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Abstract

Mechanotransduction is the property of the cells to sense the mechanical stimuli they are subjected
to and to transduce them into a variety of biological responses. The responsible of this mechanism is
the complex YAP/TAZ, which is mainly regulated by physical cues, such as substrate stiffness and
cell geometry. To study its function, polyacrylamide hydrogels can be used as experimental platform
because of their favorable properties. In our work, the synthesis procedure of these gels was
optimized, and the composition was appropriately modified when needed in order to facilitate surface
functionalization (adding hydroxy-polyacrylamide or the adhesive peptide RGD to the composition)
or to develop a dynamic system.

The different hydrogels were mechanically characterized by determining the elastic moduli and then
adopted to perform several biological experiments, using different cell types, demonstrating the
versatility of polyacrylamide systems as a tool for many mechanotransduction studies.

Degradable hydrogels were synthesized mixing acrylamide and bis-acryloylcystamine in appropriate
ratios to obtain specific rigidities to study cell behavior during gradual softening of the substrate. The
research could help to understand what happens in some diseases and in ageing, in which tissue

softening influences cell behavior.






Abstract in Italian

La meccanotrasduzione ¢ la proprieta delle cellule di percepire gli stimoli meccanici a cui sono
sottoposte e di tradurli in molteplici risposte biologiche. Il responsabile di questo meccanismo ¢ il
complesso YAP/TAZ, che ¢ regolato principalmente da stimoli fisici, come ad esempio dalla
rigidezza del substrato e dalla geometria delle cellule. Per studiare il suo funzionamento, hydrogels a
base di poliacrilammide sono da tempo impiegati come piattaforma sperimentale grazie alle loro
proprieta favorevoli. Nel nostro lavoro ¢ stata ottimizzata la sintesi di tali hydrogels, e la
composizione ¢ stata modificata opportunamente quando necessario per facilitarne la
funzionalizzazione superficiale (aggiungendo idrossi-poliacrilammide o il peptide adesivo RGD) o
per sviluppare un sistema dinamico.

Gli hydrogels cosi ottenuti sono stati caratterizzati dal punto di vista meccanico determinandone il
modulo elastico e in seguito sono stati usati in diversi esperimenti biologici, con vari tipi cellulari.
Ci0 ha dimostrato la versatilita del sistema a base di poliacrilammide come mezzo per studiare la
meccanotrasduzione.

Gli hydrogels degradabili sono stati sintetizzati mescolando acrilammide e bisacriloilcistammina in
rapporti tali da ottenere specifiche rigidezze per studiare il comportamento delle cellule durante il
rammollimento graduale del substrato. La ricerca potrebbe portare a individuare cosa succede durante
I’invecchiamento e in alcune malattie che comportano il rammollimento dei tessuti in quanto cid

influenza il comportamento delle cellule.






Introduction

The purpose of this thesis is to discuss the potential of polyacrylamide (PAA) hydrogels, as a versatile
system to study cells behavior. These hydrogels have a simple and economic synthesis procedure, are
highly reproducible and adaptable to different applications and cell lines.

Hydrogels are extensively used in research for mechanotransduction studies, since they allow to
easily correlate cell behavior, in particular cell shape, adhesion and spreading, to the substrate’s
rigidity 2.

Mechanotransduction is the capacity of the cells to sense the mechanical stimuli they are subjected to
and to behave accordingly, and it is extremely relevant since it substantially determines cells function
and consequently how our tissues, organs and whole bodies develop and function.

Lately the topic has gained great attention in the scientific community since evidence emerged that
alterations in its function are responsible for several diseases and involved in ageing and cancer >*°.
In the wide scenario of mechanotransduction studies, the aim of our research was to optimize the
polymerization procedure and composition of polyacrylamide hydrogels in order to make it
reproducible so that the system could be used as a versatile tool for studies in the field.

To drive appropriate considerations on mechanotransduction and consider the system we optimized
as reproducible, we had to determine univocally the elastic modulus of each gel composition adopted
through appropriate mechanical tests.

We synthesized different hydrogel compositions, to make them suitable to cells seeding. By doing
so, we were able to tune gels to a wide range of stiffnesses, that could be adapted to a specific cell
type and biological experiment.

By following the optimized synthesis procedure, we made available a consolidated system that can
be used for the advancement of the research in the field. In particular, by changing the composition,
the stiffness of polyacrylamide hydrogels is tuned, allowing the observation of cell behavior under
different mechanical stimuli.

