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Abstract

Liver fibrosis (LF) is a major concern for public health worldwide, with more than 800
million people affected and a mortality rate of approximately 2 million deaths per year
(Asrani et al., 2019; Marcellin and Kutala, 2018; Ye et al., 20@2Italy, thedeath rate for
liver fibrosidcirrhosisis of about10.8100®00 inhabitantgStroffolini et al., 2017)To date,
there is §ll a great need to develop novblerapeutic strategies to treat INforeover,liver
fibrosis is one of the most welhown predisposing cause of hepatocellular carcinoma
(HCC): clinical findings indicate that 80% of HCCs develop in the contest of liver
fibrosidcirrhosis(Affo et al., 2017)

Chronic infection of hepatitis B/C virus, alcohol abuse and-aloaholic fatty liver
disease are the major causes inducing liver fibiasis et al., 2023)This process consists in
the increased deposition ektracellular matrix ECM) into the liver tissu€¢Acharya et al.,
2021) A major player in the deposition of pathological ECM is represented by the hepatic
stellate cells (HSCgKhanam et al., 2021aThese cells are localized in the serothelial
space between the basolateral surface of hepatocytes and themami side of fenestrated
sinusoidal endothelial cell layer (space of Disse). Upon activation by pathological stimuli,
HSCs change from a quiescent to a proliferative phenotype becoming similar to
myofibroblasts (activated HSCs) that secrete excessive amount of patholBgital
Pathological ECM differs from the normal one as the-filmmgenic type IV collagen is
replaced by fibrogenic type | and Il collagen; moreover an augmented secretion of fibrotic
markers such as fibronectin at#ismooth muscle actindkSSMA) (Acharya et al., 2021)
occurs Accumulation of type | collagen fibersauses major structural changeghe live,
leadng to mechanicatigidity anddisrupting liver functior(lwakiri, 2014)

So far, no effective therapeutic approaches are available for liver fibrosis. Thus, the
main aim of this thesis was to study novel drugs with-fmotic potential. To this end, we
have used a class of deubiquitinases (DUBSs) inhibitors named 2C and DWixC8;e
successfully employed to down regulating the growth of ovarian cancerMeaitilaloni et
al., 2024) To explore DUBsinhibitors effectiveness, we have considered three different
experimental modelsn the first where DUBSsNhibitors effectiveness was studied in HSCs
cultivated in standard plastic dishes,the second DUBsnhibitors were tested in HSCs
grown in 3D structures (spheroids) andhe third DUBsinhibitors were evaluated in HSCs

cultivated on surfaces able to mimic the normal and pathological liver viscoelastic properties.



The first model employed, i.e. plastic dishes, does not resemble the real environment of
the fibrotic liver for several reasons among which the fact plastic dishes exhibits significantly
differentmechanical properties than a cirrhotic livéMazza et al., 2017)n this regard, it is
known that the increase tlie stiffness and, therefore, tledastic properties promotells
activation and differentiationOlsen et al., 2011; Van Grunsven, 2Q1Despite this
limitation, plastic dishes have the advantage of the easiness of cell culturing and of the further
processingto study cell phenotype and molecular effecitBhe spheroid model has the
advantage to explore the effects of the drugs in a 3D structure somehow resembling the 3D
structure of the liver, although with a simplified tissue architecture. Finally, the third model
allows studying the effects of the drugs in cell cultivadadurfaces with realistic viscoelastic
propertiesi.e. those represented by the normal and the pathological fibroticTlhiermodel
is of particular relevance, as it is known that increased surface stiffness promotes cells
activation and differentiation. As very few data about human liver viscoelastic properties are
available in the literature, here we have determined them in samples obtained from normal
and pathological liver. For this purpose, rheoltggshnique wagmployedand the outcoming
results were compared to those descending from the Low Field NMR characterizhion
data obtained were used to prepare-celiuring surface made by the polymer alginate, either
with normal or pathological viscoelastic properties. Our data indicate that, in the three models
employed, the drugs considered have the power to down regulating HSCs growth and fibrotic
activation. While the three models have each some limitations, taken together they can
provide data with a significant predictive power for studies performed in animal models of
liver fibrosis. Inthis regard thein vivo studies are ongoing in the lab of prof. Truong Hai
Nhung (University of Sciences, Ho Chi Minh City, Vietnam) in the frame of the common
project AA novel mol ecul ar approach to |iwv
Affairs and International Cooperation (MAECI) Roof. GabrieleGrassi.



Table of contents

R 111 {0 To [1 T 1o TSR 1
3 I 1 =T ] oo V2SR 1
1.1.1 Strain, deformation and flOM.............oooeiiiiiiiiiccc e 2
1.1.2 Basic rheologiCal Properties.............uuuueeiiieiiieeeiiiiieieieiee e 3
I I T o T=To 0 =] Y USRS 7
1.1.4 Rheological analysis: OSCIllatory teStS..........uuuiiiiiiiiiiieeniiieeeeeeee e 8
1.1.5 StreSS SWEEP tESIS...ciiiiiiiiiiiiiiiii et eereera e e e e e e e eeeeennnnes 10
1.1.6 FrequenCy SWEEP SIS .. .cuuuii it eeeee e a e eaa s 11
1.1.7 Correlation models: Maxwell model and Generalized Maxwell madel......12
1.1.8 Determining the average mesh Size...........cooovvviiiieeee e 15
1.1.9 Correlation models: Soskeg/inter model..........cccoeveeiiiiiiiiiiceeiiiiii e, 17
1.1.10 Cell adhesion and rheological characteristics of the substrate.............. 18
1.2. Low Field-Nuclear Magnetic Resonance (NMR) ..........ccccoeviiiiiiiiiiiiccceeeeeenn. 24
1.3. Biomedical approach of the rheological characterization and tHéMR........... 33
1.4, LIVEr fIDFOSIS (LF)...uuuiiiiiiiiiiiiiiieieee ettt e 35
1.5. Alginate hydrogels a vitro models for liver fibrosis.........ccccoeeeeeiiiiiieeennnn. 45
1.6. Deubiquitinase (DUBS) INNIDItOIS........cccoeieiiiiiiiiiiiieeei e a7
2. AIM Of the thESIS....ciiiiiiiii e 55
3. Material and MEthOAS..........oooiiiiiiiieeer e e e e e e e e e e e e e 57
3.1 Rheological characterization.................ooovvviiimeeeeeieee e 57
3.2 LF-NMR @NAIYSIS....ccoiiiiiiiiiieeee et 58
3.3 Liver sample PreparatiQn........... ... eeeeeeeeeeeeee e simmne e 58
K O | o U1 11 ] =P 59
3.5 Preparation of alginate gelS.........cooooiiiiiiiiiiicc e 60
3.6 Isolation and Culturing of Primary mouse Hepatic Stellate Cells (mHSC)....61
3.7  Cell counting and Vitality @SSAY........ccccevruruuiiieiiieeeee e e e e aeeee e e e 62
3.8 3D cell CUIUIE SYSIEM......uuiiiiieeii et eeree e 62
3.9 Dil Labeling of cell membranes............coooouiiiiiiieeei e 63
3.10 Morphological @NalYSES.........coooiiiiiiiiiiieee e 64
3.11 Deubiquitinase (DUBS) inhibitors COMPOUNAS...............ueuiiiesieecereeninnnneenns 65
3.12 Cellular uptake test with fluorescent compound-@L.............vviiiiiiiiiiieennnn 67
Tt e T VI = 1 Y PRSPPI 67
3.14  PreStOBIUE @SSAY.......cccuuiuuuuuiuiiiireeeiiitiiiiaas s s s e e e e e seeesaa s e e e e e e e e e e e aeeeeeannneesd 68



.15 CllTIEI @SSAY. . uuuuuururriiieiiieeeeeteeeereee ettt ettt e e e e e e e e e e s s s e e e e e e e e e e e e e s enebbenee e 69

3.16  Protein @XIraCliON.......cooe it eeee et eenre 70
3.17 Protein extracts quantification by BCA protein assay...........cccceeeeeeveeeeeineeennn. 70
3.18 SDSPAGE electrophoresis and Western Blot.............cccooovviieeeiiiiiieeeeeeeee, 71
3.19 Total RNA @XIraCtiON........ccoeeeiiiiiiiiiiiiiiceee e enessssesesseeeeeeeees a3
3.20 Quantitative Realime PCR........ccccoiiiiiiiiiiieeeceeeee et eneen e eeennine 3
3.21 Apoptosis ASSAY ANNEXIN V ASSAY......uuuuuriiiiiiiiiiiieeeieameeeeeeeeaeaaeae e e e e s e aimnneees 74
3.22 CytotoxiCity ASSAY LDH ASSAY......iiiiiiiiiiieeiiiiiiiiieeee e eeeeeeeeeeme e 75
3.23  Autophagy asSaly LC3 ASSAY......ccuuuuurrrrriiiieiiiiiaaersenrreeeieeeeeeeeeeaeeesamasreeeeeeaaeens 76
3.24  IMMUNOCYLOCNEMISIIY. ...ttt ieee ittt e e e s eeereseeeeeeeeeeeeeeeeeeees o]
3.25 Oil Red O staining (ORO StaiNing).........cuuuvueiiiiiieiiceemviniiiinseeeeeeeeeeeessseeeneeena d 1
3.26  StatistiCal @NAlYSIS........ccuvuuuiiiiiiiie e e errer e e e e e 77
B, RESUITS....eutiiiiiiiiiiii e bbb 85
4.1 LIVEIN SAMPIES....eiii ittt 85

4.2  Setting temperatures in the rheological characterization of liver samples....91

4.3  Rheological characterization of liver Samples...........ccccooiiiiieemiiiiiieeeeen, 93
4.4  LF-NMR characterization of liver samples.............ccuuvviiiiieemiiiiiiiiiiiieeeeceee 109
4.5 lliness indexes and correlations with rheological anedNMR characterization of
[IVEE SAMPIES. ... eeensa bbb 119
4.6  The composition and the rheological characterization of alginate.gels....... 128
4.7  The LFNMR characterization of alginate gelS..............cccoevvvvvieeen 140
4.8  Selected alginate gel asVitro ModelS..........ccoeeeiiiiiiiiiiiiieeeiee e 142
4.8.1 Rheological characterization of alginatevitro models.....................cooe. 142
4.8.2 Effects of alginatan vitro models on LX2 cell phenotype (viability assay and
morphological analySES)...........uuuuuuiiiiiii e eeeer e 145
4.8.3 Molecular effects of alginat@ vitro models on LX2 ACTA2 and E2FImMRNA
aANd ProteiN [EVEIS)......coeeiiiii e ——— 147

4.9  Phenotypic effects of DUBs inhibitors on cells cultured on plastic surfacesl49

4.9.1 LX2 uptake test with fluorescent compound {BL¥..............cccoiiiiiiiinennnns 150
4.9.2 DUBs inhibitors effects on cell viability................ooooiiiiii e, 150
4.9.3 Effect of DUBs inhibitors on cell apoptosiS...........ccvvvviiiiiiiieesciiiiiiieeeee, 153
4.9.4 Effect of DUBs inhibitors on cell NeCroSIS.........coovvveviiiiiiieeei e, 154
4.9.5 Effect of DUBSs inhibitors on cell autophagy..........cccoooovviiiiiiccciiiieeeinn, 155

4.10 Molecular effects of DUBs inhibitors on cells cultured on plastic surfaces.157
4.10.1 mRNA levels of ACTA2 and E2F1 in LX2 treated with DUBSs inhibitor4d57

4.10.2 Protein levels of other fibrotic markers in LX2 treated with DUBSs inhibitors

158
v



4.10.3 Immunofluorescence in LX2 cells treated with.2C..............ccevvviiiieeennnns 161
4.11 Phenotypic effects of DUBs inhibitors on LX2 cells cultured in 3D spheroid$3

4.12 Phenotypic and molecular effects of DUBs inhibitors on LX2 cells cultured on
alginatein VItro MOAEIS.......ccooii i i e e enennes 165

4.12.1 Effects of DUBs inhibitors on cell viability in LX2 cultured on alginatevitro
models 165

4.12.2 Molecular effects of DUBs inhibitors on LX2 cells cultured on alginatatro

models (MRNA levels of ACTA2 and MMPQ).........ccoveiiiiiiiii e 167
4.13 Phenotype of primary mouse HSCs (MHSCS).........ccoovvviiiiiiieenee e, 168
4.14 Levels of activation markers in primary MHSCS............cccoovvviivieeen e, 169
4.15 Effects of DUBs inhibitors on the viability of primary mHSCSs...................... 170
416 Ef fect of DUBSMAinmpimarg mHSEs.s....o.n....U......... 173

5. Discussion and CONCIUSIONS..........cooviiiiiiiiiiieeee e 174
] (=] (=T o = P 181



1. Introduction

1.1. Rheology

Rheology (from the Greek verb Uy meanin
flow properties of materials.

The theory of elasticity and Newtonian fluid mechanics are effective for describing
simple mechanical behaviors. In both cases, a single physical propedgtic modulus or
viscosityi is sufficientto characterize the deformation or flow conditions induced by stresses
on the material. Due to their simplicity, these approaches are applicable only to a limited class
of materials. Many real substances exhibit more complex behaviors that lie between the
extremes defined by Hookeds and Newtonds |
field of rheology, which has emerged as an independent science to describe phenomena and
solve problems beyond the scope of classical approaches.

Rheology aims to define appropriate equations or modelsctrsiderthe observed
stressstrain relationships in real systems. Another objective is to correlate the macroscopic
behavior of a material with its microscopic structure. Real materials possess a microstructure
resulting from the spatial distribution and interactions of elementary units such as
macromolecules, solid particles, droplets, and micelles. This is particularly true for
concentrated and dispersed polymeric systems, whose microstructures are often complex and
can undergo significant changes under imposed motion and deformation conditions.
Consequently, rheology seeks to establish a relationship between microstructural processes
and macroscopic behavif®rassi et al., 2006)

Rheology deals with a wide variety of materials having very different molecular or
microscopic structures and thus exhibiting quite diffebattaviorsghat can only be properly
described by using more than one physical quantity and by resorting to different and more
complex constitutive equations than linear relationships. A given material may behave more
like an elastic solid or a viscous liquid depending on the applied stress and the time scale of
the deformation process. Therefore, the conventionasititztion between solid and liquid
materials should be supplemented with ligliké and solidlike properties(Grassi et al.,

2006) All these considerations are relevant for materials such as gels, emulsions, cosmetic
and pharmaceutical formulations (emulsionsguens, pastes), but also for biologicsbft

tissues(Kobayashi et al., 2020 hese are all materials with viscoelastic properties, as they



combine both viscous and elastic propertigs.particular, in this thesis the rheological

analysisvasapplied to characterize liver tissue samples and hydrogels realized with alginate.

1.1.1 Strain, deformation and flow
Stress is defined as the ratio between the force F applied to a material and the surface A

on which F is applied. If F acts perpendicular to shefacewe s peak of Nor me

while we speak of shear stress U if F acts
, o
1y
LLC (¢]
12

Both stresses are measured in Pascals (Pa 9.N/m

The deformation of a continuous body is any change in the geometric configuration of
the body that leads to a change in its shape or dimensions following the application of a stress.
One can define a l|inear deformation or elo
the tangent of the angle formed between the original direction satheleand the direction
assumed by theampleonce deformed) depending drnthe force acts normally or parallel to
the surface, respectively:

0 0
) 0
13
oy
o
(14)

where L represents the | ength oothelengtha mat
rest; while S represents the displacement
thickness of the materialFigure 1). Linear and shear deformations are dimensionless

quantities.
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Figurel: Schematic representation of linear deformation and shear deformation caused by force applied perpendicularly and
parallel to the material surfaa@spectively.

Rheology applied to liquid or sersolid systems essentially studitee flow, while
rheology applied to solid systems (and very consistent-selidis) deals with deformation.
Flow is the sliding of a material in which its adjacent constituent elements move relative to
one another. If these elements move one behind or on top of the other, we speak of shear flow,
which is generated by applying a shear stress to a liquid orssdichi This flow can be
imagined as a series of parallel planes sliding over each other. The layers closest to the
surface, where the stress is applied, flow faster than those below, and in the simplest case, the
difference in speed is proportional to the distance. In this way, the speed difference of each

layer is constant. This parameter is called the shedr @td is measured in's

1.1.2 Basic rheological properties

Elasticity

Elasticity is the tendency of a solid material to deform temporarily when subjected to a
stress and to regain its original shape and size when the stress is removed.

For small deformations, Hooke's law, the simplest constitutive relation for the behavior
of elastic materials, applies. It establishes a direct proportionality between stress and
deformation through Young's modulus E (or modulus of elastioitghear modulus G, both

measured in Pascals, depending on whether the applied stress is normal or shear:

” 'O -
(1.5)
T O
(1.6)
For incompressible solichaterials, the relationship applies:
O 00
7



For a purely elastic solid, deformation is instantaneous and completely reversible.
Following the application of external forces, it is deformed untgdiches a new equilibrium
form in which the external forces are perfectly balanced by the internal ones. All the stored
energy provided by the external stimuli is completely returned upon removal of the stimulus
with a corresponding instantaneous return to the original form.

Rheologicalbehavioris schematizedising mechanical models. In this case, the ideally
elastic solid is represented by a spring. The load applied to the spring determines its
immediate deformation (elongation or compression) anerligy of the deformation depends

on the spring's elastic modulus. Once the load is removed, the spring regains its original size.

Viscosity
Viscosity — expresses the resistance of a fluid to flow under the action of a shear stress.

In fact, highly viscous fluids offer high resistance, while taacosity fluids offer low
resistance.
Newton's law relates the applistears t r e s s U a nat defotmationsrater a i n

(shear rate):
Qr
oY
(1.8)
The constant of proportionality between shear stfgssid shear rat¢ is called
viscosity and is related to tlilew resistance of a material. From equat{®!8), a measure of

viscosity, also called dynamidgscosity, can be derived, which is measuredi{j ):
.1.

[

(19)

For a purely viscous fluid, sliding is tinteependent and irreversible. All the mechanical
energy applied to induce sliding is entirely dissipated in the form of heat and friction.
Therefore, thebehavior of a purely viscous liquid isschematized through the use of
mechanical models, by a damper (piston or dashpot). The load applied to the piston causes the
liquid to flow with a certain speed that depends on the viscosity of the liquid. Once the load is
removed, the piston does not recover its original position.

Viscosity is a function of the conditions of mati¢ ), temperature (T) and structure.
When viscosity does not depend on the strain rate, the fluid is called Newtonian (water is the
typical Newtonian fluid); otherwise, it is called ndlewtonian. Many polymeric and

dispersed systems do not obey Newton's law due to their structural complexity and, therefore,

4



their viscosity depends not only on temperature and pressure but also on the intensity and
duration of flow.

The classification of nehewtonian fluids is traditionally based on the functional
dependence of viscosity on shear rfe). A typical fluid-dynamic effect of noiNewtonian
fluids is thebehaviorknown as shear thinning: as the strain rate increases, the viscosity
decreases (pseudoplasbehavioj. In most polymeric solutions/fluids, as the deformation
rateincreases, the polymer chains orient themselves in the direction of motion, thus reducing
the crosssection perpendicular to the direction of motion and offering less resistance to

sliding. There are various mathematical models describing this phenomenon.

Viscoelasticity
When a purely elastic solid is subjected to a given deformation, its tensional state

changes instantaneously; in fact, the internal stresses are proportional to the deformation
applied at each instant. Therefore, if the deformation is kept constant, the tensional state does
not change either. If the flow of a purely viscous liquid is stopped, the deformation state
remains unchanged, while the internal stresses relax instantaneously and completely.

The actual behavior of materials differs from such models. In everyday practice,
materials are classified as elastic solids or viscous liqoaissideringtheir mechanical
response to low stresses on the ordinary time scale of minutes or seconds. However, when
applying a very wide range of stresses over a wide time spectrum likpiiproperties can
be observed in solids and soelide properties in liquids. Therefore, a given material can
behave as a solid or a liquid depending on the time scale of the deformation (Brassset
al., 2006)

A material isconsideredviscoelastic when it possesdsshaviorthat is intermediate to
that expected of a perfectly elastic solid or a purely viscous fluid. In this case, the material
does not respond instantaneously to stresdeformation,but its response develops over
time.

In the case of a viscoelastic liquid to which a constant stress is applied, the deformation
increases over time until it reaches a potentially infinite value. Conversely, in the case of a
viscoelastic solid, the deformation reaches a certain value and then becomes (eigstant

2). In both cases, with a constant stress, the deformation develops over time.



LIQUID VISCOELASTIC ~ SOLID VISCOELASTIC

deformation deformation

stress —  stress

t

Figure2: Representation of the deformation trend as a function of time in the case of a viscoelastic liquid (left) and a
viscoelastic solidright) to which a constant stress has been applied.

The model that considers polymeric solutions/melts characterized by polymer chains
whose mass is concentrated in +ft@formable regions (Kuhn segments) connected by elastic
springs witha certainconstanexplains the viscoelastlehaviorof such materials. Indeed, by
applying a constant stress, the elastic component reacts instantaneously while the viscous
component develops a response over time due to friction between the polymer chains and that

between the chains and solvent molecules.

Thixotropy and Antfiixotropy

The dependence of rheological properties (e.g., viscosity) on the applied stress field is
governed by structural mechanisms linked to the primary constituent components (simple
molecules, polymer chains, dispersed particles) awhen presentto higherorder structures
formed by molecules and particles through their reciprocal attractive and/or repulsive
interactions. The more abrupt the changes in the applied stress field, the more pronounced the
observed timalependent rheological properties, which are intrinsically related to the kinetic
characteristics of shearduced structural processes.

Time-dependent behavior is primarily governed by the breaking and formation ef inter
particles or interchairs bonds. The magnitude and kinetics of these processes depend on the
strength of the attractive interactions, their degree of cooperation, and the magnitude of the
imposed stress changes. If reversible, the resultingdependent properties are classified as
thixotropic(Grassi et al., 2006)

Thixotropy is the property of certain pseudoplastic fluids where viscosity decreases
over time under constant temperature and strain rate conditions. Conversely, antithixotropic
behavior, characterized by increasing viscosity under the same conditions, is typical of highly

concentrated particle suspensions. These phenomena occur as the motion conditions alter the



micro- and nanestructure of the system. While tirsiependent viscoelastic behavior arises
because the response of stresses or strains in the fluid following changes in imposed strains or
stresses, respectively, is not instantaneous, in a thixotropic fluid, this response is
instantaneous, and tintkependent properties arise solely due to changes in the fluid structure
following shear stresses.

However, despite the distinction between thixotropy and viscoelasticity as separate
phenomena, many real fluids such as weak gels and concentrated dispersed systems exhibit
both types of tima&lependent behavior, even simultaneouliygeneral, thixotropic effects
prevail when stresses and deformation rates are relatively large; conversely, at small
deformations only linear viscoelastic properties manifest themselves and their measurement is
very useful for examining the microstructure of the system under investig&rassi et al.,

2006)

1.1.3 Rheometer

TherheometerFigure3) is an instrument used to measure the rheological properties of
materials. It consists of several components, including a fixed lower part and a mobile upper
part, called the head. These two parts are connected by two vertical guides, which, with the
help of an electric motor, allow the head to move up and down.

Figure3: The rheometer HAAKE MARS IlI{ThermeaScientific) (https://www.rheologysolutions.com/thersdentific
haakemarsiii/)

The head is connected to the upper part of the measuring element, represented by a
metal plate (or cone) attached toca that screws into the head housing. The lower part, on

the other hand, is connected to the lower part of the measuring element (metal plate) by means

v



of a screwring. While the lower part of the measuring element is fixed, the upper part is
rotated around its axis by the action of a magnetic field generated in theTheathimize

friction between the rotating metal parts (the head and the upper part of the measuring
element), compressed air at 1.6 atm is used to create an air cushion that suspends the upper
part of the measuring elemeht.this way, the only friction present is between the metal parts

and the air, which is negligible for rheological measurements.

The measurement is made by placing the sample on the lower plate of the measuring
element and lowering the head until the upper part of the measuring element encounters the
sample.

At this point, the application of the magnetic field causes a torque that rotates the
upper part of the measuring element, which then applgtarst r ess U to t he
angul ar amplitude of the rotation d, which
depends on the rheological properties of the samplasamgasured using a laser beam that
passes through a perforated ring at the top of the head, fixed to the measuring element. Based
on the number of holes the laser passes through, a sensor records thedaluaofd t he s
at which the rotatiord occurs(f). Gi ven [d amndi s possible to
deformation rater e x per i enced by the sample due to t

bet weenrd&l | ows ahdr the measur ement of t he s

1.1.4 Rheological analysisOscillatory tests

Utilizing this apparatus, we cgperform differentrheological tests. These tests can be
broadly classified into two categorigests where a constant shear stré$o( strain [() is
appliedand ests wherd or[ exhibits a sinusoidal behavidn the context of this thesis, due
to the specific nature of the materials under investigation (namely gels and hepatic samples),
we employed tests whertfeor[ follows a sinusoidal pattern. These are referred to as tests in
the oscillatory regime. Oscillatory tests are particularly advantageous as they facilitate the
examination of viscoelastic properties withire linear regime in a relatively straightforward
manner. These tests necessitate the application of a sinustoidals (T orf ). In the case of
stress, we have:

t tOET o
(1.10)
where:
- Tis the applied shear stress

-1 is the maximunshear stress,



- 0is the time
-1 (rad/s)(expressed in rad/s) denotes the angular frequency, which is defined as the
rate of change of the phase o$iausoidal waveform. It represents the velocity at which one
compl ete cycle of a wave, equivalent to a 2
Within the domainof linear viscoelasticity, characterized by infinitesimal stresses and
strains, we can invoke Boltzmanndés princip
response of a viscoelastic material to a complex deformation can be predicted by summing the
responses to simpler, individual deformations. Consequently, to induce a sinusoidal strain in a
sample, it necessitates the application of a sinusoidal stheés phaseshifted by an angle
u:
T tOEN 0
(1.11)
Developing eq(1.11) according to the rules for the sum of arcs, we obtain:
T t+ Al&EIo t ORIATIO00
(1.12)
As can be seen froeq.(1.12), the stresds the sum of two terms, the first of which is in
phase and the second out of phasenbg wi t h respect t o Intfacte d e f
AT106 OB 06 Ajc¢ 8Rewritingeq.(1.12) more convenientlywe have:

+ AIWO, . . t+ OR1.. .
o T A seie Bl i00

(1.13)

By defining and as theelasticorst or age mo dwvskoussor ( GO )

| oss mo d,urkspextively, Gv@ underscore the dual dependence of a viscoelastic
mat erial 6s response on bot&d donsactecketd theselastic an
energy stored in the material upon deformation G és8ociatexd to the energy dissipated due
to internal friction inside the fluid (viscositylror a purely elastic material, where the stress
response is instantaneoustjl wlacohtrast, éor aparély = 0
viscous material, where the stress response is ghaise f t R,d vwey have /6 = |
and G) 6. Wecan rewrite eql1.13) as follows:
to 'r OBTO "Qeadi100
(1.14)
From these considerations, we can define the complex modulus G*, the magnitude of

which is given by:



T _— T E i ti Qe
s L T —me 1 1
[ [ [
(1.15)
wheret he | oss angle U can be defined as:
OAT =%
Ge
(1.16)

1.1.5 Stress Sweep tests

The StressSweep (SS}estis a rheological examination that involves subjecting the
material to oscillatory stress by incrementing the stress amplitudehile maintaining a
constant frequencl/(typically, f = 1 Hz) or pulsation (typically,] =2 f=2" rad/s). The
rheometerields the values of the storage modulu@@d the loss modulusd3s a function
of the changing stress amplitutie

This test iscrucial as itallows thedelineation of the linear viscoelastic region, within
which the material 6s struct urleesseacgasliong®s un al
Goa n dore@aininvariantwith increasingf , it can be ascertained that the material is within
the linear viscoelastic regio@onversely, any increase or decrease dartl/or @ signifies a
transition into the notinear region An example is reported irhé Figure 4, wherethe red
line indicates approximately the point where the material idongerin the viscoelastic
region.As usual in rheology field the x and y axes are reported with a logarithmic scale.
Indeed, from the rheological view point what matters is the logarithmic variation of physical
parametersg(g.G6, GB.6 and

10



SS test
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Figured: Ty pi cal graphic of a Stress Sweepréepsandwhkeevibeoe
(white square) are independent from t he(heaeapprokimatelyr ess U.
indicatedby thered line),thelinear viscoelastic zone is exceeded hoth the moduli decrease

1.1.6 Frequency Sweep tests

A Frequency Sweep (FS) test involves applying a sinusoidal stress with a constant
amplitude T and varying frequency, typically ranging from 100 to 0.01 Hz. The stress
amplitude is selected within the | inear vi
angul ar f r elfuiekmavp asthe hechanmical spectrurhe typicalmechanical
spectrumofagegsc har acteri zed by constant G6 and G
approxi mately ten times hi ghangeFigue&dshowsad t h
typical mechanical spectrum of a g€bnversely, solutionsarecha ct er i zed@Anby G
ideal elastic materi al i s characterized by
by Go6 = -Pel Tthrearmsilt i ona Aswsual insheologydield th® & andy G o6
axes are reported with a logarithmic scale. Indeed, from the rheological view point what
matters is the |l ogarithmic vaw.iation of phy

11



FS test
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Figure5: Typical hydrogel mechanical spectrufthe elastic modulus 6 ( b | a dskiggerdhartheviscousoneG 6 6
(white square)and both ofthelar e i ndependent. from the pul satic

1.1.7 Correlation models. Maxwell model and Generalized Maxwell model

Several models are used in theoretical rheology to describe the viscoelastic behavior of
materials One of the most popular theories for interpreting mechanical spdatigcoelastic
materialsi s Maxwel | 6s model . According to this t
can be represented lan elastic element (spring with constant G) in series witlasipot
(viscous elementpi st on containing a (Figue6).d of const a

!

Figure6: Maxwell element.

The constitutive equation representing the viscoelastic behavior of the Maxwell
element is given byqeiation(1.17):

LA
Z. “Om S

(1.17)

12



wher e U i rsistherskearsatdy eiss , t i me, d is the das
spring Cc 0 n s /& nst the Maxwell element relaxation timeepresentinga
characteristic time. In the casefi nus oi dal =dog f 0 (eaqn@d.}7) irophes the
following expression for the stress:

t r Ol Qgo "OAT100
(1.18)
07 L 0 1 L
(1.19)

Wh e n= 1fe; Go= G6 @nd this condition corresponds to the maximum valuetobG

Generally, the mechanical response of a viscoelastic material requires a more complex
model than the simple Maxwell element. For this purptieerheologicatlata(e.g. the data
obtained from the frequency sweep Yesin be interpreted using the generalized Maxwell
model, consisting oh Maxwell elements irparallel with the addition of a purely elastic
element @ (springi infinite relaxation timg is consideredFigure7). The elastic element is
considered to describe the selidcoelatic behavior according to which the sample cannot
indefinitely deform under the action of a constant stress. On the contrary, when the purely
elastic element is absent, the liquid viscoelastic behavior (infinite deformation caused by the
application of a constant stress) is descrillgath element is characterized by a relaxation
ti mand a vii(os a@tersiivelyy thedstorage moduli €di/ay). The expressions for
Goband @ @ad

1 \') no “O 1 ‘5
p 195
(1.20)
o 0 15
p 1
(1.21)

Simultaneous fitting of eqg1.20) and(1.21) to the experimental & a&aG0dy dat a
allows for the determination of thgeneralized Maxwell modalnknown fitting parameters
(Gi, &), thatrepresertt he fAr el axat i on(Lapgsie and Pricl,mM996jo speeg i c a |
up the fitting procedure, &relaxation times of the various elements are assumed to be related

to each other via the following expression:

- pm_
(1.22)

13



By scaling ityheavaacbas e feconBs,the tofiyefittimgf or e
parameter fowhat concerns theelaxation times. Therefore, in the casieone Maxwell
elementthefitting parametergare two 1 amdGi. For each Maxwell element that is added to
the model, a further fitting parameter must be considered, namely the corresponding shear
modulusG.

The proper number of Maxwell elementsto be considered is determined by a
statistical proceduréDraper and Smith, 1998Where the optimah minimizes the product
&(1+n) .2 is the sum of the squared errors from the simultaneous fittieg®{1.20) and

(1.21) to the experimental &and &.0

Figure7: Generalized Maxwell model in which element 0 is degenerated into a spring.
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Figure8: Typical relaxation spectra of liquid (e.g. solution), gel and dd@materials.

