at 37 °C in a humified atmosphere with 5 % CO

EARLY APOPTOSIS LATE APOPTOSIS
HEALTHY
PS exposure and Annexin V-LgBiT and V- Loss of membrane integrity and the DNA
SmBit fuse forming a functional Luciferase dye enter the cell.
LgBIT SmBIT
NanoBiT'
Luciferase
Annexin V ‘ il\nuexiﬂ v

Necrosis

Detection

Reagent ‘ i i

oo @ L A4 MY ¢ &

Doge 4 os vsy 1 .

PS confined to inner leaflet PS translocation to outer leaflet
Cell membrane intact Cell membrane intact =
Luminescence (RLU) negative Luminescence (RLU) POSITIVE PS on inner and outer leaflet

Fluorescence (RFU) negative Fluorescence (RFU) negative Cell membrane compromised
Luminescence (RLU) POSITIVE

Fluorescence (RFU)

Figure 4.2Scheme explaing 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) positixve signal [
adapted fromwww.promega.ul.

4.2.6 Spheroids and chondrospheres morphology

For evaluating the morphology of spheroids and chondrosphesamples were fixed,
dehydrated, critical point dried, gold coated and visualised with a SEM, as repogedtion

3.15. SEM analysis was performed for HC and ¥2@1 day 2and 7 of spheroids culture and

at day 21 of chondrospheres culture. Samplesavmaged at different magnifications (350 X,
900 x and 130E 0 @ ! £ 423 AYIF3ISEA 27F U KS-coatedkemBaher Q &

inserts were acquired with a Leica Stereomicroscope at day 21 of culture.

4.2.7 GAGs productioand gene expressioaf chandrospheres

Quantitative assessment of GAGs production by chondrospgheteHC and Y20C was
performed with Alcian Blue, according $ection 314. Chondrospheres were fixed at d=,
7 and 21of culture while spheroids were fixed at dayak normalisation control forthe

chondrospheresResults are reported for the chondrospheres respect to the sample of
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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 afDug.

RTgPCR was performed at da¥ and 21 for chondrosphere and their felegulation was
evaluated using the day 1 of spheroids as reference. The protocol used is reposttion

3.13. TagMan gqR-PCRsox9, acan, col2aand gapdh probes were quantified and gene
expression 060x9, col2alnd acanwas normalized t@apdhand expressed relatively using

the 29 1 " méthod of LivaKLivak & Schmittgen, 2001HResults are presented as the fold change

of HCand Y201 OK 2y RNER & LIK S NB (sax9, a&gnd col3aldt i Baad22.y 2 F

4.2.8 Manufacturing of in vitro OA model

To setup the AC pathological model, pnoflammatory cytokines were introducetb the
culture media to emulate th®©Aenvironment, as reported isection 38. Spheroids were
formed as reported isection 4.2.-andthen, incubated at 37 °C and 5 %@ 10 days. After
one day of culture, three different conditions were set for the spheroids@QACLEOA and
Healthy), as reported iffable 3.2and the media was changed every two days. Followieg
procedureoptimisedfor the formation of chondrosphes ection 4.2.}, after 10 days of
spheroids culturefive single spheroids were transferred onto the electrospun RGEA
membranesmounted in 48-well plate insers (10 spheroids per cfof membrane)and
culturedin DMEM/F12 medium loaded with the proper concentration of cytokines for further
11 days at 37 °C in a humified atmosphere with 5 %(E&Qure 4.3.

Spheroids
DMEI\{I) + MC (10 per cm?)
Cell (0.25 % w/v) Pro-inflammatory PLGA-qelati
ells g f -gelatin
(2 x 10 per cytokines loading FEEvatre
spheroid) 1
\
' FETTTL Pree ey )
I — -
10 DAYS 11 DAYS
() c<11 expansion (2) Spheroids culture (3 chondrosphere culture
+ characterisation + characterisation
-HC -Growth kinetics -Proliferation
-y201-C -MTS -Apoptosis
-RT-gPCR
-Histology
-HIC

Figure 4.3:Manufacturing process of the OA in vitro model: HC and ¥2@glls expansion
(1), Spheroidulture and characterisation in a round bottom-@&ll plate for 10 days (2)
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with the addition of IL6, ILAR, TN LINPAY FE I YYI 02NRB YSRALI (2 N&
(3), Chondrospheres culture and characterisation for further 11 days @EEcoated
electrospun PLGA membrane (4).

CYTOKINES HGOA LGOA Healthy
IL-m | 5 ng/mL 1 ng/mL -
TNFh 5 ng/mL 1 ng/mL -
IL-6 50 ng/mL 10 ng/mL -

Table4.1: Culture conditions foHC and Y20.C: High concentration of cytokinddGOA),
Lowconcentration of cytokined GOA) and Healthy.