In the following chapters, the different hydrogels compositions used in our studies and their biological
applications will be discussed, with a particular focus on degradable hydrogels.

The latter have an advantage since they allow to study cells behavior during gradual softening, giving
insight into what happens when tissues soften, for example with ageing.

Mechanotransduction considerations are also relevant in the design of new biomaterials. The
development of novel biomaterials able to mimic the native tissues from a mechanical point of view

would lead to great advantages in the healthcare system and in regenerative medicine applications &
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Chapter 1 Hydrogels for mechanobiology studies

Hydrogels are extensively used in biomedical research and can be obtained by different natural or
synthetic polymers. They are characterized by a three-dimensional (3D) network that can absorb large
amounts of water (up to 90 % of their volume) and swell. Their capability of retaining water is due
to the presence of hydrophilic groups in the polymeric chains. The high water content, soft structure,
and porosity make them appropriate to simulate living tissues and to be used as scaffolds for
biomedical and tissue engineering applications and as soft materials in many fields. They have found
extensive use in drug delivery systems, pharmaceuticals, diagnostics, bio-medication, wound healing,
biosensoring, optics and biotechnology 8. They have been engineered to be implantable, injectable,
and sprayable and their successful applications are countless such as contact lenses, and drug-
releasing coatings on mucosal, skin, and open-wound surfaces °.

Hydrogels are formed by the crosslinking of natural, synthetic, or semi-synthetic polymer chains.
Their structure and the possible crosslinks between polymeric chains are schematized in Figure 1.1.
Based on the crosslinking method, they can be classified into chemical hydrogels and physical
hydrogels. Chemical hydrogels present covalent bonds between the monomers that make them more
stable and can give them higher mechanical stiffness. Their rigidity can be easily tuned in the range
of natural tissues.

Physical hydrogels are characterized by weak physical interactions, such as ionic interactions,
hydrogen bonding, van der Waals forces and molecular entanglements, that generally make their
mechanical properties lower, in terms of stiffness, than those of chemical hydrogels and harder to
control. Physical crosslinking methods include hydrophobic association, chain aggregation,
crystallization, polymer chain complexion, and hydrogen bonding !°. Physical crosslinking is

reversible while chemical crosslinks are permanent and irreversible.
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Figure 1.1. Network structure of a hydrogel and possible crosslinks. Figure taken from *°.
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Based on the method of preparation, hydrogels are classified into homopolymers, copolymers,
multipolymers and interpenetrating network hydrogels. Homopolymer hydrogels are crosslinked
networks composed of one hydrophilic monomer, copolymer hydrogels comprise two types of
monomers, at least one of which must be hydrophilic for water-swellability, and multipolymer
hydrogels are prepared from three or more monomers. Interpenetrating network hydrogels are
produced by the polymerization of one monomer within a different hydrogel network that has been
previously crosslinked. This originates a second crosslinked network that is inter-meshed with the
first one.

Based on the physical structure, hydrogels can be amorphous or semi-crystalline. In amorphous
hydrogels, the macromolecular chains create a random network, while semicrystalline hydrogels are
characterized by ordered self-assembled regions of polymeric chains, known as crystallites °. Other

classifications are possible and some of them are schematized in Figure 1.2.
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Figure 1.2. Classification of hydrogels based on different properties. Image taken from ®.

Hydrogels can also be divided into conventional hydrogels and ‘smart’ hydrogels according to their
properties. Conventional hydrogels swell when placed in water and maintain their properties constant,
whereas ‘smart’ hydrogels are sensitive to changes of external environmental conditions, such as
temperature, pH or light, and adjust their physical properties, such as mechanical strength or
swellability, accordingly.

Among the different available synthesis techniques, hydrogels can be obtained by a polymerization

reaction that includes a monomer, an initiator and a crosslinker.



Their properties, such as swelling rate, stiffness, degradability and mesh size, can be adjusted by
changing the hydrophilic and hydrophobic ratios between the monomers, the initiator or polymer
concentrations, and the reaction conditions, such as time and temperature .

The main reason that makes hydrogels ideal experimental platforms for mechanobiology studies is
their similarity to natural tissues, especially in terms of stiffness: they can be engineered to resemble
a particular tissue and used to study how the rigidity of the substrate is perceived by the cells and how
the mechanical cues influence their behavior. By varying the composition, hydrogels can recapitulate
a stiffness range that is typical of human soft tissues, ranging from less than 1 kPa up to 40 kPa,
allowing the study of cell behavior at physiological stiffnesses.