Figure 8 showsthe classic shape of relaxation spectra for ditel materialsgels and

solutionlike (viscous liquids)Knowledge ofGo, G, €én, Makes it possible to determine a
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very important parameter, namely the shear modulus of the mabediglated ascGor )E G
which can becalculated as the sum of the terg G, é. G

It is interesting to note that, within the linear viscoelastic regime, the superposition of
effects principle, or, Boltzman's principle, makes it possible to predict the behavior of a
material subjected t@ constant stressem the basis of its relaxation spectrymg-G)
obtained from oscillatory (FS) tests. Indeed, in the caseseptests, in which the material is

subjected to a constastresd$, the corresponding deformation is given by:
ro —— vo —

(1.23)

wherea and G; are the same parameters asegs (1.20) (1.21) and J(t) is called
compliance Similarly, in relaxationteststhe sample undergoes a consi@efiormationog and

the stress required is given by:
to 1O oQ

(1.24)

1.1.8 Determining the average mesh size
Once the macroscopic behavior of a systdra (elaxation spectruand the limit of the
linear viscoelastic regimehas been obtained, it is possible to reke maroscopic and

micro/nanoscopic properties of the material to derive the average mesh size.

Flory Theory
Flory's theory(Flory, 1953) assumes thagels consist ofa solid phasetypically

represented by polymer chains (constituted by-aeformable units called Kuhn segments),
swollen by asolvent phase.

Equilibrium conditions are metvhen the chemical potential of the mobile component
(solvent, typicallywater) in the gel phase is equal to the chemical potential cfalentin
the external solvent phase. Therefore, if the number of water moléeal@sgthe gel phase
is equal to the number of water molecutggering the gel phase from the solvent phtse,
chemical potential differencey is zero:

P=w +w+tw=0
(1.25)
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wherequ, (@ andge are, respectively, the mixing, the ionic, and the elastic contribution
to qp g expressiomeads

(1.26)

wheresp is the volume fraction of polymer; wheregs represents the polymer volume
corresponding to the condition in which polymeric chains eliokeng occurred.R is the
universal gas constaderiving from the statistical thermodynamics approach used by Flory to
describe the polymeric network as done for gas molectlilesthe absolute temperatutia (
this thesis310°K, which corresponds to 37°Q).the system has undergone neither swelling
nor contraction (by exposure to pure solvent) from the state in whichlorkisgy occurred,
then,3,=3p0. A key parameter appearing in.€.26) is thecrosslinking density} x (moles of

crosslinking points per unit volume}thatcan be determined by the following equation:

mw 2
Ny
(1.27)
Therefore, there is a direct correlation between the drasm ki ng x ahédthes i t vy
shear modulus G of the system. Assuming that the value of the shear modulus is equal to the
value that the modulus assumes at the initial instant in a relaxation experiment, which

corresponds to an infinite frequency in a frequency sweep experiment, we can write:
0 0

(1.28)
Thus, FI oryos t h emagrogcope |propenty sof theosystem (shear a
modulus) to a microscopic property (crésgking density) and to determine its value.
Although, in general, gels made of biopolymers only remotely resemble those theorized
by Flory, studies have shown that in the linear viscoelastic field, the the@sonably

describes reality.

S ¢ h uBguvalent network theory

The equivalent network theory developed by Scli8churz, 1991akes it possible to
relate thecrosslinking density to the average meshesisince, in most cases, the polymer
chains in the gel phase form an uneven structure, the actual topology of the polymer network

is complex to describe. Therefore, we assume the existence of an equivalent ideal cubic
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networkthat has in common with the reagtworkonly the crosdinking density. Then, we
associateto each oosslirk a sphere with a diameter equal to the distance between two

adjacentrosslinks 3; i.e. the average mesh size of thgcle (Figure9).

.
.

1C
i

Real network Ideal network

Figure9: Schematic representation of the neetworkand the equivalentetworkassumed in the equivalent network theory.

The product of the crosslink density and the Avogadro's nunigrrépresents the
number of crosslinks per unit volumeherefore, the inverse dhis product coincides with

the volume per crodiking point:

T 13 p
o ¢ "0
(1.29)
It follows that the average mesh s&is:
(1.30)

In conclusion, thanks to Flory's theory and Schurz's equivalent network theory, it is

possible tdink a nanoscopic property of the systeshdnd a macroscopic property (G).

1.1.9 Correlation models: SoskeyWinter model
In order to determine the limit of the viscoelastic regime vtidae of the critical strain
2c can bedetermined by fitting the Soské&dinter equationSoskey and Winter, 19849 the

experimental stress sweep data:

(1.31)
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where Z can be o®&theZ\alde for avanisBidgfornatiod(g aD).
b andn are two fitting parameters. The value ®fis calculated byeqg. (1.31), setting®
mwu & (Sacco et al., 2020 he corresponding value of the critical strassas evaluated
according to the usual equation:
t 1 O 0 10
(1.32)

1.1.10 Cell adhesion and rheological characteristics of the substrate

Studies that relate cellular behavior to the rheological characteristics of the substrate
with which they interact have developed over the last 20 yéhrsl around 2011, the
prevailing view was that the most important rheological characteristic was the stiffness of the
matrix, represented by the shear modulus G. For example, Yeung -avatkays(Yeung et
al., 2005) working on fibroblasts and endothelial cells, find that G significantly influences
cell morphology, cytoskeleton structure and adhesion on the substrate. Li-ewodkeos(Li
et al., 2007note that G regulates the activation of portal fibroblasts in culture. Evans-and co
workers(Evans et al., 2009)nd that G is able to influence the early stages of differentiation
of embryonic stem cells. This evidence is also taken up by Huebsch -avatlars(Huebsch
et al., 2010who note that G values between 3 and 10 fevar the formation of osteocytes
while adipocytes are obtained on softer substrates (G2~kRa). Finally, Olsen and €o
workers(Olsen et al., 20119bserve that hepatic stellate cells require a rigid environment to
differentiate into myofibroblasts.

From 2011 onwards, however, ithgpothesizedhat not only G but, more generally, all
viscoelastic aspects of the substrate play an important role in the cellular response. In other
words,n o t only G, but the entire i &)playsaahi on
important role in driving the cellular respon€gameron and cworkers (Cameron et al.,
2011) studying mesenchymal stem cells, state that the cells seem to be more affected by G
(viscous or loss modulus) rather thai (Elastic or storage modulus), i.e. that the cells are
affected more by the viscous componen®)&@f the substrate rather than the elastic
component ( GO6) .-workdrsgQhalidihurir et al.,22018)erform an interesting
experiment in which thegealizea substrate by crodmking an aqueous alginate solution. In
the first case, they proceed with a covalent cliogsng between the polymer chains, while in
the second, the crodisking is ionic. The result is that the covalently crtisked alginate
has practically no viscous component(&0) and, therefore, subjected to a deformation does

not relax, whereas the ionically cregsked alginate (in a similar manner to what was done in
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this thesis work) does. They verify, therefore, that cells are only able to migrate onto the
substrate if it allows relaxation following its deformation by cellular action. In fact, the
authors see that cells only migrate on the ionically eliaked substrateln conclusion, they

state that botlelasticity (G) andviscosity (i.e. the entire relaxati@pectrum( iG)) play an
important role for cells behaviauit is important toemphasizehat these conclusions are not

only based on experimental evidence but also on the output of a mathematical model created
to describe the motion of a viscoelastic object (the cell) on a viscoelastic medium (the
substrate). Using another mathematical model, Gong andodcers (Gong et al., 2018)

come to similar conclusions, namely that dedhavioris not only influenced by the stiffness

of the substrate (G) but also by its viscous properties. Finally, Sacco -avatleers(Sacco et

al., 2020) on the basis of an idepth rheological analysis of different substrates made by
crosslinking different types of chitosan, define the molar energy of dissipatioasihe ratio
between the work, perolume unit that the cell has to perform to cause a critical surface
deformation(ac) of the substrate and the crdssing density) x (eq.(1.27)) of the substrate.

On an experimental basis, the authors find that cell adhesion and migration are inversely
proportional to &

Eq suggests that cells must be able to remodel the substrate in order create a favorable
environment (the Ainest 0) where to i ve.
theoretically evaluate the workquired to provoke the substrate critical deformatag)) the
minimum work necessary for substratemmedelling. As, unfortunately, work is not a state
function, this target implies to know the kinematics of the stress applied by cell on substrate,
i.e. a constant streskp, a stress proportional to deformation or something different
(sinusoidal?). The paper Bu Roure and cavorkers(Du Roure et al., 2005pne of the most
interesting on this topic, shows a very complex scenario as the stress exerted by the cell
modifies with time and position, being maximum in correspondence of the cell rim. In the
light of this complexity and in order to draw general conclusions, the authors simplify the
frame reasoning on average stress values, implisillygesting that the assumption of a
constant stress is reasonable. On the contrary, the mathematical model proposed by Gong and
co-workers(Gong et al., 2018uggests that the stress exerted by the cell on the substrate can
be considered proportional to substrate deformation. Thus, a constanttg)ressl @ stress
proportional to deformation will be considered in this thesis for the theoretical evaluation of
the work performed by the cell.

Assuming that the cell exersconstant radiadtress((§) on a circulaisubstrate portion

of initial radiusro (two-dimensional cells culture), the work done will be:
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7= "FQL ottt tfloporoQr ‘tir oo

(133
where:
[ =— Qi 1 qQr
(1.34)
bein gk i s the tot al f or @ df the detormatierdis small, theh e s
guadratic and cubic terms of the degq.{183 mat i
can be approximated by the following equation:
7 “tir o v — fTr o too
(1.35)
w being the work per unit volume and J(t) the compliance ((e83)) of the substrate
after atime t fromthe application oftte stres¢. Assumi ng that the def
with the critical deformatioro: (which marks the limit from the linear viscoelastic regime)
and dividingw by the crosdinking density’ x (eq.(1.27)) we obtain &
In the case of an applied stress proportional to deformajipwé¢ can assume:
t "Or 0 @ Qe
(1.36)
whereG* is the substrate complex shear modulus whose dependence on g can be given
by the SoskeyVinter model (Soskey and Winter, 1984kee eq.(1.31) whose fitting
parameters'Q, b andn) can be determined by ed.31) fitting to experimental data referring

to strain sweep test. According to €4431) and(1.36), the expression of the work performed

by the cell (eq(1.33)) becomes:

7= tr “1 Qi “i %r pr Qr
(1.37)
or, equivalently:
M O e o
| p
(1.39)

Unfortunately, the integral appearing @y. (1.38) does not lead to an analytical

solution, even if its numerical determination is very easy and not particularly time consuming
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in virtue of the small computational duty required. However, whean be assumed equal to
1, eq.(1.38) analyticalsolution exists and it reads:

0. & & p ® p ®p . .
x—z)—r p [ Tr 5 5o 4 wfl

(1.39)

Wheng = g, both eq.(1.33) and eq.(1.38) (or eq.(1.39) when n = 1 in eq(1.398))
provide the minimunwork necessary to remodel the substrateerestingly, both e(1.33)
and eq.(1.38) (or eg.(1.39)) hold also forg> g, i.e. in the not linear viscoelastic range. In
addition, both eq(1.33) and eq(1.38) (or eq.(1.39)) can be extended to a thrdenensional
cell culture (3D substrate) by simply remembering that the surface of a sphere of iadius
times the surface of a circle of the same radius. Thus, in the 3Decagke33) and eq(1.38)

(or eq.(1.39)) still hold once the work expression is multiplied by a factor 4.

Finally, relaying on all these equatiofd.33) and (1.38) or (1.39)), it is possible
estimating the elastic (recoverable) and the viscous (dissipatedw) part ofw. Indeed,
whatever the kinetics of the applied stress, if we imagine removing the applieithtion
(stress) once a fixed deformation has been attaiggdHe substrate will be able to recover
only part of the deformation so that a residual deformation will persist forgyefTous,w,
andwe will read:

constant stresf o)

(1.40)

linear stres{t "0)

0

gF pr Qr 0 VIRV
(1.41)

When a constant stress is considered, provided gh@tg, g can be analytically
evaluated according to the generalized Voigt model in series with a Maxell element (see
Figurel10).
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Figure1O: Generalized Voigt Model (made up by a series of spring and dashpot in parallel) plus one Maxwell element. gi and
"i are, respectively, spring constant and dashpot fluid viscositangl' m are, respectively, the spring constant and the
dashpot fluid viscosity pertaining to the Maxwell element.

Indeed, according to this mechanical model, the deformatoreasesupon the

application of a constant streggcreep) is given by:

. . . Y P
ro r o ro f g 9 )
o]

(1.42)

wheregis the global deformatiorgy andg are, respectively, the Maxwell element and
the i" Voigt element deformatiort,is time,| m andl i are, respectively, the characteristics time
pertaining to the Maxwell element and to tle/oigt element whild o is the applied constant

stress. On condition thatO g (limit of the linear viscoelastic regime; i.eOtc), eq (1.42)

enables the determination of the deformation at timé¢*, after which the stress is removed

so that the recovery phase starts. The time variatiapdofing the recovery phase is given

by:

(1.43)

It is easy to verify that, for a very long time, the not recoverable deformagdms(
simply given by (o t*)/(I m gv) with 0 <t*  tOThus,w, evaluation is straightforward (eq.
(1.40). Obviously, the determination dfy and gu (beside thatgi and | i) requires the
generalized Voigt model fitting to experimental creéepovery data. Alternatively, all these
parameters can be determined by model fitting to experimental data referring to the pulsation
(w) dependence ontheelastidb() and tJdé)vicemplus afces. Il ndec¢
generalized Voigt model plus one Maxwell element, the theoretical expression oI @

read:
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(1.44)

Althoughto determination is more difficult, the experimental outcomes from the work
by Du Roure and cavorkers(Du Roure et al., 2009an help a lot in setting reasonabée
values. Obviously, in the case of a linear stress, the evaluatignrefjuires the numerical
solution of the Generalized Voigt model in series with a Maxwell element. Finally, when
exceedsy, the only way to evaluatg consists in its experimental determination according to

a creeprecovery experiment.
On the basis of what discussed at the beginning of this section, it is reasonable to

suppose that cell behavior can depend on bdth) andwy(g)/wW(g) ratio, representing the

unrecoverable fraction of the work performed by cells and due to viscous dissipation and

substrate structure disruption whgrexceedsy.
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1.2. Low Field-Nuclear Magnetic Resonance (LFNMR)

In contrast to the higfield-Nuclear Magnetic Resonantechnique(HF-NMR), which
involves a range of magnetic fietdl 7.5 T< B <37 T, lowfield-Nuclear Magnetic Resonance
(LF-NMR) conditions are fulfilled when: 0.37 ¥B < 2.43 T. In the former case, the use of
intense magnetic fields allows systems at the atomic scale to be studied but in a small region
of space; conversely, lower magnetic field values allow systems at the nanoscale or
micrometer scale to be studied over larger volumes3(oman?). In fact, LF-NMR analysis
allows structural information to be deduced in the randerafths from 1 nm to 300 nm, in
contrast toHF-NMR, that providesinformation on much smaller length scales (Byr this
reason HF-NMR is used to study the chemical structure of a system or chemical reactions;
conversely,LF-NMR is a useful investigation technique to study the physical structure of
solids, liquidssolutions, suspensionsmulsionsandgels.In particular, in this thesis the LF
NMR analysiswas applied to characterize liver tissue samples and hydraogklging on

alginate.

Theoretical background

Regardless of the magnetic field strength, the operating principle is theirsdoath
HF-NMR and LFNMR. Some atoms, such as hydrogen, by virtue of their electronic
configuration (odd number of protons and/or neutrons), behave like permanent magnets, i.e.
they are <characterized by, (magngie dipola menmeht). ma g
Thanks t o t hdispossihlefeoma@ enagoetic peint of viewwp considereach
atomof hydrogenas def i ned blya system consisting of ra maltiplicity of
hydrogen atoms is immersed in a zero magnetic fieldtl® orientation of the magnetic
moments of these atoms random (Figure 11). Therefore,with Bo = 0, the induced

magnetization vector M, given by the vector sum of all magnetic moments, is zero:
0 T t 0 T

(1.45)
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Figurell: H atoms immersed in a null external magnetic fiedgvithere the orientation of the permanent magnetic moments
is random.

By =0

Conversely, if the system is immersed in a-aero magnetic field 8 the magnetic
moments of the atoms tend to orient themselves in the directiop, édrBing, however, a
characteristic angle with respect to the axis identified by the directiorp.ofinHact, the
precession phenomenon is generated such that the magnetic moments of the atoms begin to
rotate around the direction obBdescribing alouble congdAbrami et al., 2018jFigure 12).

The f r eo@udichahe magnetic moments rotate is called the Larmor frequency, and
depends on the magnetic field strenggeBh d t he gyr omagneti c rati
( 32.671C° rad/Ts for the H atom):

L] |-> 6
(1.46)
A
B, # 0
vo=7By

Figurel2 Schematic representation of the Larmor precession phenomenon.

From eq.(1.46) follows that a reduction or increase in the intensity efcBanges the
value of the rotation frequency but does not alter the characteristic angle of rotation of the
atom. Furthermore, whenoB 0, the magnetic moments of the atoms can also align in the
direction antiparallel to that of the field, thus providing a negative contribution to the total

magnetization. However, since the parallel direction is energetically more stable, most of the
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magnetic moments tend to orient themselves parallel to the direction dhBrefore, the

vector sum of all magnetic moments is stilt mero:

0 1 t 0

(1.47)

Assuming that the external magnetic fieldy B oriented along the -axis, the
component of the magnetization along thexis (M) is nd zero; on the contrary, the
component in the xplane (M), and thus perpendicular to the direction efiB zero.

If, starting from the configuratiojust described in whicBo | 0, at the instant + to a
magnetic field B is applied to the system, which is a radio frequency pulse that is in the xy
plane (perpendicular togBand rotates around theazx i s wi t ho, tHemaggetiationc y 3
M undergoes a rotation of -pane(RgnrgllleTheyafiglet h at
of rotation od depends on the gyroadwgheetic
radio frequency application timg t

Yy— 160
(1.48)

The rotation of M in the xplane, caused by the application of, Bauses the-z
component of the magnetization to cancel out and, at the same time,-tbenggnent to
becomdlifferent from zero6 A® o6 + 0 10 T

If at time t = t1 > to the magnetic field Bis removed, the magnetization vector M

returns to its initial configuration and, therefore, we have that: mandod L

B, B, Z

......
"

B,
Y Y

Figure1l3 Magnetization vector M directed along thexas in the presence obﬁ% 0 (left); application of a radio frequency
pulse B and rotation of M in the »plane (center); removal ofiBnd return of M along-axis (right).

The return of the magnetization vector M from the perturbed configuration to its

original configuration is callednagnetic relaxation a phenomenon that is particularly
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important because it allows getinformation about the nanwmicrostructure of a system. In
fact, the physicalchemical environment around hydrogen atoms can alter the way in which M
returns to the equilibrium configuration.

The trajectory described by M during the process of rotation in thplaxne and
relaxation is illustrated ifrigurel4. It is observed that the magnetization vector returns to the

initial configuration with a complex spiral motion that extends in space and time.

A B C 4
N =
h e
{i T

Figure14: Initial equilibrium configuration of M along theaxis in the presendg | (ilhage A); rotation of M in the xy
plane induced by the application of @mage B); return of M along theaxis following the removal of B(image C).

From an experimental point ofiew, the instrument records the magnetic relaxation
phenomenon according to two mechanigfgurel15):
- spinlattice relaxation(longitudinal relaxation)mechanism by which the longitudinal
component of the magnetization vectog Mcreases over time; it is characterized by
the spinlattice or longitudinal relaxation time, a time constant knownias T
- spinspin relaxation (transverserelaxation) mechanism by which the transverse
component of thenagnetizatiorvector Mky is reduced over time; it isharacterized

by the spirspin or transverse relaxation time, a time constant known.as T
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Figurel5: Relaxation curve of the Mand Mky components of the magnetization over time during the magnetic relaxation
process describing the sgattice relaxation and thepin-spin relaxation, respectively.
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These two constantb: and T, although useful for describing the same phenomenon,
have different physical meanings. In faci, rélates to the exchange of energy between
(spin) and the surrounding environment (lattice) to bring the entire system to a condition of
minimum energy while T relates to the ordetisorder transition (entropy change of the
system). Although the instrument can track both longitudinal and transverse relaxation, for

purely technical reasons, tracking transverse relaxation, and thus measuisngdch faster.

Fanning out and the CPMG sequence

However, he T> measuremerpresents a littleéechnical problem. In fact, since it is not
possible to create a perfectly homogeneous magnetic field, the spins (magnetic moments) of
the various atoms will rotate with different frequencies. This means that, once they are flipped
onto thexy-plane, those that precede faster will return to the vertical position by travelling
(rotating) clockwise, while those that precede slower will do so by travelling (rotating)
counterclockwise. Thughe so-calledfanning outoccurs, which implies such a reduction of
the signal in thexy-plane that the instrument would not be able to record anythinthe
fanning outevent M fans out according to the different velocities of the magnetic moments of
which it is formed.To overcome this problem, the G#&turceltMeiboomGill (CPMG)
sequence is used, whidan be understood as a Hahn spiho sequence repeated several
times. After applying thenagnetic field B, which causes the rotation of M by 9@Yy4{plane),
and after allowing & i mte elaps a further magnetic field is applied, again alongxkaxis,
which causes the vectoo$ the magnetic momentéslow and fast) to rotate by 180° around
the x-axis (Figure 16). Sincethis rotation does not change thetation direction of the
magnetic moments arourm] the slow and fast magnetic moments will rejoin resulting in a
signal measurable by the instrument. At this moment, the Hahnegpia sequence is
concluded 90°-U180%Uecho(Figure17). In order to follow the entire relaxation procgss.
the fall of Mxy), it is necessary to apply times the B pulsein the x-direction (each one
separated by a time inteivg and rotate M a further 180Figure 18). After a further time0
from the reapplication of B the slow and fast signals will merge again allowing the
measurement of M as shown irFigure19. This is the secalled CPMG pulssequenced0°-

[ -0I80>U(echo)}. The CPMG sequence ends whervManishes (basically, it only neetts
reach about 2.5% of its initial valugAbrami et al., 2018)
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Figurel6: Threedimensional development of the Hahn spaho sequence.
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Figurel7: Schematic of thélahn spirecho sequence
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Figure18: Schematic of the CPMG sequence.
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Figure19: Time course of the signal intensity (FICFree Induction Decay) with the CPMG sequence (blue line). The
instrument records the intensity at the red dots (instants of reconnection of the signals corresponding to the slow and fast

magnetic moments).
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The value of the relaxation timexTs a function oftemperaturethe nmagnetic field
strength B, the lydrogenated fluid being analyzed (water, alcoktt), and the pesence of
solid surfacesin fact, f in the case of pure fluids, such as water, the decay (relaxation) of
Mxy is exponential, in the case of more complex systems such as gels, suspensions and living
tissue, for example, a single relaxation time is not sufficient to describe the relaxatign of M
and it is therefore necessary to consider a greater number. This resultdesdhption othe

decay of My asa summation of exponentials:
‘00 0Q

(1.49)

where t is time, I(t), also called FID (Free Induction Decay), denotes the ratio
Mxy (t)/Mo, T2i represents thd'itransverse relaxation time (or sgpin), while Ai denotes the
number of magnetic moments that relax with. From (1.49), one can define important
parameters such as the average relaxation timg,ahd the average value of its inverse,
(1/T2)m, and the percentage (in volume, moles or numbef) magnetic moments that relax
with Tai, Ais:

T, wB'-AT2i B A - =B BI'A A 510MBIA

(1.50)

The set of pairs [, Ais) is called the magnetic relaxation spectrum and matches the
mechanicatelaxation spectrunef, G) seen in the rheology overview.

Determining the parameters efy (1.49), i.e. the magnetic relaxation spectrum, as
already seen for the mechanical spectr@gn G), involves fitting eq. (1.49) to the
experimental relaxation datéitting, in turn, involvesninimizing the quadraticleviation ¢?),
which measures thidistance between the experimental data and the model represented by
eq.(1.49). The criterion used to statistically define the numbef exponentialappearing in
eq.(1.49), is identical tahat set out in the case of rheological relaxation. In fad,chosen
to minimize the product? 3;&, where 2 indicates the number of fitting parameters

appearing ireq.(1.49).

Surface effect onzh

Solid surfaces have an effect on the relaxation of the hydrogenated fluid analyzed by
LF-NMR and this is importanto obtain nanestructural information on the systernader

investigation For this purpose, we must consider the theory of Brownstein and Tarr
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(Brownstein and Tarr, 197,Ayhich aims to explain and simulate the effect of a surface on the
relaxation of m near the surfaceThis theory argues that the presence of paramagnetic
substances on the surface in contact with the fluid and/or the topological constraint of the
surface on the mobility (rotation) of the fluid molecules in its vicinity make the surface itself a
magnetizatiorabsorber. This means that in the presence of a solid surface hfdrogens of
solvent molecules (water in general) relax faster than those belonging to hydrogens of
molecules distant from the surface. The mechanical analogue of this situation is a bar
embedded rigidly in a wall. Imagine hittingy a hammerthe free end of a rod that is
embedded in the wall for a small fraction of its length. We will see that the rod will begin to
oscillate and slowly return to its equilibrium condition (rmstillating rod). If we repeat the
same experiment by embedding the rod in the wall for a much larger section of its length, we
will see that the oscillations will be smaller in amplitude and of greater frequency so that the
rod will reach the equilibrium position more quickihe rod that is moreonstrained in the

wall behaves qualitatively like the hydrogenated molecules near the surface, although the

principles governing the two phenomena (magnetic and mechanical relaxation) are different.
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Figure20: Hydrogenated molecules close to the surface (Z O a)
time Tzs. Hydrogenated molecules far from the surface (Z > a) are not affected by the surface akeddixasidwly with a
relaxation time T >> Tos.

From the solution of the magnetization diffusion equatBmownstein and Tarr derive

an interesting relationship between the parameters of the system under investigation:

1 Y W Yop D
T, . @ Y% WY Y

(1.51)

where S is the solid surface in contact with the volume V of hydrogenated molecules,
Top is the relaxation time of the hydrogenated fluid molecules in the absencé.ef the

relaxation time of fluid molecules far from the surfabe fifreed molecules), %wv denotes the
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fraction offifreed fluid (i.e. the volumetric fraction of fluid far from the surfacehile M is a
parameter called retavity. It represents the ratio between the thickness of the dgeof
molecules close to the surface (fismund molecules) and their relaxation timesT

To be precise, due to tliehomogeneity of B (as discussed earlier in connection with
the CPMG sequence), a third term ()T related to the movement (diffusion) of the
hydrogenated molecules, should appear on the-hghd side okqg (1.51). However, it can
easily be shown that, in general, as in this case, this term is negligible, being approximately
0.003% of 1/Bb( Kopal et al ., 2022)

Therefore eq. (1.51) tells us that the average value of the inverse of the relaxation time
is the volumeweighted average of the inversé the relaxation times 2§ of the fibound
fluid, and T2y, of the fifreed fluid. Since, usually, Xv ~ 1, eq. (1.51) is practically always
given in its approximate form:

1
T

v
-M i
m Y

(1.52)

Ferromagnetic effect onyk

A ferromagnetianaterial(such as ironcobalt andhickel) hasa magnetic moment even
at zero applied field and paramagnetienaterial (i.e. aluminum, platinum) haa magnetic
moment proportional to thapplied field.In fact, paramagnetism refers to materials which
become magnetized in a magnetic field, but their magnetism disappears when the field is
removed. Ferromagnetism refers to materials that can retain their magnetic properties when
the magnetic field is removetlecoming a permanent magrigdvth types of magnetismay
contribute to the net fieldxperienced by the nuclear sp{iiayler et al., 2019)

In fact, a ferromagnetic materialffects the relaxation times {I and Tm) due to the
alteration of the magnetic environment. For this reason, in the presence of ferromagnetic
substances, LINMR analysis does not yield nastructural information but instead

highlights the quantity of these ferromagnetic materials.
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1.3. Biomedical approach of the rheologicalcharacterization and the LF
NMR

Rheological analyses and INMR characterization are widely use different
biomedical areas, such as thedy of biomaterials (e.g. hydrogels)ith potential application
in the biomedical fieldpharmaceutical formulatiorend biological soft tissué¢lydrogels are
used asbiosensors, drug delivery vectors, and carriers or matrices for cells in tissue
engineering(Chai et al., 2017)Rheology and LAINMR are useful to understand their
mechanical behavior anthe complex structure of their polymeric networkdoreover
rheology and LINMR techniquesan evaluate thmesh size of hydrogelfesignedor drug
delivery. Rheology is also used to study biological soft tissue, in fact, tneichanical
behavio is a major concern in bioengineering and biomechanical resddacty. mechanical
models have been proposed to describe the behavior of soft t&sasy them, bain tissue
has beerthe most extensively studiedwvailable data on other soft tissues is comparatively
sparse and more recgnénal and hepatic tissuéicolle et al., 201Q)In this thesis we will
apply these techniques to the studybadlogical soft tissus, liver tissus, in healthy and
pathological conditionsgndalginatehydrogelsused asn vitro models that can mimic healthy
and fibrotic liver tissue mechanical behavior.

Recentlymy research group appliedeology and_-F-NMR alsoas a diagnostic tool in
alung diseasecystic fibrosis(CF). CFis an autosomal recessive disease caused by mutations
in a single gene, located on the long arm of chromosome 7, which encodes a transmembrane
gl ycoprotein named ACysti c rFaduloasti sChienrdaFs T
al., 2021) The airways are among the tissues with the highgsession of CFTR, hence
dysfunctional CFTR causes several alterations into airway secrefitwes.pathological
increase of proteins, mucin and biological polymers determines their arrangemenhiet® a
dimensional polymeric network, affecting the whole mudiese alteratiors lead to poorly
hydrate and hyperoncentrated mucus that impairs nmuailiary clearance favoring the
pathological invasion of microorganisn{$ildy and Rogers, 2015)These features of CF
mucus (hypeconcentration and dehydration) affect theology and themean relaxation
time (Tom) of water hydrogensf sputum samplesThe combined use of rheology ah#-

NMR has shown to be very usefuldtudythe nanostructure aride mestsize distribution of
the sputum from Clpatients giving synergic results from the determination of the mechanic
and magnetic relaxation spectfdbrami et al., 2021)Thesetechniques show also to be
useful toexplore the effects of chest physiotherapy on $ptum characteristicand to
monitor lungconditions(Abrami et al., 2022)Moreover obtaining a deeper understanding of
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the mesh length distribution @F sputum,is essentiafor drug deliveryln fact, e dense and
adhesive nature of mucus in CF airways presents a significant obstacle to drug delivery,
impeding drug penetration into lung tissues, thereby diminishing their effectiveriss.

ensure drugs reach their intended targets in the Juhgs important to deeply studthis
mucousbarrier.
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1.4. Liver fibrosis (LF)

Liver

The liver is thelargest solid organ in the human boalyd haswo major sources of
blood supply, namely the portal veiwhich bringsvenous blood from the intestine and
spleen and the hepatiartery which brings arterial blood from the celiac axihe liver is
encapsul at ed bapsuletchmgposed loi cormectivé sissuand divided into
microscopicpolygonal sections called lobuleshich are also separatég connective tissue
(Acharya et al., 2021)Each lobule has a characterigtiexagonalstructurewith the central
vein in the center and in the edges the hepatic portal vein, hepatic artery anddbititsry
Hepatocytes arthe main parenchymal cells and are responsible for a large proportion of the
liver function such as detoxification of xenobiotics, ur@ale and the synthesis of plasma
proteins In the lobules, the hepatocytase arranged in rows radiating outwards from the
central vein, toward thedge of thdobule (Figure21). The gaps between the hepatocyte rows
are known as sinusoids which are lined with endothelial ¢iWsr sinusoidal endothelial
cells- LSEC9, and contain Kupffer celléKCs, the resident macrophagesepatic stellate
cells (HSCs) ard extracellularmatrix (ECM) materialsuch as the non fibrogenic type IV
collagen.HSCs,KCs, LSECs,together withportal fibroblasts and neresident immune cells
constitutethel i v e r-parenchyroahcell fractioCampana et al., 202I)he kepatic portal
vein, hepatic artery and biliary tree are the major vessels feeding insinttsids and the
exchange of blood gasesjtrients and other signaling molecules occurs in the sinusoids

This elegantarrangemet of the lobulesis disturbed during liverfibrosis and is

completely damaged during cirrhasis
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Figure21: Structure of a liver lobule. Blood enters the liver lobules via the hepatic artery, which then forms hepatic sinusoids
that drain into the central vein. The portal vein is an additional source of blood, bringing natni@rgntigesrich blood

from the gastrointestinal system to the Ii&iood from tepatic artery and portal vemix in the sinusoidsThe sinusoids are

formed byunique endothelial cells, that are characterized by the absence of tight junctions, the absence of a recognizable
basement membrane and the presence of open fené&stpfer cells, which are phagocytic cells, are found within or below

the fenestrated sinusoidal endothelium (pictured here within the sinusoids). These cells serve important filtering function,
removing and processing antigens that arrive from the gastrointestinal tract. In the space of Disse (the space just below the
endothelium), there arextracellular matrix proteins anather stromal cells, including stellate cells and dendritic cells.
Hepatocytes form rowand ketween these rows the biliary canaliculi Breated(Adams and Eksteen, 2006)

Liver fibrosis

Interactingwith components of circulation arriving from the rest of the bdider is
exposed to injury of external agents, leading to the activation of the natural fibrogenic wound
healing response of the body. But a ldagn injury of liver components and a consistent
activation of the fibrogenic response results in the fiveosis (LF) LF resultsfrom chronic
liver injury of different etiologies. Hepatitis C Virus (HCV) infection, Hepatitis B Virus
(HBV) infection, metabolicassociated fatty liver disease (MAFLD) hereditary
hemochromatosigporphyriaand alcohol or hepatotoxic medicationabuseas well as non
alcoholic fatty liver disease (NAFLD) and its more aggressiveform nonalcoholic
steatohepatiti§NASH) areall liver diseasesvhich if not treated|eadto chronicinjury and
chronic liver diseases (CLD¢Mazza et al., 2017)ndeed,indifferent from etiology; if left
untreate these factorwill causethe developmenbof liver fibrosis andsubsequentlgirrhosis
which in turn can evolve intbepatocellulacarcinomaHCC).

