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PREFACE

This thesis is submitted in fiillment to the requirements of the Graduate School of Reproduction and
Developmental Sciences for the academic title of Ph.D. in Reproduction and Developmental Sciences
at the University of Trieste. The work has been carried out mainly at the DepartrhéatSifiences

at the University of Trieste under the supervision of Prof. lvan Donati aistipmrvised by Dr.
Pasquale Sacco. Part of the activity was performed éithmaaterial Lab 6 the Dental Clinic of

Maggiore Hospital under the supervision of teesupervisor Prof. Gianluca Turco.

The thesis consists of a general introduction, aim of the study and a detailed discussion of results

divided into three chapters.



RIASSUNTO

Léingegneria tissutale si prefigge | o scopo d
migliorare, riparare e/o sostituire tessuti ed organi lesionati. La difficolta nel raggiungimento di
guesto obiettivo € costituita dalla ricerca di miateche siano in grado di mimare la complessita
dell a matrice extracellulare (ECM). LOECM, i
component.i e da una natwura dinamica, in culi
trasformanan stimoli biochimici trasmessi alle cellule, andando ad influenzare la risposta cellulare.
Tra i materiali piu promettenti in grado di mimare la complessa architettura della ECM si possono
annoverare i polisaccaridi, specialmente quelli di origine niatukdoro utilizzo risulta vantaggioso

per diverse motivazioni, tra cui struttura simile a quella di alcune componenti della ECM, scarsa
tossicita, alta biocompatibilita e biodegradabilita. Uno dei polisaccaridi di origine naturale piu
utilizzati € il chtosano, le cui limitazioni, come la sua scarsa solubilita a pH neutro (soprattutto per i

classici chitosani commerciali ad alto/medio peso molecolare e basso grado di acetilazione), sono

facilmente superabili attraverso il ricorso a modifiche chimiche.rtUns ul t at o di g L
approccio riguarda il CTL, un chitosano mod,]
dal | 6azienda Biopolife s.r.|l. con sede a Trie

progetto di dottorato. Negli an diversi studi condotti sul CTL hanno evidenziato le sue proprieta
bioattive a contatto con diverse linee cellulari (condrociti, cellule mesenchimali ed osteoblasti in
primis), rendendo vantaggioso il suo impiego per lo sviluppo di biomateriali pesei@pplicazioni
biomediche. Grazie alla presenza di ammine (primarie e secondarie) reattive nel suo scheletro il CTL
e in grado di essere reticolato fisicamente e chimicamente portando alla formazione di idrogeli con
proprieta meccaniche interessantialtif & stato dimostrato come il CTL, sfruttando i dioli presenti

nelle sue catene laterali, & in grado di formare network dinamici in presenza di reticolanti transienti
come | 6acido borico. Studi approf ondirtlevatos u i r
proprieta meccaniche simili a quelle della ECM nativa. Tuttavia, la continua riorganizzazione della
rete polimerica limita drasticamente le potenziali applicazioni di questi idrogeli come substrati
cellulari. Si  r e giane dj arasdmker covalent pesnsghoraie a stabdita nt r
del network. Tra i vari reticolanti covalenti, la genipina é risultata essere un buon candidato, grazie

alla sua origine naturale e alla sua dimostrata biocompatibilita.

Il primo obiettivo del pogetto é stato lo studio della reazione chimica tra la genipina, reticolante di
origine naturale, e le ammine primarie del CTL. Le tecniche analitiche utilizzate sono state

principalmente la spettroscopia UXis e il dicroismo circolare. Due tipi di reare, con relativa



cinetica, sono stati rilevati in presenza di ossigeno: (1) una reazione intercatena che coinvolge due
molecole di genipina e due molecole del polisaccaride, e (2) una reazione di una molecola di genipina
con wunb6éammi na proj sara pesd pattaré adpuoal retinotazione delle catene.

Questodultima reazione evolve poi in unodul teri

una colorazione blu del composto, caratteristica dei prodotti contenenti genipina.

La seconda pat e del progetto di dottorato prevede

utilizzati in questo lavoracome substrati cellulari per la crescita e il differenziamento di cellule

mesenchimali da tessuto adiposo (h(M&C ) . Qu e s t-link hiydloged®l scornoos sc o mp o s
CTL, reticolato attraverso | O6uso dell 6acido
geni pi na, reticolante covalente di originale

substrati ci ha permesso di dinrase come la presenza del reticolante temporaneo ha un effetto
praticamente nullo sul modulo di taglio (shear modulus) ma impatta notevolmente sulla dissipazione
dell o stress applicato. Sull a base dssipaziomes st i
dello stress sul differenziamento osteogenico di hM3Gseminate al di sopra di questi substrati.
Questa proprieta del materiale porta a una precoce espressione dei tipici markers osteogenici, come
evidenziat o dal | 6 @mRuhticlated transcripon factoesgRUNXEZn aollagerei ¢
di tipo 1 (COL1A1), osteocalcina (OCN), fosfatasi alcalina (ALP) e formazione di depositi di calcio.

| substrati dove il CTL veniva reticolato solo con la genipina, invece, presentavano cacdtéeristi
puramente elastiche e la risposta al differenziamento osteogenico avviene in tempi piu lunghi. Da
guesto studio emerge quindi che la dissipazione dello stress applicato risulta essere un ulteriore
parametro da tenere in considerazione nello svilupodnateriali con potenziali applicazioni nel
settore dell dingegneria tissutale ed =~ unbdul't

a influenzare processi cellulari sia fisiologici che patologici.

Nel |l 6ul ti ma part eCTdeun syo devivgite sotfatato sononstate utilezzati conhe
matri ci per coordinare | 6aggregazione <cell ul
tridimensionali con potenziali applicazioni nel campo della rigenerazione della cartilagine. Studi
precedenti avevano gia dimostrato che il CTL, a contatto con una coltura primaria di condrociti,
induce aggregazione, portando alla formazione di noduli e stimolando la produzione di collagene di
tipo 2. I n questo progedettot acgl isat a deolc arlu azlzaoa toa
di queste strutture. Utilizzando condrociti primari estratti da articolazione di maiale, abbiamo potuto
di mostrare che il CTL non solo coordina | 6agg

mainer agi sce fortemente con | e component. cel |



trasmissione elettronica (TEM), infatti, ha dimostrato che i condrociti sono in grado di internalizzare
i poli mero all éi nt er no imdgiornidicolturd, tinnaneggiamdels mii ¢ o |
nei giorni successivi. Gli sferoidi formati in presenza di CTL poi si differenziano dagli sferoidi
descritti in letteratura (dove predominano le interazioni cetiallula) per la presenza di una matrice
amorfa ta le cellule. Basandoci poi sulle proprieta bioattive di questo polimero e stato interessante
andare a valutare I 6influenza del CTL sull a
sferoidi di cellule mesenchimali da tessuto adiposo. Sferoidi toda& TL sono stati comparati con
sferoidi formati su un coating di agar, per simulare gli sferoidi descritti gia in letteratura con
predominanza di interazioni celluéllula. Anche in questo caso € stata dimostrata la presenza del
pol i mer o del& dtrdtturay poetando guindi alla formazione di sferoidi piu lassi rispetto alla
controparte formata in agar. Il risultato piu sorprendente, pero, € stato quello relativo al
differenziamento. Negli sferoidi formati in presenza di CTL € possibile rigagpresenza di alcuni
marker condrogenici gia nei primi giorni di coltura. Negli sferoidi formati con agar, invece, il
differenziamento condrogenico avviene seguendo le tempistiche classiche descritte in letteratura
(circa 21 giorni). Infine, sono statondotti degli studi preliminari utilizzando dei CTL modificati con

sol fati per coordinare | daggregazione di cel
risultanti, pero, presentano delle dimensioni molto piu piccole rispetto agli sferoiditif@anail

CTL standard. La causa di questa variazione di dimensioni e da ricondurre alla parziale degradazione
del polimero. Questo risultato preliminare
nel coordinare | 6aggbegaent aanke celubuldaerger add z

compromettere notevolmente la formazione di aggregati.



ABSTRACT

Tissueengineering strategies combine cells with different materials to improve, restore or replace
damaged tissues. The difficulty in achieving this goal is to find materials that are able to mimic the
complexity of the extracellular matrix (ECM)ndeed the ECM is characterized by a strong
heterogeneity in composition and a dynamic nature in which cells are able to transform external
mechanical stimuli into internal biochemical response. This process influencéste@lkecisions.
Various materials cabe used to recapitulate the ECM physical characteristics, although polymers
from natural sources are considered the best choice givengtharbiocompatibility. Natural
polysaccharides offer additional advantages such as their structural similaréyctoriponent of the

ECM and biodegradability. Chitosan is one of the most important polysaccharides used as
biomaterials, but some weaknesses, such as low solubility a neutratipdtacteristics shared for

most of commercial chitosans (higitmedium moleular weight and low fraction of acetylated
units, ) - limit its applications. To overcome such flaw, chitosan can be chemically modified. An
example of these modifications is CTL, a lactosedified chitosan produced by Biopolife s.r.l. in
Trieste, whit is of interest as a polysaccharide in this PhD project. The literature has already reported
on the bioactive properties of this polymer towards various cell lines (e.g. chondrocytes,
mesenchymal stem cells, osteocytes) and its use in the developmarhafdnials for biomedical
applications. Due to its polycationic nature and the presence of primary and secondary amines, CTL
is capable to forming physical and chemical hydrogels with intriguing mechanical properties. CTL
has been shown to fortransientpolymeric networks in the presence of inorganic crosslinkers such
as boric acigwherethe crosslinking points are constantly breaking and reforming in a highly dynamic
fashion. The consequence is n@rrequilibrium network endowed with peculiar mechanical
properties. However, for loAlgsting applications in the field of biomaterials, the introduction of
stable connection points is advantageous in order to avoid the continuous rearrangement of the
network. A good covalent crosslinker is genipin, a natugbicane that is often used as a ligand of

primary amines for thproductionof biomaterials due to its low cytotoxicity.

The first part of the project focused stadyingof the chemical reaction between genipin and primary
amines, using UWIS and circlar dichroism as analytical tools. The novelty of these studies lies in
the fact that all the measurements were undertakepkof 7.4 and physiological osmolarity in the
presence of oxygen as well as in oxygiapleted conditions. Two types of reaci@md their kinetics

have been uncovered in the presence of oxygen: an interchain binding, which involves two genipin

molecules and two polysaccharide chains, and a binding of one genipin molecule to the polymer chain

\Y,



without chainchain reticulation. Théatter evolves into additional interchain crésging, leading

to the formation of the weknown blue iridoidderivatives.

In the second part, dual crelsskedhydrogels consisting of CTL and based on boric acid and genipin
as temporary and permaneanbsslinkers, respectively, were developed. These networks provide a
suitable platform to study the behavior and the differentiation of adgb@$eed mesenchymal stem

cells (h(MSGAT). Rheological studies on these novel hydrogels have shown that tlesqeesf
temporary crostinkers has a minor effect on the shear modulus but causes an immediate relaxation
(dissipation) of the applied stress. This material property promoted osteogenic commitment ef h(MSC
AT, which was confirmed by the higher expressidrcloaracteristic bone markers such as Runt
related transcription factors (RUNX2), type | collagen (COL1A1l), osteocalcin (OCN), alkaline
phosphatase (ALP) and calcium deposit formation. On the other hand, the cells cultured in purely
elastic substrates inhich CTL is only crosdinked with genipin, started to differentiate afterwards.
Thus, this study shows that stress dissipation is an additional parameter to be considered in the
development of biomaterials with potential application in tissue engine@higyrepresents a further
confirmation that mechanical properties influence both physiological and pathological cellular

processes.

In the final part of the project, CTL andSulphateeCTL were used as a temporary matrix to
coordinate cell aggregatioand form spheroids, 3D structures with potential application in the
treatment of injured cartilage tissue. It has been previously reported that CTL induces the aggregation
of primary chondrocytes with the formation of nodules and stimulates the prodottigpell
collagen. In this project, we focused on analyzing the role of the polymer within these structures.
Using primary chondrocytes from pig joint, we were able to demonstrate that CTL not only serves as
a temporary matrix for the aggregation of sgllut also interasvery closely withithecells structures.

In particular, transmission electron microscopy (TEM) has shown that chondrocytes can internalize
the polymer in the first days of culture and remodel it in the following days. Furthermore, thes
chondreaggregates differ from the spheroids described in the literature (which are characterized by
the presence of cetlell interactions) by the presence of an amorphous matrix between the
chondrocytes. Following the bioactive properties of the potyaescribed in the literature, the next

step was to investigate the influence of the polymer CTL on aggregation and chondrogenic
differentiation of hAMSGAT. The spheroids formed in the presence of CTL are compared with the
spheroids forrad on norradhesiveagarcoated wells. This last type of spheroids is used to simulate

the spheroids described in the literature, where cellular interactions predominate. Also in this case

Vi



the presence of the polymer in the structures was detected as well as the fornaatos@structure.
However, the most striking result was thoskted tadifferentiation. In the spheroids formed in the
presence of CTL, chondrogenic markers edneadybe detected in the first days of culture. In
contrast, in the spheroids formed wagar, chondrogenic differentiation occurs according to the
classical schedule described in the literature (21 days). Finally, preliminary studies were performed
with sulfated CTL to coordinate the aggregation of hMSIC However, the resulting spheroidear

much smaller than spheroids formed with conventional CTL. The change in size can be explained by
the partial degradation of the polymer. This preliminary result once again confirms the active role of
CTL in coordinating cellular aggregation, and its @egtion can significantly compromise the

formation of the aggregates.
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1.INTRODUCTION

1.1. Tissue engineeringfrom traditional strategies to current

challenges.

TissueEngineeringand Regenerative Medicine (TERN§) an interdisciplinary fieldhat aims to
develop biological substitutes to restore, maintain or improve tissue functmat expectations are
placed on tissue engineerif@E) as most of the strategies currently adopted, such as organ
transplantssurgical reconstructi@pand mecharcal devicesre limited bythe lack of donordong
term complications antteinability to fully replicate organ function$ian et al., 2020; Langner and
Vacanti, 1993)TE achievestsgoalby combinirg cells, scaffold, growth factors and other strategies
such as celbased therapy, gene therapy and immunomodulétian et al., 2020)Three strategies
areusually usedn TERM:

1 Complex systems of cells and biomatertials

1 Cell systemsd.g, stem cell transplantation);

1 Biomaterial systems thaitegratee nt o t he .bodyds tissue
Over the yearsmuch effort has been done to optimizéfferent biomaterials and improve cell
attachment, viability, protein uptake and even differentiatidagvi and Mcnamara, 2020)
Although TERM has beedevelopedor over 30 years, iis still in its infancyasmany fundamental
guestiongemainunanswered. These include the selection of cell soutreedevelopment of tissue
specific materials anthe construction of complex organk addition understanding than vivo
processes and mechanisms of tissemgineered materials, their similarities and differencethédo
development and healing ohtural tissue/organas well agheir transformation and findate are
critical to the field. Answeringthese questions is essential for éficacy, stability andsafetyof the
clinical applications of TE materia{lan et al., 2020)
One of theproblemsthat hashamperedhe full achievement of TERM's goals is the difficulty
finding materials that mimic the complexity of organs anddyxeamic natre of theextracellular
matrix (ECM). Mimicking the highly organized architecture of tissues and orgawsitisal for
nutrient transfer, oxygen transport and other biological funcsook as cell differentiatioffharma
et al., 2019) In recentyears, it haghereforebeenrecognizedthat it is essential to consider the
physical environment when developing methods for tissue repair and regenévéditinac and
Kloda, 2003) Indeed biophysical cues regulate cell proliferatiaghe differentiation process, gene
expression, protein synthesis and matrix productingber, 2009) Thanks to new evidenceand

progress the field of mechantrasductionhas made significanprogressin TERM (Nagvi and



Mcnamara, 2020However due to the complexity of ceECM interactionsthis remains one of the
greatesthallengedor TE. Inrecent yars, however, significant progress has been rieageoduce
artificial matrices thateconstructslynamic environment. The ideal scaffold should not only support
cell growth and maintenance, but alkave appropriate mechanical, chemical and biological
properties thamimic the native ECM. Therefore, the studgf the interaction between cell and
biomateriabplays a very important rol&eckil et al., 2010)Among thedifferentmaterialshydrogels
bestmimic both thehreedimensionaktructure otheECM and its mechanical propertigdeppas et

al., 2006) By choosingbiocompatible synthetic or natural polymers and crosslinkeis egsy to

obtain biocompatible hydrogels for irposegRivest et al., 2007)

1.1.1.HydrogelsasECM model

Hydrogels are thredimensional networks formeloy hydrophilic polymer chains in a watech
environment They possess tunable physical and chenpcapertiesto mimic the native ECM
making thema good candidatéor matricesfor TE. Under physiological conditiongheyare able to
absorbwater or biological fluids and increase their dry weight frorR208 toa thousandold.
Moreover they can be chenically stable ordegradeand eventually dissolvdZhang and
Khademhosseini, 2017)

The classification of hydrogels is based on various factors, such as physical properties, swelling,
crosslinking and biodegradan rate. One of thmost importantlifferenceds between physical and
chemical hydrogeldn physicalhydragels,network reticulations based omhysicalinteractionsand
can be achievedoy electrostatic interactionshydrophobic association, chain aggation,
crystallization, polymer chain complaton andion binding oydrogen bondingUllah et al., 2015)
These geldenefit fromthe possibility of reversible boimdy, but on the other handhis property
makes them weak and gives thpoorlong-term stability(Jiang et al., 2014Chemical gels, on the
other hand, are not reversilidecausehey are based on the covalent bamiging from chemical
reactionof a crosslinkewith the polymer(Ullah et al., 2015)In general termschemical gelsare
more stable and have better mechanical properties. Howtbeeaddition of arosslinking agent
mayincrease theisk of toxicity. The study of crodiked hydrogelobtainedwith crosslinking of
natural origin is therefore of great interésaing et al., 2014)

Of currentinterest arealso duaknetwork hydrogels, which combine physical and chemical €ross
linking properties andchave beerdeveloped to overcome the limitations mirely physical and
chemical hydrogelgUllah et al., 2015)A detailed discussioof this last type of hydrogsland a
general disgssionof the polymers used farel formation will begivenin the followingsectionsand
chapters.



1.1.2.Mechanical properties of hydrogels

The mechanical properties of hydrogels @frextremeimportanceto selectthem as aubstratehat
mimic the complexity of the ECM. By tuning the composition of the hydrogedstype and
concentration of the polymer, type and concentration of crossliakdrpreparation methods) it is
possible to modulate the mechanical behaviahisf setof materials.In this section] will discuss

the main mechanical features of hydrogels that have proven to have an impact on cellular response.

1.1.2.1. Stiffness(elastic response)

Stiffness is one of the most importanaterialproperties and has been the m&tsidiedparameter
over the yearin relation to cell behaviaronsidering that tissues in the human body exhibit different
rigidities. It is defined as the ability of a materiaMiathstanddeformationdue toan appliedload and

to return to its original size and shape witeaload is removed.nformationaboutthe elasticity of

a materialis obtained by calculating the YoudigModulus (or elastic modulus), starting from the
analysis of a stresstrain plot in which the Btness is represented by the stagf the linear region
(Figure 1)

Elastic region Plastic region
E Ultimate T = Stress
' strength
Yield = Strain
© strength 1 y = Strai
o E = Young’s modulus
'
ka L}
v Fracture
>
Figure 1. A typical stressstraincurveT hi s graph shows the change in stress

(E) is defined by the slope of the linear region.

The stiffnessof hydrogelsis importantnot only to maintainthe stability of the scaffoldbut also
becausé affectscell activities and fatdndeed native tissusexhibit stiffness ranging from less than
1 kPa for the brain teeveral tens dfPa for cartilage and bor{Pischer et al., 2009anda change
in stiffness couldeassociatedvith some pathologgsuch as fibrosis and candeeight et al., 2017;
Santos and Lagares, 2018)

Transferringthis concept to thimteraction betweeoells andthe substrate andthus betweematrix

and cell 1 stiffnessrepresentghe resistance a cdiélls when it deforms its surrounding ECM.