4.2.9 Spheroids growth kinetics in OA conditions

{LIKSNRPARQa 3INRBgGK 1AySiAada sl a Y2yAUi2NBR |

conditions as reported isection 4.2.2lmages were taken at day, 4 and 10 with a EVOS

M5000 microscopevith 10 x objective leng phasecontrast brightfield and analysed

4.2.10 Spheroids metabolic activity in OA conditions

To evaluate HC and Y2Qlcells metabolic activity in the three conditions (HealthyQlACGand
HGOA) MTS assay was used, as reportesation 3.0.2. Three spheroids per each condition
were analysed at dayl, 4 and 10. 206 [of MTS solution was added to each well containing
spheroids and left to incubate at 37 °C in a humidifiéd EQatmosphere for 2.5 hThen, 90

> [of solution was transferred into a 98ell plate in duplicate for each sample for the
readings.

4.2.11 Ger expression analysis in OA model

Gene expression was performed at da@ 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 analysi®f colla2, mmpl3andadamts5genes(Table 3.3.

4.2.12 Histology and Immunohistochemistry assessment

Samples of both Y206C and HC in Healthy, HIA and LOA at day 1, 10 and 21 were
analysedFor the preparation of cryosection, as well as for the histology staining (/Atian
Picrosirius Red and H&E), it was followed the protocol reportesgation 3.8.

For IHC staining, it was followed the protocokaction 3.5.6, using as primary antibodies

Anti-Collagen I, AndKi67 and AntiAggrecan, and\lexaFluor goatanfll 6 6 A4 A 3D O |
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Anti-Collagen I slides and Fluoreseksihelled goatantNJ 6 6 A0 L 3ID -Ke67ard [ 0 F2 N
Anti-Aggrecansamples,as secondary antibodies. Finally, nuclei were counterstained with
Hoechst solutionCells nuclei, stained with ldohst, werealsoimaged 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 oneor two-way at f €aAa 2F QOFNAFYOS o! bhx! 0
comparison poshoc 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

Theround-bottomed 96 well plate led to the production of one spheroid per wallowing

the delivery of the precise cell amount to each welgire 4.4. The time needed from the

cell seeding to the formation of spheroids wasged betweer24 - 72 hours, areportedin

Figure 4.5A. Figure 4.5Bshowsthe phasecontrast brightfield images of the manufactured

spheroids after 72 hours of incubation for the four different cell types: TC28a2, Y201, HC and
Y201.CRigure 456 ® . 2GK ¢/ Hyl H | y Eompact spheroii, AssRoyiitgi T 2 NI
fragmented aggregatesF{gure 4.5B,§; while HC and Y2681 evidenced a compact and
roundedlike shaped spherogl(Figure 4.5D,F Therefore these cells were selected for the

following tests
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Figure 4.4:Pictures taken from thédottom of the round bottomed 9&vell plate. Each well
contains 2x10Y201C cells per spheroids, cultured in DMEM/F12 media supplemented with
0.25 % MC. Picture taken after 24 h of spheroids cultuk The arrow igointing the
spheroids on a microscope slid®).(

\
DICICICIFIT,

24-72h

Formation of spheroids

F Code Cell type (72h)
TC28a2 Human tumoral chondrocytes Unsuccessful
Y201 Human TERT bone marrow immortalised stem cells  Unsuccessful
HC Human primary foetal chondrocytes Successful
Y201-C Y201 differentiated in chondrocytes Successful

Figure 4.5Manufacturing of spheroids with four different cgfpes TC28a2, Y201, HC, Y201

/| ® {OKSYS 2F GKS ALKSNRARQa F2NXIGA2Y |yl
(A). Phase contrast brightfid images of spheroids after 72 hours with TC2&2Y201 Q),

HC D) and Y204 g). Scheme of the cell type used for the experiments: code, name of the
cells and result of the trial of spheroids formation in 72 ho@s (
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To determine the HC and Y2Qlspheroids growth dynamiasjageswere collected at day

1, 3 and 7Kigure 4.6A, and the change in spheroids diameter, area, circularity and roundness
were monitored and plotted over 7 days cultudéigure 4.6B,C Thediameters and area of
spheroids with both HC and Y2Qldecreased gradually over auk time (Figure 4.6B In

fact, HC spheroids diameter of 1300 + 150 punday 1 was statistically different (p<0.001)
from both day 3 (790 £ 100 pum) addy7 (600 £ 90 um). Furthermore, the HC spheroids area
decreased from 0.46 + 0.05n%rat day 1 to 0.38 + 0.02 nhat day 3 and 0.22 + 0.01 mndrat

day 7. Y20 spheroids folloed a similar trend, indeed the diameter at day 1 (1250 + 60 um)
was statistical different (p<0.0001) from day 3 (990 + 50 um) and day 7 (800 + 20 um). Also,
Y201C spheroids areas decreased over culture, from 0.51 + 0.02anday 1 to 0.45 + 0.01

mn? atday 3 and 0.35 + 0.01 nirafter 7 days.