During fibrogenesis crosstalk between parenchymal and -parenchymal cells,
activation of different immune cells and release of several inflammatory mediators take place,

resulting in inflammation. Excessive inflammation drives KSCtivation which plays a
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crucial role inliver fibrosis and in the ECM depositio(Khanam et al., 2021bHSCsare
mesenchymal cells which lie in thspace of Dissebetween the hepatic sinusoidal
endothelium and theows of hepatocytesThese cells araah in vitamin A, which is stored in
the form of retinol esters within cytoplasmic dropl@gtsedale et al., 2013Puring liver injury
HSCs encounter various morphological and functional changeansforming into
proliferative and ECMproducing myofibroblastsWhen activated to a myofibroblasike
phenotype these cellsproliferate, expressUsmooth muscle actif'-SMA) and secrete
fibrillar collagens(e.g. collagen l)elastin andECM proteinsto form a fibrous scafiredale et
al., 2013; Khanam et al., 2021&#s a result,in LF the composition and density of the
extracellular matrix (ECM) changmterfeling with hepatic functionNon-fibrogenic type IV
collagen is replaced bijbrogenic type | and Il collageandthere is additional secretion of
fibronectin, hySMA intodhe ECM(Azharyadet al.n2021)Moreover
studies have demonstrate that in cirrhotic livegside thelisproportionate increase in the
fibrogeniccollagers, there arancreases in laminirelastinsand proteoglycan@redale et al.,
2013)

The longterm fibrogenic response in liver and the modifications in the ECM ralsalt
in alterations in the mechanical propertiesto# liver tissue, such as increased stiffness. In
turn, stiffness mechanotransduction amplifies fibrogen@&istallari et al., 2022)Indeed,
hepatic stellate cells require a stiff environment for myofibroblastic differenti@itsen et

al., 2011) thus initiating a domino effect leading to impaired liver function.

Interaction ECMHSC

The transdifferentiation of HSCs into myofibroblasts results in ECM accumulation and

disrupts its remodeling, leading to an increase in ECM stiffness. allymentedstiffness
may play a critical role in the progression of fibrosis, as it is detected by surface receptors on
HSCs, such as integrins, which in turn activate cellular procéSséari et al., 2016)

HSCs activation is driven by the Td¥F Isignaling pathway, which ialso considered
the most relevant liver fibrogenic cytokine. Furthermore, FGEs linked to the ECMIn
factt TGFb 1 1 s s y rataterg mracurserdvithats prodomain and stored in the BEM
part of a large complext is activated by mechanicébrce that induce the conformational
changes of the latent complexd release of active T& The two main elements that
promote tle release of the activEGFb are the augmented contractiliby activated HSCs
and the increased mechanical streraftB CM due toits accumulation and consequent higher

tissuestiffness.Integrins are essential in this process, as they convey the actin cytoskeleton
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contraction force to thprodomain of thdarge latentinactive TGFb complexlocated in the
ECM. It follows that the interaction betwedfCM and the actin cytoskeleton through
integrins promotes the releaseTd~b from the latent TGH® b i prdteimcgmplexThe
activation of this pathway regulates the transcription of genes that allowaimenance of
the HSCéfibrotic state, drivingibrogenesis and ECM production througlidomino effect of
a paracrine activation of HS@Ortiz et al., 2021)

Extracellular matrix degradation during liver fibrosis

Abundantmatrix synthesis by myofibroblasts undeniably plays a significant role in the
development of fibrosis. However, evidence now suggests that fibrosis progression is also
influenced by changes in the pattern of matrix degradation.

In fact, & fibrosis advances, HSCs not only proliferate and secrete ECM proteins but
also modify the balance between metalloproteases (MMPs) and their inhiltitetssue
inhibitors of metalloproteinase@’IMPs). Even during progressive liver fibrosis, there is
evidence suggesting for matrix degradation primarily mediatddMi?s. MMPs are zinc and
calciumdependent endopeptidases produéedthe liver by hepatocytesHSCs KCs,
neutrophils, and recruited hepatic macrophagedMPs are meant to sustain tissue
homeostasis by degrading old proteins for renemdlactively target key ECM components,
including fibrillar and norfibrillar collagens, as well as elastin. Notably, the types of MMPs
expressed byHSCsand macrophages change with specific phenotypic alterations associated
with in vivofibrogenesis. Collagenases, a subgroup of MMPs, play a critical role in reshaping
fibrotic tissue by cleaving the native helix of fibrillar collagens, which converts them into a
gelatin form that is more easily degraded by other MMR& activity of MMPs in the
extracellular environment is tightly regulated at multiple stages to prevent potential damage
from these powerful proteases. This regulation occurs primarily at the gene level, influenced
by various cell signals including growth f 8
1 and TGFb 1 Moreover active MMPs can be inhibited by TIMPs, which are soluble
proteins that noncovalently bind to MMPs, effectively blocking their enzymatic function
(Iredale et al., 2013; Ortiz et al., 2021)

Fibrosis resolution

Largescale trials of antiviral treatments for hepatitis B and C provide strong evidence
that spontaneous resolution of liver fibrosis can occur in humans, demonstrating fibrosis

remodeling and a partial return to normal liver architecture. Some studies also suggest that

38



matrix remodeling may be possible even in advanced cirrhosis, though not all advanced cases
may be entirely reversible, leaving this area controvefisedale et al., 2013)

At the cellular level, the resolution of liver fibrosis always involves H&CEct, akey
defining feature ofthe spontaneous resolution of liver fibrosis is the apoptosis of
myofibroblastlike hepatic stellate cell§lredale, 2001) However,other studies have also
shown evidence of some phenotypic reversion to quiescence in thesgKissiideva et al.,
2012; Troeger et al., 201%igure2?2).
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Figure 22 Liver injury activates quiescent HSCs into activated HSC (liver myofibroblasts), leading to the secretion of
extracellular matrix proteins, such as fibrillar collagens. Repeated liver injury amplifies this process, ultimately riesultin
cirrhosis. In contrast, during the resolution of liver fibrosis, HSC can either undergo programmed cell death (apoptosis) or
revert to a deactivated state, which reduces p@uction(Iredale et al., 2013)

Metabolic disorders: NAFLD and NASH

The metabolic syndrome, linked tobesity and type 2 diabetes mellitus, elevate

cardiovascular risks and can lead to NAF{Azharya et al., 2021 NAFLD is characterized
by excessive fat accumulation in the liver, which is associated with insulin resistance. It is
defined by the presence of steatosis in more than 5% of hepatocytes as determined by
histological analysis or through imaging techniqu®AFLD includes two distinct
pathological forms: noilcoholic fatty liver (NAFL) and nofalcoholic steatohepatitis
(NASH). NASH exhibits a wider range of disease severity and can progress to complications
such assteatosisfibrosis, cirrhosis, andHCC (European Association for the Study of the
Liver et al., 2016)

Recently, theerm NAFLD is moving to the term MAFLDmetabolicassociated fatty

liver diseaseThe diagnosis of MAFLD is based on the presence of hepatic steatosis and at
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least one between these three conditions: type 2 diabetes mellitus, obesity or metabolic
dysregulation(Boccatonda et al., 2023lowever, in this thesis we will refer to NAFLD term.

NAFLD pathogenesis is complex but centers on the conversion of HSCs into
profibrogenic myofibroblasts via TGk signaling, whi ch regul
processes, including hepatocyte injury and fibr@&isharya et al., 2021Emerging research
suggests several genes and pathways, particularly in lipogenesis and inflammatory signaling,
areinvolved at various stages of NAFLD progression to NASH and Kl@©Cke et al., 2008;
Ryaboshapkina and Hammar, 201Zjnited proteomics studies emphasize the importance of
PPAR signaling, ECM interactions, and oxidative phosphorylation in NAFLD, indicating a
complex interplay of metabolic and inflammatory processes at (Var&n et al., 2020)

In fact, he accumulation of free fatty acids in the liver leads to the production of
reactive oxygen species (ROS) and oxidative stress, which are crucial in promoting fibrosis
through various pathways. Oxidative strggeventsthe replication of mature hepatocytes,
causing an increase in immature progenitor céllereover ROS contributes to fibrosis in
NAFLD and NASH by triggering the release of pnflammatory cytokines and transforming
cholangiocytegthe epithelial cells of the bile dus}into fibrogenic myofibroblastéKhanam
et al., 2021a)

NAFLD is reaching epidemic levels globally, affecting about 25% of the population and
up to 60% among obese and type 2 diabetes patients. NASH has a global prevalesfite of 2
and is associated with significant hepatic inflammation, fibrosis, and an increased risk of
cirrhosis and HCCRecently reported trends in the incidence of NAFLD over time suggest
that NAFLD will become the leading cause of end stage liver disease in the decades to come
(Acharya et al., 2021)

Iron metabolismn liver fibrosis

As we have already discussdiver fibrosis occurs as a result of an excessive wound
healing response to ongoing liver injury, disrupting liver structure and function, and is
commonly seen in untreate@LDs such as haemochromatosis, viral hepatfach as
hepatitis B and C), alcoholic liver diseg#d.D), NAFLD, NASH, and diabetesA common
feature of all these conditions that promate is elevated iron levelgKowdley, 2016)
indicating that iron loading may increase the risk of disease progression and worsen liver
pathology.

Iron is vital for normal physiology, but excess iron is toxic as it can enhance the Fenton

reaction, producing harmful ROS that damage cells and tissues. Maintaining iron homeostasis
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is crucial because the body lacks a mechanism to remove excess iron. Hepcidin; an iron
regulating hormone produced Ibgpatocytescontrols systemic iron level#t is released in
response to rising iron saturation of plasma transfdthie glycoprotein thatbinds and
mediate the transport of iron through blood plasmacreased hepatic iron stores, or
inflammation, and negatively feeds back to reduce iron availabititiact, lepcidinbindsto

and degradederroportin (the transmembranaron-exporter proteijy on the ironstoring
macrophages and hepatocytes, thereby reducing iron entry into circuldépaoidin also
decreases intestinal iron absorption by interacting with ferroportin on enterocytes and
downregulatinghe expression of divalent metal transpoB@®T-1 protein that mediates the

iron uptake on the apical surface of enterocytéiton et al., 2023; Mehta et al., 2019
deficiency or resistance to hepcidin due to genetic mutations can lead to hereditary
hemochromatosis, characterized by excessive iron absorgtmm the duodenum,
unregulated iron release from macrophaged deposition in various orgarmsdditionally,

excess iron is observed in sevenain-hereditaryliver pathologies, where it can accelerate the
progression of liver fibrosis to cirrhosis and hepatocellular carcinoma, regardldseade
etiology. In northereditary CLDsthe exact role of iron is unclear, raising questions about
whether iron overload is a cause, consequence, or mediator of disease pro@v=isiaret

al., 2019)

Thus, ron enhances fibrogenic responsesl is acofactor in the development of liver
damage In fact, in iron loading HSCs ativation and excessive ECM deposition are
cumulative consequencesf direct and indirect effect of iron on the HS(Qdehta et al.,

2019) For the first time, Ramm et.gRamm et al., 1997@emonstrated a correlation between
liver iron concentration(LIC) and HSG activation in humans, resulting in increased
ex pr es sSMAand cdllaged deposition in patients with haemochromatmsnimal
studies, tion raisedcollagen gene expression in HSCs and increaseddGFe x pr es si on
(Houglum et al., 1994)induced collagen deposition in gerijCarthew et al., 1991and
promoted cirrhosisn mice (Arezzini et al., 2003)Moreover, h rat HSCsiron increased
HSCs proliferation, selectively increased collagen syntl{€sisdi et al., 2002)and increased

e x pr es s-SB\Anandocbllagéh I(Bridle et al., 2003)Rat HSCs, when treated with
ferritin, demonstrated a prioflammatory cascade by nuclear factor kappaignalling
(Ruddell et al., 2009)In murine HSCs showed transferimducede | ev at I-SMA,s i n
collagen secretion and viment({Mehta et al., 2018)Furthermorg iron loading in CLDs
predominantly occurs in the hepatocytes and Kupffer cells, andsdipigors the indirect
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effect of iron on HSC#or whichiron-damaged hepatocytes amacrophages release humoral
factors that activate the K€S (Mehta et al., 2019)

In different studies, a correlatidretween excessive hepatic iron accumulation and liver
diseases, such adASH associated with increasdibrosis (George et al., 1998)HCC
developedn NASH (Sorrentino et al., 2009Elevated LIC is observed in about 33% of adult
NAFLD patients(Kowdley, 2016)and it is suggested to be associated with increased fibrosis
(George et al., 1998)

Moreover, ina recentclinical study serum ferritin(the main protein involved in iron
storage mainly found in the liverand spleen level was an independent factor predicting
advanced fibrosis in NAFLD participants in a nolmese Chinese populatiqiyao et al.,
2019)

A differentsituation occurs in obese patientsfact, desityhas been closely linked to
important perturbations in iron metabolism andassociated with iron deficiencyand,
eventually, to anemic stat€his is becausevery component involved in the main regulatory
pathway controlling hepcidin synthesis is exacerbated in obesity, including the effiasime
involved in the cleavage of the active foahthis peptide hormon@GonzéalezDominguez et
al., 2020) For this reason, giientswith obesity have higher hepcidin levelhich rise with
BMI. High levels of lepcidin reduceéheiron uptake by enterocytemdtherelease from iron

storing macrophages and hepatocytesulting in iron deficiencgHilton et al., 2023)

Diagnosis for liver fibrosis

Liver biopsyis the gold standard for the diagnosis of liver fibroditistochemical
staining can be used to stain the cells or the extracellular matrix proteins to identify liver
fibrosis. Common histological staining methods for liver fibrosis evaluation are hematoxylin
eosin staining. Moreover noninvasive techniques (e.g. elastography scanning) and
biomarkers (e.gplatelet ratioor transaminaseevels, such asaspartate amino transferase
(AST), alanine amino transferase (ALT) and gamma glutamyl transpeptidase)(GaaTe
applied for diagnosing liver fibros{Zhang et al., 2023)

In the EASL (European Association for the Study of the Liv&linical Practice
Guidelines on notinvasive tests for evaluation of liver disease severity and prognosis,
updated to 2021European Association for the Study of the Liver et al., 2081 liver
stiffnesscan bemeasured with magnetic resonance elastography and shear wave ultrasound

elastography techniques, thallow to estimate tissue mechanical properiiesvivo by
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exploiting the relationships between the viscoelastic properties of a material and its wave
propagation However,thereare several factors that affect the measuremé&htsseinclude
patientfactorslike the presence obbesity(due to the impact of abdominal wall thickness on
measurement accurggyfasting, blood pressure, positionomedications and co-morbidities

(Barr, 2018) Moreover, sft tissue rheology is very complex; soft tissues are nonlinearly
viscoelastic, inhomogeneous, and often anisotropic, and their apparent stiffness can vary with
the current loading stae:nd thewater conten(Bilston, 2018)

As an anticipation of the work presented in this thesis research group set out to
measure the mechanical propertddiver tissues using a different approach, tha wirect
measuremendf the mechanical behavior per meanstioé rheometerof liver biopsies
(permission of the university ethics committee obtained at its meetingl@?®22 record no.
126).This is a direct approach that-pgsses all the problems of @nvivo measurement and

permits an accurate mechanical characterization of the liver tissue.

Therapiedor liver fibrosis

Many treatments for liver fibrosis have been investigated in clinical trials, including
dietary supplementation (e.g. vitamin C), biological treatment (e.g. simtuzumab), drug (e.g.
pegbelfermin), genetic regulation (e.g. roding RNAS), and transplantation of stem cells
(e.g. hematopoietic stem cells). Howevatrthe present day, there are no drugs approved
either by theFood and Drug Administration (FDA) or by the European Medicines Agency
(EMA), hencethere is an urge to develdper antifibrotic therapes as well as amNASH
therapy(Kumar et al., 2021; Zhang et al., 2023)

Thus, current therapeutic options for liver fibrosis are to prevent the initial causing
factors for liver inflammation, hepatocyte cell death and oxidative s€essently, promising
treatments for liver fibrosis are still the preventive strategies, such as treatment of hepatitis
viral infection, inhibition of the progression of MAFLD and obesfiy.g. physical activity,
dietary changésuch as rediterranean diet aralorierestricted diet dietary supplementation
(such asvitamin C prebiotic$, and bariatric surgery)Unfortunately, the reverse of liver
fibrosis is slowly and frequently impossible for advanced fibrosis or cirrhosis. Liver
transplantation is the only therapeutic option for the late stage of liver cirrhosis and cancer
(Khanam et al., 2021a; Zhang et al., 20283 there is a disproportion between the high
demand and the low availability of livers for transplantaticrhosis is a major cause of
morbidity and mortality globally, imposing a heavy health burden on many couf®aaset

al., 2021) Globally, an estimated 1.16 million people die every year from liver cirrhosis
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beingthe 11" most common cause of dedthsrani et al., 2019)Hepaticfibrosis is therefore
associated with significant mortality and is therefore of particular interest to national health
systemgYan et al., 2021)

While we currently lack effective strategies for treating liver fibrosis;cprecal and
clinical evaluations for new treatments are essential. The development of innavatitre
models may enhance the discovery of compounds witHibndtic propertiesMazza et al.,
2017) Additionally, new delivery systems can improve the efficacy of treatments and
minimize therapy side effect&dditional clinical studies are also needed to confirm the safety
and effectiveness of treatments.

As an anticipationthis thesis presents & vitro model that mimics liver fibrosis tissue

and analyzesovel compoundto treat this condition.
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1.5. Alginate hydrogels asin vitro models for liver fibrosis

Thedevelopmenbf advancedn vitro models has the potential to significantly improve
the process of discovering new compounds that possedtoantic properties. By simulating
the fibrotic environment more accurately, researchers can better evaluate how different
compounds affect fibrosis and potentially identify effective treatments. These models can
mimic the biological conditions of fibrotic tissues, allowing for more precise screening and
understanding of the mechanisms by which these compounds work, ultimately leading to the
development of effective therapies fiwer fibrosis(Mazza et al., 2017)

On the other handedl cultures on traditional plastic surfaces offer various advantages:
they are relatively easy to set up and maintain, have been widely used for decades, and, for
this reason, they lead to wastablished protocols that facilitate reproducibility and
comparison between studies. Furthermore, they require few specialized pieces of equipment
and materials, making them more affordable. However, when considering cell cultures of
HSCs, these types of cultures on plastic surfaces present some limitations. Indeed, cells adopt
an unnatural flat and elongated shape when cultured on plastic, and a large portion of the cell
surface is in contact with the plastic. Moreover, the stiffness of the plastic material (> 2 GPa)
differs significantly from that of liver tissues (~2D kPa), whether physiological or
pathological. Ultimately, traditional plastic surfaces lack E€bdécific bioactive cue@azza
et al.,, 2017) All these disadvantages can affect the translatability of resulia tovo
scenarios. Faoall these reasons, we prepared hydrogel surfaces for cell culture to better mimic
the ECM environment and to resemble the rheological characteristics of liver tissue.

Usually, in vitro models for cell tests are designed with biomaterials that can mimic the
extracellular matrix. ECMsurrounds cells within tissues, providing mechanical support and
regulating cellular behavior by storing adhesion molecules, growth factors, and cytokines
(Ortiz et al., 2021)For this purpose, we hydrogel surfaces with alginate polymer.

Alginates arenatural hydrophilic polysaccharides made of lingaslymers typically
obtained by extraction from brown algad@h@eophycegeby treatment with aqueous alkali
solutions, typically with NaOHAIlginates can be synthetized also fromacteria such
asAzotobacteandPseudomonasAlginates are often the subject of research due to their
numerous advantages: biocompatibility, low toxicity, low cost, possibility of ionic gelation
(Lee and Mooney, 2012)

The structure of alginates is composedirédar copolymers consisting of blocks of D

mannuronic acid (M) and-guluronic acid (G) arranged consecutively (MMMM/GGGG) or
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alternately (GMGMGM) The content of M and @sidues can vary, which allows for a wide
choice of alginates with different mechanical propeiffagyst et al., 2006)

Only the Gresiduesof alginate engage in intermolecular crig&ing with divalent
cations (e.g. C4) to create hydrogelsresulting in an ionic crosslinkingith the typical
structureof e g g (Friguxe 23). Consequently, critical factors influencing the physical
properties of alginate and its resulting hydrogels include the composition (i.e. M/G ratio),
sequence, @lock length,and molecular weight. Typically, the mechanical properties of
alginate gels improve with an increase irblBck length and molecular weighfio obtain an
alginate hydrogel,hie process of gelation of the agqueous alginate solution is requitted
most common methodology uses ionic crosslinking agentscalcium ions,which only
interact with the Gnonomersforming intermolecular bonds betweereighboringpolymeric
blocks, resulting in a gdike structure Generally, ecalcium chloride solution (Cag}lis used
to provide calcium ionseven thought leads to immediate and therefore poorly controlled
gelation from a mechanical point of view. In fact, the gelation rate can vary the strength and
uniformity of the resulting hydrogéLee and Mooney, 2012)
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Figure 23. Alginate polymer chains crosslink with calcium ions, forming the typical egg box structure
(https://lwww.researchgate.net/figure/Téggbox-modetof-gelatiorrof-alginateby-calcium_fig3 312344348).

Alginate hydrogels are increasingly used as model systen2bfoor 3D-cell cultures.
Alginate alone would not allow cell adhesion as it lacks essential components for cell binding.
However, it is possible to add RGD peptide sequences for cell adhksibis way,alginate
hydrogels carmimic not only mechanically but also chemicallye microenvironment in
which cell live, grow, differentiate and interact with tB€M and one to each othén the
specific case of this thesis, alginates have been used for their ability to mimisdabelastic
properties of both physiological and pathologiocadr tissueand,therefore, for their influence

on how cells behave.
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1.6. Deubiquitinase (DUBSs) inhibitors

In this thesis, compounds with deubiquitinase inhibiting activity were took into
considerationThese compounds were synthesized at theofganic chemistry laboratory of
Prof. Benedettiand Prof. Fellugg¢Dipartimento di Scienze Chimiche e Farmaceutiche of the

University of Trieste).

Ubiquitin-proteosome syste(PS)

The ubiquitinproteasome system (UPS) is the major proteolytic system that controls
protein degradation and it regulates many cellular procesasek as cell cycle, DNA repair
and stresgesponse.The UPS is made up of specific enzymes that modify proteins by
attaching ubiquitin and 26S proteasonresponsible for proteolysis of ubiquiiagged
proteins(Park et al., 2020)This process can be divided into two parts, the first b&inB-
dependent and the second not relying on the ATP availaghlagdi et al., 2006)

Ubiquitination is a postranslational modification that influences protein function,
localization, proteirprotein interaction, and protein stability. The UPS regslqietein
homeostasisjnvolving the covalent bnding of one or multiple ubiquitin molecules to
promote proteolysis of a protein that is set todtieninated. Moreover, the UPS ano
degrade misfolded and damaged proteins,-ayale regulators, oncogenic proteins, and
oncosuppressor proteins, and to regulate antigens exprassidranscription factors activity
(Wertz and Murray, 2019)

The process of adding ubiquitin to a protein involves a series of steps with three types
of enzymes: E1, E2, and E3. Fitste ubiquitin-activating enzymes (E1) use energy from ATP
to form athioestetbond between thearboxyterminal ofa ubiquitin and a cysteine residue in
the E1 enzyme. This activated ubiquitin is then transferrethéoubiquitin-conjugating
enzymes (E2), where another thioester bond is formed. Finally, the E2 enzymes work with the
ubiquitin ligases (E3) to attach the activated ubiquitin to the target p(Et®ik et al., 2020)

Ubiquitin binds covalently to cellular target proteins through an isopeptide bond
between thecarboxytterminal glycine ofthe ubiquitin and¢-amino groups of lysins present
in target proteingShaid et al., 2013)

There are three types of ubiquitination, with the most common being
monoubiquitination, Lys48inked polyubiquitination, and Lys6élnked polyubiquitination.

The effects of ubiquitination differ based on tiype. Monoubiquitination enhances protein
identification allosteric regulation, and the formation of protein complexes. In contrast,
Lys48linked polyubiquitination signals for proteasomal degradation, while lis&8d
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polyubiquitination is nordegradative and contributes to cellular signaling and intracellular
trafficking. Forthis reason ubiquitin receptors possess multiple ubiquiiinding domains
(UBDs) that allow them to recognize various ubiquitin sigridevissen and Komander,
2017)

After ubiquitination, proteinsvith the opportune ubiquitinatioere degraded by the 26S
proteasome, a complex made uptleé 20S core particlavith catalytic activity, which is
covered by one or twb9S regulatory particle. THE9Scontrols the entrpf proteins into the
degradation machine, ensuring that only targeted proteins are deghadedt, the sub
complex 19Srecognizes and binds polyubiquitin chains with high affinity, thus enabling
correct recognition of target substrates. Thissoimplex consists of a series of Rpn protgins
among whichRpn1Q that contains two @erminal motifs that interact with ubiquitin and
cooperate to bind polyubiquitin chajiRpnl13 that binds to Lys48inked diubiquitin with
high affinity, and Rpnl1l1, a deubiquitinase (DUBs) responsible for the removal of the
substratebound ubiquitin chailefore they enter theroteosoméBard et al., 2018)

Deubiquitinases or deubiquitinating enzymes (DUBS)

The ubiquitination process is highly dynamic and can be reversed by the action of
specializedenzymes known assopeptidase. sbpeptidasexan be viewedas E3ligase
antagonistshowever, they havadditional functions, such as maturationutiquitinis. The
isopeptidase family includes deubiquitinating enzyifi®dBs), which in principle should be
specifically devoted tothe rupture of ubiquitin linkages (Cersosimo et al.,, 2015)
Deubiquitinases are enzymes that are mainly involved in the regulation of the ubiquitin pool
within the cell In fact, thedeubiquitination involves the removal of ubiquitthe disassembly
of ubiquitin chains to inhibit their signal anthe recycle of ubiquitin for subsequent
conjugation DUBs are a superfamily of cysteine proteases and metalloproteases that cut the
bond established between ubiquitin and protein. Their action is performed by hydrolyzing the
bond formed between the carboxyl group at thei@inus of the ubiquitin molecule and the
Bamino group of the Lys present on the protein. These enzymes are also involved in other
complex processes such as DNA repair, cell cycle regulation, genome stability, redox
regulation and apoptosi®/arca et al., 2021)Consequently, DUBslysregulation leads to
severe complications, including neurological disorders and cafgcgr mesotheliomas,
melanomas, renal cell carcinomagjoblastomas, ovarian carcinoma, breast carcinoma
(Antao et al., 2020; Snyder and Silva, 2021)
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At the level of the proteasome complex, the activity of DUBs is reqtoreegulate the
protein degradation arttlerecycling of ubiquitin molecules. In other cases, they are involved
in the remodeling of ubiquitin tails bound to target proteins in the procegsaafitinationin
which they stabilize erroneously ubiquitinated protein substrates by preventing their
proteasomealependentiegradation omodulate the amount and type of polyubiquitin chain
bound tosubstrate¢Bard et al., 2018; Snyder and Silva, 2021)

DUBs have three different mechanisms of action:

1 the generation/release of free ubiquitin (De Novo Ub Synthesis), where ubiquitin is
transcribed as a sequential chain of by the ribosome and the release of free ubiquitin is
generated by the DUBSs activity

1 the cleavage of polyubiquitinated chains, whBr&f Bs 6 c| eavage al ong
chainshasdifferent outcomeslepending on their locatiom this way, DJBs and E3
enzymes regulate protein degradation

1 the complete removal of ubiquitin chainghere proteins are stabilized and do not
undergo UPS degradationhd action of DUBs releases ubiquitin portions which go

through recycling to maintain théiquitin homeostasig-arshi et al., 2015)

DUBs can be distinguished into two major classes, cysteine proteases and
metalloproteasesvio s t DUBs catalyze a pr amnmodysygrbupc r e
and a carboxyl group corresponding to thee@ninus of ubiquitin.

DUBs, which are cysteine proteases, employ a catalytic mechanism based on the
catalytic triad consisting of Cydis-Asp/Asnto hydrolyze the ubiquitin bond3he activity
of the cysteine protease DUBs is dependent on whether the Cys residue contains an inactive
thiol (-SH) or reactive thiolate-$') group.Specifically, the Asp/Asn residubepolarizes and
orients the His residueThe His, depolarized by the aspartate, deprotonates the Cys,
converting its side chain from thiol to the reactive thiolate. iy, Hisacts first as a base
to Cys, activating it for nucleophilic attack on theyl carbon of theubiquitin isopeptide
bond After thiolate of Cys undergoes a nucleophilic attack on the isopeptide bond, there is a
formation ofa tetrameric intermediate, that is negatively charghed. The isopeptide bond is
cleaved as the amide group of the isopeptide bond deprotonates the Hys (that in this case acts
as an acid that damineagroapsof Lys), freeingtthe substraie fronmthe U
ubiquitin, which is still bound as an intermediate with tGgs. The mechanism proceeds
through the nucleophilic attack of a water molecule to the Cys acyl intermediate resulting in
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the release of the-@rminal carboxylate. The intermediate bond between the ubiquitin and
Cys is broken, reforming the ubiquitin monomer and thiolate (the enzyme is regenerated).
Finally, the ubiquitin monomer and substrate are released from the(Bjiler and Silva,
2021)(Figure24).

a Cysteine protease DUBs
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Figure24: Cysteine protease DUBs and metalloprotease DédBsyticmechanismgMevissen and Komander, 2017)

On the other hand, metalloprotease DUBs utilize a catalyti¢asit@spartate, a serine,
and two histidine residues) and a zinc ion cofactor to catalyze isopeptide hydrolysis. The zinc
ion is coordinated by the aspartate and the histidine residues. Once activated, a water
moleculeleads toa nucleophilic attacko the acyl group of the €@rminal of the ubiquitin
isopeptide bond. Consequently, there are the formaticm @dvalent intermediate and the
cleavage of the isopeptide bordbiquitin is released, and the DUB enzyme is regenerated

(Mevissen and Komander, 201(Figure24).