Different studies havehownthat stiffness has an impaat cell spreading, shape afmrmation of
focal adhesiomothin 2D (Davidson et al., 2019; Engler et al., 2006; Pelham and Wang, 4a€7)
in 3D conditions (Saraswathibhatla et al., 2023; Yada and Sixt, 2019)In addition cell
proliferation isslower in softnon-stiff) substrate. Finally, stem celldifferentiation isinfluencedby
the stiffness ofthe substrate. For examplejhen polyacrylamidehydrogels(PAA) were usedcell
differeniation dependedn stiffness: on soft PAAhydrogels cells differentiated into adipocytes,
whereas on stifhydragels, osteoblast differentiation was stimulat@dappmann et al., 2012)

Similar results were obtained under 3D cult(Heebsch et al., 2010)

1.1.2.2. Viscoelasticity

Tissues and ECMalsoexhibit complex, timeand ratedependent mechanical behaviors, including
viscoelasticity, viscoplasticity energy dissipatign stress relaxationrand nonlinear elasticity
(Chaudhuri et al., 2020Brain tissue is one of the softest and most dissipative viscoelastisiissue

et al., 2020)Changes iviscoelasticity have bedimked to theprogressiorof diseasessuch as brain
tumors(Streitberger eal., 2014) aging(Sack et al., 2009and breast cancer progress{@mkus et

al., 2007) Viscoelasticity is the property of a materiaatexhibits both viscous and elastic behavior
whendeformed Viscoelastic materialare characterized byavingbothanelastic (storage Banda
viscous(loss G) modulusgach indicatinghe amount of energy stored or dissipated by the substrate
upon deformationFrom a mechanical point of view, this means thatdked energytransferredo

the substratdas partially dissipatedby the viscous contributiorHydrogels are an example of
viscoelastianateriak. The response of cslto the viscous properties of the ECM and its dissipative
environment is a verghallengingtopic. Cameron and Cauthorshave showrnhatvarying G" over

two orders of magnitude at constant storage modwdssreffecton cell behavior andifferentiation

of MSCs (Cameon et al., 2011)Other authors have also demonstrated that viscous dissipation in
biological tissues is crucial fmorrectcell phenotypalevelopmenand tissue homeostagiSharrier

et al., 2018) By usingbiomaterialsendowed withviscoelastic properties, recent studies have found
that in addition to stiffness, viscoelasticityiscous dissipation, substrate cregfpess relaxatioand
energy dissipation have a strong influence on cellular ey€atsieron et al2011; Charrier et al.,
2018; Chaudhuri et al., 2016; Lee et al., 2017; Sacco et al., 2020a)

1.1.2.3. Viscoplasticity
Viscoplasticity is a suroup ofviscoelasticityViscoplastic naterials exhiti permanent deformation
when the appl i ed-sg trrefdssiateziabnd eendrsat least paytiallg defdrmed

when the stress is remové@dhaudhuri et al., 2020The viscoplasticity of a material is measured by



creeprecovery tes{Figure 2) During the first part of the tette material is loadedith a constant
stress and the increase in deformation is followed tvex In the second part (recovery phasieg
stressis removed,and theinitial shape of the marial isgraduallyregained over timeA non-zero

final strain stands for permanent deformation of the material and accounts for a viscoplastic

deformation.
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Figure 2. Example ofacreep recovery profilehe permanent deformation indicates the degredsmoplastic
deformation

Viscoplasticity influences the behavior of celGrolma et al. have showrthat network plasticity
controls MSG spreading through a biphasic relationship depegidgnon cellular forces.
Consequentlyplasticity also regulates many ECM adhesion and remodeling ¢énelsna et al.,
2020). In addition Nam et al.havecharacterized the viscoplasticity of various -@ellture materials
and found that materials foing gels through weak bondshowed a markedtressdependent
plasticity. On the other handovalent croséinks in a network account for a mudtrength and
diminish plasticity. In the same work th&uthors demonstrate that cells can remodelirthe
environmenby mechanical forcealone managingda re-orientate andlightfibersin an irreversible
way (Nam et al., 2016)

1.1.2.4. Stress relaxation

The last parametere are inteested inis stress relaxation, a common behawbithe ECM. In
hydrogels stress relaxation is the observed tidependentiecrease irstress in response to the
application of a constant strgiiRigure 3) Thecommonly measured paramei®t/2, whichindicates
the time after which the stress is halvAdhortt/2 (relaxation timégcorrespond toa rapid decrease

in stressand thus a high energy loss.
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Figure 3. Example of a stres®laxation profilet/2 indicaesthe time after which the stress is helved.

In generaljonic hydrogelsshowa faster stress relaxation than covaleytirogels Sodium alginate

is often used to form hydrogels with tunable streskxation Fast stress relaxati@nhancegell
spreading, proliferation and osteogenic differentiation, while slow relaxation restricts cell volume
and upregulates genes related to matrix degradat@maudhuri et al., 2016; Lee et al., 2017)
Hyaluronic acid crosinked with dynamic covalent bonds and fibrillar typeollagenare used to

producetunable stress relaxation hydrogel that mimics the mechanical and structural cues of native
ECM (Lou et al., 2018)

1.1.3.Dual crosslinked hydrogels

As mentionedearlier, one strategy to overcome somkthe chemical, physical and mechanical
limitations of chemical and physical hydrogétsthe use of double crodigking hydrogels.The
interest in such hydrogels is mainly due to Bgpects

On one handdual crosdinked hydrogels have been developed to avoid the instabilibephysical
hydrogel networkthat limits their longlasting application in biomedical f@s. In this case, the
addition of a strong and stable crosslinker can contribyteeteentthe continuougrearrangement of
the structureOn the other handiual crosdinked hydrogeldiave beenleveloped to overcome some
limitations of conventional cheroal gels, such as their low fracture toughness and extensibility.
fact, the doublecrosslinked hydrogel was firsproposedy Gong et al.to produce hydrogels with
high toughness. To achieve thisgdalh e 1 ntroducti on o fsipdiethastaini f i c i
energy withoutestroyingthe main network could be a good strgt¢Gong, 2010) Howe\er, the
broken bonds do not recoveesulting inpermanent damage. To overcome this, double dnassd
gels with permanent and reversible crbsks have been synthesized. In tlatercasethe broken
bondshave the ability to reforiMayumi et al., 2016)



Synthetic hydrogels are generally used the preparation of dual creksked hydroget. For
example polyvinyl alcohol hydogelswereprepared using glutaraldehyde and borats &s cross
linking agents This type of hydrogelshowed interesting mechanical properties in terof
viscoelasticityandrelaxation timgMayumi et al., 2013; Narita et al., 2013; Zhao et al., 2017)

1.1.3.1. Dual crosslink hydrogels based onCTL

In the literaturethere are also several evidenoédoublecrosslinked hydrogelsbased on polymers

of natural origin.In this type of dual crosknked hydrogelsthe polymer used is CTL, a lactose
modified chitosanWhile genipinservesasafiper manent 06 bond f esesaCTL,
it empor a(Sycoo et dl.,R2@268h)ndeed, CTLhasrecently been shown timrm dynamic
polymeric networks in the presence of inorganic ctmg®rs such as boric acid, due to the presence
of diols locatedon thelactitol flanking moieties Given the ransient nature ahe ester bondthe
crosslinking pointsareconstantly breakg and refornmg. Theresultis anonrequilibriumnetwork,
endowed with peculiar mechanical properties. &@mple theyexhibita strairhardening behavior
whenthe appliedstresss increasednd sekhealing properties. In thiespectthe CTL-boric acid
system mimics native networkasdoesthe myosin Il or Actin Binding Protein (ABP) on ac{i@ok

et al., 2018; Furlani et al., 2019b, 2019a; Sacco et al., 2AbWever, for longasting applications

in the field of biomaterialghe introduction of stabljunctions is beneficial thmit the continuous
rearrangement of the network. Recent findingslual crosdinked gels based on CTL reticulated
via both temporary (boric acidased) and permanent (genibased) crosslinkers havevealed a
peculiar mebanics of ultimate gel§.he drain-hardening effect in the ndmear regime, adaptable
strength, toughness, viscoelasticity and energy dissipasmell asgood biocompatibility, have
been identified as the mapropertiesof this materiaithat could findapplication in biomedicine
(Sacco et al., 2020bJ-urthermoreby tuning the concentration of the transient crosslirkgrijoric
acid), it is possible tacontrol the immediate tsess of the hydrogelandto controlthe osteogenic

commitment ohuman adiposderived mesenchymal stem c€l&zzolitto et al., 2023)

1.1.4.Genipin

As mentioned abovecovalent crosgéinkers impart a high degree ostability to the hydrogel
However they canhaveadegree of toxicity due to the presentethe final construcipf unreacted
moleculesof both the crosslinker and the produidemedduring the reactionTherefore, ae of the
challengess to achievehe stability of the hydrogelsising nortoxic reagents. One of theatural
reagentghat can also form covalent bais is genipin(Figure 4) Genipin is a natural molecule
obtained from the hydrolysis of geniposidewhich is extracted from the fruits of5ardenia



Jasminoides Elli@nd used in traditional oriental mediciffeujikawa et al., 1987)Genipin is the
compound responsible for the pharmacological activitieGaenia It can be difficult to extract
directly, so it isproducedusingb-glucosidase. Genipin can also be isalatelarge quantities by a
microbiological processsingPenicilliumnigricans The production protocol and qualagsessment
for genipin have been +evaluatedand establishedccording tanodernaspectsThe production of
genipin usesmacroporous resinand silica gel for purification. The conversion of geniposide to
genipin reaches 95% under optimized fermentation conditions. This processafficesitandcan

be applied industriallyMuzzarelli et al., 2016)

Figure 4. Genipin structure

Genipinis oftenused as crosslinking agent because it is less toxic than other covalent-tirdssg
agents.In particular genipinis aboutl000 timesless cytotoxic thamlutaraldehydgSung et al.,
1999) For this reason, genipin is used gooducevarious biomaterials for TE For example
geniposidéhas beemised as novel angiogenic agent for tissue regeneradisinenhanced HUVEC
proliferation, migration and tube formatioim vitro and increasetissueneocapillarity density and
hemoglobin contenih vivo (Huang et al., 2005)Genipinwasfound topossesantrinflammatory
propertiesand to protect againsA | z h e iamyoiddbsta proteirtoxicity and acute hepatic
dysfunction(Koo et al., 2004; Takeuchi et al., 2005) addition genipin has been identified as a
UCP2 inhibitorthat stimulates insulin secretion and improves type 2 dial{&tesng et al., 2006)
Genipinhasalsobeenused as a crodmking agent for chitosan tpreparevarioushydrogels and
scaffolcs. The latter have keenused as carrisifor drug delivery and tissue regenerati@mitosan
membranesrosslinked with genipinwerefound to havéiighertensile strength andwer swelling
ratio, making them a promising material for wound dressamgl drugdelivery systemg$Abitha M
Heimbuck et al., 2019; F L Mi et al., 2001; Fwu Long Mi et al., 20@&nipin has also been used to
crosslink chitosangelatin mixtures for nerve (Chiono et al., 2008)and bone regeneration



(Georgopoulou et al., 201.8jinally,achitosan scaffold crodsked with genipin has been described
for usein bone tissue engineerif@imida et al., 2017)Despite thextensiveuse of genipin for the
productionof variousmaterials(Muzzarelli, 2009; Muzzarelli et al., 2016he reaction mechanism
is notyet fully understod. One of thebasicfeaturesof the reaction between genipin and primary
amines is the formation of the blue co(@iouyama et al., 1994Dver the years,everalpossible
structures and reaction mechanisms have been propos¢dndamental work by Butteet al. based
mainly on UV-VIS spectroscopy, a mechanism based on two mrapathwaysvas proposed first
and fastest reaction involving genipin andan amino group o the chitosan which would then
developinto an associationbetween the chainsThe slowest second reactiamvolves a genipin
molecule bridging tdhe chitosanchainsby opening the dihydropyran ring acdnvertingthe ester
bond to an amid@utler et al., 2003)The behavior of genipihas also been studieaperimentally
and theoretically bptherauthorgDi Tommaso et al., 2014, 201Bouyama et al., 1994)

1.2. Natural Polymer of biomedical interest

Variousmaterials can be used to recapituliieephysicalproperties of the EClValthough polymey
from natural sources are considered the best chhiatiral polymerscan originate frommany
sources plants, anima and even microorganisms. They are often usedause oftheir
biocompatibility, low cytotoxicity and structural similarity to ECM componeriteey can be
chemically modified to overcoméheir structural weakness and sometimepid degradatian
Polymers of naturalorigin that areused for the development of hydrogeflude collagen,

hyaluronic acidaginate,agarose and chitosamdits derivatives.

1.2.1. Collagen

Collagen is usedxtensivelyas anatural polymein the manufacture dfiomaterialsasit is the most
abundant component tfie ECM of many tissuese(g. skin, ligameng, cartilage, tend®and bone)
(Lee and Mooney, 2001 ollagerfibers are responsible for the elastic and viscoelastic properties of
tissues. In addition noncollagenousomponents imract with collagen fibers te@sistcompressive

and tensile force The deformation mechanism of collagenous structures can be divided into four
regions, and the slope of the strsfimin curve increases wilbad (Sorushanova et al., 2019)
Chemical, physical or enzymatic crdssks areused to form collagen hydrogelgype-| collagen is

the main type of collagen useh particularfor the productionof scaffolds for skin applications
Indeed collagenbased materials have been developedarious formgor wound healing, such as
hydrogels, sponges, powdand films/dressing(Chalimidi et al., 2015; Doillon, 1988; Sargeant et

al.,, 2012) Collagen type | hydrogels alstacilitate proliferation, migration and osteogenic
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differentiation ofbone marrow stromal cell (Hesse et al., 2010 ollagen gels are also popular
platform for neuronal growth due to their natural origin, biodegradaldiy antigeniaty and goal
biocompatibility. Usingasimple mechanical methoidis possible to orierthecollagen fibersvithin

the hydrogelThe result isunique 3D template thatin guideneuwonal regeneratiofAntmanPassig

et al., 2017) Collagen $ also ugd asa tissue culturédbecause oits ability to attach different cell
types(Lee and Mooney, 2001pue to its biocompatibility and low immunogenigitpllagen isalso
widely used also as a bioiriar 3D bioprinting in TE. Collagetased bioinks aralso frequently
used in combination with other materié@sidak et al., 2020)or example, Albanna et.aiseda
fibrinogen/collagen bioprinted layer with autologous dermal fibroblasts and epidermal keratinocytes
and found wound closure, reduced contraction, and acceleratgtivelizationin murine and
porcinefull-thicknessvound modelgAlbanna et al., 2019ure collagen bioink was used to print a

construct for osteochondral tissue regeneration in the rabbit kne€Jhint et al., 2016)

1.2.2. Hyaluronic acid (HA)

HA is anaturallinear polysaccharidéound insynovial fluid, ECMand connective tissu#.consists
of D-glucuronic acid and EIN-acetylglucosamine linkelly alternatingb-1,4 andb-1,3 glycosidc
bonds(Figure 5) It belongs tathe glycosaminoglycarfamily and hasa high molar mass, unique

viscoelastic andheologicalproperties and is nsulphatedKogan et al., 2007)

Figure 5. Representation of the chemical structure of hyaluronic acid (HA)

HA can be modifiedh variouswaysto alter its propertieBurdick and Prestwich, 2011¢ontrolling
the rateof degradationand improvingthe mechanical properties of hydrogdissed on HAis
challenging. Cros$inking and adjustinghe concentrationof HA are methods to stabilize HA while
maintaining itsbasicpropertiegBorzacchiello et al., 2015 he chain length and molecular weight
(MW) of HA play a role in its biological function, witahigh MW HA improving cell viability and
wound heling(Law et al., 2013)For example, indegradable membrasbavebeen developetbr

thein situ release of HAfor the healingof surgicalintestinal wound¢Scognamiglio et al., 2019)
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Various material®ased on HAave been used for skincate fact, HA has a high capacity to bind
and retain water metules, which contributes to its effectiveness in promoting skin hydration,
stimulatingcollagen and elastiproductionandreducing thesings of aging(Al-Halaseh et al., 2022)

HA has both suctural and signalindunctionsin cellular processssuch as inflammation, wound
healingand cancer. ThproteinCD 44 is themost importanHA binding receptor and is involved in
various physiological and pathological processes, including cancer gsagreFor this reasprlA
hydrogels can be used fitrelocal delivery of antitumor drug®osio et al., 2016

Finally, one of the most important applications of HA is in the field of cartilage regenetatierd

HA plays an important role aalubricantin joints, helping toregulate cellulaactivitiesand absorb
mechanical impacts. Howeven,inflammaory processes, HA can become thinner andviss®us
leading to joint disorders such as osteoarth{@a) or rneumatoid arthritis. The safety and efficacy
of HA-based formulations ithe treatment ofoint disease$as bean confirmedin several stude
(LegréBoyer, 2015) The effectiveness is due to its chondroprotective capacity. For example,
injections of exogenous HA can relieve pain and maintain viscoelasticity, but therapsulis are
variable(Marinho et al., 2021)

1.2.3. Alginate

Alginate is a commonly used biomaterial for drug delivery and TE due to its biocompatibility, low
toxicity, low cost and ease of gelation.idt a block copolymenf two 1A 4 linked units: b-D-
mannuronic acid (IMblock) anda-L-glucuronic acid (&lock) (Figure 6) It is isolatedfrom brown
seaweed (e.g. Laminaria,z Macrocystis Lessonia or bacteria grimarily Azotobacter and
PseudomongsThe occurrence, proportions and distributidnvb and G blocksdepends on the
natural sources. One of the most important properties of alginate is its ability taafoionic
hydrogel when exposed thvalentcations The most commonly used cation is calcium{La he
gelation mechanishieads to the formation of the moest ac
b o XAmdersen et al., 2012; Donati and Paoletti, 2008¢ conposition and arrangement patterns

of the blocksdetermine the physiochemical properties of the alginates. The M/G ttagiblock
structure andhe degree of polymerization of the alginate backbone aflaence the gelling
behavior(Zhang et al., 2021)
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Figure 6. Representation of the chemical structure of alginate

Alginate hydrogels are biocompatible and can be formulated in various physical forms for TE
applicationgLee and Mooney, 2012; Sahoo and Biswal, 2021; Zhang et al.,. Z02iprovecell
adhesioralginate can be modified by pept&guch as arginylycyl-aspartic acid (RGD)to the
polymer(Andersen et al., 2015; Chaudhuri et al., 2015; Jeon et al.,. 28@0)ates arepopularfor

wound dressingbecause oftheir biocompatibility, nortoxicity and high absorption capacity. They
can absorb excess wound fluid, promote wound healing and minimize bacterial infections. However,
due toits poor mechanical properties, alginate is usually combined with synthefimed to
improve itsmechanical propertigZhang and Zhao, 2020)lginate is alscommonlyusedfor drug
delivery, especiallyin oral dosage formgLee and Mooney, 2012)Functionalized alginate
nanoparticles have been used for cancer immunothe@ang et al.,, 2017, 2012)
Alginate/hydroxyapatite composiscaffolds have been developed for bongTEco et al., 2009)
Alginate can be used in a binary polysaccharide mixture with a lagtoddied chitosanpotentialy
usedfor cartilage regeneratiofMarsich et al., 2008Finally, alginate could alsbe usedo produce
substrate for mechanobiologgtudies In this contes€Chaudhuri and ceworkershaveused alginate
polymers to demonstrate the role of stresdaxationin regulatingcell behaviorand fate(Chaudhuri

et al, 2016, 2015)Recently, methylated alginates have been developedmatform toinvestigate

the role of compliance of hydrogels with the same shear modulus on cell proliferation and YAP/TAZ

localization(Scognamiglio et al., 2023)

1.2.4. Agarose
Agarose ioftenused as a polysaccharide to form thermally reversible gelsnsists of agarobiose
repeaing units, a disaccharide of (1;8hked b-D-galactopyranose and (1;Uaked (3,6}anhydre

a-L-galactopyranose ans derivedfrom red seaweex{Figure 7)
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Figure 7. Representation of the chemical structure of agarose

It belongs to the family of thermoresponsive polysaccharides in which tigelswlnsition occurs
via a specialgelation mechanisngcharacterized by high hysteresihis transition caroccur by
thermal stimulusalone so no othechemicalsare requiredGraham et al., 2019Dne of the most
importantapplicationsof agarose hydrogels is electrophorebist they can also be useidr drug
delivery(Wang et al., 2009nd wound healing applicatiofSraham et al., 20191owever, agarose
is not biodegradable armméninhibit the spontaneous repair process/ivo. The physical structure of
the gels can be controlled bying differentconcentrations adigarose, resulting in various pore sizes
that influencecell migration and proliferation. However, agarose is generallysaibablefor the
encapsulation and culture of adherent ¢celisit does not allow integration bewvethe cells and the
gel matriYGraham et al., 201970 improve thisinteraction, it is possible to bind sorkgopeptide
domainsto agaros€Lee and Mooney, 2001Jor examplethe oligopeptide domain CDPGYIGSR
covalently bound to agarosehas beenused as a substrate for 3D growth sginal ganglia
(Borkenhagen et al., 1998Recently agaroséhasalsobeenusedwith CTL to produce a series of
semtinterpenetrating hydrogels as a 2D model to study substrate dissipadikeyazgulator of cell

responsé€Sacco et al., 2022)