By changing the physical properties of hydrogels, such as the stiffness, viscoelasticity, surface charge
and so forth, it is possible to control cell growth, proliferation and morphology, as well as
differentiation of stem cells. In particular, this is possible by adopting synthetic hydrogels, whose
properties can be finely tuned by changing the composition and crosslinking method.

An advantage of hydrogels is that they can be modified with the introduction of enzyme-sensitive
crosslinks that make them remodelable by cells. These crosslinks might be peptides with specific
sequences sensitive to cell-secreted enzymes called matrix metalloproteinase (MMP). This strategy
allows the development of 3D dynamic systems in which the embedded cells can adapt and recreate
their physiological niches, by degrading the crosslinks through proteolysis and modifying the network
according to their needs. Degradable hydrogels have mainly been developed for applications in drug
delivery and, more recently, as tissue engineering scaffolds.

In mechanobiology, the use of degradable networks is still in its infancy, but noteworthy examples
have been published showing their potential in studying the dynamics of the mechanical sensing of

cells 112,

1.1Natural hydrogels

Natural hydrogels derive from the physical crosslinking of natural polymers, of human, animal or
vegetal origin. Among those, the polymers of the extracellular matrix (ECM), which is the specific
microenvironment that surrounds the cells in the body and supports them, are the most widely adopted
for the synthesis of hydrogels for biological and tissue engineering applications. The use of natural
polymers of the ECM is advantageous since those are already present in the body and recognized by
the cells thus maximizing the integration of the engineered scaffold in the natural tissue by

reproducing its physiological environment. They can be mainly divided in biomaterials based on



proteins, such as collagen, gelatin, elastin and fibrinogen, and on polysaccharides, such as hyaluronic
acid. Other materials frequently used as hydrogel sources are animal-derived and plant-derived
polysaccharides such as chitin and chitosan, cellulose and alginate.

Natural hydrogels have good biocompatibility, inherent bioactivity, are recognized by the cells thanks
to their adhesion sites, and are often biodegradable. Their intrinsic fibrous structure resembles that of
the ECM. They are highly cytocompatible and can be used as bidimensional (2D) platforms for cell
culture as well as to embed cells in a three-dimensional environment, both in vitro and in vivo.
Since their crosslinking is physical, the range of achievable mechanical properties is narrower
compared to synthetic hydrogels: their structure is given by molecular entanglements and secondary
bonds, which are less stable and easy to break !. Their elastic moduli, for example, are usually very
low and difficult to be tuned without chemically crosslinking the structure. Natural hydrogels are not
able to fully support the mechanical requirements of natural tissues since their mechanical properties
are difficult to be modified or optimized.

Natural hydrogels are also less reproducible since there is a strong batch-to-batch variability due to
the animal extraction processes. Animal derived polymers might also initiate immune or allergic
reactions in the body or be a vehicle for diseases. Furthermore, often their availability is limited. For
these reasons, natural biomaterials are rarely used alone. They are often combined with synthetic
materials to gain better properties: this originates composite materials.

Semi-synthetic polymers are also derived by chemically modified natural polymers: methacryloyl-
modified gelatin (GeIMA) and acrylate-modified hyaluronic acid (AcHyA) are two of the most
common examples. These hydrogels present both the bioactivity features of natural hydrogels and the

multi-tunable properties and mechanical characteristics of synthetic hydrogels .

1.2 Synthetic hydrogels

Synthetic hydrogels are derived by the chemical crosslinking of synthetic polymers. The network is
held together by strong covalent bonds, that provide the structure with high stability and good
mechanical properties. Synthetic polymers are prepared through the polymerization of a monomer,
such as polyvinyl alcohol (PVA), polyethylene glycol (PEG), polyethylene oxide (PEO), poly-2-
hydroxyethyl methacrylate (PHEMA), poly-N-isopropyl acrylamide (PNIPAM), and polyacrylamide
(PAA) !. They are stable and have mechanical strength, their chemical and physical properties are
highly reproducible and easily controlled by balancing the concentration of monomers and
crosslinkers, regulating the molecular weights, introducing degradable bonds and choosing an

appropriate chemical reaction for the synthesis. This permits to control the resulting density of
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crosslinks and the stiffness, the porosity, the mesh size, the swellability and the degradation of the
gels.

A disadvantage of synthetic polymers is that they usually lack bioactivity: they don’t present adhesive
sites and are not recognized by the cells, so bioactive sequences need to be introduced in the network
to stimulate cell adhesion and favor the integration of the hydrogel in the native tissue. The lack of
functional epitopes on the gel surface, however, allows a user-defined implementation of adhesive
ligands thus allowing the study of mechanical cues and adhesiveness independently.