50



DUBs regulate various aspects of cell physiology, and defects in these processes have
significant clinical implicationsincluding cancerExamples of these dysregulations include
the BRCAZassociated protein 1 (BAP1), commonly mutated in mesotheliomas, melanomas,
and renal cell carcinomas; USP6 translocation in aneurysmal bone cysts; USP9X mutations
leading to developmental disorders and dysregulated expression in cancer; USP15
overexpression in certain glioblastomas, ovarian cancer, and breast cancer; and mutations in
cylindromatosis (CYLD). Given the role of ubiquitin mechanism components in various
cancers, inhibitors targeting DUBs are garnering attention from pharmaceutical industries,
with several candidates already identified as promising therapeugets (Antao et al.,
2020)

DUBs and liver fibrosis

Liver fibrosisprogression includalterations in the cellular phenotype ancell cycle,
which promote myofibroblast proliferation and the spread of fibrosis. Theditiagentiation
of HSCs into myofibroblasts during fibrogenesis is an epigenetically regulated process that
induces changes in gene expression that allow the cell to adopt its profibrogenic functions
including proliferation, migration and expression/secretion of large amouBtSMfproteins.

To acquire these functions, tradéferentiated HSCs must also undergo fundamental
alterations in protein turnover and paéstnslational regulatorye.g. addition of ubiquitin)
mechanisms that control protein localization and function.

Ubiquitin plays crucial role in thepathogenesis of CLD through dynamic post
translational modificatios exerting diverse cellular outcomes such as protigigradation
through UPS and autophagy, and regulation of signal transd{P#ok et al., 2021)ndeed,
it has been observed that ubiquitig@minal hydrolase 1 (UCHL1) is highly induced after
HSGCs activation, thus representing a potential therapeutic target for fibrosis. UCHL1
expression is highly upregulated upon HSC activation and is involved in the regulation of
HSCs proliferationNWilson et al., 2015)Furthermore, aecent study showed that ubiquitin
specific peptidase 9X (USP9X) regulates the IiGGF s i gnal i ng cascade b
highlighting its crucial role in fibrogenesisndeed, USP9X was found to be a critical
deubiquitinating enzyme for the stability and high activity of NR@ltransmembrane
receptor involved in the VEGf/ascularEndothelial Growth Factogignaling cascadeand
NRP1 deubiquitination mediated by USP9X enhanced H&ivation and liver fibrosis
NRP1 promotse HSC activation via the cytokine TGH 1 , VEGFA, -B& mdact,P DGF
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NRP1 influences HSC motility and migratiand NRPL gene that has been shown to be
particularly expressed in the liver of liver fibrosis patients and in the mouse fibrosis. model
NRP1 deubiquitination mediated by USP9X enhances $H8@ivation, implying that
targeting NRP1 or USP9X potentiates novel options in the treatment of liver fiiZbsis et
al., 2023) Moreover USP9X acts as a DUB f@&MADA4, promoting its association with
SMAD?2 and positively regulating TGE (Antao et al., 2020)

Therefore, the importance of DUBs as key regulaitoréver fibrosis has made them

attractive targets for the development of new therapeutic strategies.

DUBs inhibitors
The development and approval lmirtezomib, a drug that targets to@S, for treating

relapsed multiple myeloma and mantle cell ymphoma has opened the field to new inhibitors
targeting critical enzymes dJPS among which DUBs have gained interest as possible
pharmaceutical targe(€ersosimo et al., 2015)

Bortezomibi s a reversible inhibit 206catalyticcorbe b5
of the proteasome. This molecule causes an intracellular accumulation of unfolded or
misfolded proteins (mainly immunoglobulins) resulting in cell cycle arrest and activation of
apoptotic caspases, as well iasan inhibitory effect on the transcription factor {8FB .
Bortezomib has also been tested for gmential treatment of othecancers such as the
treatment of HCCIt showed an inhibitory effect on cell proliferation of HCC cell lines by
inducing a postranscriptionaldecrease in cyclin E1 with a transcriptiomakdiated decrease
in the transcription factdé2F1(Baiz, 2014)

However, side effects obortezomibhy represented by peripheral neuropathy and
thrombocytopenia(Field-Smith et al., 2006) prompted the development of new UPS
inhibitors In particular, DUBs are attracting particuktention due to their ability to make
the ubiquitination process reversible, so a therapeutic strategy based on their inhibition could
be an effective method for the treatment of several diseases, including liver fibrosis.

On the basis of the specific target selectivdyBs inhibitorscan be divided into two
classes: selective inhibitors, actiog a specific enzyme or on a limited nhumber of enzymes,
andnonselective isopeptidase inhibitors-8Ms), which in principlecan affect the activity of
several isopeptidases. The two classtsr different and complementary advantagéise
first class guaranteeadvantages in terms of selectivity when survival ofsgecific
diseasdlimor depends on a specific isopeptidase. Onatier hand, thesecond class,

affecting more enzymes and multipleathways, may offer advantages in terms of
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effectiveness ondifferent diseaseséimors. A subclass of 48lls includes molecules
characterized by he pr e s e ursaturated dieaoneUwjtthtwo sterically accessible
el ect r eabomnsl|thatccanbact ddichael acceptors to target nucleophiles, like the
catalytic cysteine of severaDUBs (Cersosimo et al., 2015hese molecules can form
covalent adducts with free thiols in active sites of cysteine DUBS, resulting in the inhibition of
the catalytic sit¢Santos and Moreira, 2007)

2C and DUDC3compound
The compound 2C(4-hidroxy-2,6-bis (4nitro benzylidene) cyclohexanone f2)as

synthetized n the laboratory of Prof Benedetti and Prof. Felluga(Department of
Pharmaceutical and Chemical Sciences of the University of Tyigstpure 25). Compound

2C is an irreversible noselective DUBs inhibitor, characterized by the presence of a
bis(arylidengcyclohexanone group which presents two potential binding sites for catalytic
cysteines ofcysteine DUBs. In fact, 2Cinhibited representative deubiquitinases with
micromolar IC50 (e.gUCHL1, UCHL5, and USPJ8(Cersosimo et al., 2015However,
cysteinedependent DUBs are not the unique target@ftut inhibition of the UPS is likely

the major component of the observed antitumor act(@igtti et al., 2018)

2C displays arOH group on the cyclohexanone ring in position 4, allowing further
modifications to the central scaffold, therefore, it consents to bond to an extended pool of
molecules to improve its delivery and pharmaceutical propetiesact, to improve 2C
solubility, its derivative DUDC3 was synthetized modifying thasition(Figure26).

Inhibiting DUBs, 2C impairs UPS causing the accumulation of polyubiquitinated
proteins, leading to proteotoxic stress and cell apopfGsissosimo et al., 2015; luliano et al.,
2022; Maddaloni et al., 20242C showed proapoptotic activity idifferent cancer cell lines
of glioblastoma and ovarian cancer c@llersosimo et al., 2015; Maddaloni et al., 2024)
Moreover, 2C is effective in downregulating the viability of primary ovarian cancer cells
isolated from patients and cultured in 2D and in organaius 2C is effectivealso in a
subcutaneous xenograft mouse model of ovarian cancer, ifMaadaloni et al., 2024)

Furthermore2C interferes the expression of the transcription factor EaFdember of
a family of transcription factors named E2Havolved in the regulation of cell proliferation.

In fact, 2Creduces ovarian cancer cell growdlso by downregulating the level of the
transcription factor E2F{Maddaloni et al., 2024)nterestingly,E2F1is an activator that can
promote HCOFarra et al., 2019nd LF(Zhang et al., 2014)
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Therefore, considering together themportance of ubiquitin and DUBsn the
pathogenesis of CL@nd LF(Antao et al., 2020; Park et al., 202)d the importance of the
marker E2F1 in LF2C seems to be a promising compound to test omltro models.

The mechanism of action of 2C involving apoptosis is interestiogn fact,apoptosis
seemsan important mechanism to reduite2 numbers of activated stellatells during the
resolution phase of hepatiibrosis. Activatedstellate cellsseem tobe more susceptible to
apoptotic stimuli than their quiescent counterp@remr, 2003) Activated stellate cells have
the capacity to undergapoptosis both spontaneously (e.g. the resolution pifesellate cell
activation (see paragrapth.4)) and by specific targeting withpoptotic agentssuch as the
compound 2C.

For all thesereasons we considered 2C and its derivative DUDGBe context of liver
fibrosis DUDC3 was considered because of its potenti-proliferative effects in ovaria

carcinoma cell§Maddaloni et al., 2024)

Molecular Weight: 380,36

Figure25: Molecular structure of 2C compound. The upper red arrows indicate two potential binding sites for catalytic
cysteines of DUBs enzymes. The lower red arrow display®©&ingroup that consents to bond to an extended pool of
molecules to improve its delivery and pharmaceutical properties.
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Figure26: Molecular structure of DUDCS3, a derivative of 2C compound.
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2. Aim of the thesis

Liver fibrosis (LF) is a chronic inflammation of the liver that can result from numerous
causes and, if not adequately treated, can progress to cirrhosis and eveepetbgcellular
carcinomaHCC). Clinical findings indicate that > 80% of HCCs develop in the contest of LF
or cirrhotic livers, suggesting an important role of liver fibrosis in the premalignant
environment of the live(Affo et al., 2017) Globally, liver fibrosis is associated with high
mortality, causingaround2 million deathseach yeafMarcellin and Kutala, 2018)lo date,
there is still agreat need to develop new therapeutic strategies to slow down or stop the
fibrotic process that would otherwise lead to failure of liver function.

The main aim of this thesis was to study novel drugs withfémttic potentialand the
role of the liver viscoelastic properties on the disease progre3sidhis end, we have used a
class of deubiquitinases (DUBS) inhibitors named 2C and DUDC3, we successfully employed
to down regulating the growth of ovarian cancer céNs&addaloni et al.,, 2024)To
characterize the therapeutic potential of 2C and DUDC3 we have considered three
experimentain vitro models: cell culturing on plastic dishes, cell culturing in 3D structures
(spheroids) and cell culturing on surfaces able to mimic the normal and pathological liver
viscoelastic properties. The use of plastic dishes have the advantage of the easiness of cell
culturing and of the further processing for cell phenotype and molecular effects
characterization; however this model cannot resemble the vistioef@operties of the
fibrotic liver (Mazza et al., 2017)hat are known to affect HS(phenotype. The spheroid
model has the advantage to explore the effects of the drugs in a 3D structure somehow
resembling the 3D structure of the liver, although with a simplified tissue architecture. Finally,
cell culturing on surface with the appropriatechanicaproperties of the normal and fibrotic
liver, consideedthese important variablein drug testingHydrogel sibstratesvere designed
to mimic the viscoelastic properties of the extracellular matrix of the healthy and fibrotic liver.
In addition, it was performed the theoretical evaluation of the work the cell is required to
perform in order to modify the substrate in the attempt of building up a proper nest where to
live. To realize hydrogels, it was decided to focus on alginate, a biomaterial, with excellent
peculiarities including biocompatibility and versatiliys very few data about human liver
viscoelastic properties are available in the literature, we have determined them in samples
obtained from normal and pathological livéxd. Silvia Palmisano, a bariatric surgeon at
Cattinara Hospital in Trieste, and Prof. Fabrizio Zanconati, the director of the Department of

PathologicalAnatomy at the same institution, kindly provitas the liver tissue biopsies
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(healthy and pathologicalNormal and pathological liver samplegere characterizetyy
rheology and Low FieldNuclear Magnetic Resonance NMR) (permission of the
university ethics committee obtained at its meeting-d2-22 record no. 126 hese types of
analysesallowed us an accurate study of the viscoelastic properties of liver tissue and the
evaluation of the iroontent in the tissue samples.

While the three models considered to test 2C/DUDC3 anti fibrotic potential have each
some limitations, taken together they can generate data with a significant predictive power for
studies performed in animal models of liver fibrosisthis regard the in vivo studies are
ongoing in the lab of prof. Truong Hai Nhung (University of Sciences, Ho Chi Minh City,
Vietnam) in the frame of the common projec:
financed by the Ministry of Foreign Affairs and International Cooperation (MAECPrah
GabrieleGrassi
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3. Material and methods

3.1 Rheological characterization

For this thesis, a HAAKE MRS Il (Thermo-Scientific) Figure 3) rheometer was
used, fitted with 20 mm diameter knurled plate system. The knurling is essential to prevent
possible slippage between the sample and the two parts of the measuring element. After
switching on the instrument, the working temperature (e.g.féGver samplesor 37°Cfor
gels and the correct approach of the two pl
carried out.

Before performing rheological testietplacement of the sample between the stationary
and rotating parts of the sensor is a crucial step. For systems that cannot be spread, such as
gels, the sample is first cut into a disc matching the sensor diameter, placed on the stationary
plate, and then the mobile part of the sensor is lowered until it contacts the sample.
Insufficient contact can result in inaccurate modulus values (typically lower than the actual
ones), while an excessively small gap can cause internal fractures in the sample, leading to
unreliable property measurements.

The optimal gap is determined through short Stress Sweep (sSS) tests, which involve
setting an initial gap value, measuring GB©6
sl ight decrease (~10% of t he peroornedwmithmthecd v a
linear viscoelastic region, typically at a shear stress rangéd®d and a frequency of 1 Hz.

The determined gap is then maintained for all subsequent tests.

Specifically, we employedchteetypes of oscillatory rheological examinations, namely
the stress sweg®S)test the frequency swegpS)testand the time sweep (TS) test.

The following parameters were used for 88measurement:

- shear stres$ = 1-1000 Pa,

- frequencyf = 1 Hz.

While the following parameters were used for B&measurement:

- shear strest =1 or5Pa, accordimigo t he wi deness of the sa
region,

- frequencyf = 0.1-:10 Hz.

The obtained data were analyzed by means of the generalized Maxwell model (see

paragraph.l.7).
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We used also the TS with liver samples, as an initial step to choose the correct
temperature for the analyses. In the time sweep the time is the variable, while temperature
(5°C or 37°C), frequencyl(H2) and shear stre$S Pa)are held constant throughout the test.

3.2 LF-NMR analysis

First, the instrument mustl'eubj ect ed t o a 6éDaily CheckE©
properly, and then the working temperature (37°C) can be set. After the sample has been
placed in its housing, analysis is carried out; the first measurement is usually a test to
understand the behavior of the sample; some parameters can then be adjusted such as the
number of points considered or the O6gainé,
reading to be modulate@enerally, the final signal intensity (FID) should be below 5% of the

initial intensity.

3.3 Liver sample preparation

Solid biopsies bhumanliver tissue(permission was granted by the University Ethics
Committee at the University of Trieste during the session on 01/12/2022, verbal reference
number 12p can be subjeet to rapid deterioration due to blood clotting. For this reason,
fresHy isolated humariver biopsieswere kept on ice until experimental analysis. Under a
laminar flow hood, pieces of adequate size were obtained for both rheological iNdR F
analysis.

For rheol ogical characterizati on, a spec
was employed to minimize water evaporation from the sar(falgure 27). This device
created an approximately watsaturated environment around the sample, thereby preventing
alterations in the rheological properties that could occur dweater evaporation from the
biological samplesS h o r t Str ess -5Pa)enverp than @erformed (o Eorrdctly
identify the valueof the distance (gap) between the moving and fixed parts of the seftkor
the procedure previously described in paragrdph The set temperature for rheological
analysisof liver samples was 5°@p prevent degradation of tlsample
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Figure27. Image ofalives ampl e pl aced in the rheometer, utili z

For the NMR analysis, the liver samples were placed inside an appropriate glass tube
and subjected to measurement. However, the liver contains a significant amount of iron,
which affects the relaxation times il and Tm) due to the alteration of the magnetic
environment. Indeed, iron is a ferromagnetic substance that can become intensely magnetized
in the presence of an external magnetic field and retain its magnetism for a prolonged period
after the field is removed, effectively becoming a permanent magnet. For this reason, in the
presence of ferromagnetic substances such as iron, cobalt, or nickéMRFanalysis does
not yield nanestructural information buyton the contraryhighlights theamountof these

ferromagnetic materials.

3.4 Cell cultures

Hepatic stellate cells (HSCs) are a major fibrogenic cell type that contributes to
extracellular matrix depositiofECM) during chronic liver diseas&#he HSCs cell lines used
asin vitro models in this thesis atbeLX2 andCFSC

LX2 derived from primary human HS@®nerated by immortalization with the Simian
Vacuolating Virus 40 (SV40ransforming antigen and subsequent propagation in low serum
conditions(1% fetal bovine serum, FBS). The phenotype of LX2 is most like that of activated
HSCsin vivo. LX2 have a fibroblastic morphology withspindleshapedorm. They express
h-smooth muscle actifh-SMA) under all culture conditionsyimentin, the intermediate
filament proteinglial fibrillary acidic protein (GFAP) key receptors regulating hepatic
fibrosis including platelet derived growth factPDGF)receptor (i PDGFR), and proteins
involved in matrix remodelingasmatrix metalloproteinas@ (MMP-2), suggesting thatX2
retain key features of transdifferentiated H3@ereforeLX2 must be regarded as at least
partially activatedeven after immediate replatingastilheFernandes et al., 2011; Taimr,
2003; Weiskirchen et al., 2013; Xu et al., 2005)
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CFSC cells are a spontaneously immortalized HSCs cell line derived from adult male
cirrhotic rat livers induced by carbon tetrachloride. In this thesis a subclones of CFSC was
used, the clonal cell line CFSZS. For simplicity, in this work we will always abbreviate
CFSCG2G in CFSC. CFSC cells have a fusiform fibroblastic morphology and express typical
HSCs markers including fibronectih;SMA, collagen |, and vimentin, in agreement with a
fibrogenic phenotype. Furthermore, CFSC are capable of uptaking and accumulating fat in
intracellular lipid droplets, that are other important hallmarks of HSCs, physiologically acting
as professional retinoistoring cell§¥Nanda et al., 2022)

Beside HSCs cell lines, we also considered WS1, human fibroblast cell line.

WSL1 cells are fibroblasts derived from skin. They grow adherent and in a fibroblastoid
form. This line was chosen because it has a phenotype that mimics rather well that of
activatedHSCs(myofibroblasts), largely responsible for liver fibrosis.

LX2 and WS1 cells were cultured in DMEMigh Glucose with sodium pyruvate
(Euroclone) supplemented with 100 U/ml penicillin and $§0ml streptomycin (Euroclone)
and 2 mM Lglutamine (Eurocloneand containing heainactivated FBS (Euroclone) in
percentage of 2% for LX2 or in percentage of 10% for WS1.

CFSCcellswere grown inrDMEM High Glucose(SigmaAldrich) supplemented with 1
mM sodium pyruvate SigmaAldrich), 100 U/ml penicillin and 100>g/ml streptomycin
(SigmaAldrich), 2 mM L-glutamine GigmaAldrich), and 10 % heabhactivated FBS
(SigmaAldrich). In the medium for CFSC cells were also added MI®M Non-Essential
Amino Acids (Gibco).

All the cell lineswere grown aB7°C in a humidified atmosphere &% CQ. Medium
exchange was conductedery second day and cells were subcultured using Accutase solution
(SigmaAldrich). The cell lines resulted negative for the mycoplasma test.

Cell lines were generously provided Byof. Ralf Weiskirchen.

3.5 Preparation of alginate gels
We preparechydrogelsurfaceswith alginate polymesuitable forcell culture to better
mimic the ECM environment and to resemble the rheological characteristics of liver tissue
Alginate SigmaAldrich) solution, was prepared by pouring the polysacchanigen
compl ete Dul beccods Modified Eagle Medium
alginate gels. For the formation of the alginate gels, we used a calcium chloride -(Sigma

Aldrich) solution, which provides the divalent ions that act as gelling agent. The calcium
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chloride, in its solid granular form, was sgbllizedin Phosphatduffer Salin (PBS) tgetthe
required concentration (the range of concentrations usefl md/ml of calcium ions).

The formation of the gel is contingent upon finding the optimal balance between the
concentrations of alginate and calcium chloride solution to replicate physiological and
pathological stiffness of the liver tissue. The selected alginate concentrations are 2% and 3%
m/V solutions. These specific concentrations were chasethe basis ofheological test
results, which confirmed the attainment of the targeted stiffness, nametiesivedshear
modulus (G).

To promote cell adhesioon alginategel surfaces, it was necessary to add some ECM
element, such as fibronectin (Sigiakdrich), collagen | (SigmaAldrich) or Geltrex (Gibco).

These elements were added to the alginate and mixed in a proportion of 1:10, ECM element to
alginate. More in detail, the mixed solution of alginate and ECM elements (fibronectin,
collagen I, or Geltrex) was placed in-24ll plates and crosslinked with a calcium chloride
solution for 5 minutes. Afterward, the calcium chloride solution was removed, and the
alginate hydrogels were used as culture surfaces for LX2 cells, which were seeded at a density
of 60.0 * 1C° cells/well

3.6 Isolation and Culturing of Primary mouse Hepatic Stellate Cells

(mHSC)
In the RWTH Aachen University,rimary HSCs fromwild type adultmice (B6/JF

(Plin5)tm) were isolatedy pronase andollagenase perfusion as descritbydNevzorova et
al., with the modification thaanimals were sacrificed before cell isolatiddevzorova et al.,
2012) The liver tissuevashomogenized ahdigested in a solution containing DNase |. The
resulting cell suspensions were filtered through a ngloainer centrifuged and washed in
Gey's Balanced Salt Solutiq®BSS) HSGs were further purified by a singigtep density
gradient centrifugation witi4.8%6 (w/v) Nycodenz (AxisShield Pointof-Care Division).
HSC were collected by aspiration of the white top layer of the gradient.

Freshly isolateanHSCswere cultivatecat 37°C in 5% CQ in DMEM High Glucose
(SigmaAldrich) supplemented with 1 mM sodium pyruvatgsigmaAldrich), 10 % FBS
(SigmaAldrich), 100 U/ml penicillin and 106g/ml streptomycin $igmaAldrich), 4 mM L-
glutamine SigmaAldrich).
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3.7 Cell counting and vitality assay

To evaluate the morphology and the viability of cultured cells and the number of cells
that have to be sown, it is necessary to perform an examination by optical microscope (we
usedNikon Eclipse TS100

Trypan Blue Exclusion Test of Cell Viabilitis the most common methodsed to
determine the number of viable cells present in a cell suspefisyan Blue Figure28) is a
960 kDa molecule that is cell membrane impermeable, therefore viablewdtillsntact
membranes do not take up this dye. However, Trypan Blue can enter in dead cells with
compromised membraneBhe dye exclusion test is based upon the concepvitiale cdls
excludethis impermeabla@lye, whereas dead cells do néfter entering in the cell, Trypan
Blue binds to intracellular proteins giving the cells a blue color. This test enables to enumerate

the viable unstained cells and the dead blue cells in a given population.

NHz OH OH NH;
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Figure28 Trypan Blue littps://www.sigmaaldrich.com/IT/en/product/sigma/t6)L46

In this test, a cell suspension is simpijuted 1:1with an equal volume of 0.04% of
Trypan Blue solution in 1X PBS (NaCl 137 mM, KCI 2.7 mM,2NBOQ: 8.1 mM, KHPQy
1.47 mM, pH 7.4). Then, it is possible to perform a cell counting loadingl b5 the cell
dilution with the dye i n-Optéch) @ dlsserking under then g ¢
optical microscope.

After several independent cell counts, it is possible to obtain the number of cells in 1
milliliter of the initial suspension using the following formula:

WQ@E £ zczp T

where n is the mean of the independent counts, 2 represent the dilution factor of Trypan Blue

and106i s the conversion factor of Thomadés char

3.8 3D cell culture system
In 3D cell culture systems celestablish connections with magher cellsand with
extracellular matrix component® contrast to what happen in classical 2D monolayer culture

systems. Spheroids, an example of 3D culture system, perngiené&vat tissuelike cellular
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aggregates fahe measurement of biomechanical properties or for molecular and biochemical
analysis in a physiologicallselevant mode{Foty, 2011) In particulay we used cell spheroids
to examine the ability of DUBs inhibitors to diffuse in a system with ECM components, by
means of a cell viability test designed for 3D cell cultures (CellTiter assay, see paragraph
3.15. This procedure was conducted in the laboratory of Prof. Flavio Rizzolio in C.R.O.
Aviano and with Dr. Salvatore Parisi.

3D spheroidswere preparedby encapsulatind-X2 within collagen | (from rat tail,
Servg and using the method of hanging drops. Firstly, asmiitionwith final concentration
of 2 mg/ml collagen land pH~ 7.4 was prepared he pH was measured with a sterile litmus
paper and corrected using NaOH 0,1 M. Single drops of thicakdigen solution containing
2.0 * 10 cells/each were placed on the bottom of the wells of -wé&b plate. Each well
contained a single drofphe drops wereallowed to solidify by placing thplate upsidedown
into a standard cell culture incubator (37° C) for a periodOofmthutes.After that, culture

medium was added to the wells.

3.9 Dil Labeling of cell membranes

FAST Dil oil (Invitrogen)is lipophilic fluorescent tracer thakoes not appreciably affect
cell viability, development, or basighysiological propertiesAccording to the manufacturer,
it is weakly fluorescent in water but highly fluorescent and quite photostable when
incorporated into membrane®nce applied to cells, thdye diffuses in the cellmembrane,
resulting in staining of the entire cebil exhibit orange fluoresceadhathighlight the cells
and their morphology

The cells wergreparé in a serurdree culture mediumsuspensionSerum proteins and
lipids should be removed from the medium because they may bind the dyes and reduce the
effective dye concentratioifhen, we ddedthe dye to the cell suspension to achieve a final
dilution of 1:300 We mixed by gentlepipetting and ncubate at 37°Cfor 15 minutes The
stained cellsvere separatettom the staining solution by centrifugation @00 rpm for 5
minutes.Then we emovel the supernatantesuspend the cells in fresh medium at 37
seeded on alginate substrgpespared irl2-well plate at the density df20.0 * 10° cells/well.

We used this labeling to monitor the viability of the cells when cultivated on alginate
substratesThe observation dhe cellslabeledwith Dil dye was carried out usinghénverted

microscope (Leica DM IRB)

63



3.10 Morphological analyses

HSCs during their pathological activation undergo a moifpheotional modification
that leads them to assume a more elongated myofibroblastic morphology than the stellate
form that characterizes them under physiological conditions. Morphological analysis of LX2
may therefore be useful to discriminate active from inactive HSCs. To this end, a
morphological analysis of LX2 cells grown on alginate gels and labeled with Dil, was
performed using ImageJ, an opswurce software commonly used for analyzing microscope
images. This software allows segmenting single cells and achieving different shape
parameters, such as the cell perimeter and area. Single cells were analyzed by ImageJ to
obtain the circularity (C) and the aspect ratio (or elongation, AR), twaaked shape factors
useful for describing the degree of cell elongation. Specifically, circularity is a parameter
indicating how much the cell contour resembles a perfect circle. It ranges from 0 to 1, with 1
indicating a perfect circléFigure29%). Ci rcul arity i s Zewhereleis s ed
the area of cell and P its perimeter. Elongation (or aspect ratio), on the other hand, is obtained
from theratio between the majda) and minor axigb) of the ellipse that best describes the
cell contourAspect ratio is expressed by AR = gHgure29a). The higher this ratio is (and
therefore the greater the major axis is than the minor axis), the more elongated the cell will be
(Yu et al., 2013)

LX2 cells were labeled with Dil and seeded on plastic, Alg 2% gels (containing
fibronectin in 1:10 with alginate) or Alg 3% gels (containfiigonectin in 1:10 with alginate)
in 6-well plates. Cells were seeded with a density of Y’ddlis/well. After 24 hours from
seeding, cells images were taken with fluorescent microscope and analyzed with FoageJ.
each condition analyzed, 300 cells from 5 pictures were analyaexbtain AR and C values
in ImageJ, the cell images were initially converted from the RGB-@eeGreen) format to
the 16bit (greyscale) format to have a clearer recognition of the background. This makes it
possible to convert the 4fit image into a binary image, i.e. with only two colors: white (with
a pixel value of 255 and referring to the cell form) and black (with a pixel value of 0 and
referring to the background). From the binary image, the program is able to recognize the cell

contour and thus calculate its circularity and elongation.
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Figure29: Schematic representation of the aspect ratio, here indicated as EL, and Circularity, indicated as C.

3.11 Deubiquitinase ©UBSs)inhibitors compounds

The 2C compound(4-hidroxy-2,6-bis (4nitro benzylidene) cyclohexanone 23
characterized by the presence dfis(benzylidenecyclohexanone) group which presents two
potential binding sites for catalytic cysteines of deubiquitinating enzymes (upper red arrows,
Figure 30). Moreover, it displays arOH group on the cyclohexanone ring in position 4
(lower red arrow,Figure 30), that allows further modifications to the central scaffold
(Cersosimo et al., 2015)

NO,

2C
Molecular Weight: 380,36

Figure30: Molecular structure of 2C compound. The upper red arrows indicate two potential binding sites for catalytic
cysteines of DUBs enzymes. The lower red arrow display®&ingroup that consents to bond to an extended pool of
molecules to improve its delivery and pharmaceutical properties.

A chemical derivative of 2C was also used. This compound is called DYBESSE)

3,5-bis[(4-nitrophenyl)methylidenefi-oxocyclohexyl N-(3-aminopropyl)carbamate (trifluoro

acetate salt)), and it possesses a small positive chain instead©Htigeoup Figure31).
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Figure31 Molecular structure of DUDC8ompound, a derivative of 2C

Another compound used is VVI((2E,6E)}2,6-bis[(4-nitrophenyl)methylene}-
hydroxycyclohexang] an inactive form of 2GFigure 32). The reduction of the carbonyl
group of the cyclohexanone rintp hydroxyl groupleads to the loss of the activity of the
original compoud (because there are no mdpending sites for catalytic cysteines of

deubiquitinating enzymégstherefore it was utilized as a control in thgeriments performed.

Molecular Weight: 382,37

Figure32 Molecular structure of VV1 compound, a derivative of 2C.

These compounds wemg/nthesized at the biorganic chemistry laboratory of Prof
Benedettiand Prof. FellugaDipartimento di Scienze Chimiche e Farmaceutiche of the
University of Trieste).

To test these compounds, the c&lisre seeded imulti-well plates of different sizes
After 24 hourscells weretreated with thecompound of interest and finally tested through
different assaydn particular after weighing each compound tsteck solution was obtained
by dissolving them in DMSQdue to the hydrophobic nature of 2C and its derivatinder
this step, a dilution in nenompleteDMED was performed to obtain the desired compound

concentrations (6,1,2,4and1 0 ¢ M) in wells where cells ha
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3.12 Cellular uptake test with fluorescent compound2C-Fl)
We used2C compoundabelled by fluorescein (2€l, Figure33) to evaluate the uptake
of 2C from LX2 cells.1,5 x 10 LX2 cells/well were seeded on glass slides -well plates.
24 hours after seedi ng,2CH.Atldiffesentwneeringervdlsyrcellat e d
were fixed in 4% paraformaldehyde (PFA, Sigiddrich) and stained with DAPI. Images

were then taken by a Leica DM2000 fluorescence microscope.
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Figure33: Molecular structure of 2C compound labelled by fluoresceinKBC

3.13 MTT assay

MTT assay is a quantitative test used for assessifiglar metabolic activity as an
indicator of cell viability proliferation, and cytotoxicityT his colorimetricassay is based on
the reduction of a yellow tetrazolium salt -@5dimethylthiazol2-yl)-2,5
diphenyltetrazolium bromide or MTT) to purple formazan crystals by metabolically active
cells Figure 34). Indeed the viable cells contain NAD(PYdependent oxidoreductase
enzymesat the mitochondrial levelvhich reduce the MTT tdehe insolubleformazan The
formazan crystals aréissolved usinglimethyl sulfoxide(DMSO) and the resultingolored
solution is quantified by measuring absorbantbe absorbance measured dgectly

proportional to the mitochondrial activity of the cells and thus totimber of viable cells
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Figure34: Reduction reaction of MTT to formazan by mitochondr@luctase enzymes
(https://www.ncbi.nim.nih.gov/books/NBK144065/figure/mttassayg.F1/

Regarding DUBs inhibitors treatments, LX2, WS1 and primary mHSC were seeded at

5.0 * 1C cells/well in 96well plates. CFSC were seeded at 1.0 # délis/well because of
their high proliferative rate.