Regarding the circularity and roundness, as reported in the graplgure 4.6Cboth HC and
Y201C showed a great circularity with a value between 0.8 and 1 over 7 days of culture. On
the other side, the spheroideoundness 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 Y20C spheroids pictures taken at day 1, dagnd day7. Bars:100 um

(A). Graphseporting the change in spheroids diameter and area at the respective time points
for HC and Y20C @B). Analysis of the circularity and roundness for HC and -@@.
Statistics: **** p<0.0001.

4.3.3 Spheroids viability assessment

Spheroidsviability was qualitatively evaluated with the Live/Dead assay forHRitftire 4.7A

and Y201C fFigure 4.7B at day 1, 3 and 7, showing highumber of living cells (stained in
green by Calcein) at dayl and 3, with the presence of few dead cells (staineded 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 imatedfdue tothe high
fluorescence of the whole spherqignakinghard 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.

A

Day1 Day 3 Day 7

HC

B Day 1 Day 3 Day 7

Figure 4.7HCand Y201C spheroids Live/Dead assay atsihy3 and 7 for HG\f and Y204C
(B). Bars:100 um. Calcein stains live cells (green) and Ethidium Bromide (EthBr) stains dead
cells (red).

Cells metabolic activity within spheroids was estimated analysing ATP production with
CellTiterGlo® 3D assayigure 4.8A Both cells showed a similar trend with a statistically
significant (p<0.0001) decrease of cells metabolic activity at day 7 afeudbmpared to day

1. ParticularlyHC spheroids presented a value of 3.1 %+10.2 x 1ORLU at day 1, which was
statistically different to 1.9 x P& 0.1 x 1ORLU at day 7. On the other side, YZDpresented

a value of 3.5 x P& 0.5 x 1ORLU atay 1, statistically different to 1.5 x 1€ 0.3 x 10 RLU

for Y201C spheroids.
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Furthermore, timedependent viability of spheroids quantitatively measured with the

/] Sttt ¢2Eu DNBSY YAGDP ¢KAE | dalé& dzasSa lebse@ YY S
but stains the DNA from dead cells. Results are reported as the percentage of viable cells.
Figure 4.8Bhowed that the viability of cells in Y2@lspheroids decreased from the 95+ 2 %

at day 1 to 68 + 3 % at day 7 (p<0.001), while HC spheroids|esseviable, reporting a
percentage of living cells about 80 + 3 % at day 1, which dramatically decreased to 50 + 2 % at

day 7 (p<0.001).

A B Hedek
B y201-C 100~ §' |
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Figure 4.8HC and Y20C spheroids metabolic activity via CellH&o® 3D assay at ddly, 3
and 7 forboth cefitype f0 @ / St fa GAlFoAfAlGe LISNOSydB.3S 2c
Statistics: **** p<0.0001, *** p<0.0Q.

4.3.4 Analysis on spheroids apoptosis and necrosis

Analyses of ultrathin sections were performed with TEM to estimateptieservation of cells
ultrastructure within the spheroids over cultur&ifure 4.9. At day 2 of incubation, in both

HC Figure 4.9A0 and Figure 4.9@) spheroids, cells were closely contacting and tightly
packed with a weltdeveloped intracellular strture, retaining cells their nuclei (N),
mitochondria and endoplasmic reticula (ER) both in the spheroids €ageré 4.9A,B,GH

and in the peripheral regiongigure 4.9C)I Interestinglylots of dividing cells were observed

at day 2 in the Y20C sarples Figure 4.9H)L However, after 7 days, cells degeneration within
the spheroids was observadiith convolution of cellular surface, nuclear fragmentation, and
chromatin clumping (red arrows) and the presence of vacuoles (purple arrows). This

phenomenonwas much more evident in the HC spheroiBigygre 4.9B5F compared to the
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Y201Chondro Figure 4.91). Furthermore, signs of ECM accumulation were observed at this

stage in core of spheroid&igure 4.9D,E,J)K

HC

Day 7

Day 2

Y201-C

Day 7

Figure 4.9TEM images of changes to lo&r ultrastructure during spheroids maturation
vitro at day 2 and day 7 for HB-P) and Y204 G-L) in the core A,B,D,E,G,H,Jland in the
peripheral zone @,F,1,); specific organelles are reported: nuclei (N), mitochondria (M) and
endoplasmic récula (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 cultureeatime
Apoptosis and necrosis agsaas performed, and graphs reportedrigure 4.10This 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 t day 3) resulting in an increase in the apoptosis for both HC and-G Zdure
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4.10A over the 72 h of monitoring, reaching a value of around 90 % fonHG&% for Y2061