Among the most used synthetic polymers, there are polyacrylamide, which will be later discussed as
main material adopted in our studies, and polyethylene glycol. PEG hydrogels are synthetic hydrogels
extensively used in biomedical applications. They are hydrophilic, highly biocompatible and they can
be easily modified with multifunctional reactive groups and polymerized with different
cytocompatible reactions. The monomer is non-toxic and the material is bioinert since it doesn’t
provide adhesion sites to the cells, but it can be crosslinked and functionalized with bioactive peptide
sequences to promote cell interaction or with enzyme-sensitive sequences for cell-mediated
degradability. It can be used to implement 2D or 3D cell cultures in vitro and in vivo and for organoid
growth. The chemistry of PEG molecules permits to tune cells adhesiveness and incorporate chemical
and physical cues in the hydrogel networks. The major techniques adopted for the preparation of PEG
networks are chemical crosslinking between PEG chains, radiation crosslinking of PEG chains to
each other and physical interactions of hydrophobic blocks in copolymers containing both

hydrophobic and PEG blocks °.

1.3 ‘Smart’ hydrogels

This peculiar category includes hydrogels that respond to a wide range of external stimuli, including
pH, temperature, solvent composition, pressure, enzymes, electro-magnetic fields, mechanical stress,
chemical agents and light. These gels show significant changes in their network structure, swelling
ratio, mechanical strength and permeability in relation to small changes in environmental conditions
and are usually referred to as ‘smart’ or ‘intelligent’ hydrogels ®.

Their ability to exhibit changes in the swelling behavior and pore structure in response to changes in
external conditions makes them attractive biomaterials for pharmaceutical, biomedical, and
biotechnology applications, for example as drug carriers.

Among environment-responsive hydrogels there are pH-sensitive hydrogels: these undergo a sudden

change in volume or shape due to the environment pH variation. Their network comprises ionizable
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acidic and basic groups, such as, respectively, carboxylic acids or amine groups, attached to the
polymer backbone that ionize in response to changes in the pH of the aqueous media. The ionization
develops fixed charges on the gel, leading to rapid swelling. The swelling forces are significantly
increased over nonionic hydrogels due to the presence of mobile counter-ions that electrostatically
balance the fixed charges on the polymer chain, determining a change in the osmotic pressure within
the gel °.

Another class of ‘smart’ hydrogels includes temperature-sensitive hydrogels. These contain both
hydrophobic and hydrophilic groups in their network and undergo volume changes either at the lower
critical solution temperature (LCST) or at the upper critical solution temperature (UCST).

For biomedical purposes, hydrogels that are soluble below the LCST and lose their hydrophobically
bound water, collapsing to a solid phase, above this temperature are particularly interesting.
Hydrogels with this behavior and a LCST higher than 37 °C are in fact used as injectable hydrogels
since they are liquid and injectable at room temperature, and they spontaneously polymerize in situ
inside the body. An example of temperature-sensitive hydrogels are tri-block copolymers that contain
PEG blocks, such as Pluronic block polymers, that are composed of poly(propylene oxide) (PPO) and
poly(ethylene oxide) (PEO) in the block sequence: PEO-PPO-PEO. The most used block copolymers
for biomedical applications contain blocks of poly-lactic acid (PLA) or poly-lactic-co-glycolic acid
(PLGA) that are hydrolytically degradable, releasing PEG chains that are eliminated through the
kidneys. These block copolymers form in situ gels when injected subcutaneously, and are used as
drug carriers, releasing entrapped drugs as they degrade.

Other members of the ‘smart’ hydrogels category are light-sensitive hydrogels, which are
distinguished in UV light-sensitive hydrogels and visible light-sensitive hydrogels. UV-sensitive
hydrogels contain molecules that ionize under UV light, causing an increase in osmotic pressure
resulting in swelling. Light-sensitive hydrogels contain chromophores that can absorb and emit light,
increasing the gel temperature and causing gel deswelling in a similar way to thermally sensitive
hydrogels.

Electrosensitive hydrogels instead undergo shrinkage or swelling in the presence of an applied electric
field. The field moves free ions according to the concentration gradient through the hydrogel and the
solution, causing hydrogels to deform because of swelling on one side and deswelling on the other
side.