MTT salt was solubilized in PBS, obtaining a yellow solution with concentration of 4
mg/ml, and wasdministered to the cell cultures at a final concentrationdofr@/m. After 4
hoursof incubation in the darkin an incubatolat 37°C the cell mediumwasremoved,and
the formazan crystals formed inside the cells were solvé&M8O. Absorbance (Abs) was
then read ab70 nm using a multiwell spectrophotometdiSpectraMax Plus 384 Molecular
Devices).

Cell viability percentage in calculated using the following formula:

AP 1 Q0@ i
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We calculated also IC50 gl maximal inhibitory concentratigmlotting x-y and fiting
the % of viability with a straight linelC50 valuewasthen estimated using the fitted line, i.e.,
(oL I8 VRN | QAW (&)
B2

3.14 PrestoBlue assay

Another test that has been used for the determination of viableiselle assay
involving the PrestoBlueHS Reagent(Therno-Scientific) a resazurirbased solution to
quantitatively measureell viability by using theenzymatic activityof living cells. Resazurin

is a nontoxic, cellpermeablenonfluorescentplue-colored compound/Vhen added to cells,
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theresazurins modified by the reducing environment of the viable telesorufin, a redni

color, highly fluorescentcompound Figure 35). This change can be detected using
fluorescence or absorbance measuremdntsontrast to MTT test, PrestoBluwpes not
require cell lysis After the assay, it is possible t@emove the reagent from the cells and
replace it with growth medium for further proliferatioim. particular, we measure the cell
viability with PrestoBlue assay in the experiments where cells were seeded on alginate
hydrogels. In these experiments was not possible to use MTT assay, because of the difficult

solubilization of formazan crystal over the hydrogels.

Viable cell

reductase
enzymes

HO\Q:O (o] HO. (o) (0]
J T L
; v
Oe
Resazurin Resorufin

Figure35: Reductases of viable cells reduce resazurin resulting in the formation of its highly fluorescent metabolic product
resorufin(Csepregi et al., 2018)

To carry out the assalyX2 cells wereseeded on alginate substrates prepared-iwet
plate at the density @00 * 10° cells/well PrestoBle reagentvas added in 4:10 proportion
compared to the medium that was already present in the wellgftendl hourof incubation
at 37°Cthe multiwell plate was scanned throughspectrophotometer (TECAN Infinite

F200) using535 nmas excitation wavelength and @5 nmemission wavelength.

3.15 CellTiter assay

The CellTiterGlo 3D Cell Viability Assay(Promega)is method to determine the
number of viable cells in 3Bpheroids, because the assaggent penetrates large spheroids
and has lytic capacityfhis 3D assay reagems$ based on quantitation of the ATP presand
generates a luminescent read®IfP is a marker for the presence of metabolically active
cells

According to the ma mnuHisaasshyutheereagest wasndsectly u c t
added to cell medium of 3D culture systems with LX2 cells (see parat8phrhen we

mixed by shaking for5 minutesand ncubate for 25 minutes aroom temperatureThe
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incubation of the reagemesuled in cell lysis and generation of a luminescent signal
proportional to the amount of ATP presewhich is directly proportional to the number of
viable cells present in culturdVe recorded luminescence with a luminomefBEGAN
Infinite F200.

3.16 Protein extraction

Protein extraction is the first steppgooceed withprotein analysisvith Western Blot To
perform protein extraction RIPA Lysis Buff¢Millipore) was used This buffer efficiently
lyses cells and tissues, solubiliggroteins, and protesthem from degradation during the
extraction proces®8efore the using, it is necessary to dilute the RIPA buffer 10X with water
(9 parts of water and 1 part of buffebhen, he dilutedbuffer solution must rest at 4°C for 2
hours After the incubation it is necessary to apiebtease inhibitor (SigmAldrich) and
phosphatase inhibitor (Sigr#ddrich) in proportion of1:200 with the buffer solutionfor
each inhibitorAt this point the RIPA diluted buffer is ready for the using.

To obtain protein extracts, 1.5 * 3 6ells/well were seeded onvéell plates. At the end
of the treatments with DUBs inhibitors, cells were collected by centrifugation at 1000 rpm for
5 minutes and rinsed with PBS 1X. After that, cells were lysed Withd of &IPA diluted
buffer for everyl * 1P cellspresent in the pellet. We incubated the samples with RIPA buffer
for 15 minutes on ice. After that, a -Winute centrifugation at 13000 rpm and 4°C was
performed.At the end of the centrifugatiothe supernatant was collected into a newetub
Protein extracts were quantified by the Bicinchoninic acid assay (BCA assay) and then stored
at-80°C.

3.17 Protein extracts quantification by BCA protein assay

The protein content of protein extracts was determined by the Bicinchoninic acid assay
(BCA assay), which is amndirect spectrophotometric techniqumased on two different
reactionsFi r st | vy, the peptide bonds fiomthe¢ Gu8® pr ot
solution toC u, under alkaline conditons The amount of Cu] reduc
amount of protein present in the solution. Next, two molecules of bicinchoninic acid (BCA)
chel ate with each -Coloredcomplaxthat Stronglgnabsogos lght gtar p |
wavelength of 562im (Figure 36). Becausef this property, the resultant absorbance at 562
nm is directly proportional to the protein concentratibhe amount of protein present in a
solution can be quantified by measuring the absorption spectra and comparing with protein

solutions with known concentrations.
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Step 1:

Protein + CL#* ——= Protein + Cu*

Figure36: Two reactions of the BCA assay
(https://nfsc4500101groupa.weebly.com/uploads/5/1/2/4/51240965/2154981_prig.gif

In this test, standard solutions of Bovine @arAlbumin (BSA 2 >g/ml; Therme
Scientific) were prepared to obtain a calibration curve in order to determine protein extract
concentration. Tie working solution for the colorimetric reactiowas composeddy mixing
two reagentsreagenfA andreagenB (Pierce BCA Protein Assay Kit$hermaScientifig), in
the proportion 50:1

2 >| of each standard solution and protein sample, considered in duplicate, were mixed
with freshly prepared working solution, plated in\®86ll flat-bottomed plates and incubated
at 37°C for 30 minutes. After the incubation, the absorbance was measured at 562 nm using a
spectrophotometer (SpectraMax Plus 384 Molecular Devidés). concentration of each
protein sample was determined by means of the calibration curve.

3.18 SDSPAGE electrophoresis and Western Blot
SDSPAGE is a technique thallows proteins to be separated according to their

molecular weight, exploiting their electrophoretic mobilithe electrophoretic mobility is a
specific property that permits molecules to be separated based on molecular weight,
conformation, and molecular charge. In SBSGE, the chemical denaturant Sodium
Dodecyl Sulphate (SDS) is added to protein to remove protein structure and turn the
molecules into an unstructured linear chain. Moreover, it binttsthe same stoichiommstto

all proteins and gives them the same negative chémginis way, the proteins move in an
electric field towards the positive pole and with different speeds only depending on their

molecular weight, because the conformation is denatured, and the negative charge is the same
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for all the proteins. After electrophoretic separation, specific proteins can be identifying by
Western Blot analysis, in which proteins are transferred to a membrane and then incubated
with antibodies specific to the protein of interest.

In particular, he gelpreparedor SDSPAGE electrophoresisonsised of two parts, the
so-called stacking gel and the running,gelspectively with 4% and 12% (w/v) of acrylamide
(29:1, acrylamide:biscrylamide).The gelwasfixed to a suitat® support(Invitrogen) and
immersed in th&kunningBuffer (0.125mM of Tris-HCI pH 83, 096 M of glycine and (6%
of SDS) 30>g of protein extract were added with Loading Buffer NUPACGE LDS Sample
Buffer, ThermaScientific), denatured at0°C for 10 minutes, and loaded in the wells of the
gel. The electrophoretic ruwas performed with an electric field of about 14 V/cm.

After that, the proteinswere transferredrom the gel onto the.2-e m ni t r oc el |
membrane (Schleicher & Schuell) by exploiting the electrical potential created by-drgemi
trandlot apparatus (Bidrad).To carry out this procedurdyg membrane and 6 sheets of filter
paper of the same size and corresponding to that of the gel are hydratednaitkfarBuffer
(60 mM of Tris-HCI, 40 mM ofglycine containing0.05% SDS and 10% methahoAfter the
assembly of sandwich with gel, membrane and filter sheets, protein transfer was performed
using electric field of 1 mA/cm for about 1 hoembranes were then stained with Ponceau
S. (SigmaAldrich) to evaluate the transfer efficiency and then blocked with 5% dfefat
dried milk. Subsequently, membranes were incubated with the primary antibodies of interest
and thenwashedtwice with PBS containing 0.1% Tween 20 (TBSTDbgforethe incubation
with the secondary antibodyconjugated with horseradish peroxidas@HRP). Finally,
membranes were washed thrice in TBST and incubated with the sulStrpgrSignal West
Pico Chemiluminescent Substrate; Ther8mentific Pierce) The HRPenzymecatalyzes the
oxidation of the substraieading to a chemiluminescence reactibhe measurementf the
chemiluminescenprotein bands was carried out using the Chemidoc XRS instrument (Bio
Rad),followed by the quantification wituantity One software.

Anti-GAPDH or antH -actin antibody vere used as thdoading control. The primary
antibody specifications and conditions of use are reported in thebelole (Table1). The
secondary antibodies used are Goat-Biause IgG 8143Q ThermaScientifig and Goat
antrRabbit IgG (31460; ThermeScientifi. Both are conjugated with HRP and were
incubated for 2 hours at RT with the dilution of 1:5000 in 2,5% milk in TBST.
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Tablel:Anti bodi esd6 specifications. ON indicates Over Night.
) ] Cat. Number; o . )
Primary antibody Dilution Incubation | Secondary antibody
Producer
) ) 1:1000 ) )
PARP 9532; Cell Signaling ) o ON at 4°C Goat antirabbit
in 25% milk in TBST
) . . ) 1:1000 . .
Fibronectin AB1954; SigmaAldrich ) o ON at 4°C Goat antirabbit
in 25% milk in TBST
NB600-408; Novus 1:1000 ) .
Collagen | ) ) ) . ON at 4°C Goatantirabbit
Biologicals in 2.5% milk in TBST
CBL171-1; Sigma 1:500 .
h-sma ] ) . ON at 4°C Goat antimouse
Aldrich in 2.5% milk in TBST
S o 1:1000 ]
Ubiquitin P4D1; Cell Signling ) L ON at 4°C Goat antimouse
in 25% milk in TBST
) 1:8000 . .
Vimentin ab92547; AbCam ) o ON at 4°C Goatantirabbit
in 2.5% milk in TBST
1:200 .
E2F1 s¢-251; Santa Cruz ) L ON at 4°C Goat antimouse
in 5% milk in TBST
1:1000 . .
LC3B GTX127375; GeneTex ) o ON at 4°C Goat antirabbit
in 5% milk in TBST
1:1000 )
GAPDH s6¢-32233; Santa Cruz ) o ON at 4°C GoatantFmouse
in 25% milk in TBST
_ ) ] ] 1:10000 .
I -actin A5441; SigmaAldrich ) o ON at 4°C Goat antimouse
in 2.5% milk in TBST

3.19 Total RNA extraction

Total RNA was extracted using columnbasedpurification kit (RNeasy Mini Kit
Qiagen. Briefly, pelleted cells were lysed using RLT Lysis Buffer integrated with
mercaptoethanol. Afterwards, a 70% ethanol solution was used to precipitate RNA. The
solution was loaded to the spin columns and centrifugated for 40 seconds at 11,000 rpm. After
that, the columns were washed with Buffer RW1 and RPE. Finally, RNA was eluted>in 20
of RNase Free Water centrifuging for 60 seconds at 11,000Tipenconcentration of isolated
RNA was measured using a spectrophotom@&anoDrop ND100; CelBio).

3.20 Quantitative Real-Time PCR

1 gof each RNA samplevas reverse transcribed into cDNA usifagMarE Reverse
Transcription Reagent§ThermaScientific). The master mix for reverse transcription was
prepared by adding the reagents in the order and in the proportiozoaed below T able
2).
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Table2: Reverse transcription master mix

Components(Thermo-Scientific) Final concentration
10X RT Buffer 1X
25 mM MgCb 1.75 mM
dNTPsmix (dGTP, dATP, dCTP, dTTP) 0.5 mM each
RandomHexamers 25 &M
RNase Inhibitor 1.0 U/ gl
MultiScribe Reverse Transcriptase 25 U/ ¢

Subsequently, cDNA wasmployed as template for quantitaiR€ R usingPowerUp
SYBR Green Master MixApplied Biosystempson theStepOnePlus Redlime PCR System
(Applied Biosystems). The primer sequences (Eurofins) used in the present thesis are shown
Table 3. The expression level of the target genes was normalized to the housekeeping gene
(GAPDH or 28S) and analyzed using the  method.

Table3: Primer used for R§PCR

Gene Primer pair Ta

FW -6@T TGG TGT GTG ACAATG G& 6
ACTA2 60°C
RV -AAR CAG CCCTGG GAG CATG3 6

FW -6@A GGAAAAGGT GTGAAATG3 0
E2F1 62°C
RV -BAG CGCTTG GTG GTCAGATI3 6

F W -BE@CATCACCATCTTCCAGGAG3 6
GAPDH 60 °C
RV -GBTACTCCATGGTGGTGAAGACG3 6

F W -6T85 GAG GTT CGACGT GAAG3 6
MMP9 60°C
RV -BC& TGG CAG AAATAG GCTTTEG3 6

285 F W -5GG GAATGC AGC CCAAAG3 6 60°C
RV -6 TAC GGTACT TGT TGACTATCE 6

3.21 Apoptosis Assayi Annexin V Assay

Apoptosis is a physiological genetically programmed process for cell death, that is
generally characterized byenergydependent biochemical mechanismand distinct
morphological characteristicsincluding loss of plasma membrane asymmetry, plasma
membrane blebbing, condensation of cytoplasm and nudeparation of cell fragments into
apoptoticbodies(Elmore, 2007)Loss of plasma membrane asymmetry is one of the earliest

features of apoptosis.
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In our samples, apoptosis was evaluated byRbalTimeGlo Annexin V Apoptosis
Assay (Promega). In apoptotic cells, the membrane phospholipid phosphatidylserine (PS)
translocates from the inner to the outer leaflet of the plasma membrane. Annexin V is a 35
kDa phospholipiebinding protein with high affinity for PS. In this assay, AnnexihN&hoBit
Luciferase fusion proteins supplied in the assay reagent bind to flgapedS during early
apoptosis leading to the emission of a luminescent signal. Indeedkdgent also contains a
time-released luciferase substrate that provides a constant source of substate
experimental exposure periods.

In this test, LX2 cells were seeded in-®6ll plate at a density of 5 * $@ells/well.

After 24 hours cells were treated with DUBs inhibitors and added with the detection reagent.
After 24 hours from the treatments, luminescence of samples was measured using a

luminometer BioTek Synergy 2 Plate Readler accor di ng to the manuf ¢

3.22 Cytotoxicity Assayi LDH Assay

Cell death or cytotoxicity is classically evaluated by the quantification of plasma
membrane damage. In this thesis, cellular cytotoxicity was evaluated by lactate
dehydrogenase (LDH) assay, with LBEytotoxicity Colorimetric Assay Kit (BioVision).
This type of assay is based on the measurement of the activity of lactate dehydrogenase, that
is released from damaged cells. LDH activity is determined by a coupled enzymatic reaction:
LDH oxidizes lactate to pyruvate which then reacts with tetrazolium salt to formazan. The
increase in the amount of formazan produced in culture supernatant directly correlates to the
increase in the number of lysed cells.

Cells were seeded as in MTT assay protocol. At the end of the appropriate treatment
with DUBSs inhibitors 100>l of cellular supernatant were transferred to an optical clear 96
well plate. 100> of the Reaction Solution, containing the catalyst solution and the dye
solution at a ratio of 1:45, were then added to each well and incubated for 30 minutes at RT,
protecting plate from light. Absorbance of samples was measured at 5Q8pectraMax
Plus 384 Molecular Devices)As positive control (+ CTR), Triton 200 (1% final
concentration; Sigmaldrich) treated cells were considered whereas free medium was used
as negative control (CRT). The percentage of cytotoxicity was determined according to the

formula:

(33
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3.23 Autophagy assayl LC3 Assay

Autophagy is the process by which cells degrade and recycle proteins and organelles to
maintain intracellular homeostasis. Normally, autophagy plays a protective role in cells.
However, a disruption of autophagy mechanisms or an excessive autophagic flux usually lead
to cell deathl(Liu et al., 2023)In this thesis, we evaluated the autophagic flux by means of the
Autophagy LC3 HiBIiT Reporter Assay System (Promega). Thigriployesa luminescent
LC3 reporter to quantitatively measure autophagic fline autophagy LC3 reporter consists
of a HIBIT tag fused to the human LC3 protdifpon autophagy induction, the LC3 reporter
proteins are sequestered within autophagosomes and subsequently d&tjithdadidition of
the lytic reagent containing LgBIT protein and substrate, LgBIT interacts with the HiBIT tag
to reconstitute the luminescent NanoBiT® enzyme. Tésulting luminescent signal is
directly proportional to theamountof HiBiT-tagged LC3 reporteAn increase in autophagic
flux enhances the degradation of the autophagy reporter, leading to a decrease in luminescent
signal, while inhibition of autophagy results in elevated reporter levels and a stronger
luminescent signal(Promega, 2024) Following the manufacturer's instructions, we
transfeced the reporter vector into LX2 cellafter 24 hours from the seeding in avaéll
plate (opaque and white p#twith a density of 2,5 * 1Dcells/well After 3 days from
transfection,we treated cells wittDUBs inhibitors. 24 hours after treatmentwe addecdthe
detectionreagentand recorded the luminescence using a luminometer (BioTek Synergy 2
Plate Reader)

Autophagy LC3
HiBiT Reporter

HiBiT
HaloTag

s b N
" . ‘&+ €e o~ ,‘

\ 4

Add Nano-Glo® Increased autophagic
’ ' ’ HiBIiT Lytic flux results in
Reagent to disrupt decreased luminescence
Phagophore Autophagosome Autolysosome: cells and introduce Decreased autophagic
LC3 HiBiT Reporter LgBiT Protein flux results in
and cargo degradation and substrate increased luminescence

Figure37: Principle of the Autophagy LC3 HiBiT Reporter Asg®romega)The Autophagy LC3 HiBiT Reporter, similar to
endogenous LC3 protein, becomes targeted to phagophores when autophagy is inducedTinecedisorter molecules
captured within the lumen of autophagosomes are subsequently degraded upon autolysosome formation. After cell treatment,
the level of intact Autophagy LC3 HiBiT Reporter is indicated by luminescent signal following application of the NanoGlo®
HIBIT Lytic Detection System (https://www.promega.co.uk/productsfedllthassays/autophagy/autophaagsay).
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3.24 Immunocytochemistry

LX2 cells wereseeded on slides placed in each well of a 6 well plate with a density of
1.5 * 10° cells/well. After the specific treatment, cells were fixed in 4% PFA for 15 minutes at
RT. Then cells were washed three times in 1X PBS and were permeabilized1#tiiiton
X-100 (SigmaAldrich) for 5 min. After three washes in 1X PBS, cells were submerged in
blocking solution (1% BSA in 1X PBS) for 1 hour, incubated with primary antibodies anti
collagen | ¢liluted 1:100;ab34710 Abcan), i -tubulin diluted 1:50;2128; Cell Signaling
Technology), vimentindiluted 1:50;s¢-6260; Santa Cruz) and, fibronectiilgted 1:50;s¢
8422; Santa Cruz) at 4°C overnight, detected with Alexa FlourcéBfigated secondary
antibody (diluted 1:400Invitrogen) for 45 minutes at room temperature. The nuclei were
stained with DAPI (diluted 1:2500; Sigr#ddrich) for 5 minutes. Finally, cells were mounted
using Moviol solution (Mowiol 488 Fluka). The images were captured by Fluorescence
Microscope (Leica DM200).

3.25 Oil Red O staining (ORO staining)

ORO stainingpermits to stain the lipid droplet$he stocksolution of ORO (Sigma
Aldrich) 0.5% was prepared in absolute isopropanol. Befisiag, the stock ORO was diluted
3:2 in distilled water and left for 10 min 4tC to obtain the final working solution.

Briefly, the cultured cells wereashed with 1X PBS arfiked with 4% PFAfor 1 hour
at RT Cells werethen washed with isopropanol 60% for 5 mies incubated with ORO
working solutionfor 25 min at RT, followed by a thregme rinse with PBS. The nucleiere
counterstained with HematoxyliiSigmaAldrich) for 1 min before light microscope

observation.

3.26 Statistical analysis

Statistical tests areclassified into two primary categories: parametric and non
parametric tests. The distinction between these tests is based on the assumptions they make
about the underlying distribution of the data.

Parametric tests operate under the assumption that the data are drawn from a specific
distribution, typically a Gaussian or normal distribution. These tests are grounded in
parameter estimation, where parameters such as the population mean and variance are
estimated and used to draw inferences about the population characteristics. Common

parametric tests include thé¢te st , Anal ysi s of Variance (ANO
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coefficient. These tests offer greater statistical power, meaning they have a higher probability
of detecting an effect if one truly exists, when their assumptions are satisfied. However, they
may lose robustness, or the ability to perform well under a variety of conditions, when these
assumptions are violated.

In contrast, nosparametric tests do not impose any assumptions about the distribution
of the dataThey do not involve the estimation of statistical parameters such as the mean,
variance, or standard deviatioNonparametric tests, including the Wilcoxon telstann
Whitneyt est, and Spearmanbdés correlation coef fi
meet the requirements imposed by parametric tests.

While parametric tests generally offer greater statistical power, they are contingent upon
certain assumptions about the data. If these assumptions are not mpéramoetric tests
provide a robust alternative.

In this thesis, the selection of parametric or-panametric tests was contingent upon
the distribution characteristics of the data. Statistical significance was determined using
GraphPad InStasoftware.

F-t est e Student o6s t t est

When a set of experimental data shows a sufficiently strong tendency to group around
the most probable value, it is convenient to derive the averagedjahe standard deviation
0 (squar e r 004 andtle starllad ewa of tha meare (SEMgstablish how

the data are dispersed around this value

w P .
of T
, p .
0 p w o
P .
" 0 p 0w o
YOO —
48]

(1)

where @ represent the value of theth experimental data and N is the number of data
considered. In statistical analysis, to determine whether two distributions are characterized by

different or equal mean values, it is necessary to proceed according teseepwarocedure.
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Firstly, the Ftest is applied to determine whether the two mean values are characterized by
different variances or not. This test consists in evaluating the experimental value of F, defined

as the ratio between the higher weighted variance and the lower ongé
e p e P

(32

where’ and’ are, respectively, thieighest and lowest variance referred to two different

sets of data characterized respectivelytbye ¢ elementsSetting a probability valug

p | of telling the truth (typically 0.95 or 0.99), if the value of F, calculated according to
equation(3.2 with & p) degrees of freedom for the numerator a@d p) degrees of

freedom for the denominator, is greater than the tabulated value of F, thamd’ are
statistically different; otherwise, they are equa.determine whether two distributions with

the same variancé ( and’ ) ar e characterized by di-ffer e

test can be applied. For this purpose, the combined variance is defined as:

B o &f B & & p op

€ G
33)
It follows that the experimental t value is calculated through:
SO R
i
(34)

where the numerator is the absolute value of the difference between the two average values

By setting a probability value of p | to tell the truth (typically 0.95 or 0.99), if
the calculated t value (with ¢ ¢ degrees of freedom) is greater than the tabulated t
value corresponding to that chosen p value, then the average sfplaledof are statistically
different; if the opposite happens, they are equal.

Conversely, if twovariances’( and’ ) are statistically different, the following
form of t htest abbivaiydleto debide whether the corresponding average values
(oI anddf) are equal or not:

o ds

| R

0

€ &

(35
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By setting a probability value af p | to tell the truth (0.95 or 0.99), if the t
value calculated witl®2 ¢ degrees of freedom:

o0 T F O

Qe QY 'YuAO - o
€ €
e p & pO
(36)
where’Y"'YOri@e ans O6round to the nearest inteéeger 0,

andaf are statistically different; otherwise, they are equal.

Chi-square test: linear regression

To define a law that expresses the average distance of a mathematical model from the
experimental data, it is assumed that this mbdaelcharacterized by M variable parameters
(®, with"Q phB ) ) to fit on ) data pointgchw) (with 'Q phB [ ) wherewandware the
independent and dependent variables, respectively. It can be shown thatth@obable set

of model parameters is the one that minimizes thesghares’:

®  "Qohd 8 @

37
where, is the standard deviation of th¢hi data.

Although equation(3.7) strictly holds when measurement errors are normally
distributed, it is also useful if the assumption of normality does not exist. In the simplest case
where™Qis a straight line (linear regression) characterized by the independent varidide
sloped , and the intercept:

Qo 8 & aw n
(38)

theequation(3.7) becomes:

(39

The conditions t h&andadherefareyto taculadeandrd, and: z e t h
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(3.10)
Finally, it is also possible to estimate the uncertainties associated with the parémeters
andn ( e] ), which depend on the quality of the experimental data and the ability of the

mathematical model to describe such data. An approximate evaluation of these uncertainties is

given by:

(3.11)
where 0 and 0 are, respectively, the number of experimental points and fitting
parameters of the model (for the line ¢). In order to verify whether the fitting is
statistically acceptable or not, the F test is used. In particular, it evaluates whether two

particular variances, the mean square regressiofi¥ind the mean square erior’Y Qdiffer

or nd:
B ® &0 5 W W B W
VA% - - @ "
v P B P
g @ 0
0 YO 2
v p
(312

where the degrees of freedom associated with™are’ 0 p, while those associated

with 0 "Y'@re’ 0 0. Consequently, the calculated value@t"™O 0 "YX "YQn the
presence of a good data fitting, since onlyY'@ends to zero,Owill be very high. If the
calculated value ofO(with ' degrees of freedom for the numerator anddegrees of
freedom for the denominator) is greater than the tabulated one corresponding to a fixed
probability of f p | of telling the truth,0 "Y"™Yvill be statistically larger tham "Y'O
Therefore, the data fitting will be statistically acceptable.

81



Pearson and Spearman Correlation Indices

The interpretation ofexperimental results frequently requires the identification of
relationships between variables. Specifical
like correlation, is present between two variables within a specific datawsetariables
andw are considered correlated if the trend of one can be inferred from the trend of the other.
This correlation is quantified through a numerical value known as the correlation coefficient,
which ranges froml to 1. Negative values indicate an inverse correlation, while positive
values indicate a direct correlation. The correlation is perfect when the correlation coefficient
equals £1, and the correlation strength decreases as the coefficient approaches 0.

To identify correlations between different variables, the Kolmog&wirnov test (KS
test) is initially performed for each pair of data sets. This test verifies whether one, both, or
neither of the data sets follow a Gaussian distribution

If a pair of data sets passes the normality test, the Pearson correlation inaex (be
evaluated. This index expresses a potential relationship between two statistical variables.
However, if even one data set does not follow a Gaussian distribution, tihgarametric
Spearman correlation indek () is evaluated. This index measures the correlation strength
between two variables when the normality assumption is not met.

Thei , which ranges froml to 1, is calculated as the ratio of the covariance of two

statistical variables@ ) to the product of their standard deviations

: @]
00
(313
where the covariand® and thevariancedD andO are, respectively:
Ow @ @
0 P R 09
@ @ @ @
o P & & c P & 0
(3.14)

The ttest with (N-2) degrees of freedom allows us to say whether the obtained value of

rpis statistically different from zero, that is, it is statistically significant

o 1 0 c¢Ip i

(3.15)
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To understand whether the possible correlation between the two data sets is linear or
not, we use the correlation coefficient 1} d

(3.16)

where

(3.17)
In practice, this coefficient analyzes the two distributions at the level of subgroups (in
number ofk) each consistingdf el ements (1 O L O k) and eac

®. I n this case too, the statikHestti cal signif

” ”

o 0 cfp

(3.19)
frrand J} are statistically equlahot theathe est )
correlation is nolinear.
When dealing with data sets that do not
necessary to use the Spearman correlation coeffigight This coefficient is essentially the
Pearson coefficient, but 1 tds calcul ated be

than the actual data values themselves.

MannWhitney U test

The ManaWhitney U test is a nonparametric statistical test that is used to compare two
unpaired groups with no specific distributi(ann and Whitney, 1947)

The MannfWhi t ney U is intended to deter mine
00bs60) come from the same popul ati onthe( p) ,
distributions of both populations are eqydMcKnight and Najab, 2010)The alternative
hypothesis is that the distributions are not equaltest the null hypothesis, MaWhitney
test operates by ranking all the values from both groups from 1 to N, without considering to
which group each value belongs. N is the total sample size (€ 0). After ranking, the
procedure divides the rank scores by groupaahclulates the sum of the ranks for each group

("Y and™Y). Then, b calculate the U statistic is possible to use the equations here reported:
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fna>ne:Y Y & ¢ p 7¢

(3.19)
fne>ne™Y Y & & p ¢

(3.20)

The U statistic follows a discrete or uniform distribution, allowing us to set a critical
value, assign a probability to it, and test the null hypothesis. A critical value, often 0.05, helps
us determine if differences are due to chance. If the U statistic exceeds this critical value, we
reject the null hypothesis, suggesting the samples come from different populations.
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4. Results

There isa great need to develamovel therapeutic strategies to slow down or stop the
fibrotic process that would otherwise leadliteer failure. In addition to the use ah vitro
model where HSCs are grown on a plastic surface, here we developed & nitvelsystem
that can take into account the viscoelastic properties of the normal and fibrotic liver. For this
purpose, we employed alginates, natural polymers particularly suited to generate surfaces
tunable with regard to the viscoelastic properties. Notablyiterature there is a lack of
proper information about the mechanical characteristics ohtimean liver tissuelndeed,
studies conducted gporcineliver tissuearemostly available(Jugé et al., 2023; Nicolle et al.,
2010; Wex et al., 2014Yo have a better insight on human liver tissiseoelastiqroperties,
we characterized healthy and pathological liver samples by meanbteofaqy. This
characterization allowed also to theoretically evaluate the minimum work that the cell has to
perform in order to adhere and, consequently, modify the surrounding substrate.

4.1 Liver samples
The liver samples analyzed in this studlsere kindly provided by Prof. Silvia

Palmisano, a bariatric surgeon at Cattinara Hospital in Trieste, and Prof. Fabrizio Zanconati,
the director of the Department of Pathological Anatomy at the same instifliersamples
are dividedinto two distinct groups. The first group consistedB0fbiopsies fromthe same
number ofobesepatientsthatunderwent bariatric surgery, while the second group comprised
10 liver tissue obtained frorhepaticresections inthe same number gqdatients with liver
cancer. Thebesepatiens 8amples namedpathological samplesxhibited varying degrees
of fibrosis and steattsas evaluated histologically. In contrdstalthy samplewere obtained
from normal liver enucleated from large cancer resection tissue.

The pathological samplesvere analyzed histologically bythe Department of
Pathological Anatomy aCattinara Hospital andlassified according tehe KleinerBrunt
fibrosis and steatosstagegKleiner et al., 2005)The scoring systemdilized are detaileth

Table4, and the classification of our pathological samples is presaniedbleb.
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Table4: Fibrosis and steatosis scoring system according to Ki&nart classificatior(Kleiner et al., 2005)

Item Definition Score

Steatosis Evaluation of parenchymal involvement

Grade <5% 0
5% - 33% 1
> 33%- 66% 2
> 66% 3

Fibrosis

Stage None 0
Perisinusoidal or periportal
Mild, zone 3, perisinusoidal 1A
Moderate, zone 3, perisinusoidal 1B
Portal/periportal 1C
Perisinusoidal and portal/periportal
Bridging fibrosis
Cirrhosis

Table 5: Kleiner-Brunt classification of our pathological samples derived from histological anagsiducted fromthe
Department of Pathological Anatomy at Cattinara Hospitatieste.