1.2.5.Chitosan and its glycosylated derivatives

Chitosan is a polysaccharide derived froine alkalineN-deaetylation of chitin, the structural
components ofhe exoskeleton otrustaceandt is alinear polysaccharideonsistingof b-(1A 4)-
linked D-glucosamine (deacetylated, @nit) and NacetytD-glucosamine (acetylated, Anit),

randomly ore morélock-wise distributed along the polysaccharide cl{&igure 8)

OH OH
NH-

H H
Tl {:. {:I '.—.:' t" {} .:l {}
) 0
Ho i l.".l H 8]
NH; N H
OH L'J':<

Figure 8. Representation of the chemical structure of chitosan
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Thanks to the protonatiasf the amino groups #he C2 position it is a watersoluble polymer under

acid conditionsandbehavedike a polyelectrolytavhosecharge densitdepend®n itsproportionof

D units and pHSorlier et al., 2001; Strand et al., 200Chitosansolubility at neutral pH depends

on its molecular weight arithe degree of acetylation. In faateutralsolubility canbeimprovedby
increasing thelegree ofcetylatiorup to around 60%r reducing the molecular weightith degree

of polymerization (’<10)(Khong et al., 2013; Sannan et al., 1976; Varum, K.M.; Ottay, M.H.;
Smidsrgd, 1994)Chitin and chitosardo not occur naturally inthe gel form Researchers have
proposed physical and chemicabsslinking processeso form chitosan hydrogelhemical gels

are formedwith small molecules that can be toxic, while physical gels are less toxic and can be
tailored to havelifferent properties. The sol/gel transition in physical gels can be achieved by varying
physical/chental parameters, such as temperature, pH and sorangth Chitosan can interact with
ions, small molecules or macromolecwgth opposite charges in a typical pH range & @Huang

and Lapitsky, 2012)One of themainionic crosslinkes usedfor ionic crosslinking ofchitosan is
tripolyphosphate (TPPput pyrophosphate (PPi) cowtsobe used. However, PPi fosaylindrical
macroscopic networks with lower mechanical propedmsparedo TPRchitosarhydrogelqSacco

et al., 2016)The mechanical properties of chitosBRP gels are influenced by their molecular weight
andthe degreeof acetylation Different polymercharacteristicsnfluence hydrogelbehavior when
subjected temall/large deformationsjodulatingstiffness, elastity and rupture strengif chitosan
gels(Sacco et al., 2018b)n this way chitosans with different degrees of acetylation and ionically
crosslinked with TPRwvere synthetized The resulting networkshowedviscoelastic and strain
softening behavior at large deformati@wdifferencesas tocell adhesion and spreadi(§accoet

al., 2020a)lonotropic gelation has been used to synthesize chitosan structures encapsulating various
molecules for biomedical applicationBhysical chitosan gelsan also form without the use of
external gelling agent§elationis achieved by madating the chemical compositiaf the polymer
througha controlled reN-acylation process. The resulting gels exhibit weak syneresis and swelling
phenomendhatdepend orthe pH and ionic strength. The gelling system is proposed for use as an
injectablematerial for periodontadurgicalpurposegGérentes et al., 2002} hitosan is widely used

for the productionof variousbiomaterials due to its biocompatibility and becaitiskmes noinduce
significantresponses from the immune systezaction(Molinaro et al., 2002; Thambiliyagodage et
al., 2023) In addition chitosan exhibits antibacterial, antifungal, &rHIV-1, antitumor and
antioxidantproperties whichmake itsuitable not only for biomedical applicatelout also for water
treatment andood industies (Kong etal., 2010; Younes et al., 2014; Zheng and Zhu, 2003)
Although chitosan can be safeblassified as a good candidatdor tissue engineering, some

weaknesss relatedto its physical nature limits potential application. Fa@xample one of the major
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limitations of commercial chitosarsthe poor solubility of the biopolymer at neutral pH.address
this, chemical modifications dghe startingpolymer and grafting of flanking moleculase considered
(Sacco et al., 2020)

1.2.5.1. LactoseModified Chitosan (CTL)

One of the possible modificatisninvolves the introduction oflactitol moieties into the
polysaccharide backboiiEigure 9) This chemical modification can be tratkack to the late 1980s,
when Yalpani and ceworkers established the chemical conditions for the modification of the
polysaccharide chain argludiedits rheologcal properties(Yalpani and Hall, 1984)A few years
later, Donatiet al, re-investigatedthe synthesis of a lactoseodified chitosanoriginally termed
Chitlac. Highly deacetylated (89%) chitosan was modified by reductive aminattaikyMtion)

with thealdehyde functionally ofactose About 70% of the free amino groups of the chitosane
modified to obtain the correspondingctitolatedderivative. Structurally, CTL consistsof three
buildingb-1 Y4 | i n k:egldcosaming §fung), N-alkylated glucosamine (lactitslubstituted
D-unit, L-unit) andN-acetytglucosamine (Aunit) randomly distributed along the polysaccharide
chain(Donati et al., 2005)The result ointroducinglactitol side chain#nto the chitosan backbone

is a chitosan derivativehat issoluble at neutral pH-urther studes on the average structure and
dynamics ofChitlachave beerarried outo determinethe mainphysicochemicalpropertiesand to
investigate the orientations difie lactitol side chainsof Chitlac, hereafter referred to a€TL
(D6Amel i o et al., 2013; Esteban et al ., 2018)
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Figure 9. Representation of the chemical structure of lactosdified chitosan(CTL)
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Due to its polycationic nature and the presence of primary amines from the unreacted glucosamine
units, CTL could form physical and chemical hydrogels. As mentieader(Section 1.1.3.)}, CTL

has beeshown taform dynamic cros$éinked polymeric netwds in the presence of inorganic cross
linkers such as boric acid his transientexhibitsa strainhardening behaviarnderincreasingoad,

similar to the characteristicd the ECM componerguch agollagen(Cok et al., 2018; Furlani et al.,
2019b; Sacco et al., 201QTL canalso form dual crosbnked hydrogels with peculiar mechanical
propertieswhereboric acidacs as a transient crodsker and genipin as a permanent crlisker
(Pizzolitto et al., 2023; Sacco et al., 202@B)L could dso beused for the preparation of mixtures
with alginate andHA, as it canbe mixed with polyanions without phase separaf@oanati et al.,

2011, 2007a, 2007b; Marsich et al., 2013)

In additionto forming thechemical and physical gel§TL hasover the yeardemonstrated various
bioactive propertieshat make it aninteresting natural polymer for the development of biomaterials
for tissue regeneration. In particular, CMas shown to inducethe aggregation of articular
chondrocytes with the formation of high dimensions nodules (Q@biol mm) within 1224 hours.

It also stimulated the production of type Il collagen and GAGmnati et al., 2005; Marsich et al.,
2008) The localization of CTlatthe plasma membrane of isolated chondrocytes and its permanence
at the samsite everefter nodule formatiorsuggesthat the process is mediated by specific binding

of CTL to the cells, possibly through ite-galactose residug®onati et al., 2005)Marconet al.
confirmed the role of Galectih as a bridgingnoleculebetween CTL and chondrocyte aggregates
(Marcon et al., 2005)Recently, cell aggregation promoted by lactose derivatives of chitosan was a
prerequisite for commitment of adipederived stem cells to the chandenic lineagéTan et al.,
2008) Furthermore, the use of CTL as a chondroprotective additive in the treatment of osteoarthritis
has $iown good results in studies rat modelgSalamanna et al., 2019)he potentl application

of this polymer is mainly due to the fact that the interachetween CTL and chondrocytes is
mediated by Galecti (Gall) (Marcon et al., 2005 here is increasing evidence tkiad expression

of Gall correlateswith the degree of cartilage degeneration, witis fhrotein being specifically
presentat sites of damag@sorio, 2016)Recent work have shown that treatment of osteoarthritic
chondrocytes with lactose inhibits the binding of-Gab the cell surfacén this way,the expression

of Gall-regulated genes reduced|eading to a decrease imflammation(Tarricone et al., 2021,
2020a, 2020b; Toegel et al., 2016)nce ithas beerdemonstrated that CTL is able to inhithe
expression oGal1,there iggrowinginterest inthe use othis polymer for th@roductionof materials

used in the field of cartilageegeneratiorf{fScognamiglio et al., 2020 Scognamiglio et al., 202
Interesting bioactive properties have also been demonstrated sowestebblastike cell lines
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(Travan et al., 2012psteogenic differentiation of Dental Pulp Stem C@Rapino et al., 201%nd

neuronal cellgMedelin et al. 2018)

1.3. Extracellular matrix

The extracellular matrix (ECM) is an essential component of multicellular structbaegrovide
structural and biochemical support to surrounding cél® ECM plays an active role in cellular
processes such as proliferation, differentiation and migraklie®@ECM consistof numerousnatrix
proteinsand polysaccharidethat support cells and tissues. The proteins can be categorized as
structural (suchscollagens and elastin) or netructural (such as fibronectin and laminin). Other
important components of the ECMre integrins, growth factors and a group of matrix
metalloproteinase (MMPs). The ECM has a 3D structure that can be divided into two tfeems:
basement membrane atfike interstitial matrix. Both forms have a similar basic structure, with
collagens forming themain network and nosstructural proteinsattachedto it. These proteins
communicate witlthe surrounding cellwia integrins(Kular et al., 2014)The composition othe
ECM varies from tissueto tissue For example, cartilage ECM mmainly composed of typ#
collagen while bone ECM is characterized by typeollagen and nanocrystals of carbonated
hydroxyapatit§ Kuhn and Tuan, 2010)

The ECM not only suppastthe cells but alsoexerts biochemical and mechanical stimuli that
influence cell phenotype, motility, differentiation and matrix productiothis way theECM is not

a static network busisubject teonsantremodelingdemonstratig its dynamiaatureandproviding

animportant source of biomechanical cissqvi and Mcnamara, 2020)

1.3.1.Mechanotransduction

Cells are able to convert external mechangtahuli from the ECM into intracellular biochemical
signals This process is called mechamwtsduction(lngber, 2006) Alterationsin the mechanical
environmenbf the ECMor in thecellular mechanissfor sensinguch stimuli have been associated
with pathological conditiom (Ingber, 2009) Focal adhesions (FA) are the main form of
communication between cells and the ECM.dé#ves as @ectorfor the transmission ahechanical
signals from the ECMo the cellsandthe cells respond accordingly lshangingtheir cytoskeletal
structure and exerting forces. Timainreceptors tharansmitthese signals betwedmecells and the
ECM are integrins. Integrins aedarge family oftransmembrana/b heterodimers that bind ECM
proteins including fibronectin and lamin, and are involved in cell signaling pathways. Theyvide
mechanical continuity between the inner and outer envirorsémells and act as stretch sensors

that trigger signaling pathways througfarious mechanismsOne of the most important protein
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responsible for triggering and maximizing integrin activation is tatiregrins are part of a network
of matrix components involved in thieansmissionof mechanical forces, including signaling
molecules such as-roteins,Focal Adhesion Kinasé-AK), Receptor Tyrosine Kinas&TKs), and
Mitogen-activated Protein Kinas®/APKSs), as well as FA protein&ular et al., 2014)

1.3.2.Mechanobiology of stem cells

Biophysical stimuli play a crucial role in tissue formatidechanical and physical cues aracial
for embryonic tissue patterning and organogen@sejvi and Mcnamara, 2020ndeed many
developmental events involve extensive collective cell movements and tnaosit@hapehanges.
These are necessary deneratanechanicatension inembryonic tissuethat regulate further cell
movement and differentiatiofBeloussov and Grabovsky, 2008)esenchymal stem cells (MSC
were first discovered in bone marrow and aresagibracterized by the ability differentiate into
different cells types, such as osteoblgsthondrocytesand adipocyts. The ECM environment of
MSCs, orthe stemcalini ¢ h e 0, to thes fate. Mechanicabclies from the ECM camtrol
the fate, as theells require celtell and celimatrix interactions to maintain their potenGhanges
in the mechanical properties of the ECM can alter cell shape and intlactdhsionleading toshifts

in signaling events that affect gene expresgiknhn and Tuan, 2010; Naqvi and Mcnamara, 2020)
One of the signalthat MSCs can sense through mechanotrangafusystems ishe stiffnessof the
ECM. The nuclear factors responsible for translating trségealsinto biochemical signalshat
controlcell behavior, including growth, differentiation and malignant progressicanceyare not
well understoodHowever, YAP and TAZ have been identified as nuclear relfyysmechanical
signalsstimulatedoy ECM rigidity and cell shape. This regulation requires Rho GTPase activity and
actomyosin cytoskeletaensionbut is independent of the Hippo/LATS cascédeaport et al., 2011)
The YAP/TAZ pathway plays a crucial role in stem cell biology and is regulatseMgyalupstream
pathways. YAP/TAZ localization to theucleushas been linketb osteogenic differentiation, while
cytoplasmic localization is associated with adipogenesis. Abnormal YAP/TAZ actiasgixiated
with several diseasefcluding atherosclerosis, fibrosis, pulmondrypertensioninflammation,
muscular dystrophy and weer. FAKalso playsa role in regulating cell differentiation and function.
Forexample FAK and ROCK signalindgpave been shown fromote osteogenesishile inhibition

of their activity promotes adipogenesis in human adipose stem cells. MAPKs, adaenigymes,
alsoplay a role in mechanotransduction pathways. ERK and p3&aoé/edin the regulation of
differentiation in stem cells, with ERK being activated by mechanical faieetheintegrin focal
adhesion complexed and the MARBIRK signaling cascade. Mechanicastimulation increases
matrix mineralization and induces osteogenic differentiation via the ERRKaling pathway.
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Similarly, p38MAPK activationtriggeredby mechanical loading has been shown to be essential for

skeletal formatiorand ostoblast differentiatioiiNaqgviand Mcnamara, 2020)

1.4. Articular cartilage

In the final part of this project, CTL is used to coordinate the aggregation of cells. The resulting
spheroids display potential application in the field of cartilage regeneration. For this reason, in the
following sections | will briefly explain the main features of articular cartilage and its ECM, the
problem of cartilage regeneration and the main strategies to overcome this problem, which affects
millions of people worldwid€¢Chenet al., 2012)
Articular cartilage is @&pecialtype of hyaline cartilage found the synovial jointsand isbetween 2
and 4 mmthick. This cartilage provides a loftiction, wearresistant surface with increased
compressive strength, provng) a smoaeh, lubricated surface fatiarthrodial joints and protecthe
subchondral bon@Bhosale and Richardson, 2008; Strecanska. €2022)
Wateraccounts fol65-80% ofthe wetweight of cartilage angrovidesnutrition, lubrification, and
load-dependent deformation. In osteoarthritiee water content increasagsulting inreduced load
bearingcapacity Collagenmainly of thetype I, makes ugl0-20% ofthe wet weight and provides
tensile strength. Proteoglycans {20%) contributeo compressive strength and help maintain fluid
and electrolyte balance in cartilaf@uckwalter and Mankin, 1998¥5lycosaminoglycans (GAGS)
such ashyaluronic acid (HA) and chondroitin sidate(CS) are the subunits of proteoglycazsd
havea limited ability to repair themselveseading to longasting injuries and degradati¢Bhosale
and Rchardson, 2008; Gao et al., 201B)nally, chondrocytes synthesize matrix components and
regulate matrix metabolism. They have uniqu®perties such as no cetb-cell contacts,a
spheroidal shape and high individual metabolic actiBtyosale and Richardson, 2008he unique
biological and mechanical properties of articular cartilage departtiestructure of theissue and
the interactions between the chondrocytes andesticellularmatrix (Buckwalter and Mankin,
1998) Chondrocytes are responsible fitre organization ofcollagen, proteoglycans and non
collagenous proteins into a specialized tissue that suppertsinctions described abo(€hen et
al., 1999) The composition, structure and functions of these cells diffpendingn their depthn
the cartilage. There are fodifferent morphological zones in the cartilage, arranged from top to
bottom
1 superficial zone is the thinnest layer of articular cartilage. The chondrocytes in this zone
synthesize high concentraiis of collagen and low concentrations of proteoglycans, resulting
in ahigh water conteniThe parallel arrangement of fibrigovidestensile and shear strength
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and dsruption of this zone can lead tbe developmentof osteoarthritis(Bhosale and
Richardson, 2008)

1 Middle zone is a transitional zone between the superficial and deep kdoems the drgest
part of articular cartilagand accounts fo40-60% of tissue volumelhe eIl density in this
zone is lowerChondrocyteswhichare spherical and contain synthetic organelles such as the
endoplasmic reticulum, Golgi bodies and mitochondria, are embeddedcimextracellular
matrix. The ECM in this area has larger collagen fibrils, more proteoglycan, especially
aggrecan, and Issollagen and water than in the previous zone. The interterritorial fibrils are
orientedobliquely or randomly to the articular surfagecontrasto the parallel fibrils in the
superficial zon¢Bhosale and Richardson, 2008; Buckwalter, 1983; Buckwalter and Mankin,
1998)

1 Deep zone is separated from the calcified zone by the tidemark, a histological feature
chaacterized by an irregular surface acmhsistingof thick, horizontal bundles of type |
collagen fibers. It forms a dense and structurally strong substrate for the attachment of type I
collagen fibrilsthat extendnto the deep zonéBhosale and Richardson, 2008; Correa and
Lietman, 2017)

1 calcified cartilageoneis the mineralized zorendcontains chondrocytes with a hypertrophic
phenotype and low metabolic activity. These cells synthessipe X collagen, which
contributes to structural integrity and shock absorption alongside the subchondral bone
(Bhosale and Richarda, 2008)

Due to lack of neural, vascular and lymphatic networks, as well as a small population of progenitor
cells, cartilage has low regenerative capaitincent et al., 2022)However, chondrocytes can
survive under hypoxic conditions because they rely on the passive diffusion of nutrients from the
synovial fluid. Cartilage maodeling is a physiological process involving the breakdown of old ECM

and the synthesis of new ECM, and the balance between these processes is crucial for cartilage

homeostasi§Sophia Fox et al., 2009)
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Figure 10. Diagrammatic representation of the general structure of human articular cartilage

1.4.1. Cartilage extracellular matrix

The extracellular matrix (ECMpf cartilage consistprimarily of collagen, proteoglycans and other
componentsuchas fibulin and elastin. ype Il collagen is the primary structural protaimdforms

a network with other typesf collagen Non-collagenous proteins, including aggrecan and other
proteoglycans, provide compresssteengthby interacting with the collagen network addition
aggrecan interacts with GAGs and HA to provide compressive resistance and shock absorption under
load. Other proteoglycans contribub the complex thredimensional matrix network. Finallyhe

ECM isalsoenriched with water and chondrocyt€&his compogion gives cartilage its uniquability

to pressurizéluid andwithstand high cyclic loadJ he pericellular matridirectly connects the ECM

and chondrocytes and plays a critical role in maintaitiiegmechanical properties of the cartilage

The interactions between chondrocytes and the ECM regulate various biological proopsstmt

for articular cartilage homeostasis and repair, such as cell attachment, growth, differentiation, and
survival(Peng et al., 2021)

Cartilage physiology is largely maintained by proper mechanical stimulation during|ramtiady,

with various forces affecting tissue composition and integrity, including compression, tension, shear
and hydrostatic pressuf@fek et al., 2010)Chondrocytes interpret these mechanical signals through
mechanotransductiva@gnalingpathwayghatcantriggereither catabolic oanabolic gene expression
changes, altering extracellular matrix synth¢Sitek et al., 2010)

Cartilage remodeling is a physiological procteg involveghe degradation of the old ECM and the
synthesis of the nedeCM. The balance between these two processes is crucial for cartilage
homeatasis. Pranflammatory cytokinesandisrupt this balance, leading to cartiladgmageand
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inflammatory joint diseases such as osteoarthritis and rheumatoid afBiriésanska et al., 2022)
The ECM plays a crucial role ieontrollingtissue morphogenesis and choyyte differentiation
Chondrogenesis is the process of cartilage formation from condensed mesarn@sueand is
regulated by thactionof the ECM on the mesenchymal stem ¢8lrecanska et al., 2022 fact,
cell-cell adhesion and cethatrix interactions involving molecules such asatiherin and ECM
receptors like integrin, are essential for chondrogeli@sis et al., 2014)ntegrin signalingactivates
downstreamsignaling pathway such asMAPK/ERK, PI3K/Akt and Rho family GPTasdhat
regulate cell survival, proliferation, migrationdadifferentiation(Strecanska et al., 2022loreover,
the expression of integrins changesm healthy to pathological tissuén normal chondrocytes
mainlyalbl,a3bl,abbl,allbl, aVbl, aVb3 andaVb5 integrins are expressed. In OA cartilage
the levels ofalbl anda3bl increase, whil@2bl anda4bl appear, which are not detaiole in
normal cartilag€Loeseret al., 1995) The mechanism behind this change in integrin expression in
OA tissueis not yetknown, butmay be related tdhe release ofrowth factors and cytokinghat
stimulateintegrin expressigrieading to changes theECM andpromoting chondrocytleypertrophy
(Loeser, 2014)