An interesting class of stimuli responsive hydrogels is that of enzyme-responsive gels, that experience
macroscopic phase transitions when triggered by the selective catalysis of specific enzymes. Enzymes
are vital biocatalysts that fasten many chemical and biological processes within the body, making

them suitable to life. Enzyme-catalyzed reactions are extremely selective toward the substrate and
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generally require moderate reaction conditions, as relatively low temperatures, and slightly acidic,

neutral or alkaline pH, which make them ideal for biomedical applications.

1.4 Mechanical properties

The mechanical properties of hydrogels are determined by the characteristics of their structure, in
particular by the type and the density of the crosslinks between the polymeric chains. In general, as
the density of the crosslinking network increases, hydrogels become stiffer and less subjected to
swelling.

The type of crosslinks influences the mechanical behavior: covalent bonds in the structure determine
an elastic behavior: the deformation due to the application of an external force is completely
recovered when the force is removed. Non-covalent interactions on the contrary provide a viscoelastic
behavior to the material, which means that only part of the deformation can be recovered in a time-
dependent behavior while a permanent deformation is maintained even after the removal of an applied
external force. The secondary bonds break and reform during the application of the force and the
crosslinking network is modified, leading to conformational changes.

Elasticity is the measure of the resistance of a material to being deformed elastically under an applied
stress. To characterize the elastic behavior of a material, the elastic modulus E, or Young’s modulus,
needs to be determined through appropriate measuring techniques. E is defined as the ratio between
tensile stress and tensile strain and for hydrogels is measured in kPa.

The viscoelastic behavior is described by the shear modulus G, also known as modulus of rigidity. It
is the ratio of shear stress to shear strain and is also measured in kPa. G can be separated in its two
components: G, the elasticity modulus, and G, the viscous modulus.

The shear modulus of an elastic material can be linked to the Young’s modulus through the Poisson’s

ratio v, according to the following equation:
E=2G(1+v) (1.1)

Since hydrogels in the swollen condition are composed for more than 90% of water, they can be
considered as incompressible isotropic materials. Their Poisson’s ratio is therefore 0,5 and the
Young’s modulus can be approximated as £ = 3G 3.

Physical hydrogels with weak secondary bonds present a viscoelastic behavior in response to an

external force, characterized by a time-dependent relation between the applied stress and the
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consequent strain. The material response to the stress depends on the application time of the force: if
the solicitation is fast the response is elastic since the polymeric chains don’t have enough time to re-
arrange, while if the load is applied slowly the response is viscous and the structure changes
permanently. The behavior of viscoelastic materials can be distinguished in a linear and a non-linear
viscoelastic region. In the linear viscoelastic region (LVE), observed in the case of small
deformations, materials show a linear relationship between stress and strain and the elastic moduli
are constant and independent from the amplitude of the deformation. A higher value of the elastic
component G’ over the viscous component G’ in the LVE region indicates that the sample has a gel-
like or solid structure. A higher value of G’* means that the sample is liquid. The non-linear
viscoelastic region is observed in the case of large deformations and is characterized by a generic
dependence of the stress from the deformation applied to the polymer and from the application time
of the load.

A key factor that influences hydrogels mechanical properties is their tendency to swell and absorb
large amounts of water and biological fluids thanks to the hydrophilic groups in their structure. The
kinetics and degree of hydrogel swelling are regulated by important parameters such as charge,
concentration, pKa of ionizable groups, hydrophilic to hydrophobic balance, crosslink density, pH,
degree of ionization and interaction with the counter-ions in the medium. Swelling ratio is determined

by the following equation:

Swelling ratio = [(ms-md)/md] * 100 (1.2)

where ms is the mass of the swollen hydrogel in equilibrium at a given temperature and md is the dry
mass of the sample ®.

Since swelling influences the elastic moduli of the hydrogels, the mechanical characterization of
hydrogel samples must be performed after at least 24 hours from their synthesis, in order to complete

the absorption of water inside the network and reach an equilibrium state and stable parameters.
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Chapter 2 Mechanobiology

Mechanobiology is an emerging science that exploits biology, engineering and physics in the study
of how cells perceive physical forces from the extracellular environment and translate them into
biological responses. There are many contributors to this mechanism, the key ones are the
intracellular cytoskeleton, the surrounding extracellular matrix (ECM), the protein receptors
integrins, and, intracellularly, the complex YAP/TAZ. The latter is the main responsible in regulating
mechanotransduction, which is the process that determines cell behavior in response to tissue
mechanics and perceived physical forces and is the focus of this thesis. In the following paragraphs,
a description of how cells interact with the surrounding environment will be provided, with a focus
on how the mechanical environmental stimuli influence cell cytoskeleton organization and
consequently gene expression. A detailed description of the role of YAP/TAZ in regulating this

process will follow.