Sample Steatosis stages  Fibrosis stages | Sample Steatosis stages  Fibrosis stages
1 1 0 16 1 1
2 1 0 17 3 1A
3 0 1A 18 0 1A
4 1 1C 19 0 0
5 1 1C 20 1 0
6 1 21 2 0
7 1 22 1 0
8 3 1A 23 1 0
9 1 1B 24 1 1C
10 1 1B 25 1 0
11 0 1B 26 2 1
12 0 1A 27 0 0
13 1 2 28 1 0
14 1 29 0 0
15 0 0 30 1 1

The majority exhibited steatosisand half of them presesd fibrosis. Specifically, 22

samples &d a

steatosi s

grade

O edh,

farbd 0$86s sammph

prevalence of steatosasnong tiese samples refleetdthe pathological condition of obesity of
thesepatients, which hha BMI (seeTable6), higher than the normal rangé 18.5 to 24.9

(Caballero, 2019)Moreover, the high incidence diistologic outcomeof fibrosis in these

samples is due to the fact tHidrosis is directly correlated with increasing weig8heka et
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al., 2020) In fact, around 40% of NASH patients have progression of their fibrosis over time,
at a rate of about 1 stage per dedat®inossi et al., 2016)

Table6: Clinical data of the 3@besepatients corresponding to the pathological liver samples.

Patient | height (m) weight (kg) ideal weight (kg) excess weight (kg) | BMI (kg/m?)
1 1,73 143,5 74,8 68,7 47,9
2 1,57 90,4 61,6 28,8 36,7
3 1,7 1131 72,3 40,9 39,1
4 1,7 96,1 72,3 23,9 33,3
5 1,67 108,6 69,7 38,9 38,9
6 1,79 144,0 80,1 63,9 44,9
7 1,54 96,2 59,3 36,9 40,6
8 1,65 115,0 68,1 46,9 42,2
9 1,68 133,0 70,6 62,4 47,1
10 1,53 79,0 58,5 20,5 33,7
11 1,59 88,8 63,2 25,6 35,1
12 1,75 144.6 76,6 68,0 47,2
13 1,59 91,0 63,2 27,8 36,0
14 1,72 140,0 74,0 66,0 47,3
15 1,72 117,0 74,0 43,0 39,5
16 1,69 121,8 71,4 50,4 42,6
17 1,72 126,0 74,0 52,0 42,6
18 1,87 140,0 87,4 52,6 40,0
19 1,92 122,2 92,2 30,0 33,1
20 1,62 108,0 65,6 42,4 41,2
21 1,65 103,4 68,1 35,3 38,0
22 1,61 119,0 64,8 54,2 45,9
23 1,69 127,0 71,4 55,6 44,5
24 1,57 97,0 61,6 35,4 39,4
25 1,54 107,0 59,3 47,7 45,1
26 1,69 108,0 71,4 36,6 37,8
27 1,67 127,0 69,7 57,3 45,5
28 1,78 125,0 79,2 45,8 39,5
29 1,76 120,0 77,4 42,6 38,7
30 1,80 130,0 81,0 49,0 40,1
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To evaluate the liver stiffness,ast patients had a liver elastography examination,
particularlya shearwave elastographyn ultrasound elastography techniqUlee ultrasound
elastography techniquesea nonrinvasivemethod ofestimaing the mechanical properties of
soft tissuesin vivo by using the relationshspbetween wave propagation and the elastic
properties of material@Bilston, 2018) The sheatwave elastographis a recent development
of the ultrasound elastographthat combines imaging with elastographyWith these
techniquesit is possible toestimae the degree ofiver fibrosis. However,thereare several
factors that affect the measurements. Theskide patientfactorssuch asobesity, fasting,
blood pressure, positiospmemedicationsco-morbiditieslike acute or chronic livedisease
and vascular congestion from renalcardiac failurgBarr, 2018) Obesity can interfere with
elastographic analysis due to the impact of abdominal wall thickness on measurement
accuracy. Specifically, the median liver stiffness valpuesented in th&able7 have an over
80% probability of histologicaglastographic correspondence when the abdominal wall
thickness is less than 2.5 c@nly 7 out of 26 patients who underwent the examination met
this criterion.Moreover,in 3 cases the thickness of the abdominal waltlpded the analysis
from being performedThis means that in the case of obese patients, liver elastography often
fails to give accurate results.

The median stiffness results obtained from #hastography can be classified into
Kleiner-Brunt fibrosis stages (FB4) according tohis scak (Amernia et al., 2021)

FO: 1i 6 kPa

F1:6.17 kPa

F2: 7.19 kPa

F3:9.110.3 kPa

F4: O 10.4 kPa

88



Table 7: Liver elastography results, including median stiffness values and corresponding fibrosis stagéy (#€re
obtained for23 out of 30patients. Patients 3, 11, 24, and 30 did not undergo the examination. Patients 6, 7, and 14 had an
abdominal wall thickness too high to permit accurate analysis. The highlighésdof samples represent those with an
abdominal wall thickness of2.5 cm, which have an over 80% probability of histologalaktographic correspondence

Patient | Abdominal wall thickness (cm) | Median stiffness(kPa) | Corresponding Kleiner-Brunt fibrosis stages
1 3,51 4,42 0
2 2,2 53 0
3 - - -
4 2,07 3,76 0
5 2,29 6,37 1
6 4,87 not executable not executable
7 3,75 not executable not executable
8 3,2 4,81 0
9 3,75 4,19 0
10 1,94 4,36 0
11 - - -
12 2,8 4,97 0
13 2,62 7,98 2
14 3,81 not executable not executable
15 2,56 5,05 0
16 3,12 4,14 0
17 4,51 9,77 3
18 3,16 4,89 0
19 2,75 4,32 0
20 2,94 5,42 0
21 2,57 3,83 0
22 4,14 6,44 1
23 2,82 3,81 0
24 - - -
25 5,58 8,18 2
26 3,1 8,45 2
27 2,52 6,13 1
28 3,91 5,44 0
29 2,93 6,03 0
30 - - -
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Table 8: Comparison between Klein@&runt stages deduced from liver elastography and from histological analyses.
highlightedgreyl i nes of samples represent
probability of histologicaklastographic correspondendéhile green color refers tcases with correspondence between the
two classifications, redolor refers to cases without correspondance

those with

an

B Abdominal wall Kleiner-Brunt stages from Kleiner-Brunt stages from
thickness (cm) elastography histological analyses

1 3,51 0 0
2 2,2 0 0
3 - - -
4 2,07 0 1C
5 2,29 1 1C
6 4,87 not executable
7 3,75 not executable
8 3,2 0 1A
9 3,75 0 1B
10 1,94 0 1B
11 - - -
12 2,8 0 1A
13 2,62 2 2
14 3,81 not executable
15 2,56 0 0
16 3,12 0
17 4,51 3 1A
18 3,16 0 1A
19 2,75 0 0
20 2,94 0 0
21 2,57 0 0
22 4,14 1 0
23 2,82 0 0
24 - - -
25 5,58 2 0
26 3,1 2 1
27 2,52 1 0
28 3,91 0 0
29 2,93 0 0
30 - - -

abdomina

To examine the accuracy of the elastographic measurement, a compeasorade

between theKleinerBrunt classification provided by histological analysis and Kiheiner

Brunt stages corresponding to the median stiffness measured by liver elasto@ralghiy. 11

cases a correspondence between the two classificaboitle observedgreen parameters

in
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Table 8), while in 12 cases themgasno correspondenc@ged parameters ifable 8).
Among the 12 cases, three exhibited an abdrc
expected to havea histologicalelastographic correspondence probability exceeding 80%.

However, this correspondence was not observed.

4.2 Setting temperatures in the rheological characterization of liver samples

In this thesis, we aimed to rheologically characterine human liver samples
previously introducedTo determine the optimakemperature for rheological analysis, we
performed Time Sweep measurements for 30 minutes at two different temperatures (5°C and
37°0). This is anoscillatory test to determinghether system rheological properties are time
dependent or nofThe oscillatorytime sweepwvas performed atonstantmaximumstress(5
P3 andfrequency of 1 HzThis testwas repeated twiogith two different sampledqgure38
andFigure39for the first samplgFigure40 andFigure41for the second sample)

The results indicated that at 37°C, hea | ues of the storage
mo d u | usincréa€edl after 1000 seconds, suggesting alterations in the rheological
properties and structur al integrity of the
remained stabl e, i ndicating no significant
structure. Based on these initial findings, we selected 5°C as the temperature for subsequent

analyses.
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Figure38 Time Sweep test conducted for 30 minutes at 5°C on the first liver sa&nple. ( b | a ¢ k

circle) is p:
circle) and both of them are time independent.
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Figure39: Time Sweep test conductéat 30 minutesat 37°C orthe firstliver sampleG6é ( b | a &anllG 6cdi r( col pee)n
modify in time

cCir
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Time Sweep test at BC - 2"d exp

100000 3
= 10000 |
a
)
’ COSNNEENENNe00000000080
O 1000 | ¢ oo

100 1 L1111l 1 1 111111l 1 1111l 1111111
1 10 100 1000 10000
time (s)

Figure40: Time Sweep test conducted for 30 minutes at 5°C on the second liver saréple( bl ack circl e)
(opencircle) and both of them are time independent.

Time Sweep test at 34 - 21 exp
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Figure41 Time Sweep test conducted for 30 minutes at 37°C on the second liver dardple( b | a @anlG écdi r( col pee)n
circle) modify in time.

4.3 Rheological characterization of liver samples

Since the elastographiechniqueshows some problemsas already discussed, in this
thesiswe performedrheological measurements on liver samplggess sweefSS) and
frequency sweefFS) tests were performed on the pathological and healthy liver sanhples.

the Figure42 and Figure 43 arereportedthe G* modulis coming fronthe SS and FS tests
We remember thagOs O Qe
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From both tests, it can be observed that the healthy samplegifclas connected by a
line) are positioned in the lowaniddle part, while the pathological samples (breyatiow
circlesnot connected by a line) are positioned in the upmedle part. This indicates that the
pathological samples are characterized on average by h@henoduli than the healthy
samplesThis is also emphasized bye boxplot inFigure44.

The besffitting of the Soskeywinter modelto SSdata(Table9) andthe bestfitting of
the generalized Maxwell moddb FS data (Table 10) allow the evaluation of theritical
deformatior ¢, the criticalstress ¢, the critical shear moduluS, theshear modulus Glso
indicated asZ @ and the relaxation time spectrunfable 10 reports the ercentageof

elasticityevaluated as follows

PQdawi o Qﬁ:%)?op(mn
4.1)

where Go is the spring constant of the purely elastic element embedded in the
generalized Maxwell model used to fit the FS data.

Stress sweep tests shedhat the linear viscoelastic field (the value of #ieess_ at
which Gda n débdgia to vary with) is always greater than the rarafe 1-5 Pg considered
to performfrequency sweep test§tress sweep tests performed methologicalsamples
indicatel that the linear viscoelastic field extertdsa minimum criticalstrain’ ¢ of 1.97%10°3
(which correspondso G. = 29133Pa). In terms of criticadtress ¢, thiscorresponds$o 57 Pa.
For this reason, the frequency sweep testthe pathological samplegere conducted at 5
Pa except in a few cases that 1 Pa was u€edthe other hand, if we consider healthy
samples, stress sweep tedtewedthat the linear viscoelastic region elongates to a minimum
1¢ of 9.16:10° (which corresponddo G: = 2363 Pa). In terms of criticaktress_c, this
corresponds$o 0.2 Pa.The frequency sweep tesis the healthy samplegere conducted dt
Pa except in theease here reported as minimum, in which®a was used
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Figure42: Stress sweep test performed on liver samples at Thdézmoduli are reported as G* (P&he circles colored in

brown red or yellow, not connected by a lineepresent pathological samples (n =.Z8)e circles colored irblue or light
blue connected by a lineepresent healthy samples (n =Bach color represents one sample.
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Figure 43: Frequency sweep test performed on liver samples. The moduli are reported as Gh¢Racles colored in
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Table 9: Results of SS analysis on healthy (in blue) and pathological (in red) liver sampigshe work (evaluated
according to eq1.38)) andac, G, ¢, U,dG*c are the fitting parameters of the Sosk&inter model.

Sample 2 () G (Pa) G (Pa) 2 &(-) G*¢ (Pa) w (J/m3)
5 0,0065 5532 36 0,0067 5371 0,14368
6 0,0058 20355 118 0,0062 19098 0,39783
7 0,0149 946 14 0,0145 970 0,11687
8 0,0027 10553 28 0,0030 11875 0,04955
9 0,0058 2471 14 0,0056 2536 0,04449
10 0,0117 4968 58 0,0123 4751 0,40017
11 0,0104 2230 23 0,0091 2550 0,10207
12 0,0031 14712 45 0,0032 14081 0,07921
13 0,0043 71221 304 0,0043 70190 0,74780
14 0,0069 2590 18 0,0072 2501 0,06650
15 0,0167 14472 241 0,0173 13927 2,84057
16 0,0065 8884 58 0,0070 8317 0,22526
17 0,0050 3578 18 0,0053 4223 0,06149
18 0,0143 34269 490 0,0143 34326 3,70301
19 0,0098 3726 36 0,0106 3432 0,18293
20 0,0066 3399 23 0,0071 3158 0,08227
21 0,0037 1818 7 0,0039 1750 0,01506
22 0,0052 2696 14 0,0054 8566 0,04403
23 0,0057 1251 7 0,0059 1198 0,02389
24 0,0106 1098 12 0,0103 1129 0,06704
25 0,0033 3382 11 0,0034 3235 0,02085
26 0,0020 29133 57 0,0005 32564 0,00461
27 0,0078 7374 58 0,0081 7126 0,26148
28 0,0089 8200 73 0,0100 7346 0,37730
29 0,0068 5297 36 0,0071 6442 0,14968
30 0,0201 23086 465 0,0076 30167 0,85258
1 0,0085 1942 16 0,0089 1840 0,07229
2 0,0161 1854 30 0,0168 1774 0,24958
3 0,0051 250 1 0,0030 332 0,00133
4 0,0180 698 13 0,0399 647 0,09895
6 0,0184 465 9 0,0184 466 0,12406
7 0,0001 2363 0,2 0,0001 2221 0,00001
8 0,0005 1928 1 0,0002 4940 0,00003
9 0,0127 1383 18 0,0125 1400 0,16836
10 0,0126 3652 46 0,0136 3380 0,30344
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Table10: Results of~Sanalysis on healthin blue)and pathologica(in red)liver samples. Gi is the shear modulus,0Qz1,
Gz, G3, & a n d aresthe fitting parameters of the generalized Maxwell model.

Sample | 8:i(s) | Go(Pa) | Gi(Pa) | G2(Pa) | Gs(Pa) | Ga(Pa) | £ G(Pa) | % elasticity | mean G* (Pa)
1 0,0153| 805,8 1735,9 848,3 805,1 1885,9 6081,1 13,3 3719
2 0,0090 | 25185 1964,6 954,4 806,3 1059,9 7303,8 34,5 4392
3 0,0181| 612,2 1740,9 | 848,1 725,0 1846,1 | 5772,3 10,6 3491
4 0,0164 | 3386,8 | 2562,1 1488,6 1800,2 1116,6 | 10354,3 32,7 6450
5 0,0205| 1298,0 1746,2 897,7 742,5 1509,6 6194,0 21,0 3838
6 0,0162| 2747,2 | 2954,9 | 1555,2 | 1451,0 | 1500,3 | 10208,6 26,9 6098
7 0,0234 8,0 1417,8 | 647,2 597,6 - 2670,7 0,3 1046
8 0,0150| 1864,6 | 2042,1 | 1022,1 | 935,0 1088,6 | 6952,3 26,8 4060
9 0,2517| 61,0 646,0 73,0 1096,3 - 1876,2 3,2 1420
10 0,0067 | 2002,1 | 32315 | 1451,8 | 1136,8 | 1465,2 | 92875 21,6 4571
11 0,0103| 566,4 13415 | 4324 388,8 615,3 3344 .4 16,9 4571
12 0,0065| 6166,3 | 5897,8 | 2930,2 | 3529,6 | 4895,8 | 23419,9 26,3 14791
13 0,0142 | 27123,7| 13146,7| 9158,8 | 9884,5 - 59313,7 45,7 40532
14 0,0267 59,9 817,4 3934 4145 837,4 2522,6 2,4 1508
15 0,0539| 3372,6 | 17476 | 666,3 1090,3 - 6876,9 49,0 5264
16 0,0102 | 2123,4 | 2717,7 | 1394,8 | 1184,2 | 1516,6 | 8936,6 23,8 5115
17 0,0180| 1059,4 | 11653 | 498,3 430,0 501,9 3654,9 29,0 1757
18 0,0118| 1843,8 | 17056 | 973,9 814,9 1260,9 | 6599,1 27,9 4004
19 0,0113| 762,0 1295,3 614,8 480,3 596,7 3749,0 20,3 1947
20 0,0175| 1704,9 1261,5 584,5 465,3 - 4016,2 42,5 2458
21 0,0189| 1325,8 | 11915 | 595,1 337,6 284,4 3734,3 35,5 2342
22 0,0253| 1081,4 | 11753 | 6158 469,3 503,6 3845,3 28,1 2349
23 0,0297| 745,0 841,3 408,8 301,6 249,9 2546,6 29,3 1602
24 0,0100| 683,55 953,7 340,9 324,7 268,7 25715 26,6 1318
25 0,0156 | 2374,5 | 20155 | 901,9 722,6 570,1 6584,6 36,1 4062
26 0,0131| 13782,0| 11736,1| 7862,9 | 5009,3 | 10980,8 | 49371,1 27,9 30491
27 0,0139| 4102,2 | 44211 15947 | 2326,7 1888,8 | 143334 28,6 8159
28 0,0137| 5414,6 | 4463,7 | 1933,9 | 2580,7 | 1784,1 | 16177,0 33,5 10104
29 0,0143| 3599,6 | 32919 1550,6 1258,2 1045,2 | 10745,5 33,5 6286
30 0,0145| 14435,1| 12924,2| 7194,6 | 8462,7 | 8108,2 | 51124,8 28,2 31785
1 0,0434| 378,3 325,8 146,7 159,9 - 1011 37,4 1172
2 0,0436| 732,6 531,8 2425 275,6 - 1782 41,1 1160
3 0,0949| 1084 138,9 67,3 66,5 - 381 28,4 256
4 0,0383| 2919 452,1 194.6 135,7 128,4 1203 24,3 648
5 0,0093| 324,2 594,8 251,2 163,0 135,6 1469 22,1 594
6 0,0304 | 395,0 483,5 195,0 153,2 82,5 1309 30,2 782
7 0,0131| 1803,1 1812,8 854,4 742,3 486,7 5699 31,6 3468
8 0,0301| 6229 868,0 383,8 295,8 208,2 2379 26,2 1271
9 0,0218 | 1385,7 1655,3 790,1 637,6 4424 4911 28,2 3161
10 0,0197| 1656,3 | 2302,7 1179,8 11217 789,0 7049 23,5 4059
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To facilitate a comparative analysis of the rheological properties between pathological
and healthy liver samples, boxplots were utilized to display the following parameters: mean
complex modulus G*, shear moduldsG and critical sressl (Figure44 andFigure45). The
distributions of these parameters extabidistinct differences between the two sample types.
Specifically, mean G*E G a qiveere diatistically significantly lower in healthy liver
samples, indicating reducestiffness These significant differences suggest that these
rheological parameters can effectively differentiate between the two tissue types and provide
biomechanical insights into liver tissue integrity. Increased stiffness in pathological samples is

associated with pathological changesver stiffness attains to healthy liver tissue.
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Figure44: Boxplots with mean G* and shearo d u | u s path@adgicaf (eed) and healthy samples (blXe)epresents the
average valueln the case ofmeanG* the average value SEMis (7318 + 1768 Pafor pathological samples ad657 +

432 Pafor healthy samples. The averdges+ SEM for pathological samples {81672+ 2723 Paand for healthy samples

it is (2719« 728) Pa Statisticalsignificance was determined by comparing pathological with healthy samples: **p < 0.001.
Statistical analyses were performed using M@¥titney test.
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Figure45: Bo x p | eforpathalogicah (red) and healthy samples (bldeyepresents thaverage valueThe average
value + SEM for pathological samples {87 + 26) Paand for healthy samples (45 + 5) Pa Statistical significance was
determined by comparing pathological with healthy samples: *p < 0.01. Statistical analyses were performed using Mann
Whitney test.

To better understand the trend ob&n d 6ofGider samples, the trends, referring to

some significant samples, are shownHigure 46 and Figure 47 in conjunction with the

corresponding relaxation spectfagure48).
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Figure48: Relaxation spectra referring 8opathological liver samples (regmbolg and 2 healthy samples (blagmbol3.
The greerrthombusesepresenthe elastic contribution of §&3conventionally set at 100s.

The SS and FS testBigure 46 andFigure47) reveaéd a significant predominance of
the elastic modul us ( G@®ipboth healthy anchpathological tiveru s
samples, with GO0 being appnoxHomeetveelry, ftihvee vt
and Goedbetiveeh healthy and pathological liver samples, leading to variations in the
shear modulus G, which is typically higher in pathological samples.

In the FS graph&-igure47), t he paral |l el trend of GO an

and pathol ogi cal l' i ver sampl es. For pathol
pulsation( ¥*) i s mini mal, as both modul remain r
exhibit a slight decrease in the values of

differences, both pathological and healthy liver samples demonstrate rheological properties
similar to gel s, characterizedd pgral Imal ke de
andgaddninimaldependence on mandidiscsoe betweea heblthy, andt h e
pathological liver samples lies in their shear modulyswhich is generally higher in
pathological samples.

For what concemthe relaxation spectrur(iFigure 48), thoseof healthy samplesre
characterized by lower iGralues and longer relaxation times compared to pathological
samplesHowever, the shape of the relaxation spectrum does not seem to modify between

healthy and pathological samples.
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Interestingly, ve identified aothercommonality in the rheological characterization of
liver samples andels. Covielloet al. reported a correlation between shear modulus @nd
the criticalshear modulu&c in scleroglucan hydrogel€oviello et al., 2022)Similarly, our
pathological and healthiyver samplesconsidered togethezxhibit a correlation between G
and G (Figure49). This correlation suggests that the mechanical properties diveretissue
are closely linked tahose ofhydrogels.Such parallesm in rheological behavior between
biological tissues and synthetic hydrogels could provide valuable insights into the
fundamental mechanisms governing tissue mechanics

We also found two other correlations between rheological parameters, which are
consequential to the G and. Gorrelation. This in liver samples therare correlatiors
bet we e ncar@® beiweeh Glarttie workw (eq.(1.38)) (not shown)
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Figure49: Correlation between G and: @ healthy and pathological liver samples considered togé8paarman correlation
r=0.87 ang < 0.0001)

In order tocomparethe rheological and the histological analysascomparisorwas
made between thshear moduliZ G obtained fromthe fitting of FS dataand the fibrosis
stages providedy the histological analysisf the pathological sampléTrable 11). This
comparison showed that 10 casesrelated witithe degree of fibrosis, while 7 caseith the
presence of fibrosis but not the severityTherefore in 17 case®rrelated withthe presence
or absence of fibrosis, while in 13 casésnot.

Another comparisowasmade between the mean G* from FS analysis and the Kleiner
Brunt stages from histologicalnalysis(Table 12). This comparison showed thaB3 kases
correlated withthe degree of fibrosis, while 4 casssrelated withthe presence of fibrosis
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but notwith the severityTherefore in 17 casage observed concordance with the presence or

absence of fibrosis, while in 13 cases we did not.

Table11: Comparison between Klein&runt stagesf fibrosisdeduced from rheological analygsbeamoduliZ @ and
from histological analyse§reencolor indicateghe casesvith correspondence between the two classificatiohgde red
color represents the cases with no correspond&etiew color indicategshe cases where the two methods agree on the
presence of fibrosis, but not on theverity

Kleiner-Brunt stagesfrom | Kleiner-Brunt stagesfrom
Sample E G(Pa) ) ) )
rheological analyses histological analyses
1 6081,1 0 0
2 7303,8 2 0
3 5772,3 0 1A
4 10354,3
5 6194,0 1 1C
6 10208,6 3
7 2670,7 0
8 6952,3 1 1A
9 1876,2 0 1B
10 9287,5
11 33444 0 1B
12 23419,9
13 59313,7
14 2522,6 0
15 6876,9 1 0
16 8936,6
17 3654,9 0 1A
18 6599,1 1 1A
19 3749,0 0 0
20 4016,2 0 0
21 3734,3 0 0
22 3845,3 0 0
23 2546,6 0 0
24 2571,5 0 1C
25 6584,6 1 0
26 49371,1
27 14333,4 4
28 16177,0
29 10745,5
30 51124,8
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Table12: Comparison between Klein&runt stagesf fibrosisdeduced from rheological analyses (mean G*) and from
histological analyse&reen color indicates the cases with correspondence between the two classifications, while red color
represents the cases with no correspondence. Yellow color indicates the cases where the two methods agree on the presence

of fibrosis, but not on the severity.

Kleiner-Brunt stagesfrom Kleiner-Brunt stagesfrom
Sample | mean G* (Pa) ; . .
rheological analyses histological analyses
1 3719 0 0
2 4392 0 0
3 3491 0 1A
4 6450 1 1C
5 3838 0 1C
6 6098 0
7 1046 0
8 4060 0 1A
9 1420 0 1B
10 4571 0 1B
11 4571 0 1B
12 14791
13 40532
14 1508 0
15 5264 0 0
16 5115 0
17 1757 0 1A
18 4004 0 1A
19 1947 0 0
20 2458 0 0
21 2342 0 0
22 2349 0 0
23 1602 0 0
24 1318 0 1C
25 4062 0 0
26 30491
27 8159 2
28 10104
29 6286 0
30 31785
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Moreover,in order to compare the outcomes of the rheological analyssssure of the
mechanical properties of liver tissiex vivg and those of the elastographic technique
(measure othe stiffness of liver tissua vivo), the median elastographic rigidity and the
me an G* ;wemr dom@a@dTable 13). No correlation was fountetween these two
different methods tevaluatethe stiffness Kigure 50 andFigure51). This may be due to the
different measurement methods, one being more direct (rheology) and the other more indirect
(elastography). In fact, elastographic measurement, being performedo, is affected by
manyf act ors (pati ent 0 prespueksthat rheology doésansettencougter. b |
Moreover, as already discussed, dealing with obese patgdtographic measurement may
also be affected by the thickness of the abdominal. Walhversely, it is clear thax vivo
tissue can differ fromin vivo tissues as, for examplex vivotissues is not perfused by
physiological fluids.One issue we encountered is that the same stage of fibrosis, as
determined by histological analysis, can correspond to significantly different shear modulus
values when steatosis is present in the sample. For instance, pathological samples 17 and 12
both exhibiedfibrosis stage 1A; however, only sample 17 also s#usteatosis, specifically
at stage 3. Sample 17 cha shear modulus of 3655 Pa, whereas sample d2ahshear
modulus of 23420 P&s already shown irthe boxplotsof Figure 44, the average shear
modulus+ SEM of the pathological samplesas (11672 + 2723 Pg compared tq2719 +
728 Pain healthy sampledhis suggests that steatosis reducesahneplestiffness.
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Table13: Comparison betweehe median elastographicigidity and theaveragemoduli G* andf Gii

Sample M edian rigidity (Pa) Mean G* (Pa) E G(Pa)
from elastography from rheology from rheology

1 4420 3719 6081
2 5300 4392 7304
3 - 3491 5772
4 3760 6450 10354
5 6370 3838 6194
6 not executable 6098 10209
7 not executable 1046 2671
8 4810 4060 6952
9 4190 1420 1876
10 4360 4571 9287
11 - 4571 3344
12 4970 14791 23420
13 7980 40532 59314
14 not executable 1508 2523
15 5050 5264 6877
16 4140 5115 8937
17 9770 1757 3655
18 4890 4004 6599
19 4320 1947 3749
20 5420 2458 4016
21 3830 2342 3734
22 6440 2349 3845
23 3810 1602 2547
24 - 1318 2571
25 8180 4062 6585
26 8450 30491 49371
27 6130 8159 14333
28 5440 10104 16177
29 6030 6286 10745
30 - 31785 51125

c a lbycrhedlogyt e d
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Figure50: No significantc o r r e | at i o detetmméd\yerleenlog¥a@d theedianrigidity measured by elastography.
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Figure51: No significantcorrelation between Gdetermined byheology and median rigidity measured with elastography.

108



4.4 LF-NMR characterization of liver samples

Typically, in gel systemghe relaxation time Zn is depressed by the solid surface of the
polymeric chains. In liver samples, on the contrary, the main reasdnrfolepression islue
to the ferromagnetic propertiesf iron whose presence is consideralimnsequently, the
measured m is directly proportional to the iron content in theer samples. Tostudy the
relationship between iron concentration and, We prepareédqueoussolutions with varying
concentrations of iron(ll) sulfate (FegGandmeasured, for each solutiofgm at 25°C The
results,depicted inFigure 52, show that as the iron concentration increases,d€creases
although in a not linear mannefrherefore, the higher the iron content, the shorter the

relaxation time of the hydrogen atoms in the water.
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Figure52 Dependence of the relaxation tiffign on theconcentrations of iron(ll) sulfaie aqueous solutions

Therelaxation time spectruras well as Im or Tim for the liver samples ameportedin
Table 14 and Table 15. It can be seen thdtm spans in the rangg0-100 ms. Such low 2k
values in liver samples are due to the presence of iron aferntenagnetic nature, which
allows the rapid relaxation of hydrogersf water moleculesSimilarly, Tim valuesare very
low. Analysis of the boxplot inFigure 53 reveals that healthy liver samples exhibit
significantly higher Tm and Tm relaxation times compared to pathological samples. This
observation suggests that pathological samples poadagkeriron content. This findings
in line with the existing literature, which establishes a correlation between excessive hepatic
iron accumulation and liver diseases, such asatooholic fatty liver disease (NAFLD) and
nonalcoholic steatohepatitis (NASHIrargion et al., 2001; George et al., 1998; Kowdley et
al., 2012; Pietrangelo, 2009; Sorrentino et al., 2009)
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Table14: Results of LENMR analysis on healthy (blue) and pathological (red) liver sampigss The average meapin

spinrelaxation time, & and Ti are the percentages and relaxation times respectively.

Sample | Tam(ms) | Taa(ms) | T22(ms) | T2a(ms) | T2a(ms) | A1% (-) | A% (-) | A% (-) | A% (-)
1 65,4 259,4 51,1 2,7 16,2 12,0 61,6 10,3 16,2
2 39,6 206,0 39,6 2,1 10,2 9,1 43,1 14,6 33,1
3 43,6 168,2 39,3 9,2 - 10,1 61,0 28,9 -
4 40,1 198,7 45,7 14,2 4,2 11,5 23,9 36,8 27,8
5 52,8 203,7 49,3 17,3 4.4 12,4 43,7 32,0 11,9
6 45,8 178,4 42,4 2,6 14,5 10,4 54,8 8,7 26,1
7 43,5 146,7 31,2 3,2 - 16,0 61,7 22,2 -
8 68,8 53,6 215,2 18,7 4,5 58,2 16,0 14,5 11,4
9 53,8 205,9 48,8 19,5 2,0 8,1 69,1 16,9 5,9
10 45,3 162,2 45,8 22,3 2,5 5,6 69,3 18,8 6,2
11 46,3 156,1 48,9 20,2 2,0 4,1 75,6 13,4 6,8
12 52,8 209,3 49,7 219 2,2 5,9 75,7 12,8 5,7
13 37,2 200,3 40,6 14,7 4,9 8,0 36,1 38,6 17,3
14 54,6 275,6 56,9 31,6 5,2 4,6 51,8 38,9 4,8
15 44,8 80,5 30,6 - - 28,4 71,6 - -
16 54,3 144.4 41,7 - - 12,2 87,8 - -
17 84,1 196,6 55,6 9,7 - 22,0 72,3 5,6 -
18 317,6 12214 59,5 37,0 11,3 22,7 57,9 14,7 4,7
19 43,5 94,8 41,2 111 1,6 13,9 70,6 10,0 5,5
20 61,2 185,5 48,0 14,5 1,5 13,2 74,0 7,6 5,3
21 67,3 120,7 48,3 26,2 - 28,0 66,4 5,6 -
22 67,2 207,8 62,9 17,4 - 6,0 84,5 9,5 -
23 49,0 189,8 46,2 9,3 - 5,7 79,6 14,7 -
24 56,2 165,9 46,2 9,3 - 11,9 76,8 11,3 -
25 53,9 168,1 49,6 2,4 21,3 8,8 74,3 6,8 10,1
26 60,0 261,2 64,7 26,9 5,8 8,2 41,3 41,8 8,7
27 44,3 443 - - - 100,0 - - -
28 53,5 246,0 3,6 62,9 18,9 10,9 30,9 33,5 24,8
29 41,5 41,5 - - - 100,0 - - -
30 75,2 5,7 25,4 270,4 79,1 219 32,1 15,4 30,6
1 154,3 934,0 58,8 21,0 - 11,3 80,0 8,7 -
2 45,6 127,3 43,9 11,3 - 6,9 80,7 12,4 -
3 - - - - - - - - -

4 79,5 233,3 65,7 19,8 - 10,3 82,4 7,4 -
5 156,9 653,6 62,1 22,8 - 16,7 72,9 10,4 -
6 67,5 99,9 55,5 2,1 - 354 57,6 7,0 -
7 59,8 138,1 48,5 4.4 - 15,9 77,5 6,6 -
8 58,4 58,4 - - - 100,0 - - -
9 69,7 2219 69,4 27,4 - 5,2 76,4 18,4 -
10 - - - - - - - - -
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Tablel15: Results of LENMR analysis on healthy (blue) and pathological (red) Isanples. Tn is the average meapin
latticerelaxation time, 4% and T arethe percentages and relaxation times respectively.