C with respect to the starting time point of analysisn@g = 0 h). The assay was repeated at
late stage (day 5day 7) confirming the TEM results, showing a higher increase of apoptosis
in HC, which reached a value of 150 % compareda® % of Y20.C spheroids. The necrosis
process instead appeared to be slower with values that did not overpass the 50 % in early

stage and 60 % in latgage for both cellsHigure 4.10R

e HC
A EARLY Y201-C LATE
180~ 180~ ;
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Figure 4.10ApoptosisNecrosis assessment via Reale assay at early stage (day dlay 3)
and late stage (day &day 7) for HC and Y21 Graphs for HC and Y201at early and late
stages reporting the apoptosis percentad@ &nd the necrosis percentagb)(

4.3.5 Evaluation of spheroidsiorphology

SEM analysis was performed to assess HC and@ 3pheroids morphology at dayRidure
4.11A,¢ and day 7Kigure 4.11B,D At early stage (day 2), spheroids exhibited a very smooth
surface formed by intimately contacting compact cells. Al$0, spheroid showed to not be
assembled yet in a 3D spheeédure 4.11A while Y204C had already formed an organised
ovoidal shapeRigure 4.11¢ After 7 days of culture the morphology of both aggregates
changed. In fact, HC and Y20ZXells formed a gular roundshaped 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 lacurigeie 4.11B inse)t
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HC

Y201-C

Figure 4.11SEM analysis of HC and0Y-Z spheroids at day A(Q and day 78,D. Inserts
report a higher magnification on the surface morphology of spheroids.

4.3.6 Chondrosphere formation and maturation assessment

For the formation of chondrospheseafter 7 days of spheroids culture, multiple trials were

exploited. The first experiment was based on combining-106 spheroidsto form a
chondrosphere, suspending cells in DMEM/F12 loaded with 0.25 % MC having as a control the
suspension of spheroida DMEM/F12 without the presence of MEidure 4.12. Both with

and without MC, spheroids were not able to agglomerate and fuse after 14 days of culture,

when seeded in th@4 - well plate. In the trial with DMEM/F12 with MC, spheroids appeared

totally disdzLJi SRE gKAfad Ay GKS SELISNAYSY(H 6AGK GF
agglomerate but remained intact and the only defect present was a hole in their middle,

probably related to their handling.
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DMEM/F12 with MC (0.25%) DMEM/F12
Y201-C
Al

Y201-C

Figure 4.12Chondrosphere fusion trial after 21 days ofdtare in 48well plate with &) or
without (B) the addition of MC.

The third trial was based on the use®@ELcoated PLGAmembrane 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
0SG6SSYy SIFOK 20KSNRa IyR gA0K (GKS YSYONIyYS,
result was confirmed by SEM, wherewss visible the fusion of near spheroids and ihe
adhesion to theGEEkcoated membrane. The membrane appedrcovered by a cells sheet

suggesting that these like the environment and adapting themselves to it.

HC

Y201-C

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 Y204C B). SEM images of chondrosphere after 21 days of culture on-BEEA
membrane of HCJ) and Y201C (D). Higher magnification in the areas of interést 2)
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4.3.7 Chondrogenic potential and nexartilaginous tissue production

As a first step in the evaluation of cartilaginous tissue production, a quantitative assay to
assess the production of GAGs bylcavas 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 pg) comparedaty 7 (0.14 £ 0.02 pgndday 0 (0.09 £ 0.01

M) (p<0.0001); cells pduced a threefold enhancedGAGscontent with the increase of
chondrospheres culture timeF{gure 4.14A) A similar trend was exhibited by Y2Q1
chondrospheres, with a more gradual increase of GAGs production over culture time: GAGs
amount doubled in thdirst 7 days of chondrosphere culture, from 0.09 + 0.01 pg at day 0O to
0.20 £ 0.02 ug at day 7 (p<0.001), reaching a value around 0.25 + 0.01 ug (p<0.0@92)Lat
(Figure 4.14B)No statistical differences were observed between GAGs production bydHC an
Y201C at dag 1 and 21, whilst at day 7 Y2@l showed an increased GAGs accumulation
compared to HC (p<0.01).
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Figure 4.14GAGs quantification analysis on A 4nd Y204C @) for the chondrosphereat
day 0,14 and 21 of culture. Results are normalised to spheroids at day 1. Statistics: ****
p<0.0001.