1.4.2. Cartilage degeneration

As discussed beforarticular cartilage has a poor intrinsic ability to gefpair.In early development,
fetuses can heal articular cartilage defeffisctivelywithout scarring. However, this abilitleclines

soon after birth and is almost completely lost by early adulthood, leading to degenerative diseases
that not only affect patient quality of life but algacea financial burderon heathcaresystems
worldwide (Chen et al., 2012; Correa and Lietman, 2017; Hiligsmann et al.,.2014)

Regeneration ofréicular cartilage can occur after trauma and the healing process depettie
natureof the defectsPartiatthickness injuries receive minimal help from adjacent tissues, white full
thickness injurieproducea response frorthe vascularized subchondraone butdo not restoréhe
original articular cartilageThe result is dibrocartilaginoustissue, withoutoptimal mechanical
propertiegCorrea and Lietman, 201 Articular cartilage injuries can also result from indireffects

of the loading, especially ipeople who plagports.These injuries are difficult to diagnose and can
lead to cartilage and subchondral bone danjBgekwalter, 1998)

Osteoarthritis (OA) is a chronic degenerative disease that canwitbaut trauma. In fact, in this
casethere isanunequalbalance between ECM deposition and degradatiothd clinical phase of

the diseasdhe alteration of the synovial membrane is associated with an inflammatory response in

which proinflammatory cytoking@NF-a and IL-1) are presentnflammation is an important factor
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associated with the progressiorcaftilage loss, especially duritige OA process. Theonsequence

arejoint pain, swelling and stiffnegdartel-Pelletier, 2004)

1.4.3. Strategies for cartilage regeneration
After damage or loss oéarticular cartilage there are different treatment strategies that can be
employed. In recent years, thanks to tissue engineering (TE), research has focusgdmainl
biological healing and cartilage regeneration. This interest is due to the fact that there are still no
strategies with effective loaggprm effectdor cartilage repair
Conventional treatments for cartilage regeneration include:
1 Microfracture: used to repair small defects @tased ora spontaneous repair process. In
fact, microfractures are created over the underlying subchondral bone. In thisheay
subchondral bone releases the progenitor frelfs the bone marrow thaire responsablior
regeneratinghe damaged tissue.
1 Mosaicplasty:involves the transfer of cylindrical autologous osteochondral gyrisftthe
knee these grafts are taken from the donors sites and inserted into drilled tunnels in the
defective section ahe cartilage.
1 Autologous Chondrocytes Implantations (ACI): is one ofrtirethods in whiclthe cellsare
usedto repairthe cartilage.In this techniqugethe patient undergoes two surgical procegure
In the firstsurgerya piece of healthy cartilage ik&n. The chondrocytes recovered from the
cartilage tissue are expanded in vitro for few weeks. In the second surgery inteptbstion
autologous chondrocytes are implanted into the defect site of the patiehtin thercovered
by a periosteal graft
1 Matrix-induced Autologous Chondrocytes Implantations (MACI): in this désecells are
see@donto a scaffold a few days before implantation.
The successful results of these techniques can be compromised by some drawbacks, such as a two
step surgery fosome of them, the limited size of the defect that can be restored, and the formation
of fibrocartilage tissue, rich in type | collagéhoi et al., 2018; Jiang et al., 2020)
Finally, if the articular cartilageannot beaegenerated with any of the previous treatments, total or
partial joint replacement can be performed. The damaged joint is replaced with an artificial implant
consisting of a metal shell (titanium, stainlessel, or alloys), a piece of polymer (such as
polyethylene in order to glide smoothly) and a metal stem. In such cases, there are a few frequently
reported complications, including infections, looseness, ofgaie implantwherethe patienhas to

undergarevision sirgery(Zhang et al., 2009)
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1.4.3.1. The role of tissue engineering in articular cartilage repair

The main problenwith cartilage regeneratiois the difficulty in reproducing both the complex
structure of this tissue and the various interactions between its compQlwmntstone et al., 2013)

The regenerative strategy often involves hydrogels, chondrogenic growth factors and cells
(chondrocytes or MSCs). Since 198@0variety of natural and synthetic hydrog@iming polymers

have been developg8trecanska et al., 2022)

Natural polymers arselected fortheir biocompatibility, biodegradability and similarity to ECM
cartilage components. For exampéeveral studies hav&hownthat HA promoteschondrogenic
differentiation and can support the healing of cartilage in various animal mGdeibiningHA with

MSCs has also demonstrated promising results in slowiagprogression obsteoarthritis and
reducing inflammatio(Johnstone et al., 2013imilar results are also obtaid withCS (Johnstone

et al., 2013)

Injectable hydrogels offer a minimallgvasive approach to cartilage repas they are capable of
undergoing aolgel transition andn situ gelation. They can effectively fill irregular erosion sites
and be functionalized with bioactive moleculé€3elationis triggered by the sensitivitgf the
hydrogelto changes intemperature, pH, and ion concentration changes, while another group of
injectable polymers relies on chemical crieking methods(Johnstone et al., 2013; Kim et al.,
2009) Methacrylategelatin hydrogels havieeenshown potentiato have the potential tpromote
long-term culture of bone marroderived mesenchymal stem cells (BMSCs), chondrogenesis, and
glycosaminoglycan (GAG) productidiiKim et al., 2009) In addition injectable hydrogels can be
functionalized with bioactive substances, such as -bGFo support chondrogenesis of MSCs
(Johnstone et al., 2013)

Finally, devitalized and decellularized cartilalgave been studied, with devitalized cartilage showing
greater yield stress compared to decellularized cartiMgthacrylatgorcinederived decellularized
cartilage hydrogels demonstrated a sts#sgin profile similar to native cartilage when cultuveth

rat bone marrovderived stem cells. However, decellularization and digestion may be too harsh for
some tissues, resulting in mechanically weak gels not suitable fobé&mthgapplications that

required additionamaterial modificatios (Peng et al., 2021)

1.4.3.2. Scaffold-free strategies

Interest in scaffid-free method$or cartilage regeneration hareasedn recent yearslhis interest
is given both by the biocompatibility due to their completely biological naturethendccurate
mimicking of natural cartilage developme¢iiuang et al., 2016)or this reasona 4" generation

ACI has ben developed to better replicataturalcartilage beforemplantation(Hulme et al., 2021)
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In this approachspheroids of neocartilage implatedwithout a synthetic matrixHulme et al.,

2021) Severalproducts have been developed and some of them are already used in clinical practice.
Chondrosphere® and RevaFl¥x, for example,are scaffolefree cartilage constructs that offer
several advantages over scaftblased approaches. Thesenstructs are created by culturing
chondrocytes at high densiyp that theyadhereo eachother and secregecartilagespecific matrix

from which solid neotissues eventually for@hondrosphere®onsists of spheroids developed from
autologous chondrgtes They are culturedn vitro for 6-8 weeks and then implanted into defects
(Jiang et al., 2020)These spheroids camegrateinto thedefect sites, grow in size and adapt to the
shape of the defe¢Armoiry et al., 2019; Grevenstein et al., 2021)

RevaFlexM differs from Chondrosphere® because itgi®wn for monthsin vitro and appears
relatively stiff. Theseconstructsdo not naturally adhere to the defects and requxagi@in with a

glue. However, implanting a more mature neocartilage construct allows for consistent control of
certain properties. In facthese more mature grafts also have higher initial mechanical properties,
which could allowfaster rehabilitatiofMedvedeva et al., 2018)

In generalfor the formation of spheroids it is necessary to prevent cell adhesion to a.sd&diaces
methodsare described in the literatufeB i a § k o ws k asometofwhich invplve 2h8 &€ df a
polymer coating tgpromotecell aggregationThe table below shows the main methods used for
forming spheroids and the principle on which the preparatiethod is base(lable 1)(Ryu et al.,

2019)

Technical method Properties

Pelletculture Use centrifugal forces to concentrate cells

o Use noradhesivematerials to inhibit cell
Liquid Overlay

attachment
Hanging Drop Use surface tension and gravitational force
Spinner culture Use conventional force by stirring bars
Rotating Wall Vessel Use constant circular rotation of vessel
_ o Usemicrofluidic flow and materials permeab
Microfluidics
to soluble factors
Magnetic levitation Use magnetic force to levitate cells.

Table 1.Summary of the methods described in the literature for the formation of spheroids.
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2.AIM OF THE THESIS

In tissue engineering (TE) filed there is an increasing need for biomaterials that mimic the complexity
and dynamics of the extracellular matrix (ECM). The difficulty in achieving this goal is the reason
for the partial failure of existopn TE approaches in replacing living tissues, such as cartilage or bone.
In this project, CTL,a lactosemodified chitosan commercially available in pure medical grade
provided by Biopolife s.r.l., a company located in Triestasused as the main materif@lr the
development of innovativieydrogelsandthreedimensional structures that mimic the architecture of
native tissueThi s goal was achieved by taking adval
mechanical characteristics as well as its biologicalgm@@s. In detailn the first part of the project,

CTL is crosslinked with two crosslinkers (boric acid and genipin) to form hydrogels with mechanical
properties similar to those of the extracellular matrix. The relationship between some of these
mechanical properties anklet osteogenic commitment of adipaferived mesenchymal stem cells

was then investigated in a 2D culture system. In the second part, CTLSandhatedCTL were

used as abiomimetic matrix that coordinates the aggregation of primary chondrocytes and
mesechymal stem cells to form spheroids, 3D structures with potential benefits for cartilage
regenerationThe expected resulisould improve current knowledgaboutthe interplay between
extracellular matrix and celland allow for potential translation of # present materials to

regenerative medicine, including cartilage and bone tissue replacenmeantion a few
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3. EXPERIMENTAL SECTION
3.1. CHAPTER 1: Chemical reaction between CTL primary amines

and genipin.

3.1.1.Aim of the work

The first part of the project focused on the study of the chemical reaction between CTL primary
amines and genipjrusing mainlyUV-VIS spetroscopyand circular dichroism (CD) as analytical

tools.

3.1.2.Materials and Methods

3.1.2.1. Materials

Hydrochloride form 6lactosemodified chitosan, CTL (CAS Registry Number 21738717) was
kindly provided by biopoLife s.r.I. (Trieste, Italy). The chemical composition of CTL was determined
by *H NMR spectroscopy and resulted: fraction of deacetylated Waij0(21, fraction of lactose
modified units(F.) 0.63, and fraction of acetylated uni&) 0.16. The calculated molar mass of
CTL repeating unit (MW.u.) resulted 403 g/mol. The physical properties of CTL were determined
by viscometry: the intrinsic viseity, [d], of CTL was measured at T = 25 °C by means of a CT 1150
Schott Gette automatic measuring apparatus and a Schott capillary viscometer. A buffer solution,
composed by 20 mM AcOH/AcNa, pH 4.5, and 100 mM NacCl filtered through e@2dillipore
cellulose filter (VWR International), was used as solvent. The resutfinggs 344 mL/g. Given the
molar mass of chitosan used in the synthesis processO@E2H/mol) and its repeating unit (168
g/mol), the molar mass of CTL was estimated to be at ar8d@d00 g/mol.

Phosphate buffer saline (PB3actose monohydratglucosamine hydrochlorideethylaminewere
purchased from Sigmaldrich (Chemical Co. USA)Sodium chlorideand hydrochloric acidwere
purchased from Carlo Erba (ltaly). Genipin was puseldafrom Challenge Bioproducts Co., Ltd

(Taiwan). Deionized water was used in all preparations.

3.1.2.2. Preparation of CTL and genipin mixture
Lactosemodified chitosan solutions in PBS at pH 7.4, final polymer concentration in the range 1.9

g/L1 7.5 g/L were added of genipin in PBS at different final concentration in the range 0.04 mM
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0.37 mM. The resulting solution was incubated at 37 Gerpresence of oxygen. Typically, 30 mL

of solution containing CTL and genipin were incubated in a cylindrical vessel of 66f smlume.

At selected time points, an aliquot of the G@é&nipin mixture was collected and analyzed by means

of different tecimiques. In the case of measurements in oxygen depleted conditions extending over 4
h, prior to the incubation at 37 °C the solution of CTL and genipin was ice cooled to slow down the
reaction(Pasquale Sacco et al., 202@nd extensively degassed using a nitrogen flow. For oxygen
depleted conditions over 24the solution of CTL and genipin was incubated in a Thermo Scientific
Oxoid 2.5 L jar containing an Oxoid AnaeroGen 2.5 L sacB&icosamine and ethylamine were

usedfor comparison.

3.1.2.3. Intrinsic Viscosity analysis

Intrinsic viscosity of chitosan and CTL was measured at25 Q: by means of a ScheBefte
AVS/G automatic measuring apparatus and an Ubbeltpeecapillary viscometer (@ = 0.53 mm).

A buffer solutioncomposed of 20 mM AcOH/AcNa, pH 4.5, and 100 mM NaCl was used as solvent
(P. Sacco et al., 2018)he intrinsicviscosity h] values were determined by analyzing the polymer
concentration dependence of the reduced specific viscdsig)(and of the reduced logarithm of

the relative viscosity (IM(e/C)) using the Hugginsefjuation A) and Kraemerequation B),

respectively:

— - Q- & (A)
— - Qeed (B)

Wherekj andkjj are the Huggins and Kramer constants, respectively.

The binding of genipin to CTL in PBS at pH 7.4 was followed at37tt by measuring the relative
viscosity of the solutions at different time points with a capillary viscometer.

3.1.2.4. Circular Dichroism

Circular Dichroism spectra of the CIgenipin solutions in PBS buffer at pH 7.4 were recorded at
different time pointsising a Jasco- 400 spectropolarimeter in the wavelength range-2B8D nm or

220- 700 nm at T = 25 °C. A quartz cell of 1 cm optical path length was used, and the following
setup was maintained: bandwidth, 1nm; time constant 2s; scan rate, 100 nnmimispdctra,

corrected for the background, were averaged for each sample.
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3.1.2.5. UV-VIS analysis

UV-VIS spectra of the CTgenipin solutions in PBS at pH 7.4 were recorded at different time points
at 25 °C in the range from 220 nm to 700 nm with a Shimadz«2450 spectrophotometer. UV
absorption of CTEgenipin solutions in PBS at pH 7.4 incubated, in the presence or in the absence of
oxygen, at 37 °C for 24 h was recorded with a multiplate reader FLUOStar €Biwgd_abtech.

150 eL of s ol utna®d6éwellwmmultiavelltand the abdodbanceavds measured at 600
nm. Eight replicates, corrected for the background, were averaged for each datapoint.

3.1.3.Results and discussion

The binding of genipinto primary amino groups has been widely explored taypcefunctional
structuredor drug delivery and biomaterials developmghbitha M. Heimbugk et al., 2019; Xu et
al., 2015; Yu et al., 2020; Yuan et al., 2000) this context, @veral chemical reactiorisve been
proposedbut all analysis arperformed undesicidc conditions and mainlwith chitosan apolymer
containing primary amino gups (Butler et al., 2003; Lai et al., 201Qjurthermore, igh genipin
concentrations (500 mM) are requinedhese analytical condition®imida et al., 2015)lt is also
known from the literature that geniginding to amino group leads the formation of blue colored
solutions(Dimida et al., 2015)

In this first part of the project, CTL wa®lectedas a polysaccharidgith amine groupsolubleat
neutral pHdue to its chemical and physigadopertie D6 Amel i o .et al ., 2013)
In order to propose mechanism for genipin binding to amino groups,first studed the belavior

of genipin alone, using UWis spectroscopy and CD as analytical to&nipin wasdissolved in
PBS(pH 7.4), measurementazereperformedat the beginning and after 6 hours of incubation at 37
°C.

UV-Vis spectral analysishowsthe presence of a peak a402nm (Figure 11a). At the same
wavelength, the spectruof CD alsoshows a positive pealFigure 11b), which dependson the
concentration of genipirF{gurellc).
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Figure 11. Genipin incubated with PB&H 7.4)at 37°C at time O (blue) and after 6 hours (light bl@)UV-Vis
spectrum of genipin in the rang@40-400 nm.b) CD spectrum of genipin in the range 24850 nm. C) Calibration
curve for genipin in PBS at 3T repated as ellipticity of the CD signal at 240 rwmgenipin concentratioat time 0.

Whengenipin is incubated at 3T andin the presence afxygenfor 6 hours theCD spectrunalso
showsthe presence of two bands: a positive peak at 2653-igurgé12a) and a negative peak at 330

nm (Figure12b).
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Figure 12 Genipin incubated with PBS (pH 7.4) at¥7a) Magnification in the range 250300 nm. The light blue
curve represents the differences between the CD spectrum ataimdehe spectrum of themle genipin at the
concentration calculated from the CD signal at 240rfMagnification in the range of 300450 nm at time O (blue)
and after 6 hours (light blue).

When genipin is used alone, the blue color in the solution did not desedpafter 24 hours of
incubation(data not shown).

From these resulteombinedcomputational analysi@izzolitto et al., 2020and consideringthe 8
possible stereoisomers of genipin reported in the litergRiréommaso et al., 2013)ve propose a
first reaction scheme for the behavior of genipin alahneutral pHScheme 1)In this first schemge

we propose that the presence of oxygen leads to an oxidation of genipin into corGplowndich

shows the presence of two chiral centassshown byCD signal.
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OH OH

(S.R)-GII (R.R)-GII

Scheme 1. Proposed reaction for gengdiome incubated at 3C in PBS(pH 7.4)

Scheme 1 provides the basis for describing the reaction between genipin and molecules containing
aminegroups There are several reaction schemes in the literature based on the analysigisf UV
spectra(Butler et al., 2003 ouyama et al., 1994Di Tommaso et al., 2014)nfortunately, the
interpretation of these spectra is contradictory from one work to andthetarify on the different
interpretationswe combineUV-vis measurements with CD measureme8itece the signallbmCD

is based on the chirality of the molecules,also analyzethe behavior of two other small molecules
in contact with genipin: glucosamine (chiral amine) andylaemine (achiral amine)CD
measurements on these two molecules show that both have a positive peak at B80 anty
glucosamine also has the positive peak at 38@Figure 13) The behavior of genipin treated with
ethylamineand the presence of a geat 380 nm havalreadybeenreportedn literature using UY

Vis (Di Tommaso et al., 2014%0 the CD signalarefrom a moleculdghatdoes nothave achiral

center in the genipin derived moietytbatis present in a racemic mixture.
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Figure 13. @) CD spectrum ofienipin (0.37 mM) incubated with glucosamine (light green curve) and ethylamine
(green curve), respectively, fortRat 37°C in PBS (pH 7.4). In both cases, the concentration of amino groups was 1
mM. b) Magnification of the range 320450 nm.
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UV-Vis amalysis d genipin treated witlglucosamineWhenthe incubatiortime is increasedthe
signalof genipin (240 nm) increases and the peaks at around 280 nm and 6@8amre prominent
(Figurel4a). In addition the peak at 380 nm is visible at the beginnmgin a later incubation stage

it becomes impossible to distinguish it from the tails of the paaksound 280nm and 600 nm
(Figurel4b).
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Figure 14. @) UV-Vis spectrum of glucosamine treated with genipin at@Tecorded at different time poir)
Magnification of the spectrum in the range 32450 nm

UV analysis also shows that the signal related to the formation of a blue productdeferaent
(Figurely).
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Figure 15. Time dependence of the WW¥is signal recorded at 600 nm

The CDspectrum(Figure 16a) for the binding of genipinto glucosamine was analyzed both in the
presence and absence of oxygen. The peak at 240 nm decreases with time, indicating the decrease o
free genipin due to its binding to glucosamf{Rreyure16b).