Sample Tim T T12 T3 Ti1a Tis A1% A% As% A% As%
(ms) | (ms) | (ms) | (ms) | (ms) | (ms) ¢ ¢ ) ¢ )
1 226,0 | 302,3 | 115,77 10,9 - - 60,4 37,3 23 - -
2 166,7 | 279,4 | 1219 3,0 56,4 - 36,8 44,7 2,0 16,4 -
3 157,2 | 2473 6,4 100,3 - - 46,9 12,8 40,3 - -
4 166,5 | 272,7 | 112,2 | 50,6 2,3 46,6 39,7 46,7 8,7 2,0 3,0
5 166,6 | 271,4 | 104,7 | 32,1 12,1 - 40,8 51,6 53 2,3 -
6 202,2 | 281,7 | 101,2 1,8 101,4 - 56,9 33,3 1,7 8,1 -
7 108,5 | 108,55 - - - - 100,0 - - - -
8 203,2 | 2592 | 975 4,2 - - 68,1 27,2 47 - -
9 2554 | 4238 | 226,8 | 615 7,1 - 21,8 69,9 7,1 1,2 -
10 274,3 | 306,4 | 118,0 | 10,8 - - 84,0 14,1 1,9 - -
11 277,4 | 2970 | 77,7 10,0 - - 91,6 6.6 1.8 - -
12 2593 | 277,21 | 50,0 - - - 92,2 7,8 - - -
13 1549 | 167,2 | 20,1 - - - 91,6 8,4 - - -
14 225,0 | 2441 59 - - - 92,0 8,0 - - -
15 220,5 | 228,2 8,0 - - - 96,5 35 - - -
16 2745 | 296,5 | 60,7 - - - 90,7 9,3 - - -
17 305,2 | 379,1 | 117,5 8,5 - - 73,1 23,7 3,2 - -
18 290,0 | 290,0 - - - - 100,0 - - - -
19 272,6 | 303,5 | 111,7 | 21,7 - - 84,9 13,0 2,1 - -
20 265,7 | 3049 | 1193 | 194 - - 80,5 16,5 3,0 - -
21 289,7 | 3352 | 92,9 6,9 - - 82,8 12,5 4,6 - -
22 337,8 | 3585 | 26,8 - - - 93,8 6,2 - - -
23 261,1 | 317,3 | 140,0 | 185 - - 70,5 26,3 3,2 - -
24 268,5 | 333,7 | 130,3 3,9 3,9 - 70,4 25,5 1,9 2,1 -
25 267,9 | 2858 | 46,7 - - - 92,5 7,5 - - -
26 2349 | 3311 | 1836 | 79,6 40,8 - 44,6 43,4 6,6 54 -
27 2448 | 467,2 | 234,8 | 357 - - 10,8 81,6 7,6 - -
28 147,0 | 277,4 | 114,7 | 895 50,3 29,4 30,5 28,6 26,7 6,9 7,2
29 228,6 | 3016 | 1619 | 30,9 28,5 - 53,7 40,0 3.4 2,9 -
30 171,1 | 311,8 | 1315 | 64,7 24,4 - 30,9 50,1 10,5 8,5 -
1 - B - B - B - - - B -
2 238,8 | 282,5 | 128,1 4,5 - - 74,7 215 3,8 - -
3 - - - - - - - - - - -
4 2950 | 3114 0,8 - - - 94,7 53 - - -
5 338,9 | 354,9 3,1 - - - 95,4 4,6 - - -
6 438,5 | 472,2 13,9 - - - 92,6 7,4 - - -
7 235,7 | 2685 | 1125 6,6 - - 814 15,1 35 - -
8 - - - - - - - - - - -
9 359,5 | 4158 | 90,6 - - - 82,7 17,3 - - -
10 222,1 | 381,3 | 1765 | 445 9,1 8,3 29,9 59,7 5,0 2,4 2,9
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Figure 53: Boxplots withT2m and Tim for pathological (red) and healthy samples (blu€yepresents the average value.
Statistical significance was determined by comparing pathologizithealthy samples: *p < 0.01. Statistical analyses were
performed using MankVhitney testfor Tzm, because the distribution of data was not gausaizh,Unpaired t test forah,
becausehe distribution of data was gaussian.

There is a correlation betweeamland Tim measuredn both healthy and pathological
liver sampleqFigure54). Thiscorrelation underscores the descriptive properties of these two

parameters.
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Figure54: Correlation betweenik and Tm measured imealthy angathological liver samples considered together
(Spearman correlation with r =80 and p< 0.0001).
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In liver samples, LAINMR analysis primarily reflectshe iron content rather than
providing structural information. However, we identified correlations betwegraid Tim
and the results of rheological analysis, which do offer structural insights into the samples.
particular, there are correlations betwd@er andmeanG* (Figure55) andsimilarly betwee
Tom € EGi (Figure56). Moreover, also 1m correlates withmeanG* and withEG; (Figure57
andFigure58). In addition, Tim alsocorrelates with the parameters &n d (Figure59 and
Figure60).

The correlations betweenyd and themean G* and shear moduli G armversely
proportion& As Tom decreases, the valueshaith meanG* and G moduli increase. We have
already seen thathen T>m decreases, the amount of iron in the sample increkseghis
reason, his inverse relationship indicates that as @iecreases, iron content in the sample
increasesandthe stiffnessgrows Similarly, Tim exhibit an inverse correlation with mean G*
and G. h our samplesincreased iron deposition in the liver correspotdscreased liver
stiffness,indicating liver health deterioration, as reported in the literature. Indeed, iron excess
in the liver can induce fibrosipromoting signals in the parenchymal and 4panenchymal
cells, thus acceleratingisease progressiqMehta et al., 2019; Yao et al., 201%herefore
the rheological and LINMR analysisprovide complementargnd corroborative datan liver

structure and functionality.
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Figure55: Correlation betweenzk andmeanG* measured in healthy and pathological liver samptessidered together
(Spearman correlation with r-8.39 and p < 0.05).
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Figure56: Correlation betweenzk andZG measured in healthy and pathological liver samples considered together
(Spearman correlation with r-8.38 and p < 0.05).
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Figure57: Correlation betweenskh and mean G* measured in healthy and pathological liver samples considered together
(Spearman correlation with r-8.46 and p < 0(b).
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Figure58: Correlationbetween Tm andZ Gmeasured in healthy and pathological liver samples considered together

(Spearman correlationith r =-0.57 and p < 0.05).
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Figure59: Correlationbetween Tm andG: measured in healthy and pathological liver samples considered together

(Spearman correlationith r =-0.44 and p < 0.8).
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Figure60: Correlationbetween Tna n dmebisured in healthy and pathological liver samples considered together (Spearman
correlationwith r =-0.42and p < 0.8).

Several factors regulate iron homeostasis, including transferrin, the primary transport
protein for ferric iron (F&) in the bloodstreanfor asubset obur obese patients, the blood
concentration ofransferrinwere known(Table 16). We thus investigateds correlation with
LF-NMR and rheological parameters. While transferrin concentrations did not correlate with
Tom and Tum relaxation timegnot shown) they unexpectedly showed a correlation vaitbéan
G* and E Gmodul (Figure 61 and Figure 62). Specifically there is a negative correlation
between these parametefse higher the rheological moduli representing liver stiffriessan
G* andE @, the lower theranderrin concentration.

The connection between the liver and the iron is very strong. In fact, the liver is the
major site of iron storage in the human bddyn is stored in the liver in the cores of ferritin
shells and as hemosiderin, an insoluble product derived frorriglorferritin. Iron can be
taken up by the liver by several pathwaybe major uptake of iron by hepatocytes is from
transferrin. However, an iron overload is toxic and potentially fatad. liver isparticularly
susceptible to injury from iron overload, especially when the iron accumulates in hepatocytes.
For this reason, iron in the hepatocytes stimulates the translation of ferritin mRNA (to store
iron in this protein shelland epresses transcription of DNA for transferrin and transferrin
receptorgto limit the arrive in the liver of other iron from tleeganism)(Bonkovsky, 1991)

Thus, in case of iron overload in the liver, the levels of transferrin protein decrease. Meier et
al. (Meier et al., 2020hoticed that transferrin is@ognostic factor fosurvival and mortality
in patients with endtageliver disease In particular,low serum transferrin levels were
associated significantly with increased@dy mortality
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In this light, it is very interesting thate found a correlation between an increase in
liver stiffnessin the samplesnd a decrease in transferrin present in the bloodstoéamur

patients both indicating a worsening in liver disease.

Table16: Hematic concentration of transferrin of some obese patient in cmopavith mean G* ang& Gmodauli.

Patient | mean G* (Pa) | £ G(Pa) | Transferrin (mg/dl)
1 3719 6081,102 338
2 4392 7303,79 255
4 6450 10354,33 244
5 3838 6193,953 331
10 4571 9287,473 335
13 40532 59313,73 229
15 5264 6876,889 351
16 5115 8936,604 245
17 1757 3654,866 244
18 4004 6599,108 257
19 1947 3749,029 242
21 2342 3734,341 338
22 2349 3845,316 322
23 1602 2546,569 310
24 1318 2571,474 303
25 4062 6584,573 244
26 30491 49371,06 263
27 8159 14333,39 269
28 10104 16177 226
29 6286 10745,46 236
30 31785 51124,76 233
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Figure61: Correlation betweeh r a n s f e ri maasuredhimpadithofb@cal liver samples (Spearman correlation with r =

0.48and p < 0.05).
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Figure62 Correlation between transferrin ameanG* measured in pathological liver samples (Spearman correlation with r

=-0.45and p < 0.05).
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45 1liness indexes and correlations with rheologcal and LF-NMR

characterization of liver samples

In order to numerically quantify the clinical conditions of patients, we propose the
definition of differentdisease indicesBasically, all the considered indices represent, in a
Euclidean space at dimensions, the distance of each patient from the normal condition.
Thus, whatever the considered indices, while a healthy subject will be associated to a zero
index value, patients will be characterized by values greater than zero. Obviously, the bigger
the index value, the worse the clinical conditidnsorder to have dimensionless indices, each
one of then index components is normalized by a reference value, i.e. that pertaining to
healthy subjects. Moreover, in so doing, we get the considerable advantage of giving the same
numerical importance to each one of thendex components. Indeed, the value of each
component is normalized with respect to the healthy conditions so that it results a fraction (or
a multiple) of the reference valugccordingly, we defined the BMI indeXlswmi) (whichrelies
on the Body Mass IndexBMI)), the fibrosis and steatosis indéxs) (which considers the
Kleiner-Brunt stagesof fibrosis and steatosiglefined by histological analyses), the
haematochemical indeftn) (which considers the plasma values of gipa (Glyc), direct
bilirubin (BIL DIR), total bilirubin (BIL TOT), triglycerides(TG) and transaminases, i.e.
aspartate amino transferase (AST), alanine amino transferase (ALT) and gamma glutamyl
transpeptidase (GGT)kinally, we defined an index that considered all of them, and that we
defined the illness indefliLLness) (Which considers BMiIthe histological stages of fibrosis
and steatosiand thehaematochemical valuesready mentioned

In the following, the mathematical definitions of all the indices are reported:

O 6000 ¢ UIg v

(4.2)
where 25 washosen as maximum value of the normal range of ,Bfificenormal
range of BMI goes from 18.5 to 24(Gaballero, 2019)

0 "0 my
(4.3)
where "O and Y are respectively the stages for fibrosis and steatosis of
Kleiner-Brunt of the patientslefined by histological analysel this case, as the reference

value for healthy subjects is zero, this corresponding to the absence of fibrosis and steatosis,

the division for fOO i s not considered.
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where35, 35, 30, 101150, 1, 0.3expressed in U/L, U/L, U/L, mg/dl, mg/dl, mmol/L,
mmol/L) are respectivelyhe normal rangén womenfor AST, ALT, GGT, Gly¢ TG, BIL
TOT, BIL DIR (Ciaccio and Lippi, 2020)
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(4.5)
where 40, 40, 50, 101, 150, 1, @e&pressed in U/L, U/L, U/L, mg/dl, mg/dl, mmol/L,

mmol/L) are respectively the normal range in men for AST, ALT, GGT, Glyc, TG, BIL TOT,
BIL DIR (Ciaccio and Lippi, 2020)
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(4.6)
where25 was chosen as maximum value of the normal range of BMBan85, 30,
101, 150, 1, 0.3(expressed in U/L, U/L, U/L, mg/dl, mg/dl, mmol/L, mmol/lgre

respectively the normal range in women for AST, ALT, GGT, Glyc, TG, BIL TOT, BIL,DIR
(Ciaccio and Lippi, 2020)
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where25 was chosen as maximum value of the normal range of BM#@ndo, 50,
101, 150, 1, 0.3(expressed in U/L, U/L, U/L, mg/dl, mg/dl, mmol/L, mmol/lgre
respectively the normal range in men for AST, ALT, GGT, Glyc, TG, BIL TOT, BIL DIR

(Ciaccio and Lippi, 2020)

Table17 reportsthe four indices for the 30 obese patients.
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Table17: Values of the foumdicesreferring toobese patiest Ism defined byeq.(4.2), Irsdefined by eq(4.3), I defined
by eq.(4.4) for women and ed4.5) for men, lLLenss defined by eq(4.6) for women and ed4.7) for men.

Patient lemi lrs IH liLLENss
1 0,92 1,00 0,48 1,44
2 0,47 1,00 0,06 1,11
3 0,56 1,00 1,03 1,54
4 0,33 1,41 1,79 2,31
5 0,56 1,41 0,00 1,52
6 0,80 1,00 0,59 1,41
7 0,62 1,00 0,24 1,20
8 0,69 3,16 0,40 3,26
9 0,88 1,40 0,15 1,83
10 0,35 1,40 0,78 1,81
11 0,40 1,00 0,00 1,31
12 0,89 1,00 0,40 1,40
13 0,44 2,24 0,26 2,29
14 0,89 1,41 0,09 1,67
15 0,58 0,00 0,00 0,58
16 0,71 1,41 0,00 1,58
17 0,70 3,16 2,25 3,94
18 0,60 1,00 0,00 1,17
19 0,32 0,00 1,37 1,41
20 0,65 1,00 0,00 1,19
21 0,52 2,00 0,00 2,07
22 0,84 1,00 0,03 1,30
23 0,78 1,00 0,00 1,27
24 0,58 1,41 0,11 1,53
25 0,80 1,00 0,64 1,43
26 0,51 2,24 0,00 2,29
27 0,82 0,00 0,04 0,82
28 0,58 1,00 4,28 4,43
29 0,55 0,00 0,26 0,61
30 0,60 1,41 0,85 1,76

Figure63displays the distributions of the 4 indicesul Irs, In and ILiness). Iemi is the
only index with Gaussian distribution, all the other indices do not have a Gaussian

distribution.
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Figure63: Indices distributiondswm is the only index with Gaussian distribution, all the other indices do not have a Gaussian
distribution.A) The average value * st.dev. feul is (0.63 + Q18), the upper and the lower confidence limits (95%) afé 0

and 057, respectivelyB) The average value * st.dev. fesis (125 + Q77), the upper and the loweonfidence limits (95%)

are 154 and (06, respectivelyC) The average value * st.dev. feris (054 + 091), the upper and the lower confidence

limits (95%) are B7 and @0, respectivelyD) The average value * st.dev. fardess is (1.75+ 0.89), the upper and the
lower confidence limits (95%) a@&08and1.41, respectively

Firstly, two correlations between the indices will be repartedvess-In andliLiness-IFs
(Figure64 andFigure65). These correlations between the indices demonstrate their ability to

describe obese patients in a concordant mamg@r.does not correlate with other indices
(data not shown)
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Figure64: Correlation betweeniiness and h in obese patients (Spearman correlation with r € &rt p < 0.05).
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Figure65: Correlationbetween Liness and Esin obese patients (Spearman correlation with 180 @nd p < 0.001).

These pathological indices wererrelated with rheological and ERMR parameterdt
was seen that c¢coirdatesiaversely with.ovesanadirs (Bigure @6 and
Figure 67). In fact, as the disease index and the fibrosis/steatosis index increase, the liver
tissue becomes more rigid and fibrodss the tissue becomes more fibrous, the critical

deformation decreases.
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Figure66: Correlation betweenLinesso f o b ese pat i endobpathologicaltsamples(Speamnanccorrielatien 9
with r =-0.40 and p < 0.05).
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Figure67: Correlation between4a n dof pathological samples (Spearman correlation with@.43 and p < 0.05).

Furthermoreywe observehat Tom directly correlates withewi, Irs andwith the stages of
steatosisof Kleiner-Brunt (measured in histological analys€Eigure 68, Figure 69 and
Figure 70). These correlationsdicate that increasing thew, Irs, the stages of steatosis
there is also an increase Tam values.To explain these correlations, the alterations in iron
metabolism in obese patients must be investigitédle we have seen, boftom our results
(paragraph.4) and fromthe literature(Mehta et al., 2019; Yao et al., 201®)at iron levels
in liver tissue increase with liver tissue stiffness, obesitgssociated with iron deficiency
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This is becausebesepatientshave higher hepcidin levels which rise with BMlepcidin isa
peptide hormoneconsidered the master regulator of iron homoeostasa is produced
chiefly by hepatocyte. It is released in response to rising iron saturation of plasma transferrin,
increased hepatic iron stores, or inflammation, and negatively feeds back to reduce iron
availability by causing degradation of the ferroportin transporter, thereby reducing iron uptake
by enterocytegHilton et al., 2023) Therefore we could assert that our obese patievith

higher BMIl and steatosiare associated with highenf of the liver sampleshecause a higher
degree of obesitindicaesalower iron content in liver.

T2mdoes not correlate withnessand b (data not shown).
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Figure68: Correlation betweersl of obese patients and the respeciive of pathological samples (Spearman correlation
with r = 0.4 and p < 0.05).
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Figure69: Correlationbetween #s andTzm of pathological samples (Spearman correlation with 138 &nd p < 0.05).
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Figure70: Correlationbetweersteatosis stages deduced from histological analysis anaf pathological samples
(Spearman correlation with r =4&and p < 0.Q).

4.6 The composition and the heologcal characterization of alginategels

Hepatic stellate cells (HSCs) are the major promoter of liver fibrosis. These cells, which
have the features of fibroblasts, are localized in the liver isfiaee of Disse. Due to external
pathological stimuli, quiescent HSCs tratifferentiate into proliferative and migratory
myofibroblasts (cell activation), secreting extracellular matrix (ECM) proteins, a hallmark of
LF, resulting in progressive organ failu(gedale et al., 2013)The production of ECM
increases liver stiffnes@Kostallari et al., 2022)whichin turn contributes to promote HSC
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activation and thus liver fibrosi®©lsen et al., 2011)Thus, to test the antibrotic effects of
drugsin vitro, it is necessary to evaluate their effects on HSCs cultivated on a surface with the
same viscoelastic properties of the fibrotic liver. We thus used the rheological properties
determined in the liver tissue above described, to generate gel surfaces with comparable
properties foin vitro tests.Specifically, we selected alginate, a polymer renowned for its non
toxicity and biomimetic qualities.

Different alginate systems were realizad DMEM and crosdinked with various
concentrations otalcium ions In addition, ECM elementslike fibronectin, collagen lbr
Geltrex (a soluble form of basement membrane extracted from murine Engehboétin
Swarm tumorp were also mixed with the alginate in different quantities favor cell
adhesionTo assess if these systems were suitable for cell culhgewere tested with two
different cell lines, such as LX@ human HSCs cell lingghd WS1(a human fibroblast cell
line), with the Dil labelling of the cell membranésigure 71 and Figure 72). Geltrex and
fibronectin mixed systems were both able to permit WS1 attachment atpess?2 h. In
contrastfor LX2 only the fibronectimmixed with alginate gelallowed cell adhesionp to72
hours Systems mixed with collagehwere unsuccessful with both céfipes Thus, alginate

gelsmixed with fibronectinvere used for furthen vitro testing.

Collagen 1 Geltrex Fibronectin

Figure 71: Dil labelling of cell membranes with WSdells (60*10° cells/well in 24 weHpalte) seeded on alginat@% 9
mg/ml C&*) gels mixed with collagen |, Geltrear fibronectin in ratio 1:10 (ECM element:alginat®ictures takemvith
fluorescent microscopat 72 lours from seeding Th e s c al e Oblnin Gealtrex atdOfidronectin systems is
possible to see attachezlongated in shapnd viable cells.
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Collagen I Geltrex Fibronectin

Figure 72: Dil labelling of cell membranes with LX2 cel($0*10° cells/well in 24 welpalte) seeded on alginate (2% 9
mg/ml C&*) gels mixed with collagen |, Geltreor fibronectin in ratio 1:10 (ECM element:alginat®ictures takemvith
fluorescent microscopat 72 tours from seeding T h e s ¢ al ra. Oflyain fibrongctinls@stemseis possible to see
attachedelongated in shapnd viable cells.

The alginatesystemswith or without fibronectinwere characterizethy SS teststo
delineate the linear viscoelastic region and FS tests to study the mecbpatalm(Figure
73 andFigure74). In the SS and FS graphidsis possible to notice thasdhe concentration
of calcium ions increases, the systems are characterized by higher G* rivimalver, also
the addition of fibronectin changstghtly the rheology of the systerihe best fittingof the
SoskeyWi nt er model on the SS data all owhseh us t
marks the upper limit of the viscoelastic fieldpble 18). The best fitting of the generalized
Maxwell modelto the FS data allows us to evaluate the shear modulus G as well as the

relaxation time spectrum as shownTeible19.
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Figure73: Stress sweep test performed on alginate systems at 1 Hz. The moduli are reported as G* (Pa). Tarigewn
symbolsrepresent alginate 3% systems, and the-gleensymbok represent alginate 2% systems.

131



100000 ¢
o o °
10000 | s ;:i---:
pranmnte ce s o,
= . se8 s (- ’
o 8 $ : g o gsee CIC I
~ v @
* e ® & p = s e ©®
O
10005 "“.oo‘
$ 8 3 3 ¢ o 0 0 0 ¢
100 I I | I I A | | I I L1
0,01 0,10 1,00 10,00 100,00
w (rad/s)
Alg 2% 2 mg/ml Ca++ ® Alg 2% 5 mg/ml Ca++
® Alg 2% 9 mg/ml Ca++ Alg 2% 2 mg/ml Ca++ FN 1:10
Alg 2% 9 mg/ml Ca++ FN 1:18 Alg 2% 5 mg/ml Ca++ FN 1:2
¢ Alg 2% 9 mg/ml Ca++ FN 1:20 Alg 3% 5 mg/ml Ca++
® Alg 3% 9 mg/ml Ca++ m Alg 3% 9 mg/ml Ca++ FN 1:10
* Alg 3% 9 mg/ml Ca++ FN 1:2

Figure74: Frequency sweep test performed on alginate systems. The moduli are reported as G* (Pa). Thebgavn
symbolsrepresent alginate 3% systems, and the-gheensymbolsrepresent alginate 2% systems.

Table18: Results of SS analysis on alginate systemis.the workper unit volume necessary to get the critical deformation
2 (€q.(1.38)). Gc, ¢, UcantlG*c are the fitting results of the Sosk@yinter model(eq.(1.31)).

Sample 2 (-) G (Pa) G (Pa) 2 &() G*c(Pa) | w(J/m3)
Alg 2% 2 mg/ml Ca&* 0,0541 1109 60,0 0,0539 1113 1,62
Alg 2% 5 mg/ml G 0,0362 4137 149,6 0,0366 4091 3,02
Alg 2% 9 mg/ml C&* 0,0228 6519 148,9 0,0236 6297 1,94
Alg 2% 2 mg/ml C&" FN 1:10 0,1906 265 50,5 0,1575 252 3,97
Alg 2% 9 mg/ml C&" FN 1:10 0,0020 4267 8,6 0,0021 4167 0,01
Alg 2% 5 mg/ml C&" FN 1:2 0,0453 1024 46,4 0,0451 1028 1,06
Alg 2% 9 mg/ml C&" FN 1:2 0,0087 6589 57,5 0,0089 6487 0,29
Alg 3% 5 mg/ml C&* 0,0582 2592 150,8 0,0584 2583 5,26
Alg 3% 9 mg/ml C&* 0,0592 6560 388,1 0,0599 6475 13,16
Alg 3% 9 mg/ml C&* FN 1:10 0,0436 1319 57,5 0,0444 1297 12,15
Alg 3% 9 mg/ml C&* FN 1:2 0,0166 11382 189,0 0,0172 11007 1,83

132



Tableld. Results of FS an aliiythe skearonodulash@Fi Gr, &4, & a B g et fiting K G
parameters of the generalized Maxwell modés the average mesh size of fi@ymeric networlandr xs is thecrosslinking
density.

Go G1 G2 Gs3 G4 Gs EG % mean Ixs
Sample | a1 (s) . X (nm)
(Pa) | (Pa) | (Pa) | (Pa) | (Pa) | (Pa) | (Pa) | elasticity | G* (Pa) | (mol/cm?3)

Alg 2%
2mg/ml | 0,01040| 424 | 507 | 130 | 192 | 268 | - | 1521 28 832 6,1E07 | 17,3
Ca++

Alg 2%
5mg/ml | 0,00516| 1225| 1661 | 836 | 778 | 648 | 923 | 6072 20 3239 2,5E06 10,9
Ca++

Alg 2%
9 mg/ml | 0,00883| 2034 | 3233 | 1997 | 930 | 2234| - | 10428 20 5332 | 4,2E06 | 9.1
Ca++

Alg 2%
2 mg/ml
Ca++
FN 1:10

0,00832| 169 | 160 | 29 37 44 - 439 38 238 1,8E07 26,2

Alg 2%
9 mg/ml
Ca++
FN 1:10

0,01536| 1216 | 1826 | 1199 | 830 | 1201 | - 6272 19 3466 2,5E06 10,8

Alg 2%
5 mg/ml
Ca++
FN1:2

0,02368| 162 | 294 | 182 | 164 | 341 - 1143 14 742 4,6E07 19,0

Alg 2%
9 mg/ml
Ca++
FN 1:2

0,00995| 2851 | 3277 | 1849 | 1624 | 1112| - 10713 27 5675 4,3E06 9,0

Alg 3%
5mg/ml | 0,01102| 1908 | 433 | 306 | 154 | 384 | - | 3184 60 2464 | 1,3E06 | 135
Ca++

Alg 3%
9 mg/ml | 0,01594| 3547 | 1360| 748 | 710 | 382 | - | 6747 53 4863 | 2,7E06 | 10,5
Ca++

Alg 3%
9 mg/ml
Ca++
FN 1:10

0,01846| 4311 | 3404 | 1983 | 1617 | 2349 | - 13665 32 8640 5,5E06 8,3

Alg 3%
9 mg/ml
Ca++
FN 1:2

0,06038| 6094 | 5723 | 766 | 2065| - - 14647 42 9384 5,9E06 8,1

Stress sweefestresultsshow thathe minimal critical stress ¢ measuredthat indicate
the exitng from the linear viscoelastic fieJds 8,6 PaFor this reason, the frequency sweep
testson thealginatesystemswvere conducted dt Pa

From the shear moduli reportéd Table 19, it is possible to notice that increasing the
concentration otalcium ionsthere is also an increase of G in systems with alginate 2% with
or without fibronectin mixed. This is evident also in alginate 3% systems.

In order to appreciate the elastic and viscous modulus trends of these systems in detail,
Figure 75, Figure 76, Figure 77 and Figure 78 show the outcomes of their stress and

frequency sweep test.
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The stress sweep tests, for eattpe of alginate systemhighlight the clear
predominance of the elastic componen6 (B v e r t he Vviscdulsabothomporl
alginate 2 and 3% systentspa n d 6in@éaseas thecalcium ionsconcentréion increases
This isevident also from the frequency sweep tests and fltomt s hear j, whickd ul i
increass as the calcium iongoncentrationincrease. In fact, systems with a higher
concentration of calcium ions are more rigid because they possess amue#ter of cross
linking points provided by the greater amountha# crosslinking agent.This is also reflected
in the average mesh size of the reticul{irable 19), which decreases as the concentration of

calcium ions increases.
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Furthermore,hie FStestsemphasizeéhe gel nature of all the systems considered@s G
always significantlybiggert h a 6 as@® two moduli are parallel arakthey are constant
with the pulsation¥. However, in alginate 2%here is a trend of @& n d § t&kedownward
(when the pulse is reduced, the modules are slightly reflidedeover, from the FS testgy
increasing the alginate concentration from 2 to 3%, there is no clear difference i@ the G
moduluswhilet her e i s a @dhichis greaemncthe 2% agin@®systems than in
the 3% systems with the same calcium ions considditeid. means that there is a greater
prevalence of the viscous component in 2% alginate systedisating a weaker gel. In fact,
Table 19 shows that the %lasticity (eq. (4.1)), spansfrom 19 to 38% for the 2% alginate
while this range spans from 32 to 60 for the 3% alginate gels.

The congruity of the stress and frequency sweep tests is demonstrated by the substantial

eguvalencebetweenthe Ga n d dmBdules evaluated at small stresses in the stress sweep
tests(conducted with a frequency of 1 Had the modules evaluated in the frequency sweep
tests at the frequency of 1 Klz¥ 6.28 rad/s).

In the following pictures (Figure 79, Figure 80, Figure 81 and Figure 82), alginate

systemawith andwithout fibronectin(1:10 ratio, fibronectin:alginate) are compared.
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Figure79: SS tesperformed on alginate 2% systefmsth and without fibronectinyvith increasing C&. Filled symbols
indicate G6 while open symbols indicate
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The addition of fibronectin to the alginate systems at a ratialdf (bptimal for cell
adhesion)does not changhe rheological properties of the systemspamticulay fibronectin
does not modifisignificantlythe Ga n d dmG&dil, especially in the systems gelled with a 9
mg/ml C4* concentrationindeedthe modul slightly decrease in the 2% alginate system and
slightly increase in the system with 3% algadnh contrast, in the 2% alginate system gelled
with 2 mg/ml Ca* concentration, the addition of fibronectin visibly reduces both moduli.

Figure 83 highlights the existence of lmear correlationb e t w e eamd GE (Bhear
correlation withr = 0.70andp < 0.05).Interestingly, a similar correlation was also recently
found for weak gels based @cleroglucan and gugum (Coviello et al., 2022and in our

liver samples (paragrapghd).
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Figure83: Cor r el at ii(Ba) anb @(Payie algmatdZ2@nd 3% syste(tisear correlation with r =0.70 and p <
0.05.