2.1 Cell-ECM interactions

All the cells in our body, apart for the cells of the hematopoietic system, are adhesion dependent and
need do adhere to a substrate to survive and function. In the body, cells are surrounded by the
extracellular matrix, that provides mechanical support and determines the stiffness of the tissues.
There are two main forms of ECM: the basement membrane, that separates the epithelium from the
surrounding stroma, and the interstitial connective tissue. The first one is a thin bidimensional
structure, composed of two layers connected with collagen anchoring fibrils: the basal lamina and the
reticular connective tissue underneath.

Interstitial matrix surrounds cells in the connective tissue, providing them a fibrous 3D scaffold. It is
composed of a ground viscous substance, of adhesive proteins, essential for cell attachment, and of
fibrous proteins (mainly collagen and elastin) that give structure, traction resistance and elasticity to
the tissues. The ground substance includes glycosaminoglycans (GAGs) and proteoglycans (PGs) and
1s mostly solicited in compression. ECM is the reservoir of bioactive molecules such as growth factors
and cytokines required for cell function and allows the diffusion of nutrients and the removal of

metabolic waste.
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Cells connect to the adhesive proteins in the ECM through integrin clustering and detect the stiffness
of the extracellular environment via integrin-based signaling. Integrins are transmembrane protein
receptors that are specific for a variety of ECM proteins. There are twenty-four possible combinations
of a - B heterodimers deriving from 18 o and 8 B subunits. They have an intracellular and an
extracellular domain. The intracellular domain is linked to the actin cytoskeleton via cytoplasmic
adaptor proteins, while the extracellular domain binds to ECM components, such as collagen, laminin
and fibronectin, establishing a mechanical connection between ECM and intracellular cytoskeleton
(Figure 2.1). Integrins function as mechanosensors: they activate via conformational changes in their
ectodomain and cluster, strengthening the adhesion when the actin—myosin cytoskeleton encounters

the resistance of the substrate '*.
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Figure 2.1. Integrin-mediated adhesions between a cell and the surrounding ECM. Integrins bind intracellularly to the
cytoskeleton and extracellularly to ECM components, allowing the cell to sense the mechanical properties of the external
environment and convert them into biochemical signals that lead to a cascade of events that determine cell behavior.
Figure taken from '*.

The cytoskeleton develops from the nucleus and reaches the cell membrane, defining the shape and
the mechanical behavior of the cell. It includes three types of protein filaments: actin filaments,
microtubules and intermediate filaments. Actin can have a monomeric or globular form, known as G-
actin, and a filamentous one, called F-actin. The filaments are formed by the spontaneous
polymerization of G-actin monomers regulated by the local concentration of G-actin, by the presence
of F-actin binding proteins and by the environmental pH, but it is also stimulated by mechanical
forces. Actin is involved in cell motility, in the maintenance of cell shape and polarity and in the
regulation of transcription. The interaction of filamentous actin with myosin determines muscle
contraction. Intermediate filaments provide mechanical strength to the cells and contribute to their

shape, while microtubules provide resistance to compression forces.
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The binding of integrins to ECM proteins triggers the intracytoplasmic assembly of focal adhesion
proteins, including talin, FAK, p130Cas and vinculin, that favor and stabilize the adhesion between
cells and ECM. This leads to the formation of focal complexes, that later develop into focal adhesions,
linking actin fibers to ECM components. Focal adhesions allow cells to sense and respond to
mechanical stimuli transmitted by the surrounding ECM '°. Stiffer matrices lead to more stable
adhesions that result in cell spreading and translocation of YAP from the cytoplasm to the nucleus,
activating the complex. The increased mechanical load promotes the recruitment of signaling
molecules, increasing intracellular mechanosignaling from the adhesion sites '*#1>1® Integrins act at
the molecular level through signaling cascades, which are mediated by integrin-linked kinase (ILK),
focal adhesion kinase (FAK), Src kinase, and Rho GTPases. They regulate actin assembly,
actomyosin contractility and eventually gene expression, determining cellular functions ’.

Cells are influenced by the mechanical characteristics of the surrounding matrix and each has their
own integrins with which it binds to the ECM: this implies that the response to the substrate’s stiffness
depends on the type of cell considered. When optimizing a hydrogel system for a biological
experiment, the mechanical and functional needs of the chosen cell type should be considered for

optimal results.

2.2 The role of YAP/TAZ

The main responsible of the mechanotransduction mechanisms are the Yorkie-homologues YAP
(Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif, also known
as WWTR1).