32



a b

120 120

- {0 - 10
100 — 30min 100 — 30min
5 80 = 60min 3 80 = 60min
E 60 == 90min 60 == 90min
© 40 = 120min 20 = 120min
20 180min 20 180min
240min 240min

0% T T 1 T = " T i X
250 300 350 400 450 300min 250 300 300min
. (nm) 360min A (nm) 360min

Figure 16. a) CD spectrum of glucosamine treateilhagenipin at 37C recorded at different time poiim the presence
of oxygen b) Magnification of the spectrum in the range 22800 nm

The 280 nm signalFigure 17), on the other handhowsan oxygerdependent behavior. In the
presence of oxygen, é@xhibitsa positive signal, indicating the formation of a chiral compound in
solution.Furthermorethis signal shows a sigmoidal increase dlieincubationperiod Finally, this

signal disapp&rs when the reaction takes place in the absence of oxygen.
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Figure 17. Time dependence of CD signal of glucosamine treated with genipin°@t &¢orded at 280 nm in the
presence of oxygen (green triangle) or in oxydepleted conditions (rethombus)

At 380 nm(Figure 18), on the other hand positive signal is preseit the presence of oxygen.
However this signalshowsa normonotonic trendver time: during the first 90 mitesthe signal
increasesbut afterwardst decreases significilg. This behavior can be safely correlated with the
temporalincrease of the UWIS signal at 600 nm: negligiblguringthe first 90 minutes and rapidly
increasing thereafter. Under oxygeepleted conditionshe peak at 380 nieads taa linear increase

in the first 4 hours.
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Figure 18. Time dependence of CD signal of glucosamine treated with genipin®&t i&@¢torded at 380 nm in the
presence of oxygen (green triangle) or in oxydepleted conditions (red rhombus)

Finally, no signal is detecteon CD associated witthe development of blue color (600 nm signal)
underanyof theconditiors analyzedFurthermoreno blue color is developathder oxygen depleted
conditions(datano show.
Based onthese considerations and followit8cheme 1we can therefore propose two possible
reactionpathwaysetween the genipin and the amino gro(fisheme 2)
In the first casgthe reaction leads to the formation of a compound thdtavecalledG-N, without
the needed abxygen. The evolution of this compound is explainedbgmputational analysis and
takes into accourhe different stereocisomers of the genifitizzolitto et al., 2020)Ve propose two
possiblemechanisméor theassociation of tw&-N moleculesn the presence of oxygen
1 In the first casewe have suggestean oxidation of twdG-N molecules in the presence of
oxygen,with the formation 02(G-N)ox.
1 Inthe second casthe oxidation ofG-N is accompaniedhy a dehydration tgive theadduct
2(G-N)dox.
Both resulting compounds showed a computed\l¥/spectruncomparabldo the peak at 600 nm

and a completabsenc®f chiral centefPizzolittoet al., 2020)
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2(G'N)ox Z(G'N)dox

Scheme 2Proposed reaction scheme for genipin incubated with primary amines@ti8PBS (pH 7.4)Pathway 1

A second pathway instead invosse reaction of genipin with primary amines in the presence of
oxygen leadingto the formation of &-N Il compound. Computational analysis of this compound
shows the absence of UWis peaks at around82 nm and 430 nn{Pizzolitto et al., 2020and no
positive peaks in the Chre expectedrurther reaction leads to the formation ofmalecule with
chiral carbon atomsbhut without much delocalizationf electronsas no blue color follows the
formation of the CD band at 280 nm. The presenca ©fclopentadinaunit on G-N Il could be
indicativeof a DiesAlder reaction in according to the literaty@tto and Bgberts, 2000; Pirrung,
2006; Xu et al., 2006)This reaction could involve anoth@&N Il leading to the formation &(G-

N II), which shows a computer UVis peak and a CD band around 280 (Rizzolitto et al., 2020)
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2(G-N 1)

Scheme 3Proposed reaction scheme for genipin incubated with primary amines at 37 °C in PBS agtRathway 2.

When the reaction igarried outwithout oxygen, the pathways form G-Il and 2(G-N) are
prevented Indeed, the 280 nm band for the CD spectrum and the 600 nm band for tWes UV
spectrumare missingAs a result, only th€&-N component is foned and leads to the formation of
the CD spectrum at 380 nm when glucosamine is usetnaglecule with primary amineg-igure
13).

Looking specifically at the reaction between genipin and CTL, thepgmwposedeaction models
(Scheme 2 an@&cheme 3anoccurin the presence of oxygemhis is confirmed by the fact that the

peaks (280 nm and 380 nappeanver timeandat the same timtneconcentration of genipifpeak
at 240 nnmdecrease@-igurel19)
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Figure 19. @) Decrease of genipiconcentration as measured from the ellipticity at 240 nm and increase of the
ellipticity at 280 nmp) and at 380 nmdjj for CTL. The concentration of primary amino groups was 1 mM and the
incubation was performed in the presence of oxygen at 37 °C imvRB$H 7.4.
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According tothe Scheme 3two genipin molecules must bind two distinct chains of @3 hllow a
Diels-Alder reaction and the formation of compow2(@-N IlI) . The initial raten was evaluated as

the following equation:

Q¢ yerna o Q—
Qo Qo

where [280nm] represent the molar concentration of the specie providing the CD signal at 280 nm,
while gesonmrepresent the ellipticity at 280 nifibe kinetis leading to peak formation at 280 nm is

a second order kinesdor thegenipin and CTL concentratigfigure 20)
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Figure 20. A) Dependence of the initial rate of development of peaks at 280 nm from genipin cormen@ati
concentration was equal to 3.75 g/L. B) Dependence of the initial rate of development of peaks at 280 nm from CTL
concentration. Genipin concentration was equal to 0.37 mM. In both cases the black line representfittbEtbest

experimental da according to a parabolic equati®n ¢xo @ &R2 > 0.985). In both cases, saempwere incubated
in the presence of oxygen at 37 °C in PBS at pH 7.4.

Themeasuremertf the elative viscosity also confirmbeaboveinformation(Figure21), whereby

theviscosity increasssimultaneously withthe peakormation at 280 nibut no blue color is present.
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Figure 21: Time dependence of the ratio between the relative viscosity at time t and the initial relative viscosity for

CTL (3.75¢/L) incubated with genipin at concentration of 0.13 mM (red) at 37 °C in PBS at pH 7.4. Lines are drawn to
guide the eye

For the peak at 380 nm, the initial ratevas evaluated as the following equation:

Qo yerna o Q—
Qo Qo

Howeve, the CD kinetics for the 380 nm peak is a first of@ilegure 22) the CD signal is not closely
related tahe immediate crosinking of the polymer, but to the formation GEN in Scheme 2.
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Figure 22. A) Dependence of the initial rate of development of peaB8@hm from genipin concentration. CTL
concentration was equal to 3.75 g/L. B) Dependence of the initial rate of development of 38&kisratfrom CTL
concentration. Genipin concentration veagial to 0.37 mM. In both cases the black line represents théthdghe

experimental data according tdiearequationy & 6§R2 > 0.9). In both cases, samples were incubated in the

presence of oxygen at 37 °C in PBS at pH 7.4.

Indeed in the presence of oxygen, part@N transformsinto 2(G-N)ox and2(G-N)dox, forming a
blue color and additional crodisks inthe CTL network. However, topological limitations prevent,
to some extent, crogeactions between twG-N residues on thegbymer. As a resultthe UV-vis

signal atabout600 nm is less intengbanthatrecorded for glucosamingith the same amount of

primary aminegFigure 23)
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Figure 23. UV-Vis spectrum of genipin treatedth glucosamine (light green) and CThlue) for 6 h. In both cases,
the concentration of primary amino groups was 1 mM. The incubation was performed in the presence of oxygen at 37
°C and in PBS (pH 7.4).

When CTL is incubated with genipin for 24 hours without oxygen, the blue del@lopéd is even
lessbecauseéhe cross reaction betwe&@N compoundss affectedby theabsencef the oxidant.
When the sample is exposed to the oxyagain, thdopologicallimitation due tahe nonnegligible
amount of2(G-N II) reticulations further limitshe amount of cross reaction amdagN groups.In
fact, the UV-Vis signal at 600 nm does not increase over time whersample ise-exposed to
oxygen after 24 hour@igure 24)
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Figure 24. Absorbance measured at 600 nm for CTL (3.75 mtdbated with genipin (0.13 mM) for 24 h in the
presence of oxygen and in oxygeepleted conditions for 24 h. In all cases, the incubation was performed at 37 °C in
PBS at pH 7.4.

3.1.4.Main conclusions

Genipin isoftenused in combination with chitosan fdretproductionof variousbiomaterials. It is
frequentlyreported in the literature that genipin intesawith primary amines. Unfortunatelyhe
mechanisms still debated andll hypothesis were made under acid conditidnghis sectiona
novel approach to identify the binding mechanismroposedising CD, U\fVis, intrinsic viscosity

analysis and computational analysis. The second novelty of thisisviwt itwaspossble to work
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at neutral pH (pH 7.4hanks to the use of CTNewfeaturesvere discussefr both the autoreaction

of genipin its binding to primary amineasnd the role of oxygen.

A central role wasissignedo compounds-N, of which two types obxidation reactiors and their
kinetics in the presence of oxygemrre studiedBoth reactios, when CTL was used to birgenipin

lead to the formation of a network. The first pathway is involved in the formation of the typical blue
color of the solutionIin thesecond case, oxidation lesith a DiesAlder reaction, resulting in the
2(G-N 1l) compounds. This latter reaction expkithe marked increase in the relative viscosity of

CTL beforethe bluecolorationof the solution.
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3.2. CHAPTER 2: Temporary/permanent dual crosslinks hydrogels
as 2D substrates to study mesenchymal stem cell osteogenic

differentiation.

3.2.1.Aim of the work

Dual crosdinks hydroge$ with adjustable degree of immediate stress dissipatised on a
lactosemodified chitosan (CTL)with boric acid as transient and genipin as permanent crosslinkers,
have been developed and descrilbede as novel 2D platforms for mechanobiology $tsdin
particular, the osteogenic commitment of mesenchtesn cells from adipose tissue (hM&3T)

seeded atop these hydrogels was evaluated in response to the different mechanics of the substrates.

3.2.2.Materials and methods.

3.2.2.1. Materials.

Hydrochloride form of lactosenodified chitosan, CTL (CAS Registry Number7342137-7) was
kindly provided by biopoLife s.r.l. (Trieste, Italy). The chemical composition of CTL was determined
by H NMR spectroscopy and resulted: fraction of deacetylated Wj0(21, fraction of lactose
modified units(F.) 0.63, and fraction of acetylated unit&x) 0.16. The calculated molar mass of
CTL repeating unit (MW.u.) resulted 403 g/mol. The physical properties of CTL were determined
by viscometry: the intrinsic viseity, [d], of CTL was measured at T = 25 °C by means of a CT 1150
Schott Gette automatic measuring apparatus and a Schott capillary viscometer. A buffer solution,
composed by 20 mM AcOH/AcNa, pH 4.5, and 100 mM Nacl filtered through e@2dillipore
cellulose filter (VWR International), was used as solvent. The resutfingds 344 mL/g. Given the
molar mass of chitosan used in the synthesis processOB2H/mol) and its repeating unit (168
g/mol), the molar mass of CTL was estimated to be at ar8d@d00 g/mol.

Boric acid, mannitol, sodium hydroxide, sodium chloride, magnesium chloride, Trt@0XTris
buffer, Phosphate Buffered Saline (PBE37 mM NaCl, 2.7 mM KCI, 8 mM N&HPO4 and 2 mM
KH2P(4), dexamethasone, bovine serum albumin (B&lecular mass 66 430 g/mol), fibronectin
bovine plasma, poH.-lysine solution, AlamarBlue reagent, silver nitrate, sodium thiophosphate,
Tween20, Fast Blue BB salt Hemi (ZnCl) salt, Naphtol-XShosphate, Oil Red O, hematoxylin,
formaldehyde, Normal Goaberum (NGS), Tri Reagent,-mptrophenylphosphate and Bradford
reagent were all purchased from SigAldrich Chemical Co. (USA). Human Osteocalcin Instant
ELISA Kit were purchased from Affymetrix eBioscience (USA)-ascorbic acid and -
glycerophosphate werfrom Fluka Biochemika. Hydrochloric achd Propa#2-ol was from Carlo
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Erba (Italy). Genipin (purity 98%) was from Challenge Bioproducts Co., Ltd. (Taiwan). DMEM
(Dul beccods Modified Eagleds Medi um) Hi gh GI
penicillin and trypsin were from EuroClone (ltaly). Mesenchymal Stem Cell Growth Medium was
from PromoCell.

All reagents and chemicals were of high purity grade and deionized-QJillvater was used as

solvent in all experiments.

3.2.2.2. Preparation of CTL hydrogels.

To obtaindual crosdinks hydrogels two solutiors were prepared: a CTL solutioneferred to as
solution A and a crostinking solution ¢eferred to asolution B, the composition of which varied
depending othetypeof hydrogel To prepare solution A, CTL (150 mg) wdissolvedn 3.5 mL of
deionized wateandthe pH was adjusted to 7.4 by adding aliquots of NaOH (1 M and 5M). Finally,
400 pL of PBS 10X and deionized water were addedite afinal volume of 4 mL.Solution B
consisted ofa mixture ofboric acid (80 mM) and mannitol (160 mM) prepared in PBSahdpH

7.4, and agenipinsolution(15.6 mM)prepared in PB3X, pH 7.4.The final concentration of CTL
was 3% wAin all experimentswhile the concentrationsf boric acidand mannitolverein the range

of 2-8 mM and 416 mM, respectively. The final concentration of genipin wlagsenso thatthe
molar ratio betweethe glucosamine units of CTL (D) and genipin (Rh/c: hydrogels with &Rpic

of 10, was achieved with a genipin concentration of 1.56 mM.A typical gel preparation was
performedas follows:4 mL of solution A was mixed witlh mL of crosdinking solution B using a
Luer-Lock syringe systenresulting in an even mixture of the solutions. The finished mixua®
poured into the well plates and incubated at T = 370t@4 hours The following table(Table2)
summarizes the composition of tharioushydrogels analyzed and gives the nomenclature by which

theyarenamed in the followingection

Solution A Solution B
CTL Boric Acid (80 mM) - [ Genipin
Sample | Roe | 37500 | Mannitol (160 mM) | (15.6 mm)| FBS X
B8 - G1.56 4 mL 500 pL 500 pL -
B2-G1.56 10 4 mL 125 pL 500 pL 375 ul
BO- G1.56 4 mL - 500 pL 500 pL

Table 2. Experimental conditions used for the preparation of Dual dinks hydrogels.
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3.2.2.3. Stability test

In order toinvestigatethe structural stability of the hydrogels as a function of time, a swelling test
wascarried out The tydrogels weresynthesized as previously describ8dnmL of the gel mixture
waspoured into 8well plates and incubated at T = 37 °C. After complete gelation, small cylinders
were punched owf the hydrogel$d = 10 mm, h = 2,5 mm) and weighted (t = 0). Latezsampes

were transferred to well plates, immersed in DMEM High Glucose\(IN4 and stored at T = 37

°C. Samples were removed fraheincubation medium, blottedith filter paperto remove excess
mediumand weighed at different time pasnThe experimental dta areexpresse@sthe percentage

increase ilMmass with respect tiheinitial weightaccording tahe formula
DQQQO o WMNQ —— pT1T

where W is the weight of hydrogels at time zero andi§\the weight of the same sample at selected

time.

3.2.2.4. Mechanical characterization
To studythemechanical properties, hydrogels were synthesizedrding to areviously established
protocol (3 mL gel mixture in-@vell plates).Prior to mechanical testing, samples were cut into
regular small cylinders (& = 21 mm, h = 2.8 mm)using a disposable biopsy punch
Rheological tests were performedh aHAAKE MARS Ill rheometer (Thermo Scientific) operating
in oscillatory shear condition§.he amples werdestedusing a shagreened titanium plate with
plate/plate geometry (HPP20: @ = 20 mm). All rheological tests were performed at T = 37 °C. A glass
bell (solvent tap) covering the measuring device was used to improve thermal control and avoid
waterevaporation from the hydrogelo prevent both walslippage and excessive gel squeezing,
which couldlead to a changm the propertiesof the polymemetwork, the gappetweenthe plates
was adjusted for each sample by executing a series of short stress sweep tests (freguehtzy,
stressU= from 1 to 5 Pa) characterized bylecrease in the gaffhe gapchoserwasthe onethat
maximizedthe value of the storageard u |l us ( GNj) .

The following tests were performed feach sample:

1 Erequency sweep tesivas used to determine the mechanical spectra of the samples. The storage

(Gj) and loss (G) moduli of the systems were recorded in the frequency rafif@@1i 100 Hz,

keepingthe stressconstan{t = 4 Pa).
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1 To analyzdahe extension of the linear viscoelastic regiloeg stress sweep testas performed

with a constant frequency € 1 Hz) inthe stress range of 0.1 and 1000 Pa.

1 Creeprecovery test was used to calculate the degree of plasticity of the samplesngtant

stress {{ = 100 Pa) was applied for 600 s whilee strain @) was measureth response to the

stress; then the stress was removed in recovery tests and the strain was monitored until it reached
equilibrium.Plasticity was defined as the ratio of the irreversible strain after the recovery tests to
the maximum strain at the endtbe creep testslam et al., 2016)

1 Stressrelaxation in which a constant straing(= 1%) was applied for 600 s and the time

dependentdecreasén stress in responde the strain was measured.
The Youngb6s modul i of the hydrogels were mea
Universal Testing Machine (Multites 2ipcoupled with a 100 N load cell. The compression speed
was set on 5 mm/ min and samples were compress

calculated by measuring the slope of the stsissn curve (first 5% of strain).

3.2.2.5. Preparation of CTL hydrogels for biological experiments

For the biological test the hydrogels were preparachdersterile conditionsbeckers and spatulas
were heatsterilized, syringes were USterilized and the solutions (i.e., deionized water, PBS, NaOH
1 M, crosslinking solution) were filteredvith 0.2em Millipore filters. After mixing, 50&L of the

gel mixturewaspoured into sterile 24vell plates, UVsterilized for 20 min and incubated at T = 37
°C for 24 hours. After complete gelation, followed agotherUV- sterilization passage for 20
minutes, the substia surfaces were coatewith 250 €L fibronectin to promote cell
anchoragéstanton et al., 20191 he concentration of fibronectin was 29/mL (dissolved in PBS
1X). After 24 hours of ingbation in a humidified atmosphere of 5% £&OT = 37 °Cthehydrogels
were carefully washed twice with PBS 1X before cell seeding.

3.2.2.6. Cell culture and seeding

Human osteosarcoma cells (M83) and humamadiposemesenchymal stem cells (hMSX cells,
PromoCel) were used as cell models for tihevitro experimentsHuman osteosarcoma cells (MG

63) were cultured in DMEM High Glucose supplementgith 10% v/v heainactivated(FBS), 1%
penicillin/streptomycinn a humidified atmosphere of 5% & T = ¥ °C.
Humanadiposederivedmesenchymal stem cells were cultured in Mesenchymal Stem Cell Growth
Medium, in a humidified atmosphere of 5% £ T = 37 °C. Both cell culture media were changed
every 23 days.
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Once cells reached approximately 80% confleetizey were harvested and seeded at a density of 7
000 cells/crifor viability tests and 15 000 cell/&for differentiation analysisn fibronectincoated
hydrogels The concentration of the cells was determinsithg theB¢rker chamberThecells used

in these experiments were between passdge 3

For differentiation analysishe hMSCAT cells werefirst seeded with Mesenchymal Stem Cell
Medium over the hydrogelsAfter 24 tours the culture media were discarded and replaced with
DMEM High Glucose supplemented with 8§/mL L-ascorbic acid, 10 mM-8lycerophosphate and
0.1eM dexamethason@haudhuri et al., 20167 he dfferentiation medium was changed everg 2

days.

3.2.2.7. Alamar blue assay

Cell viability and growth rate were determined as a function of time using the AlamarBlue assay
acording to the manufacturerdéds protocol . Af t e
cells were rinsed once with PBS 1X and incubated withe23®ell of AlamarBlue reagent (1:30

V/V in complete DMEM High Glucose) for 4h at T = 37 °C under dark conditions. At the end of this
period, 120cL of supernatant was transferred to a blackn@ll plate and the fluorescence was
measured using a FLUOStar OmadfdG Labtech spectrofluorometesif = 544 nmay,,= 590 nm).
Metabolic activity was measured by evaluating the chemical reduction of AlamarBlue reagent by the
cells at the time point studied. Adherent cells cultured on plastic served as a positive control and
DMEM High Glucose was used a®lank.

3.2.2.8. Analysis of stem cell differentiation towards a bondike phenotype.

Various techniques have been used to assess the differentiation of AM&Wards a bondike
phenotypeFor all experimentsdherent cells cultured on plasti@s useds a psitive control (data
not shown).

1 Quantification of the activity of the enzyme Alkaline Phosphatase (ALP)Cells were

harvestedfter 7 and 14 days of incubation in the differentiation medium. After trypsinization (10
min), cells were collected into 1.5 mL Eppendorf tubes, rinsed with PBS 1X (1 mL) and lysed by
adding 10CeL of Lysis Buffer (100 mM TrisHCI, 0.2%V/V Triton X-100,pH 9.8). Samples
were then incubated at T-80 °C for 30 minutes, at T = 60 °C for 10 minutes, and then collected
by centrifugation at 13 00§ for 5 minutes. 4@L of the resulting lysate was mixed with 40

of Reaction Buffer (100 mM TrigiCl, 1 mM MgCI2, 6 mM pnitrophenylphoshate, pH 9.8) in

an optically clear 94vell plate and incubated for 60 minutes at T = 37 °C under dark conditions.

The reaction was stopped by addingl2of NaOH (5 M) and the absorbance of the samples was
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measured at = 420 nm using a FLUOStar Ome@MG Labtech spectrofluorometer. The
enzymatic activity of ALP was normalized for total protein content as the ratio between the
absorbance at= 420 nm and at = 600 nm. The amount of protein content in the cellular extract
was determined using the Bradford assay. For this purpade pbthe samples were added to
250¢L of the Bradford Reagent into an optically clean@éll plate. After incubating the samples

for 5 minutes at room temperature, the absorbance was measungc FEL_UO Star Omega

BMG Labtech spectrofluorometer at= 600 nm DMEM-HG was used as a blank.