Alsqg for evaluatngthe chondrogenic potentialthe genessox9, col2al, acawere analysed
with housekeeping gengapdh HC chondrospheres showed &016606fold and 220 + 1§old
changes at day1l and 21 Figure 4.15A Y201C chondrospheres showed a statistically
different fold change ofox9expression at day 21 (205 +-88ld) comparedtoday 1 (5 =1
fold) (p<0.0001)Rigure 4.15p Acanexpressiorof HCwas significantly higher at day 21 (1800
+ 300fold) compared to day 1 (498 400+old) (p<0.0001)Kigure 4.15R Same trend was
observed for Y20.C chondrospherewith a value of 7000 * 25f@ld at day 21 compared to
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250 + 206fold at day 1 Figure 4.15k Similarly, the fold increase @ol2alexpression was
significantly higher at day 21 for both HC and ¥@0&hondrospheresompared to day 1:
20000 + 206old vs. 60 + 406fold for HC (p<0.0001){gure 4.15Fand 40 + 0.6fold vs 2.2 +
0.2-fold for Y201C (p<0.0001)Figure 4.15F
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Figure 4.15:RFqPCR analysis graphs showing the -fifidnge (2 "} &t day 1 and 21 of
chondrospheres culture relative to sphedaat day 1sox9for HC A) and Y204C D), acanfor
HC B) and Y204C §) andcol2alfor HC Q) and Y204C §). Statistics: ****p<0.0001.

4.3.8 Spheroids growth in healthy and OA conditions
The growth dynamics of HC and YZD&pheroids in Healthy, {@A, and HOA environments

were studied on days 1, 4, and 10.

Figure 4.1&hows the results for HCwitas visible a progressive decrease in the size of Healthy
spheroids from day IHgure 4.BA) to day 4 Figure 4.16Band particularly, to day 10 Figure
4.168. On the other side, during the eset of OA, the growth dynamic of spheroids revealed
a unique pattern, with spheroids of constant size throughout cultures at Fgu(e 4.16C)F
andhigh cytokine concentrationg{gure 4.16D,$ This qualitative assessment was confirmed
by quantitative analyses of spheroid diameter measurement over cultbigufe 4.16H
Healthy HC spheroids showed significant decrease in diameter from 1610tmi&0day 1
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to 1450 + 45 pm at day 4 and to 1050 + 50 um at day 10 (p<0.0001). In OA condition, a different
tendency was detected, with the maintenance of a more constant diamete@A Spheroids
showed a diameter of 1480 + 100 pum at day 4 and 1450 um a day 10 whereas HOA
spheroids displayed a diameter of 1505 + 70 um at day 4 and 165015 day 10. At day

10 HC spheroids diameter healthy conditions were statistically different from both-O&
and HGOA (p<0.0001).
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Figure 4.16Spheroids growth. Images of HC spheroids at d&),day 4 B-D) and day 10K

G) in Healthy A,B,B LCOA C,F and HEOA D-G) conditions. Bars: 300 um. Diameter length
analysisfl). Statistics: ****p<0.0001.

Y201C showed an analogolehaviour where considerable reduction in the spheroids size
in healthy conditions, from day 1F{gure 4.17A to day 10 Figure 4.17F was observed

Conversely, LOA and HOA samples showed the maintenance of a stable diameter over
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culture Figure 4.17C,BndFigure4.17D,G respectively for LOA and HOA).Figure 4.17H
shows the diameter dimensions measuremertalthy spheroids showed a clear decrease of
diameter (from 1750 = 50 um at day 1 to 1490 + 70 um at day 4 and 1200 = 20 um at day 10)
(p<0.0001) comparedtLCOA (1650 + 55 um at day 4 to 1490 + 70 um at day 10) and-to HC
OA (1780 £ 100 pm at day 4 and 1850 + 50 um at day 10). At dealtby samples showed

a smaller diameter compared to OA conditions (p<0.0001)
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Figure 4.17Spheroids growth. Images ¥201C spheroids at day B), day 4 B-D) and day
10 EG) in Healthy A,B,B LCOA C,F and HEOA D-G) conditions. Bars: 300 um. Diameter
length analysisH). Statistics: ****p<0.0001.

4.3.9 Cell metabolic activityproliferation, 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 Y204C fFigure 4.18B The metabolic activity of HC spheroids decreased
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