The complex YAP/TAZ acts as a mechanical rheostat and activates on stiff substrates by localizing
in the nucleus and regulating messenger RNA expression, leading to a cascade of biological events
that determine cell adhesion, spreading, proliferation, morphology and differentiation of stem cells
15,18,19.20

Y AP/TAZ mechanotransduction depends on the organization of the actin cytoskeleton, that changes
according to the perceived stiffness 22, On a soft or compliant substrate or without the application
of external stimuli, when the cytoskeleton is relaxed, YAP/TAZ are inactive in the cytoplasm, while
under stimulation or deformation or on stiff substrates, when cell cytoskeleton is pulled and stretched,
these proteins translocate from the cytoplasm to the nucleus. Inside the nucleus, YAP/TAZ bind to
the DNA through TEAD complex and activate the transcription of genes involved in cell growth,

regulation, proliferation and repair.
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It was recently discovered that nuclear shape affects YAP/TAZ, in particular a threshold parameter
for the activation of the complex is the Nuclear Projected Area (NPA), which must overcome 150
mm? 2%, Cells modulate NPA and nuclear thickness in response to the substrate’s rigidity. Nuclear
thickness decreases on stiff substrates when cells experience sufficient traction by their cytoskeleton.
The nucleus becomes more tightly linked to the substrate due to increased connections between focal
adhesions and linker of nucleoskeleton and cytoskeleton (LINC) complexes located on the nuclear
envelope via actin stress fibers, as described in Figure 2.2 ?!. The increased contractile forces on the
nucleus cause its flattening and the entrance of YAP through nuclear pores and its binding to the
DNA, leading to specific biological responses determined by the perceived stiffness and compliance

of the substrate.
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Figure 2.2. A) On soft substrates the cell nucleus is round and poorly coupled to the substrate. YAP is retained in the
cytoplasm because the nuclear pores constitute a permeability barrier. B) On stiff substrates the nucleus is more coupled
to the substrate due to increased connections between focal adhesions and LINC complexes in the nuclear membrane via
actin stress fibers. The increased contractile forces on the nucleus cause its flattening. Nuclear pores are more permeable
to YAP, that enters the nucleus, binds to the DNA and influences gene expression. Figure taken from *'.

The fact that YAP/TAZ are mainly regulated by the physical features of the cell microenvironment
was confirmed by experiments of cell confinement. It was observed that HMVEC-L cells undergo
apoptosis when plated on small adhesive islands of fibronectin, where they are not allowed to spread

and maintain a round shape, whereas they proliferate on bigger islands, as assayed by TUNEL
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staining. Upon YAP/TAZ depletion, cells on bigger islands behaved as if they were on small islands
18 This proves that YAP/TAZ are required for geometric control of cell survival.

The complex YAP/TAZ also regulates cell differentiation in response to changes in ECM stiffness
24 Tt was in fact documented that human mesenchymal stem cells (hMSCs) grown on a stiff substrate
(E ~ 40 kPa), that resembles bone tissue, differentiate into osteoblasts and Y AP results on/nuclear,
while when plated on a soft substrate (£ ~ 1 kPa), with stiffness close to that of the adipose tissue,
they turn into adipocytes, and YAP signal is off/cytoplasmatic >!%2>26,

By matching the elastic modulus of distinct tissues, it was shown that hMSCs adopt neurogenic,
myogenic or osteogenic fates at increasing substrate rigidities. This occurs independently from
soluble cues but is dependent on the degree of cell spreading and cytoskeletal contractility °.

These considerations highlight the fundamental role of YAP/TAZ in guiding cell behavior and
maintaining tissue homeostasis through mechanotransduction ’.

The misfunction of this system leads to pathologic conditions and is involved in ageing and cancer
progression. Alterations of YAP/TAZ signaling are linked to the onset of multiple diseases, such as
atherosclerosis, cystic kidney, fibrosis, pulmonary hypertension, inflammation, muscular dystrophy
and cancer 3414171922
YAP/TAZ are in fact oncogenic factors since they over-activate in cancer cells in response to the
stiffer tumor microenvironment, increasing the malignity by stimulating cell proliferation. The tumor
microenvironment is characterized by aberrant tissue organization, accumulation of stromal cells,
inflammation, increased compression forces and interstitial pressure, metalloproteinase-mediated
ECM remodeling by cancer-associated fibroblasts (CAFs) and overall ECM stiffening 3. The altered
tissue mechanics leads to aberrant cellular mechanosignaling, increasing cell proliferation and
motility. This is observed in cancer as well as in cardiovascular, neurodegenerative, fibrotic, and
inflammatory disorders and in abnormal wound healing.