Fast Blue stainingwas sed toanalyze theells for alkaline phosphatase after 14 days of culture.

For this analysis cells were detached frtime hydrogels by trypsinization and seeded
coverslips coated witpoly-L-lysine. Cells were next equilibrated in alkaline buffer (100 mM
Tris-HCI, 100 mM NacCl, 0.1% TweeR0, 50 mM MgC4, pH 8.2) for 15 min and stained in 500
pHg/mL naptholAS-MX phosphate ad 500 pg/mL Fast Blue BB Salt Hem (ZnCl)salt in alkaline
buffer for 60 min.The samples are then washed in alkaline buffer and in PBS. Cells are
counterstaiadwith hematoxylin for 2 min. Images were taken with a Zeiss Aziophot Microscope
(Carl Zeiss, Genany) equipped with a Pentax digital camera and using a 20x objective lens. Data
aregivenas percentage &LP positive cells in relation to total cells.

Von Kossa Stainingwas used to detect calcium deposits. This staining was performge on

cellson the hydrogels after 14 days of incubation in osteogenic mediura.ells were fixed

with 4% V/V formaldehyde in PBS 1X for 10 min and then equilibrated in distilled wakemn

the samples were incubated with 1% silver nitrate solutioniaadiated withUV-light for 40

min. After washing in distilled water, the cells were incubated with 5% sodium thiosulphate
solution for 5 min and finally washed with distilled water. Images waken witha Zeiss
Aziophot Microscope(Carl Zeiss, Germanygquipped with @entax digital camerand usinga

4x objective lens

Gene expression analysighe relative expression of selected osteogenic (RUNX2, OCN, ALPL,
COL1A1) was determined by quantitative Real Time PCR (qPCR). hiMB@ere cultured on
hydrogels at a densityf 15 000 cells/m? and RNA was extracted after 0, 7, 14 and 21 days of

culture using TRReagent ( Si gma, USA) according to t

sequences of the primers used for the gPCRs are listed in followingTable3).
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Forward (F) /

Gene Size SequernB8é 50
Reverse (R)
F GACCCTTGACCCCCACAA
ALPL 68 bp
R GCTCGTACTGCATGTCCCCT
F CGAAGCCCAGCGGTGC
OCN 71 bp
R CACTACCTCGCTGCCCTCC
F AGCAAGGTTCAACGATCTGAGAT
RUNX2 81 bp
R TTTGTGAAGACGGTTATGGTCAA
F CCCTGGAAAGAATGGAGATGAT
COL1A1 139 bp
R ACTGAAACCTCTGTGTCCCTTCA

Table 3. Sequencef reatTime PCR primers.

For cDNA synthesis, 500 ng of total RNA was retranscribed usifigLUM reverse transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA) and hexameric random primers of(Pa9

primers (Merck SigmaAldrich, St. Louis, MO, USA). Specific primer pairs mgedesigned for
analysis of gene expression levels using SYBR Green gPCRR@Id_aboratories, Redmond, WA,
USA). Expression of the houseeping gene RPLPO wasedto normalize gene expressiontbé

targets. qPCR amplifications were performed usingr 496 RealTime PCR detection system (Bio

Rad Laboratories, Redmond, WA, USA) and the relative expression levels were calculated using the

2~2xeCT met hod.

3.2.2.9. Morphological analysis

Cells were seeded at a density of 7000 cells/cm2 on hydrogels of different composition and cultured
for 14 days. The cells were fixed on days 5 and 14 with formaldehyd&¥% PBS for 10 minutes

at room temperature. Then the hydrogels were washed &8PBiE and permeabilized with Triton
X-100 0.2%V/V in PBS for 15 minutes at room temperature. The hydrogels were then washed with
PBS and incubated with BSA 4% W# normal goat serum 5%/V in PBS (blocking solution) for

1 h at T = 37 Wi&.wasTHererenioved ank thensgmpesowashed with PBS. For
visualization of the nuclei, the cells were counterstained with Hoechst (33258) 1:100 in PBS. Finally,
the hydrogels were washed twice and stored in PBS. Images were taken using a Nikon EElipse Ti
epifluorescence live imaging microscope with x 2bjective. The area and diameter of the cells

were calculated from the captured images using IRiageJ software.
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3.2.2.10. Statistical analysis

Statistical analysis and graph elaboration were performedy USmaphPad Prism 9 (GraphPad
Software, San Diego, CA). Omeay ANOVA (analysis of vari anc e
Tukeyds mul t ipgsthectestsaverp perfornged to evaluate differences among groups
and the control. An unpaired MaWihitney two-tailed t-test was also performed to evaluate
significant differences between two groupsfferences were considered significant fovalues <

0.05.

3.2.3.Results and discussion
3.2.3.1. Dual crosslink CTL based hydrogels

The first objective of this chapter was prepare a sies of hydrogels that have the same stiffness

and similar viscoelastibehavior butiffer significantly in terms of viscoplastic response. To this
end, a series of hydrogels with taidferentcrosslinks was first synthesized. The stagipoint was

a purely elastic hydrogel consisting of a lactosadified chitosan covalently crosslinked with
genipin.These hydrogels have been prepared starting from the results on the binding between CTL
and genipin obtained in Chapter The introdution of dynamic crosdinking into this structure
helped us to obtain gels with the same stiffness but different viscosity contribution. It has already
been reported from our group that hydrogels chod®d only with genipin behave as elastic
networks, whileghe double crosbnked hydrogelshowparticular viscoelastic properti€Basquale

Sacco et al., 2020bBased on these findings, the genipin concentration was kept constant between
samplesbut themolar ration ofglucosamindgo-genipin was increased gk = 10). To modify the
viscoplastic responsef the substratesvhen stress/deformations are applied over tirhe
concentration of the temporary crosslinker (boric aoahnitol) wasvariedbetween sample3he

two crosslinlersused bind the CTL in two different wayBoric acidbindsthe lateral diols of the

CTL and causecn immediate increase in the viscosity of the sampte network formed is
transient, with the boric acid actiige a we a k A st i ¢ k digsavesthéhpalymerdnan d s
highly dynamic manner. The presence of mannitol in the mixture allows the formation of a
homogeneous and clear network, avoiding phase separation phenGaeipan, on the other hand,

binds covalently to the primary amino groups ofLCWith a slower binding kinetics and in a

temperaturalependent mannéChapter 3.1
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Figure 25. Sketchrepresentation of the hypothetical internal network of the hyglbsystems investigated in this
study. In the case of exclusively permanent, genipiised, crosinks (red dots), the network is expected to behave
like an elastic material under loadtlvnegligible relaxation of the applied stress. After the introduction of temporary
boric acid crosdinks (green cubes), which are transient in nature, the hydrogel becomes viscoplastic; the higher the
content of temporary crodiks, the higher the s#ss relaxation Original source frqiRizzolitto et al., 2023)

3.2.3.2. Gel stability and cellular response

The purpose of this chapter is itovestigatehow the mechanical properties déial crosdinks
hydrogels affect the cellular response of mesenchymalsasidedn their surfacef-or this reason
in afirst step the substrates described in the previcetisnwere characterized in terms thieir
stability and their ability to allow cell growth on their surface for up to 21 days.

Thestability of the hydrogelsvas studied at T = 3T as a function of time for 21 days blgserving
the swelling behavior aftancubation of thesamples in DMEM High Glucose. The uptatiethe

mediumappearedo belimited for all hydrogelgestedeven after 21 day@nedium uptakes 10%)
(Figure 26)
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Figure 26. Stability test performed on dual creBeks hydrogels with different compositions after incubation in
DMEM 1 High Glucose after different time points (7, 14, 21 days). Data are reported as sidam = 12 replicates
analyzed for each experimental condition. Statistics-®aey ANOVA f ol |l owed by Dunnet 8s
post hodest; ns= not significant; **= p <0.01; *** = p < 0.0001.

The ability of the substrate to promote aalichoage togethemwith its noncytotoxic naturejs an
essential prerequisifer conductingbiological studiesAs describedn the Materiad and Methals
section, hMSCAT were seeded on hydrogels coated with fibronectin to enhance cell attachment. The
proliferation rate of the cell&vasexaminedusingthe AlamarBlue assay after 4, 7 and 14 days of
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culture. No significant differences were foubdtween thesampleswith different crosdinkers

concentration (Figure 27)
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Figure 27. Alamar Blue analysis on hMSE&T seeded on dual croéisks hydrogels with different composition and
cultured after 3, 7 and 14 days in osteogenic medium. All data are reported & sxéan = 6 replicates analyzed for
each experimental condition.

This result is also important for tletudy of osteogenic differentiation, whidls discussed in the
following sections Given the sameroliferationin the three hydrogels considerethy differences

in cell differentiationare exclusively duto the mechnical properties of the substrates.

3.2.3.3. Mechanical characterization

Rheological measurements were performed on the three hydrogels described alyi&g§pB2
01.56,b0-g1.56) to study their mechanical behavior.

Both G (storage modulus) andi&loss modulus) experimental data of mechanical spectra (frequency
sweep test$ Figure 27 were analyzed using the generalized Maxwell model, which consists of a
combinationof Maxwell elements, composeaif a sequence of springs and daskpatrangedn
parallel (Turco 2011)The following equations &re used to model the §equationsl) and G;j

(equation®) as a function of pulsationvy:

wheren is the number of Maxwell elements conside®d,d, anda-represent the spring constant,

the dashpot viscosity, and the relaxation time of'tdaxwell element, respectivel@eis the spring
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constant of the last Maxwell element which is supposed to be purely elastiose oftireeMaxwell
element is suffiient to accurately fit experimental détas b891.56, b2g1.56, bOg1.56.
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Figure 27. Samplec ase of mechanical spectra with the dependen:

frequency for b&1.56, b2g1.56, bGg1.56.

The threesamples analyzed show the same purely elastic response in term¢Fad@e 28a) and

YoungO6s Hgord28d).us (
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Figure 28. A) Purely elastispring constant &calculated from the fitting of the experimental mechanical spectra using
the equations described above. Data are reported as°nseand . of at Il east of 5 replicat
under uniaxial compression. Data are reported as meah, n= 7 replicates

This approach allows thmalculationof the shear modus, G, using the following equations:

There are small differencégtween the samplasterms of shear modulBigure29). The addition
of boric acid causean increase in the elastically active segments due to the diol binding in the

polysaccharide chaifrurthermoreall hydrogels considerdthvea shear modulus below to 3 kPa.
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Figure 29. Shear modulus calculated by means of Equations reported above; data are reported as mpanat s.d.,
least 5 hydrogels analyzed for each experimental condition.

Sincethese hydrogels are soft, wle not expect that thebservedifferences in Gwill affect the
behavior of thecells. Recently it wasshownthat the initial elastic modulus of the substiass no
influence orthe myoblast activity in soft substrates (shear modulus lower than about {Badda)
et al., 2017)

Equationsl and 2 can be usedo determine the relaxation timé which are influenced byhe
composition of the hydroge(&igure30). The introduction of boric acid, due to the transeots
links with the diols in the CTI(Furlani et al., 2019h)yraduallyreduced the relaxation times (from
9.5:103%to 4.710° s). The effect oboric acid ortheelastic components is more pronouneéthe
shortest relaxation tim@-igure 30a)which determines the experimental profile of the mechanical
spectrum at high frequeies In this case, the rate of mechanical stimulation is similaighen than
thebinding/unbinding rate of boric ac{?asquale Sacco et al., 20200 the other hand, the effect
of boric acid at the higher relaxation tinh& (Figure 30c) is still found in b8.g1.56 but is

significantly less pronounced.
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Figure 30. Relaxation timé 4, | »,| 3 calculated from the fitting of the experimental mechanical spectra using the
equations described above. Data are reported as freednof at least of 5 replicates.

The figure béow shows the contribution®f thethreeMaxwell elements to the totalscosity.
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The viscosity of the first and second Maxwelkément is increased by the presence of boric acid in
the systems, correspadngd to the fastestrelaxation time and the second most rafitius, he
presence of boric acid affects the relative molecular motions at medium to high frequertoyits
rapid association and dissociation to the CTL diPksquale Sacco et al., 2020 e effect of boric
acid isnegligible for the third Maxwell elementwith longer relaxation timeln this last case, the
molecular motionsake placen a scale of ten secaavhich is much to slow to be affected by the
transient binding of boric aci@verall, the sum o&ll viscous termshowsno differencedetween

the samplesasthe most important contribution in numerical terms comes frathird Maxwell-
element.

0 ns sk *k NS

n, (Pa-s)
o N B [=2] -
n,(Pa-s)
8 3 3

Figure XXX. Viscosity of thea) first (h1, associated with1), b) secondlf2, associated with2), c¢) third (h3,
associated with 3) Maxwell elements obtained from the fitting of the mechanical spectra usirdi@s. 1 and 2d)
Sum of the three valuest 41 h1 + h2 + h3. Data are reported as mean + s.d. of at least 5 replicates

Additional indications on the characteristics of the system comethreamalysis of théong stress
sweepBoth G (storage modulus) and"@oss modulusyvererecorded at a frequency of 1 Hz.
similar to the relaxation time of the second Maxwell elehént T h e toforeb&gl.560H2 G 6

g1.56 and b@.1.56, whichs consistentith the viscosity of the second Maxwell elemestjeals a

dependence of the wsus responsenthe boric acid cotent(Figure 31)
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Figure31LLoss modul us ( GodMa)aarmemored asendan a $id-,at leadtA 0 hydrogels analyzed
for each experimental condition

The presence of the temporary cris&s has noinfluences orthe critical strairi’ i.e. the strain at
which the linear stresstrain relationship is logFigure 32)(Sacco et al., 2020)
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Figure 32 Critical strain9*, obtained from long stress sweep measurements. Data are reported as mear=tas.d.,
least 10 hydrogels analyzed for each experimental condition.

Stress relaxation and creep compliance analysig also carried out othe threehydrogels The
stressrelaxation curveshow the presence of temporary crbsks in the structure of the hydrogels
containing boric acidThe almosinstantaneoustress relaxation was caused by the presence of boric
acid: the higher the boric acmbncentrationthe geater the immediate decrease in stress. This is
attributed to the transient nature of the boric acid elioks, asthe immediate application of stress
leads tothe unzipping of the bound boric acidor the sample with only genipin (igf1.56) the
relaxaion of the stress over the analyztiohe period islimited, as expected for highly elastic

structuregFigure 33)

54



aloy
[
.
.
-
[
14
-
%
[ ]
.
ee e o
. sa®
. o8
LY

e
~
.
L]

0 20 40 60 80 100

Figure 33. Relative variation of the stress relaxatiéfi(=0) over time; for each samplthree replicates are reported

The same effect isbservedor the analysis ofthe creep compliance curve. In this gabere arao
differences between b2.156 and the sampieithout boric acid. Howevefpr the sample with the
higher amount of boric acid (b1.56) an increase in strain after 600s is visiltleshould be noted
however that all the hydrogels retumo almost their original sizduring the creep recovery phase
with plasticity (final permaent deformation) in the range of 8% to 148@ain, the dynamic nature

of the boric aciccrosslink resultsin a rapid unbinding of the bond when the stress is applied, but

also a rapid rdinding when it is removefFigure 34)
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Figure 34. Relative variation of the compliance §3J) over time; each curve is the averagat least 5 replicates.

3.2.3.4, Analysis of osteogenicommitment

While many studies have addressed the role of matrix stiffness in mediating osteogenic differentiation
of mesenhymal stem cell§Huebsch et al., 2010; Trappmann et al., 20dRjch less is known about

how variations in substrate viscoplasticity may affect cell fate decisB®inge the osteogenic
potential of hMSGAT has been demonstrated in terms of extracellular matrix minatiain,
osteocalcin expression add.P production(Im et al., 2005)we investigated the influenad the

content of temporary crodsks (boric acid) in the hydrogelsn the osteogeniccommitment of
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hMSGC-AT cultured under 2D conditionslighly elastichydrogelqi.e.those containing only genipin

as crosdinkers)wereused as a control.

Following the standard procedure for osteogenic differentiation of stem cells, a confluent monolayer
of cells was treated with a cocktail of dexamethasone, ascorbic acid anglyicetaphosphate
(Chaudhuri et al., 2016; Langenbach and Handschel, 205CAT were plated on substrates with

the same storage modulus (6 0.8 kPa) but differenamouns of boric acid(from 2 mM to 8 mM).

To improve cell adhesion and facilitate cell confluence, the gels were functionalized with fibronectin
(Stanton et al., 2019)

Osteogenic differentiation was investigated using different techniques.

We staréd with the analysis of Runtklated transcription factor 2 (RUNX2), aarly osteogenic
regulator that plays a crucial role in osteoblastic differentiation and bone forr(Btiaterer et al.,
2014) Using gene expression analysis, we found tftat & days of culture, the is adependence

between the concentration of boric acid and the expressiRlUNX2 (Figure35)

Akl

RUNX2 relative expression (a.u.)

Figure 35. Relative gene expression quantification (arbitrary units, a.u.) ofreletied transcription factor 2 (RUNX2)
in cells grown on B&.156, B2g1.56 and B&y1.56, respectively, after 7 days of incubation using osteogenic medium.
Data are reporttas mean + s.dn,= 6/ 10 replicates analyzed for each experimental condition

Since RUNX2 is involved in regulating the expression of other early osteogenic markers such as type
1 collagen (COL 1) and alkaline phosphatase (A(B?uderer et al., 2014yve alsoinvestigatethe
expression ofhese two markers.

Geneexpression of COL 1 confirms the trend found for RUNKRjure 36).
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Figure 36. Relative gene expression quantification (arbitrary units, a.u.) of type | collagen (COL1A1) in cells grown on
B8-g.156, B2g1.56 and B@1.56, respectively, after 7 days of incubation using in osteogenic medium. Data are
reported as mean + s.d.= 6/ 10replicates analyzed for each experimental condition

For ALP, we quantified the production of the enzyme awvgeriod ofourteenday (Figure37). ALP

shows a particular behavior during osteogenic differentigtiturang et al., 20073oits analysis at
different time points helped us to get a clear picture of the process. After 4 days of culture, the cells
expressed a very low level of AL(Basal productionyegardles®f the mechanics dhe substrate.

As described in the literature, immature osteoprogenitor cells do not yet express this(Hzaker

et al., 2007) The second quantification was performed after 7 dagisonly in the hydrogels with a

high concentration of boric acid we found a significant increase in ALP produttiemfluence of

the substrate on differentiation becomneeenton day 14of incubation witha cleardependence in

ALP production on the composition of the hydrog&hile the hydrogelssontaining onlygenipin
maintain a constant baseline production of ALP over the teeks (~ 0.06 fluorescence a.u.), the

production of ALP increases significantly in the meigcoplasticsample.

E3 B8-G1.56
B2 - G1.56
E3 BO-G1.56

ALP activity / total protein

Day 7 Day 14

Figure 37. Quantification of alkaline phosphatase (ALP) enzyme activity after 3, 7 and 14 days of incubation in
osteogenic medium. Data aeported as mean = s.d.7 61 12 replicates analyzed for each time point.
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These results were confirmed qualitatively by Fast Blue staamdghe calculation of ALP positive

cells(Figure38).

ek ok
[Temporary cross-links]
M sk
254
£ ® ) 9
b g | ; 5 o € 20
& il y s 1o}
- / \ | : {85
o o
N\ 5 ( | P % 0
W o o VT
i (=%
w | : .
';_) 5 \ o, 5-
9} ‘ i <
3 o

Figure 38. Representative images and quantification of positive cells to ALP detected by Fast blue staining, indicating
the osteogenic differentiation of mesenchymal stem cells after 14 days of incubation in osteogenic medium; scale bar is
100em. Data are reported as mean + 91d;,17 25 images analyzed for each experimental condition.

The final step of our analysis was to evaluate later events of osteogenic differentiation, such as the
expression of thenarkerosteocalcin (OCN)which isregulated by RUNX2and the production of
mineralized matrixcalcium deposits)Again, after seven days of culture, tgene expressionf

OCNwas about three times higher than in the sample with only g€fijgiare 39).
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Figure 39. Relative gene expression quantification (arbitrary units, a.u.) of osteocalcin (OCN) after 7 days of
incubation in osteogenic medium. Data are reported as mean &s.@.8 replicates analyzed for each experimental
condition.

Finally, the qualitative analysis of the presence of a mineralized m&taicium depositsalso

suggests that differentiation is influenced by the mechanics of the substlaramstratedoy Von
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Kossa stainingln particular, the mineralization process increaset te progressive addition of

boric acid as a crodmking agent(Figure40).