4.7 The LF-NMR characterization of alginategels

LF-NMR characterizationallows the evaluation of thepinspin relaxation time
spectrumand the spidattice relaxation speatm as well as the 2, and Tim shownin Table
20 and Table 21. This techniqueprovidesus important nanmicrostructure informatiormn
polymer systems, like alginate gels. Sincen s influenced by the surface effect (see
paragraphil.2), this parametepermitsto have insights on the surface of contact between the
liquid phase (water in this case) and the solid phase (alginate polymer chaifet, an
increase inf2m corresponds to a decrease in the contact surface area between the liquid phase
and the solid phase (in this case the polymer), indicating either an increase in the average
mesh size of the polymer network or an increase in the radial size of the polymer chains.
Conversely, a decrease Tam corresponds to an increase in the contact surface between the
liquid and solid phase, indicating either a decrease in the average mesh size or a decrease in
the radialsize of the polymer chains. Thus, the-NMR techniqueis able to provide
structural information on the alginate gel that enrich and complete the rheological

characterization.
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Table20: Results of LFNMR analysis oralginate gelsTzmis the average meapin-spinrelaxation time, Ai% and 2l are
the percentages and relaxation times respectively

= | Tom T2 T2z Tas Tas Tas A1% A% A% A% As%
ample
(ms) | (ms) | (ms) | (ms) | (ms) | (ms) ¢) Q) Q] Q] Q]
Alg2% | 8946 | 2381,1| 6355 | 945 | 1960 | - | 312 | 130 | 387 | 172 | -
2 mg/ml Ca
Alg 2%
. | 9228 | 28870| 59,7 | 11470| 2986 | 327 | 261 | 374 | 106 | 69 | 191
5 mg/ml C4
Alg 2%
o el o4+ | 9759 | 2660.9| 8410 | 1601 | 498 | - | 319 | 105 | 90 | 485 | -
Alg 2%
2 mg/mi Ca* | 1140,9| 29439 1906 | 7981 | 943 | - | 331 | 249 | 114 | 306 | -
FN 1:10
Alg 2%
9mg/mi Ca* | 1225,2| 2966,2| 9444 | 1856 | 555 | - | 370 | 92 | 82 | 456 | -
FN 1:10
AO3% | 6424 | 20380| 7160 | 797 | 422 | - | 197 | 35 | 151 | 617 | -
5 mg/ml C4
Ag3% | 7341 | 20384| 8923 | 1178 | 343 | - | 227 | 42 | 45 | 686 | -
9 mg/ml C4
Alg 3%
9 mg/mi Ca* | 686,8 | 2811,8| 8953 | 1516 | 332 | - | 209 | 75 | 60 | 656 | -
FN 1:10

Table21: Results of LENMR analysis on alginate gelsinfis the average mean sgattice relaxation time, & and T are
the percentages and relaxation times respectively.

Sample Tim Tu T12 Tis A1% A% A%

(ms) | (ms) | (ms) | (ms) ©) ©) )
Alg 2% 2 mg/ml C&" 2538,1| 2636,3| 173,2 - 96,0 4,0 -

Alg 2% 5 mg/m| C&* 2206,8 | 2811,2| 1442,6| 39,1 58,5 38,9 2,6

Alg 2% 9mg/ml C&a* 2294,3 | 3712,0| 17425| 24,1 30,1 67,4 2,4
Alg 2% 2 mg/ml C&" FN 1:10 | 2581,3 | 2664,4| 269,1 - 96,5 35 -
Alg 2% 9 mg/ml C&" FN 1:10 | 2431,3| 2734,6| 737,9 - 84,8 15,2 -
Alg 3% 5 mg/ml C&* 1948,3 | 2073,8| 282,9 - 93,0 7,0 -
Alg 3% 9 mg/m| C&" 1720,9 | 1767,4| 19,7 - 97,3 2,7 -
Alg 3% 9 mg/ml C& FN 1:10 | 1778,6 | 1915,2| 25,0 - 92,8 7,2 -

Thevaluesof Tom and Tim are higher than those measured for the hepatic samples, this
is becausealginate hydrogels do not contain ferromagnetic/paramagnetic substances as it
happens for the iron contained in the liMarthese hydrogel systems thewland Tim reflect
respectivelythe spinspin and spifattice relaxation time of the water protons present in the
samplesTom valuesslightly increase when calcium ions concentmatncreaseT2m depends
on the solid phase in the samf®lymer volume fraction)the greater the contact surface of
the solid phase with the liquid phase, the shorter the relaxation time. Consequently, if T
slightly increases as the calcium ion concentration increases, then the contact surface area
between the alginate polymer chains and the water in the sample decreases. This is explained

by an increase in the radial size of the polymer chains. In fact, as the calcium ion
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concentratiorrisesin the alginate systen(2% alginate, 3% alginate and 2% alginate mixed
with fibronectin 1:10) the shear modulus and thus the stiffness of the syst@easgTable
19), sincethe crosdinking pointsbecome more numerous atine averageneshsizessmaller
(X). However, there is alsoraoderatencrease in Im, which indicates that the contact surface
between the solid and liquid phaseslightly reducedbecauséhere is anncreasen the radial
size of the polymer chainsvhich become thickesee Figure 84). It follows that the
rheological and the LINMR technique arefocused ortwo different aspects concerning the

characterization of alginate systems.
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Figure84: Relationshipbetween Ima n d i. Th&grey symbols represaalginate3% systemsggelled with, starting from the
point on thebottom 5 mg/mlor 9 mg/ml C&*. The black symbols represeaiginate 2% systems gelled with, starting from
the pointon thebottom,2 mg/ml, 5 mg/mior 9 mg/ml Ca*. The blue symbols represealginate 2% systemmixed with
fibronectin 1:10gelled with, starting from the poionh thebottom 2 mg/mlor 9 mg/ml C&a*.

4.8 Selected alginate gel as vitro models
4.8.1 Rheological characterization of alginatan vitro models

The alginate systems that were selected fatitho cell tests ar¢he one containing 2%
alginate 9mg/ml Ca™* and FN 1:1Qffrom now on referredasAlg 2%), to mimic the healthy
liver tissue and3% alginate 9 mg/ml Cd and FN 1:1Qfrom now onreferred & Alg 3%), to
mimic the fibrotic liver tissueThese systems were chosen gbysical nature resembling the
normal (Alg 2%) and fibrotic liver (Alg 3%), based on rheological aneNMR tests(see
paragrapht.6). In both SSand FStesG6 and GO66 are higher in
2%, indicating that Alg 3%asa stiffer nature(Figure 85 and Figure 86). Moreover, Alg 3%
system is characterized by a higher elastic component than Alg 2%. In fact, the % of elasticity
of Alg 3% is 32 while it is 19 for Alg 2%.
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Table 22 shows thatmean G* andthe critical stresst. referring toAlg 3% and ©
pathological samples are comparale.the other handhé shear moduli anthe mearG* of
Alg 2% system are slightly higher than the averagkies of these modufor the healthy
samplesindeed the inspection oFigure87 andFigure88, revealsthat this alginate system is

positioned in the upper part of the range of vafoesealthy samples.

Table22: Comparison between the rheological parameters of the selected alginate systems and the liver samples.

Gels E G(Pa) mean G* (Pa) G (Pa)
Alg 2% 9 mg/ml
6272 3466 8,6
Ca*FN 1:10
Alg 3% 9 mg/mi
13665 8640 57,5
Ca™*FN 1:10
Liver samples aver ag ePapsf SEH (| average of mean G* (Pa)+ SEM| a v e r a g(Pa) bSEM
Healthy liver
2719 £ 728 1657 £ 432 15%5
samples
Pathological liver
11672 + 2723 7318 £ 1768 87 £ 26
samples
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Figure87: Stress sweep test performedsatected alginate systems divér samples at 1 Hz. The moduli are reported as G*
(Pa). The browsredyellow circles not connected by a line represent pathological saandethe blue circles connected by a
line represent healthy sampl@he blue squares represent the 2% alginate 9 mg/ml Ca++ and FN 1:10 system and the red

squares represent the 3% alginate 9 mg/ml Ca++ and FN 1:10 system.

144

wh i



100000
o o © ¢
® . 00.::‘§03:00"
g§ o0
[ ] 3 ® °
[ ]
c o0 o ® e o 0 O .
o ® o o ® ° ° 2 ..'
10000 F ®o o ® , 0 0 00 0.',.....-1--l-l
; g-8-0-8-0 BB e 2 8 8 g
T e 8 2 3 -
e_/ @
x
O
1000 F
100 1 PR T T T B A | 1 PR T T T B A | 1 PR T T T B A | 1 I T T T N A
0,01 0,1 1 10 100
w (rad/s)

Figure88: Frequency sweep test performed on selected alginate systems and on the liver samples. The moduli are reported as
G* (Pa). The browsredyellow circles not connected by a line represent pathological samples and the blue circles connected

by a line represent healthy samples. The blue squares represent the 2% alginate 9 mg/ml Ca++ and FN 1:10 system and the
red squares represent the 3% alginate 9 mg/ml Ca++ and FN 1:10 system.

4.8.2 Effects of alginatein vitro models onLX2 cell phenotype (viability assayand
morphological analyse}

On the selected alginate systems Alg 2% and Alg \8kéch resemble the normal and
fibrotic liver, respectively, itvas performed a cell viability agay with LX2 cells for 72 hours
(Figure 89). The cells remained viable at least up to 72 hduns seedingn both alginate
systems (Alg 2%nd Alg 3%).In the Alg 3% gel cells viability was greater compared to those
seeded on Alg 2%. This behavior is in line with what ocoukgvowhere in the fibrotic liver,
characterized by increased stiffnékestallari et al., 2022)HSCs proliferate fastéhredale et
al., 2013)

Figure90 showspictures taken on brigliteld of LX2 seeded on Alg 2% and Alg 3% at
24 and 48 hourérom seedingIn both systemd. X2 are in an ideal situation, as they are

characterized btheir typical elongated shape and have connectiathsother cells.
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Figure89: PrestoBlue viability test with LX2 cells (60*3@ells/well in 24 welplate) seeded on alginate gels, Alg 2% and
Alg 3% (180 ¢l / well of al @¢l). fihe tesultsrare gxprdssed astRRU (Rdlative Bluorescdngen )
Units) % + SEM, where Alg 2% at 24 hours is considered 100%. Statistical significance was determined by cegifgaring
cultured onAlg 2% versus Alg 3% systenat the same time poirftp < 0.06). Depending on data distribution, statistical
analyses were performed using either parametric (unpatest) tor norparametric (ManstWhitney testtess.

Alg 2% Alg 3%

24 h

48 h

Figure90: LX2 cells (120*18 cells/well in 12 welplate) seeded on alginate gels, Alg 2% and Alg Beight field pictures
taken at 24 and 48 hours fromseedindh e scal embar is 100 ¢
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The activation of HSCs in fibrotic liver tissue results in a morphological transformation
from a starshaped (more compact argharacterizedby various cell protrusions) to a
myofibroblastic (more elongated) morphology. We therefore studied by microscopic analysis
the shape of LX2 cultured on a stiffer surfadég(3%) compared to LX2 cultured on a softer
surface Alg 2%). We used two different parameters to study cell morphology: circularity (C)
and elongation (AR)The analysi®of C and AR(Figure91) shows a tendency for LX2 cells
cultured on Alg 3% to be poorly spherical and more elongated than cells cultured on Alg 2%,

suggesting a moractivatedmorphology for cells cultured on the stiffer surface, resembling

fibrotic liver.
0,62 2,9
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0,58 2,7
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0,54 — 2,5
Z')/ 0,52 ZE’ 2,4
0,50 2,3
0,48 2.2
0,46 2,1
0,44 2,0
0,42 1,9
C (Alg2%) C (Alg 3%) AR (Alg 2%) AR (Alg 3%)

Figure91: Shape factors C and AR for LX2 cells seeded on Alg 2% and Alg 3% systemaliiég are reported as average
+ SEM is reported.

4.8.3 Molecular effects of alginatein vitro models onLX2 (ACTA2 and E2F1 mRNA
and protein levels)

To analyze the influence @&lg 2% and Alg 3% on LX2 behavior,RT-g°PCR was
performed to quantify the expressionAETA2 and E2FImRNA at 24 and 48 hours after
seeding on hydrogel substratdsC TA2 gene eSMA @l@&8nsoott Muscle Bctin)
a typical pr ot ei SMAp tbgethrary vatlh collagero b dna H, tvisnentin,U
fibronectin, are involved in a profibrogenic phenotypeH&Cs(Acharya et al., 2021; Le et
al., 2023; Olsen et al., 201)e detected a significant increaseACTA2 mRNA levels in

cells grown ormAlg 3% (Figure 92). This indicates that the stiffer gel can mimic the fibrotic
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liver stiffness known to promote LX2 cells modification to the myofibroblastic activated
phenotype.

E2F1 (E2 promoter binding factor)lis a transcription factor strongly related to cell
proliferation which promotesthe G1/S phase transitio(Eletr and Wilkinson, 2011)
Moreover, its overexpression has been reported in liver fib{@iang et al., 2014)We
observed a significant increase in its MRNA levels in ggitsvn onAlg 3% (Figure93) in

line with the phenotype of activated cells (increased proliferation anfilqpodic behavior)
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Figure 92 Fold increasg#SEM) mRNA expressiorof ACTA2 normalized with28S in LX2 cells grown on Alg3%
compared to Alg 2%n = 6) Two time points (24 and 48 houirem the seedingwere considered. Statistical significance
was determined by comparing Alg 2% versus Alg 3% systems (*p < 0.05 ©P005, Unpaired t test)LX2 cells were
seeded on 1®@ell-plates (R0*10° cells/well) on alginategels2% or 3% m/V with FN 1:1¢300>l/well).
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Figure93: Fold increas€é+SEM) mRNA expression of E2F1 normalized with 28S8.X2 cells grown on Alg3% compared

to Alg 2% (n = 6) Two time points (24 and 48 hours from the seeding) were considgtatistical significance was
determined by comparing Alg 2% versus Alg 3% systems (*p < 0.005). Depending on data distribution, statistical analyses
were performed using either parametric (unpairest) or nomparametric (ManiWhitney testfess. LX2 cells were seeded

on 12 wellplates (20*103c el | s/ wel | ) on alginate gels 2% or 3% m/V with
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To strengthen thdata about thenRNA expression levelsf "-SMA and E2F1, also the
protein levelswere evaluatedor cells grownon Alg 2% or Alg 3% (Figure94). Forbothh -
SMA and E2F1, the protein levedhow a tendencip increase its levels in LX2 grown on Alg
3% compared to those grown on Alg 2%.

Together, the dataeportedin Figure 89, Figure 92, Figure 93 and Figure 94
demonstrate that wauccessfullygenerated two alginate surfaces whose different viscoelastic
properties can mimithe effect of normal and fibrotic liver on LXthenotype.

S - E2F1
55—

1,0 1,42 -Fold E2F1/GAPDH

22~ - a-SMA
1,0 3,31 - Fold a-SMA/GAPDH
35 [ T - GAPDH

Figure 94: Western Blotwith protein bands fok -SMA and E2F1 in LX2 at 24 hours after seeding on Alg 2% or Alg 3%.
GAPDH was used as loading control. LX2 cells were seeded on 1plards (20*10° cells/well) on alginate gels 2% or
3% m/V with FN 1:10 (300 el /well).

4.9 Phenotypic effects of DUBs inhibitors on cells cultured on plastic

surfaces
The compound 2C has a deubiquitinase (DUBS) inhibiéiogvity (Cersosimo et al.,
2015) For all the consideratisrmdone in paragraph.6, 2C and its more soluble derivative
DUDC3 deserve an evaluation as antifibrotic age2zt@tsand DUDC3 were kindly provide us
from the Prof. FabioBenedetd s g (ProfuRulvia Felluga and Prof. Sara Drioli in the
Department of Pharmaceutical and Chemical Sciences of the University of )T\estérst
tested these compounds on cells seeded on plastic, the simplest and most common model for

cultivating cell lines
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4.9.1 LX2 uptake test with fluorescent compound (2€Fl)

To assess the uptake the 2C compound by LX2 cells, we utilized a fluorescein
labeled variant &1 ) at a ¢ o n doptimalrcandentration whi€h dig not dfflect
visually cell phenotype andould stain most of the ceJlsUptake was evaluated at various
time points: prior to compound administration, an@-a#-, and 24hourspostadministration
(seeFigure95). DAPI staining was employed to visualize the cell nu@artingfrom the 2
hour time point, the green fluorescent signal becomes localized within theytogllasm and

nuclei indicating a efficientcell uptake.

24 h

Before administration

2C-F1

DAPI

Figure95: LX2 cells were utilized for the uptake assay. The upper panels illustrate the uptake ofRhead@ound at a
concentration of 2 eM at di fferent ti me points, whril e t he
indicates 50 &gm.

4.9.2 DUBsinhibitors effects oncell viability

Cell viability was evaluatesbver a 72hour period following initial treatment with
varying concentrationsf®C, DUDC3or VW1 ( 0. 5, 1, .%V1isda,compdunde M)
without DUBSs inhibiting activitywhich was used as a control compounldree distinct cell
lines were utilized: WS1, LX2, and CFSEigure 96, Figure 97 and Figure 98). LX2 and
CFSC were chosen as a model for HSCs cells, the thaimain cellular players in liver
fibrosis In fact,LX2 are a human HSCs cell limexd CFSC are spontaneously immortalized
HSCs cell line derived from adult male cirrhotic rat livers induced by carbon tetrachloride
Instead, WS1 are a human fibroblast cell line, that was chbseause it mimics the
phenotype oHSCswhen they transdifferentiate intoyofibroblastsThe No Treatment (NT)
condition was designated as 100% absorbaooesponding to 100% viabiliticross all cell
types, VV1 did not significantly impact viability. In contrast, both 2C and DUDC3 exhibited a
concentratiordependent reduction in cell viability. Notably, CFSC cells demonstrated greater

resistance to these treatments comparedkband WS1 and only the highest concentrations

150



of 2C and DUDCS3 significantly affected cell viabilit€ FSC have different resistance to
DUBs inhibitors, probably because these cells from a different species.

WS1 human skin fibroblasts VVvi
140
IC50 (VV1 at 24 h) = 66,4 uM 120
= 100
1C50 (2C at 24 h) = 9,1 uM ?; %0
£ 60

IC50 (DUDCS3 at 24 h) = 5,6 uM 2

=
20
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24 h 48h 72h
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Figure96: MTT test with WS1 cells, over a #ur period following initial treatment with varying concentrations (0.5, 1, 2,
4, 10 eM) of VHE]L)Ph€rexlts ar®rddor®a as Absorbance % + SEM, where NT condition (red line)
is considered 100%gtatistical significance was determined by comparing NT condition vs treatment conditions (*p < 0.05).
Depending on data distribution, statistical analyses were performed using either parametric (urtpat)edrtnon
parametric (MantWhitney test) tests.
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L.X2 human hepatic stellate cells Vvi
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Figure97. MTT test withLX2 cells, over a 7zhour period following initial treatment with varying concentrations (0.5, 1, 2,

4, 10 €M) of VHWEJIS5) Phe€rexults ar®rgdor@®8 as Absorbance % + SEM, where NT condition (red line)

is considered 100%. Statistical significance was determined by comparing NT condition vs treatment conditions (*p < 0.05).
Depending on data distribution, statistical analyses were performed using either parametric (urtpat)edrtnon
parametric (ManfWhitney test) tests.
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CFSC (rat hepatic stellate cells) Vi
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Figure98: MTT test withCFSCecells, over a 7zhour period following initial treatment with varying concentrations (0.5, 1, 2,

4, 10 €M) of VHWIEJI5) Phe€reqults ar®rgdor@®8 as Absorbance % + SEM, where NT condition (red line)

is considered 100%. Statistical significance was determined by comparing NT condition vs treatment conditions (*p < 0.05).
Depending on data distribution, statistical analyses were performed using either parametric (urtpat)edrtnon
parametric (ManfWhitney test) tests.

4.9.3 Effect of DUBs inhibitors on cell apoptosis

To further explore the phenotypic effects of 2C and DUDC3 on LX2, cell apoptosis was
studied(Figure 99). Control treated cells (VV13howed no significant differences compared
to NT cells. 2C compound at>M concentration showed a statistically significant increase in
apoptosis induction compared to the NT condition. At higher concentrations, 2C did not elicit
significant increase in cell apoptosis. DUDC3, did not show any significant induction of

apoptosis at all the concentratidasted.
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Annexin V Assay
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Figure 99: Annexin V Apoptosis assay on LX2 cells 24 hours gosatment with VV1, 2C or DUDC3 at different
concentrationsLX2 cells were seeded in 96 wallates (5*10 cells/well), 24 hours after seeding cells were treated and
added with the detection reagent of the kit used to perform the Annexin \V 24dagurs after treatment luminescence of
samples was measurethe results are reported as Relative Luminescence Units (RLU) + SEM, where NT condition is
considered 100%. Statistical significance was determined by comparingrsidstreatment conditiongp < 0.06, unpaired
t-test).

4.9.4 Effect of DUBs inhibitors on cell necrosis

To evaluate the cytotoxicity of DUBs inhibitors treatments on LX2, the LDH test was
performed(Figure 100). Theresults are reported ad Cytotoxicity % (calculated as reported in
paragraph3.22, where Triton treatment is the positive contsat at100% cytotoxicity
induction From the concentration oin®4, 2C significantly induced cytotoxicity; even more
effective was DUDC3, which induced cytotoxicity already @#land displayed cytotoxicity

induction more evident than 2C at all the concentrations tested.
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LDH Assay
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Figure100 LDH Cytotoxic assay on LX2 cells 24 hours ptsatment with VV1, 2C or DUDC3 at different concentrations.
The results are reported agt@oxicity % + SEM, where the positive control (Triton) is considered 100%. Statistical
significance was determined by comparing NT versus treatment conditions @p,<@. < 0.005, unpaired-test).

4.9.5 Effect of DUBs inhibitors on cell aitophagy

Autophagy is a process by which cytoplasnemmponents are delivered into the
lysosome for degradatiofLevy et al., 2017)Notably, autophagy has been proposed as an
alternative mechanism ruling cell death. The induction of cell autophagy was moritored
LX2 cells after DUBs inhibitors treatmen®syaluating the protein levels of the two forms of
the autophagy marker LC3j.e. LC3 | (cytosolic form of LC3) and LC3 I
(phosphatidylethanolamingPE) LC3 conjugate form recruited from autophagosomal
membranes)LC3 | undergo postranslational modificationwith PE conjugation during
autophagy(Tanida et al., 2008)0ur data indicate that the treatments with 2C and DUDC3 at
the concentration o2 >M result in the activation of autophags the LC3B Il conjugated

form appears in the blot more evidently than in NT and VV1 treated(E&ilsre101).
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Figure 101 Western Blot protein levels dfC3B | and LC3B Ilin LX2 cells 24 hours podteatment with2 ¢ M o f 2C,
DUDCS3, or VV1, compared to the contrdlT. The quantification refers to the fold increase of LC3B Il form divided by
LC3B | form.

Moreover, we evaluated the autophagic flux in LX2 cells treated with DUBSs inhibitors
(Figure 102. 2C at the highest concentration tested ¢N) and DUDC3 at all the
concentrationspresent a significantly increased luminescence signal than the NT cells,
indicating that these compoundee able tadecreasahe autophagic fluxThus, the protein
levels of LC3B Il indicate an initial activation of the autophagic process by 2C and DUDCS3,
but the kit results show an inhibition of autophagic flux by DUDC3 and 2C only at high

concentrations, suggesting that these compounds might be late inhibitors of the autophagic
flux.

Autophagy Assay
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Figure 102 Autophagy LC3 HiBiT Reporter Assay on LX2 cells 24 hours {pesitment with VV1,2C or DUDC3 at

different concentrations. The results are reported as Fold increase of Relative Luminescence Units (RLU) £+ SEM, where NT
condition is considered the contrén increased luminescence reflects a decreased autophagiStitistical significance

was determined by comparing NT versus treatment conditions (*p < 0.05, unpaistd t
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4.10 Molecular effects of DUBs inhibitors on cells cultured on plastic
surfaces
4.10.1 mRNA levels of ACTA2 and E2F1 in LX2treated with DUBs inhibitors
As pointed out before, the most relevant fibrotic maikddSCsis " -SMA (Khomich
et al., 2019) We observed a&trong reduction ilACTA2 expressiongeneencoding forh -
SMA protein) in LX2 cells 24 and 48 hour$ollowing 2C and DUDC3 treatmen{&igure

103). Given that"-SMA is necessary for the contraction and motility of transdifferentiated

myofibroblasts, thigesult is of extremeelevanceand support the concept of the ditirotic
effect of 2C and DUDCS3.

1,4

1,0
< 0,8
e
4
€ 06
0,4
0,2 i
0,0 i_

VV1 2C DUDC3 NT VV1 2C DUDC3
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Figure 103 Fold increasd+ SEM) mRNA expression of ACTA2 normalized with 28% LX2 cells treated witl2 ¢ M
VV1, 2C, or DUDC3 compared to not treated (NT) ceffs= 6). Two time points (24 and 48 howafter treatmentsyvere
considered. Statistical significance was determined by compiaeiagnents versus NT conditigfp < 0.05,MannWhitney
tes).

Anothergene implicated tdiver fibrosis is the E2F1 transcription factatso strongly
related to cell proliferatioriEletr and Wilkinson, 2011; Zhang et al., 20123 hoursafter
treatmentE2F1 mRNA levels weresignificantly reducedin DUDC3-treatd LX2 compared
to VVl1-treated cellsand NI. At 48 hours bothin 2C- and DUDC3treaed cells,E2F1
expression wasignificantly reducedFigure104). In line with the viability datgFigure97),
DUDC3 appeared tbe more potent than 2C
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Figure104 Fold increasé+ SEM) mRNA expression oE2F1normalized with28n L X2 cel |l s treated wi
2C, or DUDCS3, compared to not treated (NT) celis = 6). Two time points (24 and 48 hours after treatments) were
considered. Statistical significance was determined by comparing treatments versus NT condition (*p < 0-8hiveayn

test).

4.10.2 Protein levels ofother fibrotic markers in LX2 treated with DUBs inhibitors

Given the relevance dibronectin, collagen | antl-SMA as marker in the genesis and
progression of livefibrosis (Acharya et al., 2021; Le et al., 2023; Olsen et al., 20th#)
protein leves of these markersvere analyzed(Figure 105. Regardingfibronectin and
collagen | wedetected a@learreduction oftheir protein levels in LX2 cells treated with>M
2C andl >M DUDC3 compared tdT cells

For what concern§-SMA, we observeda significant reduction in its protein levels
after the treatment with 2@1, 2 or 4>M) or DUDC3 (0,2 or 1>M) compared to NT and
VV1-treated cell§Figure106), in line with the mRNAesults(Figure103).

2C and its derivative DUDC3 can inhibit several cystelapendent deubiquitinating
enzymes. Thus, they interfere with protein degradation by the ubiquditeasome system,
causing accumulation of polyubiquitinated proteins, proteotoxic stress and apoptosis
(Cersosimo et al., 2015 The accumulation of polyubiquitinated proteins induced by 2C (4
>M) and DUDC3 (1>M) is clearly visible from the bands reportedrigure 105 This proves
the expected mechanism of action of our DUBSs inhibitors in the cellular model considered.

PARP ool y ADP r i beszymegaysaycmmaeal ralesie many processes,
including DNA repair and cell deafsoldani and Scovassi, 200R)oreover, he cleavage of
PARPIndicates theactivation of the mitochondrial apoptotic pathw@eng et al., 2018t
the concentrationof 2/4 >M of 2C and 1>M of DUDCS3, we detected theormation of the
cleaved PARHNndicaing the activation of apoptosislotably, with regard t@C, these results
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confirm those obtained evaluating apoptosis via the measurement of Annaggay/figure
99). For DUDCS3, this accordance does woturas Annexin V test did not show significant
apoptosis. Further testing is necessary to clarify this aspect.

Beside the doseesponse effect on protein levels just displayed, we evaluated also a
time response effect with other two markers, i.e. E2F1 and vim@igjare107). Vimentin is
another marker of liver fibrosifLe et al., 2023)and surprisingly it did not decreased its
protein values after DUBs treatmentSigure 108). In contrast, dr E2F1 we observe a
significant reduction in its protein levels #®urs after the treatment with 2C and DUDC3
compared to NT andV1 (Figure109. Moreover, a seen fothe mRNA levelgFigure104),
DUDC3 was more efficient in reducing the protein level of Edieth 24 and 48 hours
following compoundtreatmentAt 24 hours, we only noticed a tendency towards a decrease
with 2C treatment.

Vvl 2C DUDC3
T >2=>22=2 3F=2=22=2 32>
N 3 3 3 N 3 3 3N 3
kDa Z2 O 94 N O A NS O o
b
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Figure107: Western Blot protein levels of vimentin and E2F1 in LX2 cells at 24 and 48 houss postat ment wi t h 2
VV1, 2C, or DUDCS3, compared to tlventrol NT. GAPDH was used as loading control.
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Figure109 Fold increase (+ SEM) of E2F1/GAPDH protein levels in LX2 cells at 24 and 48 hows postat ment wi t h
of VV1, 2C, or DUDCS3, compared to not treated cells (NT) (n = 3). Statistical significance was determined by comparing
treatments versus NT condition (*p < 0.05, Manihitney test).

4.10.3 Immunofluorescence in LX2 cells treated with2C

I -tubulin, vimentin, fibronectin and collagen I, all involved in the fibrosis, were
investigated by immunofluorescence to study possible alteration of itmeacellular
organizationlbcalization (Figure 110 and Figure 111). Comparedto untreated and/V1-
treated cells, 2C treadl cells show a different distribution of these cytoskeleton

componentdibrosis markersresulting ina morphological change in the cells. particular,
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fibronectin and vimentirhave a predominantly cytoplasmic distribution NT and VVZE
treated cellswhile in the 2Ctreated cells they are predominantly close to the nucleus. While
the meaning of this observatiateservedurther investigations, it is important to note the
subverted cytoskeleton organization induced by the DUBs inhibitors. Moreover, while WB
data do not show significant variation in the levelviafentin (Figure 105 andFigure 108),
the immunofluorescencealata suggest that the effect may be an alteration in its cellular
distribution.

On t he o tthbalinappaemlguggesis a change in the dimension of the,LX2
while collagen Ihas no major visible effects.

p-tubulin Vimentin

NT-
Wl-

2C

Figure 110 Immunofluorescence test witktubulin (green), vimentin (red) and DAPI (blue) staining.X2 cells treated
from 24 hours with 2 M VV1 or 2C compounThepicuresintimerighot tr e
column represent the mergei efubulin, vimentin and DAPI channels.
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Fibronectin Collagen I Merge

Figure111 Immunofluorescence test with collagen | (green), fibronectin (red) and DAPI (blue) staining in LX2 cells treated
from 24 hours with 2 €M VV1 or 2C compounThsepicuresintimerighbt tr e
column represent the merge of collagen I, fibronectin and DAPI channels.

4.11 Phenotypic effects of DUBs inhibitors on LX2 cells cultured in 3D

spheroids

Traditional 2D cell cultures have different advantages.Simplicity of realization
cheapnegs but fall in replicating the complei vivo environment of liver tissueOn the
other hand, 3D cell cultures, such as spheroids, provide a more accurate representation of the
l i ver s microenvironment, b e c a-uedl iateractioeand a |l | ¢
cell-matrix interactions, which are crucial for studying the progression of liver fibrosis. The
3D models enhance the predictive power of drug testing. For these reasons, we realized with
LX2 cells 3D spheroids in collagen I.

3D spheroids were treated with DUBs inhibitors 2C and DUDC3 andcainérol
compound VV1 after 24 hours from the seeding. As reportédguare 112 VV1 compound
affects viability of LX2 cells in 3Eculture systems only at the highest concentration tested
(40 >M), while 2C and DUDC3 compounds signifitly affect the viability at all the
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concentrations tested. Moreover, 2C and DUDC3 show aréspense effectn Table23the

IC50values calculated from this text are reported.

Figure112 Viability assay (CellTiter test) conducted on LX2 3D spheroids 96 hourgneasinent with DUB inhibitors (n

= 9). 3D spheroids conta@gu 2.0 * 1¢° LX2 cells in collagen | (2 mg/ml)The results are reported as Relative Luminescence
Units (RLU) + SEM, where NT condition is considered 10@¥atistical significance was determined by comparing NT with
treatmentconditions *p < 0.01, **p < 0.001, and ***p < 0.0001. Depending on data distribution, statistical analyses were

performed using either parametric (unpairé¢est) or norparametric (ManfwWhitney test) methods.

Table 23: IC50 for VV1, 2C and DUDC3 calculated from a CellTiter test conducted with LX2 cells cultivated in 3D
spheroids.

Compounds | C5 0
AYAVAS >> 40
2C 1.36
DUDC3 0.16

Figure 113 showshow the treatment with 2@nd, especialyDUDC3 compound is
also able to interfere with the morphology of the cells, comparedoeith treated with/V1
control compound.In fact, the cells treated with DUDC3 appear more rednd shape,

probably indicating that they are undergoing cell death.
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