[Temporary cross-links]
Matrix deposition

Figure 40. Representative images of calcium deposits detected by Von Kossa staining for hydrogels with different
degree of plasticity after 14 days of incubation in osteogenic medium; scale bamis 50

Furthermore, we exclude that hMSCAT differentiates into othea lineages (adipogenic or
chondrogenil: To checkthe adipogenic differentiatignwe used Oil Red stainin{fFigure 41a),

whereador the chondrogeniphenotypave usedPCRRT (Figure4lb).
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Figure 41. Analysis of the adipogenic and chondrogenic differentiation potential of RRMEGn hydrogels with
different chemical compositioifa) Representative images of hM3, stained with Oil Red O and counterstained
with haematoxylin, showing negligible adipogenic differentiation of mesenchymal stem cells after 14 days in
osteogenic medium; scale is 16@. (b) Quantification of relative genexpression (arbitrary units, a.u.) of SOX9 after
7 and 14 days incubation in osteogenic medium. Data are given as mear £d8 replicates analyzed for each
experimental condition.
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In summary these results suggest thispitethe fact thathesehydrogels onlydrive cells tavards

an osteogenic phenotype, hM&(Q cells are able to perceive some specific mechanical properties
that facilitate and accelerate thesteogenic commitmenin particular, hMSEAT increased their
osteogenicommitmentdepenling onthe compositionof the hydrogeln terms ofthe concentration

of temporary crostinks. The presence of boric acid increases the viscosity at relatively fast
relaxation times, suggesting that immediate dissipation of stress is a crucial matgyettypr
controlling the fate of mesenchymal stem cells.

Viscoplasticityalsoinfluences cell spreadindGrolma et al., 2020)Since osteogenic differentiation

is regulated by complex processes and also involves changes in the cytogkelrtenal., 202])

we also wanted to analyze whether the morphology of mesenchymal stem cells could be related to
the degree of difirentiation For this series of experiments, the cells were seatlEdv confluence

on fibronectincoated hydrogels and the morphology was examined using Nikon Ecligse Ti
epifluorescence Livémaging microscope. The area and diameter of the cells \atrelated from

the acquired images using Hijnages software.

Our analysis shows that both the spreading area and the diameter of the minor axis are larger in the
samples with only genipin in the first days of culture, in the samples wherthe oste@enic
commitment is lower. Iseemghatthecellsin the early stages of incubatioan spread more easily

in a purely elastic substrate rather than start to differentiate.

Furthermorepreviousin vitro studies have shown that MSCs become more elongaigdhave a
lower proliferation rate when differentiating into osteoblgfecheva et al., 2008 Accordingly, a
morphological analysis was perimed to investigate cedpreading and minor axis diamegtrtwo

different time pointgFigure42).

DAY 5

DAY 14

Figure 42. Representative images of mesenchymal stem cells plated aigp, Bf) B2-g1.56and B&y1.56,
respectively, after 5 and 14 days of incubation in osteogenic medium -iddoset red, cell area; yellow: nucleus;
light blue: cell minor axis. Scale bar ar@ &m.
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At day 5, a change in cell morphology was obseritregbarticular the cells in the hydrog&lith a
high boric acidcortenthave a smaller diameter than the cells in the other substfaisdiameter
remains unchanged at day. Hbwever, thaliameter of the cedlin thehydrogels without temporary

crosslinks changes significantly. In the latter case, the cell dianestemdecreases compared to day
5 (Figure 43)
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Figure 43. A Cell spreading area and (b) diameter of the minor axis for hydrogels with different composition after 5
days of incubation in osteogenic medium. Data are reported as meamd=s/@,94 cells analyzed in (a) amd= 60/
77 in (b). c) Timecomparisorof minor axis diameter for hydrogels after 5 and 14 days of incubation in osteogenic
medium (9-g1.560n the left, b29.156 in the centre, b§1.56 in the right) Data are reported as violin plots showing
the median of values;= 73- 105 images analyzed (a) andn = 94- 104 in (b).

These results amonsistentith the biological resultsral reconfirm the enhanceearly osteogenic
commitmenin hydrogelswith boric acidIn theother casg.e. with only genipin as permanent cross
linker, osteogenicommitmentseems to be slowed down. In tharly days, the cells in the sample
with only genipinprefer to spread rather than differentiate. Changes in the organization of the
cytoskeleton are important for osteogenesis of stem (@Hsenschi and Hoey, 2019pnly after

two weeks the cells grown on the sample wothly genipinare affected by a change in the
cytoskeleton. This result suggests that they need more time to reach an osteoblastic pAenotype.
confirm thishypothesiswe extend the incubation &fe mesenchymal stem cells up to 21 days. As

expected we needto wait 21 days of culture under osteogenic conditions to firglgaificant
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production of osteogenic markets. particular analysis of ALP by gPCRT shows that thegene
expressiorof ALP decreases in cells seeded on hydrogmidaining boric acidwhich is in line with
the typical trend of this marker during osteogenic differentigtitarang et al., 2007)n contrastthe
production of ALRPin the sampleontainingonly genipinis constant for the first two weeks and only
then starts to increagfigure 44a) The same information is obtain@thenanalyzing the trend of

the early marker RUNX2 over tin{€igure 44b)YErickson and Payne, 2019)

a b
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Figure 44. Relative gene expression quantification of a) ALP and (b) RUNX2 in cells grown on BO, B2, and B8
hydrogels, respectively. Data are reported as mean fis-@ replicates analyzed for each experimental condition

3.2.4.Main Conclusions

In this sectionwe havedeveloped tunable viscoplashigdrogelsusing adual crosdink systembased

on the bioactive polymer CTL and assemidedbiningtemporary ie., boric acid) and permanent
(i.e., genipin) crossinkers.

Initially , we found that these types of hydrogels are stableoesdotecell growth on their surface
for at least 21 days.

Detailedmechanical characterization sheshat the rapid unbinding dhe transient crostinks
caused an immediate stress (enemyjgsipaton. The introduction of boric acid tm the systems
changsthe purely elastic naturato adissipative and viscoplastame In particular by modulating

the temporary crosknker concentration, the viscous modulus of these hydrogels casbyaltered
irrespectiveof the elastic modulus. Thability to fine-tune themechanicf hydrogelsprovidesan
interesting scenario tosethesematerials as 2D substratesitwestigatethe effectsof immediate
stress dissipatioof the substrateoward hMSCGAT osteogenic commitment. The analyses of MSCs
differentiation revealed thatyhile all substrates guided cells towards an osteogenic phenotype,
growth of cells on hydrogels with an immediate stressipation i.e. a higher concentration of

transientrosslinkers acceleratd this process. This dearlyevidencedy the higher expression of
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bore markerand matrix mineralization. In contrast, osteogenic commitment is delayed in purely
elastic hydrogels. In this cadbe cells prefer to spread out befdahey starto differentiate

All these results show that, in addition to stiffness and viscoelgstivé content of temporary cress
linkers and theesultingimmediate stress dissipation of the substrate alge &aignificantimpact

on the osteogenic commitment of MSCs. Our data provide an optimal starting poifitfoe

investigations in the fieldf mechanotransduction.
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3.3. CHAPTER 3: CTL as matrix for the formation of cell-aggregates

3.3.1. Aim of the work

There is muchinterest inthe use okcaffoldfree culture strategies for cartilagggenerationin this
chapterCTL is usedas a bioactiv@olymerthatcan coordinateell-aggregationThe roleof CTL in
contact with primary chondrocytes and hMBT has been study in detailed. In addition, the ability

of a sulfated lactosmodified chitosan to induced aggregation of hM&Cwas also verified.

3.3.2. Materials and Methods

3.3.2.1. Materials
Hydrochloride form of lactosenodified chitosan, CTL (CAS Registry Number 217342173 With
fractions of: Nacetylgl ucosami ne ( Gl c NAc; facetyl atedo, A

A de ac etDy(FR) t eal,dactitecbubstituted Dunit(M| kyl ated Gl cLac; Al
0.63 was kindly provided by Biopolife S.r.L. (Trieste, Itafffrancesca Scognamiglio et al., 2020)
and Sulfated lactoseodified chitosan with different degree of sulfat{®izzolitto et al., 2022yere
employed for chondrocytes and hM&(Q aggregationPhosphatdufferedsaline (PBS), Tryton X

100, Hyaluronidase from bovine testes typ®, Icollagenase type I, toluidine blue, Alcian Blue,
sodium hydroxide (NaOH), formaldehydéovine serum albumin (BSA)polyvinyl alcohol
(MOWIOL ® 4-88), Normal Goat Sam andTRI ReagentFITC, Transforming growth factor beta

1 (TGHbl), dexamethasone, ITS Liquid Media Supplement (10@¢e all purchased from Sigma
Aldrich (USA). Dulbecco Modified Eagle Medium (DMEM), penicillin/streptomycin, trypsin EDTA
1X, fetal bovne serum (FBS) were all purchased from EuroClone s.p.a. Acetic acid glacial, acetic
acid and ethanol were purchased from Carlo Hriksscorbic acid anld-glycerophosphate were from
Fluka Biochemika.Collagen Il Monoclonal Antibody (2B1.5) (Catalog numbB#viA5-12789),
Collagen | Monoclonal Antibody (COL) (Catalog number #MA26771), Goat aniMouse I1gG

(H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 594 (Catalog humbet #)82),
Insulin-TransferrinSeleniumSodium pyruvate (ITS) were all fronfhermo Fisher Scientific
(U.S.A)). Hoechst was from Invitrogen (Bleiswijk, The Netherlands). Killik, O.C.&s purchased

from Bio-Optica (Milan, Italy).Mesenchymal Stem Cell Growth Medium was from PromoCell.

All reagents and chemicals were of highigugrade and deionized (MilQ) water was used as

solvent in all experiments.

64



3.3.2.2. Isolation and expansion of pig articular chondrocytes

Primary chondrocytes were isolated from intact joints of adult pigs provided by a local slaughterhouse
following a procedure previously described by Grandatoal,(Grandolfo et al., 1993After
dislocation of the joints, the cartilage was washed with sterile PBS 1X. Thin slices of the articular
cartilage were cut with a sterile scalpel and ¢blls were isolated by enzymatic digestion of the
tissue. The cartilage slices were digested for 1 h in 15 mL of hyaluronidase solution (hyaluronidases
250 U/mL, penicillin 500 U/mL and streptomycin 500 U/mL in PBS 1X) at T 2QGih a humidified
envirormentwith 5% CQ. Tissue digestion was completed by overnight incubation with 10 mL
collagenase solution (collagenase type Il 250 U/mL, penicillin500 U/mL and streptomycin 500 U/mL
in PBS 1X) at 37°C under vigorous shaking. Enzymes and digestion produmits removed by
running the mixture through a sieve. Finally, cells were washed with PBS 1X and with DMEM.
Chondrocytes were seeded in flasks and cultured in DMEM High Glucose supplemented with FBS.
Cells were incubated at 3€ in a humidified environmentith 5% CQ for at least one day and then

used for biologicahssays

3.3.2.3. Spheroids formation

To induce spheroid formation, the protocol described by Dehati,was usedDonati et al., 2005)
Specifically, 400 pL of a 2% CTL or 400 pL of a 2% sulfated lactosedified chitosan was
distributed on the bottom of a 2dell plate and dried overnight. The coated wells were sterilized by
UV irradiation for 30 minutesThe @lls were then seeded at a final density of 6ckls/well and
keptin culture for a maximum of 14 days.

For chondreaggregateshecell medium was supplemented wikBS 10%, penicillin/streptomycin
1%, ascorbic acidg0 pg/mL) andT GFb1 (0.05 ng/mL).

For spheroids resulting from the aggregation of hMSIC Stem Cell Growth medium was
supplemented with00 uM ascorbic acid, 0.2 uM damethasone, 10 ng/mLGFy1 and ITS 1xn
order toenhancehondrogenic differentiation.

Stem cell growth medium without any additional factors was used to arthlyzbility of sulfated
lactosemodified chitosan to induce cell aggregation.

As a controlér induced spheroid formation theabsence of CT1400 pL ofa2% wi/v agar solution

in PBS 1X was poured tmthe bottom of a 24vell plate. After 30 minutes mesenchymal stem cells

and chondrocytes were seeded atop hydrogels at the same conceasdeseribed above.
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3.3.2.4. Viability assay (MTT and Alamar Blue Assay)

MTT and Alamar Blue assays weaverformedon chondreaggregates and MS&ggregates tassess
their viability and proliferation ratduring thel4-day culture.

FortheMTT assayspheroidsvere removed from the weli the preselected time paitansferred
to a vial, washed with PBS 1x and incubated with 300 uL MTT soluidnhrfig/mL) for 4 hoursat
37°C in the dark. After incubation, the MTT solution was removed and 100 PIM&O was added
to each vial to dissolve the fornaazcrystals. The absorbance of each sample was measured at 570
nm using a FLUOStar Ome@MG Labtech spectrophotometer.

For the Alamar Blue the spheroids weregemoved from the wed] transferred to a viaand
centrifugated at 69 g for 5 min. The supernatantasremoved and the Alamar Blue solution (20%
v/v in DMEM) was added. Each sample was incubated 4C3&nd 5% pC®in thedark condition
for 4 hours. After centrifugation, 20€L of each sample astransferred to a black 96ell plate and
fluorescence waseasured usingith a FLUOStat ®megaBMG Labtech spectrophotometéref

= 544 nmj em= 590 m; gain 500, gain 700).

3.3.2.5. LDH assay on chondro-aggregatesand on hMSCGAT spheroids formed with
sulphated-CTL
To assess the suffering of thieondreaggregatesthe release of lactose dehydrogenase (LDH) into
the culture medi um Inwire Toxicelagy Assag Kdit, Lacsid Dehlydrdgdnase A
baseso (SI GMA) accordi ng Brieflytahtee sama time pachosemr e r 6
for the MTT assay, before to collect aggetes for viability assay, the medium was used for LDH
assay45 pL of thecell medium and chondraggregates lysates were addeth&l DH mixture (30
puL LDH assay substrate, 30 uL LDH cofactor, 30 pL die solution) and inediiat 30 minutesn
thedark. The enzymatic reaction was stopped by adding 1/10 HCI 1 N to @agle s@he plate was
read at 490 nm and 690 nmsinga spectrophotometer (Tecan ®, Microplate reader). The percentage
of LDH release was calculated by normalizing theodt®ce of the samplith the absorbance of

cellular lysis at eactime point considexd. Four replicates were considered for each time point

3.3.2.6. Live/Dead

The viability of theaggregatesvas also analyzed qualitatively using a Live/Dead Assay Kit
(SIGMA). For this analysis, 2 pL of solution A (containing Caleai) and 1 pL of solution B
(containing Propidium lodide) were added to 1 mL of PBS 1X. Then 100 pL of the resulting mixture
wasadded to the sample. Images weleenusing Nikon Eclipse FE epifluorescence live imaging
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microscope equipped with a motorized stamd a Nikon DSQi2 cameraand 10x objective, after

incubating the samples for 15 minutes in the dark, &C3&nd in ehumidified environment.

3.3.2.7. External morphological analysis

The «ternal morphological analysis of the spheroids wagied out usingScanning Electron
Microscopy (SEM, Quanta 250, FEI, Oregon, USA). At a preselected time point, spheroids were
washed with PBS 1X and fixed with 2.5% Wy/glutaraldehyde in PBS 1x at room temperature for

1 hour. The fixative was removed by washing theespids with PBS 1x. The spheroids were
dehydrated by successive immersions in ethanoil (BDi 100%) and finally dried using a critical

point dryer (HMDS). Each step was performed twice (20 minutes each), and between each step,
samples were centrifugated 69x g for 5 minutes to collect nodules. Prior to SEM analysis, the
dehydrated samples were galputtered (Sputter Coater K550X, Emitech, Quorum Technologies
Ltd, UK).

3.3.2.8. TEM and toluidine blue staining

Thepelletsof aggregatewere fixed in 5% glutaaldehyde EM grade in 0,1M phosphate buffer, pH
7.3 and posfixed in 1% osmium tetroxidd.he amples were dehydratélarougha graded series of
ethanol and finally in propylene oxide atenembedded in epoxy resin (Durcupan ACNBigma).

The dtrathin sections (680 nm) were placed on copper grids, stained with UranyLess EM, Stain
lead citrateandviewedwith a transmission electron microscope (Philips EM &0 kV) Images
weretakenusinga Quemesa bottomounted TEM CCD Camera (Olympus, Germany) provided
with a TEM imaging platform (Radius software)ll the other reagents were from Electron
Microscopy Sciences Hatfield, PA. The reskiembedded samples were also cut wdh

ultramiciotome to obtain senrfine sections of 1 um and then kaiained with toluidine blue.

3.3.2.9. Preparation of sample for internal characterization

For internal histological analysis cells were-prabedded into agarose 1.5% w/v. Gels were then
fixed with 4% formaleéhyde for 30 minutes, washed with PBS and incubated overnight in 30%
sucrose at 4°C. Then gels were placed in a mix of 50% of a 30% sucrose and 50% OCT for 5 hours.
Finally, gels were embedded in OCT and froze. The frozen gels were sectioned with a €ryotom
(LEICA CM3050 S.) to a thickness of 50 um and stained following standard histological and

immunohistochemical protocols.

67



3.3.2.10. Synthesis of FITGlabelled CTL and analysis of CTL distribution

Spheroids were prepared with 10% w/w fluorescein isothiocyanate (ffdb€lJed CTL to analyze
polymer distribution both outside and inside the structure.

Fluorescein isothiocyanate (FIT@belled CTL was prepared following the protocol described by
Saco et al.,(Pasquale Sacco et al., 2018Bjiefly, CTL (500 mg) was dissolved in 167 mL of
deionized water under stirring oveght and 1,1 mL of FITC solution (0.5 mg/mL in sodium
bicarbonate buffer, 50 mM)asadded under stirring. The reaction mixture was stirred protected from
light for 24 hours at room temperature. After that, the &TLC solution was dialyzed (Spectrapore,
MWCO 126000) a§GmMnNaCl:100 Mmil BinG @tetialyzedagainst deionized water
until the conductance was below 3 uS/cm a&C4Finally, the pH of the solution was adjusted to 4.5
and freezedriedusingALPHA 1-2 LD plus freezedryer (CHRIST, Gterode am Harz, Germany).

For external analysis the spheroids were collected at selected time points and fixed with formaldehyde
4% viv in PBS for 10 minutes at room temperatureeyMrerethenwashed 3 times with PBS 1X and
permeabilized with Triton 0% V/V in PBS 1X for 15 minutes at room temperature. Subsequently,
they were washed with PBS and incubated with BSA 4% wNGS 5% V/V in PBS (blocking
solution) for 1 lourat T = 37 °C. The blocking solution was then removed and the samples washed
with PBS 1X. To visualize thenuclei, the cells were counterstained with Hoechst 1:1000 in PBS.
Images were acquired with a Nikon EclipseETepifluorescence Liv@naging microscopesing a

10x as objective

The same protocol was used for interctadracterization of the spheroids. In this c#sespheroids

were prepared according to the protocol described isdbion3.3.2.9

3.3.2.11. Analysis of internalization of CTL by chondrocytes.

To assess the internalization of CTL into cells, chondrocytes wdtared in three different
modalities. In the first, chondrocytes were cultured in a 2D sy<taiis were seeded at the final
density of6 x 1¢* cells/well on 24well plateand treated only with DMEM medium supplemented
with ascorbic acid (50 pg/mL) an@iGF bl (0.05 ng/mL). In the second caee formation of
spheroids s carried out by employing agawated wells, instead of C¥toated oned-or the agar
coating asolution of 2% WY agar was prepared in PR, autoclaved400 pL of autoclaved agar
solution were poured into a 2#ell plate After 30 minutes 6 x TQcells/well were seeded in DMEM
medium supplemented with ascorbic acid (50 pg/mL) and BOGED.05 ng/mL). The nen
adhesiveness of the agar prevented cell adhesion to the bottom of the vaditbaed aggregates to
form. In the last case, 2Bhondrocytes were treated with DMEM supplemented not only with

ascorbic acid (50 pg/mL) and TGE (0.05 ng/mL), but also with CTL. For this purpoaesolution
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of CTL (2% wN), was added to DMEM tobtain a final concentration of CTL 0.5% W/For all
the conditions, chondrocytes were cultdfer 3 days, collected and processed for TEM analysis as
described irsection 3.3.2.8.

3.3.2.12. Spheroids adhesion and celnigration

In order to analyze thability of spheroids to adhere to a surface and subsequently to evaluate the
ability of chondrocytes to migrate from the structure and to spread, spheroids were formed and
cultured for different periods of time. At different time points, the nodules wevednin a 24well

without changing the culture media. The spheroids were allowed to adhere for up to 14 days and after
7 days the medium was change. The process of adhesion of the same spheroid was followed over
time using a Nikon Eclipse & epifluorescace Liveimaging microscope.

3.3.2.13. Analysis of matrix production (histological, immunological andgPCR)

For internalimmunohistochemicahnalysis the chondreaggregatesvere preembedded in agarose
1.5% wN. The resulting gelsvere then fixed with 4% formaldehyde for 30 minutes, washed with
PBS and incubated overnight in 30% sucrose d€.4Thenthe gels wereincubatedin a mixure
containing50% sucros&0% and 50% OCT for 5 hours. Finally, gels were embedded in OCT and
incubated at20°C to freeze the samp{€haudhuri eal., 2016) The frozen gels were sectioned with

a cryotome (LEICA CM3050 S.) tobtain slices of thickness of 50 umrhe presence ofype I

and Type Icollagen was determined using a standard immunohistochemistry procedure. Sections
were washed wittPBS 1X, permeabilized with 0.2%//V Triton X-100 for 10 min at room
temperature and then blocked with blocking buffer containing 4¥daXine serum albumin (BSA),

5% V/V Neutral Goat Serum (NGS) in PBS for 2 hours at room temperature. The solutiorewas th
removed, and the cut samples were washed with PBS. The following primary antibodies were used
for immunostaining: Collagen Il Monoclonal Antibod¥%:100) Collagen | Monoclonal Antibody
(1:2000) The primary antibodies were diluted in blocking buffed amcubated overnight at 4.
Samples were then washed with PBS and incubatedtiétsecondary antibody, Alexa Fluor 594
(1:500) The chondrocytes nuclei were counterstained with Hogd¢hBsD00) Images were taken

using Nikon Eclipse FE epifluorescece Liveimaging microscope.

h-MSC-Spheroids samplest the established experimental timegere collected, washed with PBS

1X and fixed with paraformaldehyde 48V in PBS 1X for 20 minutes at RT. The fixative was
removed and a washing step was perfortméde in PBS 1X. The spheroids wetenincluded in

an agarose gel. The agarose gel containing the spheroid was then employed for the histological

analyses.Subsequentlysampleswere dehydrated througascending alcoholseries and then
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paraffin embedded.Next, samples were dewaxed (alcobolat progressively decreasing
concentrations) anclt, by means of a rotary microtome, in sectioasmhick; sections were further
processed fohematoxylineosinand Massonds Tr i cthat, amdenly sdleatedni n g
sections foreach experimental pointvere observedind acquiredby of Leica DM 4000 light
microscopy(Leica Cambridge Ltd., Cambridge, UKyuipped with a Leica DFC 320 camera (Leica
Cambridge Ltd.,Cambridge, UK Leica Applicaton Suite X (LASX) (Leica Cambridge Ltd.,
Cambridge, UK)mage analysis software was employed for the image acquisition.

On MSC-Spheroids also Real Time PCR analysis was performed. At preselected timefabint t
RNA was purified from cells by using Tasét reagent (Euroclone, Milan, Italy), according to
manuf act ur .eThedsynthgsis oftRblA antl the gPICR was carried out following the
protocol described in section 3.2.2The sequences of the primers useddssess chondrogenic

differentiationare listed in following tabte

Size Forward (F) / R R
Gene Sequern8é 50
Reverse (R)
F TCAAGGCTGAGAACGGGAAG
GAPDH
R CGCCCCACTTGATTTTGGAG
F CCTGGCAAAGATGGTGAGACAG
COL2A1
R CCTGGTTTTCCACCTTCACCTG
F CAAGGCACCATCTCCAGGAA
COL10A1
R AAAGGGTATTTGTGGCAGCATATT
F CCCTGGAAAGAATGGAGATGAT
COL1A1
R ACTGAAACCTCTGTGTCCCTTCA

Table4. Sequencef reatTime PCR primers.

3.3.3.Results and discussion

3.3.3.1. CTL as a temporary ECM for the formation of chondro-aggregates

Previous studies have reported that CTL induaggregation of primary chondrocytes with the
formation oflargenodulesin 12-24 hours(Donati et al., 2005)Based ortheseresults in this first
partwe focusedon the influence othe polymerCTL on the formation ofthondreaggregatesind
analyzedn detail structure, morphology afidrmationprocessjn orderto develop a scaffolfree

cell system that could promotartilageregeneration.
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For the analysis of the morphology of the choraggregates from day 1 to day, l@ptical
microscopy and SENmageswere usedFigure45). Both techniques showed théte size of the
aggregatescreasesvith time. Twenty-four hours after seedintie aggregatemrecomposeabf few
cellswith clearly defined edges amdevery small (100 um). After 14 days, h@wer, the aggregate
size is greater antloseto 1 mmin most casedHowever asthe sizeincreasesthe aggregates the

well gradually decreasa number Moreover, after the third day, the aggregates no longer have well
definedboundersin addition the individual cells are no longer distinguishghbeit appeato be
embeddedn a fibrous/granular matriAlready from thisinitial morphological analysisye can see
that the process dadggregatdormation in the presence of CTdiffers from thatreported in the
literature. In fact, most of chondrespheroids reach a size of 90000 um in the first days of
aggregation and the structure remains uniformlyesphl and compagArmoiry et al., 2019; Du et
al., 2014; Kulish et al., 200&8nd this behavior is also described in the literature for spheroids formed
from other primary cellandmesenchymal stem cells (My(Cesarz and Tamama, 2016; Zubillaga

et al., 2020)Due to this characteristic, we referred to this structure with the term of aggregates.

| _ . OpticalMicroscopy _ _ i

Day1 Day 3 Day7 Day 14

E Scanning Electron Microscopy ) ]

Day7 Day 14

Figura 45. (a) Brightfield images of representative chondrggregates at different time points. From day 1 to day 7:
scale bar 5@m. Day 14: scale bar 1G0n. (b) SEM images of the chondaggregates. Day 3: scale bar ¥00. Days
7 and 14: scale bar®8em. The inset highlights that chondrocytes are embedded in a filamentous matrix that increases
over time. For the inset, the scale bar is&0

The following stepaimed at determining, by meah&®chemicalassaysijf the increase in sizén
aggregatewas due to arocess of celhggregatioror proliferation. The viability of the chondrocytes
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wasinvestigaedusingMTT assay The chondrocytes in the aggregatesiotshowproliferative rate
(Figure46), as already been reporteg Marcon(Marcon et al., 2005However, a slighteduction

in cell proliferation is observeat day 11, followed by aslightincrease in proliferation again ¢ine

14" day. This process is probabtaused byhe sufferingof the cellsin the core of the aggregatats

day 11, followed bya recovery of the MTT signal due to the mild replication activity of the
chondrocytes loated in theperipheryof the aggregate3.his behaviowasalso highlighted in the
literaturefor spheroids formed by mesenchymal stem cells. As the diameter of the spheroid increases,
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Figure 46. MTT assay. The percentage of cell viability at day 1 was set at 100%, and the relative viability was
calculated for the other selected time points. ReshIts4) are given as mean * standard error.

The good vitality of the chondrocytes in a spheroid environnhastalso beenconfirmed by
Live/Dead(Figure 47) The imageshow thatmost of the cell®n the surface are gredlive cellg.

As expectedthe few ded cells ¢ed cellg are inside the structure whdhe exchangef nutrientis
hampered

Live/Dead i

Day3 Day7 Day14

Figure 47. Live/dead cell imaging of chondiaggregates at different time points. Chondrocytes were stained with two
different fluorescent probes to demonstrate cell viabildyad cells appear red, and living cells appear green.
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In addition, the release of laatatlehydrogenase (LDH), an enzyme relealgdcells whose
membranesredamaged due to necrosis or apoptosis, was constant duringdag tdlturgFigure
48), confirming that CTL based chondaggregates are a suitable system for the growth of

chondrocyes.
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Figure 48.LDH assay on chondraggregates at different time points. The percentage of LDH release was calculated
by normalizing the absorbance values of the samples to the absorbance of cellular lysis. For each series 4 replicates
were tested, and results are répdras mean +* standard error.

Toluidine blue staining was used to obtain informatiathe arrangement of the chondrocyitethe
internastructurg(Figure49). After three days small chondemggregates amresentthechondrocytes
areorganized in a hmogeneous mannan the structureandthe cels do not interact directly with
each otherAdditionally, Toluidine Blue Staining shows the presence of small but multiple positive
tined granular structures in the cytoplasm of the ¢pitsk arrows in Figurd9). Over time the size

of the aggregatesurprisinglyincreasesind thearrangement of thehondrocytesvithin the structure
beginsto changewith aprogressivegrocess of nodule cavitation is observed. After 14 dagtlalar
crown can be seen surroundiagentral arethat ispoorin chondrocytes but rich in an amorphous

matrix.
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Figure 49. Optical images of the internal structure of chordmgregates stained with Toluidine Blue after 3 days (a),
7 days (b), and 14 days (c) of culture. Scale bareb®0
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It is important to note that the chondrocytes are not arranged in a compact stagtae be seen
in chondreaggregates formed in the absence of CHigre50) and as reported in the literatiften
et al., 2006)

E. Chondro-aggregates formed in absence of CTL j
- . e i e

Figure 50. Representative images of chondrocytes cultured in spheroids (3D) in the absence of CTL (a) Toluidine blue
staining on sectioned spheroids (sdaar 10em) (b) Optical microscopy (scale bar 16@)..

Additional information was obtainely usingtransmissiorelectron microscop{¢TEM) (Figure51).
Three days after spheroid formatjdime intracellular morphology is characterizedaoyell-defined
nucleusmanymitochondriaandan abundant rough endoplasmic reticulum (klaaows) which is
clearly visible in the cytoplasiffrigure51a). However, the mostsking feature of theaultragructural
analysis is the presence mfiltiple electrodense&esiclesnot onlyatday 3 but also on day (fight
blue arrows irFigure51a-c). A more detailed analysis shows that these electrodense vesicles contain
some intensely osmiophilmaterialg Figure51.b). Moreover the vesicles are surroundeddayeral
granules ofglycogen (white asterisin Figure 51b). By the 7" day, the presence o& newly
synthetizedilamentous extracellular matrig clearly visible(Figure51.c). An enlargment of tlese
structures shows the classical banding structure typical of mature collagen(filgense 51.d).
Finally, the last time point analyzed (day 1B)gure51.e) shows that the presence of electrodense
vesicles diminishes compared tothe previaus daysand part of the endoplasmic reticulum is

vacuolatedwhich indicatea degree of suffering
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TEM images

Figure 51. Transmission electron microscopic images at different time points. (a) Chagdregates after 3 days of
culture and (b) magnification of their cytoplasmic electrodense vesicles. (c) Cregghegates after 7 days of culture
and (h) magnification of thieextracellular matrix fibers. (d) Chondaggregates after 14 days of culture. Nu, nucleus;

m, mitochondria; black arrows, rough endoplasmic reticulum; white asterisk, glycogen granules; black asterisk,
extracellular matrix; light blue arrows, electrodervesicles containing the inclusion material that has a high affinity for
osmium.

Donati et al., previously reported thhefpolymerwaspresemin the structur€¢Donati et al., 2005)
However, no indication onthe presence of the CTL inside the structure or its hypothetical
internalization by the chondrocytesavailable at the preser@y using a CTL labeled with FITC to
form chordro-aggregates, we were able to confirm firesence of CTLn the structure both
externally and internallyguringtheentireperiod analyze@Figure 52) After 3 days, we can see how
the polymer isdistributed uniformlyamongthe cells. Surprisingly, thiglisposition was not
maintainecbverthe next fewdays. If we analyze theutside ofspheroid from the on thé"and 14"
day, it is possible to notice that the fluorescence of the polymeaskedoy thesignal arising from
the nucleiof chondrocytesThisfinding is in linewith the analysis of the inner part of the spheroid
After day 7in culture in correspondenceith the formation of the central cavity, the CTLn®stly
locatedinsidethe spheroidsBased orthesefindings we conclude that the CTL aas a structuring
agent for the formation of the spheroid Ine first days. Over time, the celitartto reorganizeand

segregatinghe polymer irthe inner part ofhe structure
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Localization of the CTL outside the structure

Day 14 - FITG

Day 7 - FITC

Day 3 - FITC

Day 3 - Merge Day 7 - Merge Day 14 - Merge

{ Localization of the CTL inside the structure

Day 3 - FITC Day 7 - FITC Day 14 - FITC

Day 7 - Merge Day 14- Merge

Day 3 - Merge

Figure 52. Localization of CTL in chondraggregates. Surface localization of CTL and internal localization of CTL at
different time points. FIT&abeled CTL was used for polymer localization (green fluorescence); nuclei are stained with
Hoechst (blue fluorescence&§cale bars 56m

The outer crown of the chondrocytes is held together by a newly formed meltriin type Il

collagen. Aalysis ofthe chondreaggregatesectionsshowed thatnatrix production increases over

the 14 days, especially on the outsidehef structurgFigure 53)
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! Immunoistochemical Immages - Type_ 1l Collagen ) }

Day 3 Day7 Day 14

Figure 53. Immunohistochemical images of type Il collagen deposition at different time points. Nuclei were stained
with Hoechst (blue) (scale bar 5n).

It is also important to notthatwe found no evidenceof the production of type | collagethe most
importart marker of fribrocartilage tissudiang et al., 2020pver the entire period studi¢gigure
54).

f ; . Immunoistochemical Immages - Type | Collagen J

Day3 Day7 Day 14

Figure 54. Immunohistochemical images of type | collagen deposition at different time points. Nuclei were stained with
Hoechst (blue) (scale bar ).

A possible more specific interactibetweerthe polymerlandthechondrocytesvas then investigated
As descriled before electrodense vesicles aadoluidine bluepositive structure were observed in
the first days of culture by TEM and optical analysis, respectively. Since CTLdtemngaffinity
for osmium(Brun et al., 2011)we speculatedhat these aresesicular structures containir@TL
internalizedthrough the cell membrand&o test thishypothesischondrocytes grown in different
conditions were amgzed byelectron microscopynd optical microscopy

Chondrocytes grown by adhesi(i2D) without the polymer were used esntrok. As expectedno

vesicleswith electrodense material were detectedjure 55)
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l 2D chondrocytes cultured without CTL J

Figure 55. On the rightSchematic representation of the sample preparation for microscopy analysis. Chondrocytes
were cultured in 2D conditions without CTL. On the left from the top to the bottom: light microscope iseaedar
100 um) toluidine bl staining(scale bar 10 pp) and TEM images (scale bar 1 um)

Chondrocytegirownin a spheroidal system, bwithout CTL, were selected as a second control

this casea layer of agawas used to prevecell adhesionAfter three days, spheroids dmmed,

and TEMimagesshowno electrodense vesicléBigure 56)

Chondrocytesin
the spheroid

Agar coating to
prevent adhesion

Figure 56. On the right: Schematic representation of the sample preparation for microscopy analysis. Chondrocytes
were on agar coating without CTL poevent adhesion and form spheroid. On the left from the top to the bottom: light
microscope images (scale bar 100 um), toluidine blue staining (scale bar 10 um) and TEM images (scale bar 1 um)

Finally, thechondrocytes were seeded in a 2D culture systaihtreated with solution of 0.5% w/v
CTL. This is the sam€TL concentration thadccursif thewhole polymer coatinglissolvesduring
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spheroid formationn this case, electrodense vesicles similar to thoespheroid sampldsrmed

with CTL areobservedpink arrows inFigure57).

E 2D Chondrocytes cultured with 0.5% CTL in DMEM

TR el —

Figure 57. On the right: Schematic representation of the sample preparation for microscopy analysis. Chondrocytes
were cultured in adhesion (2D) with 0.5% w/v of CTL dissolved in culture medium. On the left edoptto the
bottom: light microscope images (scale bar 100 um), toluidine blue staining (scale bar 10 um) and TEM images (scale
bar 1 um)

These findings enable us ttate that these electrodense vesicles arepmesentin chondrocytes
cultured in a 2Dpr 3D systembut occuronly whenthechondrocytes come in contact with CTlhe
latterCTL not only serves astamporary matrixo form the spheroid structure but is also internalized
by the cellsThe proces®f internalizationonly occursduring the first few daysof cultureandthe
polymer issubsequentlynetabolized by thehondrocytes themselveas shownin Figure51, the
electrodense vesicles containing the polyraetually decreased after two weeks. The process of
intracellular degradatioof CTL is not yet know, but by analogywith what has been reported for
chitosan(Du et al., 2014; Islam et al., 2019; Kulish et al., 20@8)d hydrolysis, oxidation and the
action of nomspecific enzymes such §sozyme(Scognamiglio et al., 202@nd glycosidaseare
probably involvedlIn the future, it would be very interesting studyin detail the mechanism of
internalizationof polymersby chondrocytes antb assessa possible role of glycosidasdadeed
some tudies haveadiscussedhe role ofhexosaminidasas the predominantglycosdasesin the
degradation of GAGs in cartilage degeneration procéBssztéi et al., 2009; Shikhman et al., 2000)
Research into inhibitors of this enzyme may be a good strategy to prevent and treat cartilage
degeneratioifLiu et al., 2001)
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Thefinal analysisperformedon this systemvas to assess the ability of chondrocytes to migrate out
from the chondreaggregatestructure and adhete thecell culture wells. To this end a cell migration
assay was performed. This test simulated the abilithetells composing the chondraggregates

to colonize the cartilage defect and potentially allow tissue regene¢Atiderer and Libera, 2002)
Chondreaggregates were formesalready describednd after 1, 3, 7 and 10 days their formation
were moved on a necoated well plat¢Figure 58) The optical images show that ghkesence of the
polymer had no effect on the ability of the chonrdggregates tadhere and on the &by of the
chondrocytes to migratélowever, the test showed different behaviors depending on thegtoh
transfer to the uncoated well after formation. In particufidine chondreaggregateare movedafter

one or three days of culture, they can lgaathere to the surface, regardless of the size of the
aggregate. The situation is different for chondggregates that have been moved after 7 or 10 days.
In these latter cases the chondggregates have a much larger structure and the process abadhes
to a permissive surface is impairedth only a few aggregates are able to adh&sewe have seen
previously chondreaggregates have a tendency to aggregate with each Agjggegation involves

the formation of numerous ceadtll, cellmatrix and ck-polymer interactions. The chondrocytes then

become bound into a compact structure andaétleeleasdrom this structure is compromised.

l Aggregates moved after 1 day ]E Aggregates moved after 3 day ii Aggregates moved after 7 day il Aggregates moved after 10 day ]

Figure 58. Spreading assay on the adherent surface. Representativefietdyimhages of chondraggregates seeded
on adherent substrates followed by cell spreading over 10 days of culture. Ghggdegates were transferred 1 (a), 3
(b), and 7 (c) days after a&sably on well plates coated with CTL (scale bars 4.
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3.3.3.2. Influence of the CTL on the aggregation and chondrogenic differentiation of
hMSC-AT spheroids.

The bioactive properties of CTL towardhondrocytes are discusseddetailedin the literature and

in the introduction othis Thesis(Donati et al., 2005; Marsich et al., 2008; Salamanna et al., 2019)

Following thesdindings the next step was to investigate the influence of the polymer CTheon

aggregation and chondrogenic differentiation of hMAT. Theprotocol used to formed CTFhased

aggregatess the same as the one used for the formation of cheaglycegates. Thaggregates

formed in the presence of CTL are compared wiheroidformed on noradhesive agatoated

wells to simulate the spheroids described in the literature, where cellular interactions predominate

( Bi agkows k aFoeboth ailture condtiOn®, ngsenchymal stem cells from adipose tissue

(hMSC-AT) weretreated with a chondrogenic medium

[Process of CTL-Spheroids formation I

= > 5

CTL coating dried ON Seed of hMSC-AT Formation of CTL-Spheroids CTL-Spheroids

IProcess of Agar-Spheroids formation

e i N

Agar coating Seed of hMSC-AT Formation of Agar-Spheroids Agar-Spheroids
@ )
hMSC-AT CTL MSCs Differentiating
medium factors

Figure 59. Process of CTL and Ag&pheroids formation.

The firststep was to analyze timeorphologyusing optical microscope imagdsom the beginning
we canobservea morphologythat isdifferentfrom that ofthe chondreaggregates. Indeed, using

mesenchymal stem cells, we obtained aggregates with clear boundaries and a spiapeasall
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thetime point analyzedFigure 60) In reference tahis featurethe term spheroiavill be usedfor

these structures fromow on

Figure 60. On the leftBright-field images of representative CHpheroids and AgaBpheroids at different time points.
Scale bar 100 un©On the right morphological analysis of CHEpheroids and AgaBpheroids. The different types of
spheroids were compared in term of number of spheroid and dimensions.

A more detailed analysghows that, the number of spheroids in the well decreasedimighin both
culture conditions. Simultaneously, these spheroids increase in size. As with the euggregates,
the increase in size seems to be due to an aggregation procesexigfong spheroidsVhile the
generalbehavia of the spheroids overime is the same both systemsthere are somenportant
differencesln thefirst days of culture (day 1 and day 2), the sphertiidsform on the CTL coating

appear to be more numeroasd in terms of sizethesespheroids are much smaller. From day
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