Targeting Y AP/TAZ mechantransduction might be therapeutically effective for the treatment of these
diseases and for cancer remission.

Polyacrylamide hydrogels can be used to gain better insight into the functioning of YAP/TAZ with
the purpose of correcting it when it is aberrant.

Another key finding in mechanotransduction research is the fact that cells not only sense and respond
to the currently perceived mechanical stimuli but have also the ability to “remember” past mechanical
environments and are influenced by those. This property is known as mechanical memory .

The extent of exposure to a culture environment, or mechanical dose, biases human mesenchymal
stem cells behavior. It has been shown that h(MSCs cultured on stiff tissue culture polystyrene (TCPS,

E ~ 3 GPa) in growth media are influenced in their behavior by the length of exposure to the culture

environment, especially in terms of osteogenic differentiation. In fact, osteogenesis has been observed

19



even on soft substrates (£ ~ 2 kPa) in adipogenic/osteogenic mixed media (a condition that should
maintain plasticity) after culturing hMSCs on TCPS for 10 days. The experiments led to the
identification of a threshold dose after which YAP remained nuclear even on soft hydrogels 2%, It can
be stated that culture on TCPS overrides present mechanical signals and maintains YAP active even
on soft.

Treating cells with short interfering RNA (siRNA), that knocks down YAP and TAZ expression,
suppresses the pre-osteogenic transcription factor RUNX2 expression on TCPS while treatment with
leptomycin B (LMB), a nuclear export inhibitor, that forces the activation of YAP, increases the
expression of RUNX2 even on deactivating soft hydrogels .

These findings shed new light on the complexity of cell behavior dictated by mechanical stimuli, and

open ulterior research challenges in the field.
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Chapter 3 Methods

This chapter describes the methodologies adopted in our research, which consist in the optimized
procedures followed for the synthesis of the polyacrylamide-based hydrogels, the techniques
implemented to mechanically characterize them, the cell seeding protocols and the techniques

adopted to study and visualize cell behavior.

3.1 Synthesis and optimization of polyacrylamide-based hydrogels

Polyacrylamide hydrogels are often used in laboratory practice since they are economic, reproducible,
easy to synthesize and tunable: different stiffnesses can be obtained by varying the relative
concentrations of the monomer, acrylamide, and of the cross-linker, N, N’-methylene-bis(acrylamide)
(shortly: bis-acrylamide or BIS) 223!, The synthesis protocol and the gel compositions used in our
experiments are adapted from A. J. Engler’s and J. R. Tse’s work 32,

Polyacrylamide is a synthetic polymer composed of acrylamide subunits (Figure 3.1).

O

\)LNHZ

Figure 3.1. Chemical structure of acrylamide.

Polyacrylamide hydrogels are usually obtained through co-polymerization of acrylamide with a
bifunctional monomer, or by radical polymerization of acrylamide followed by crosslinking !”. In our
protocol, bis-acrylamide 2 % w/v is used as crosslinker (Figure 3.2).

To prepare the stock solution of bis-acrylamide, a certain amount of BIS powder is weighted under
the chemical hood and diluted 2 % w/v in MilliQ water. The solution is left at 37 °C under agitation

overnight to dissolve.
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Figure 3.2. Chemical structure of bis-acrylamide.

The initiator of the free-radical polymerization is the free-radical generator ammonium persulfate

(APS, Figure 3.3) while the catalyst is tetramethylethylenediamine (TEMED, Figure 3.4).
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Figure 3.3. Chemical formula of ammonium persulfate.
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Figure 3.4. Chemical formula of TEMED.

TEMED catalyzes the decomposition of persulfate ions, which produce free radicals with oxidation

and decomposition potential. The decomposition reaction of APS is the following:

[0350 - 0S03]% & 2 [SO4]

Sulphate radicals add to the alkene of acrylamide monomers to create an intermediate reactive
compound, a sulphate ester radical, able to link successively with other monomers, catalyzing the
polymerization of acrylamide. The polymerization reaction (Figure 3.5) typically requires 10-20
minutes to complete in a deoxygenated environment. During the polymerization and crosslinking

reactions, monomers are mixed with the multifunctional crosslinking agent, bis-acrylamide, and the
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elongating chains are randomly crosslinked. The resulting stiffness and porosity of the hydrogel

depend on the total concentration and ratio between monomer and crosslinker.
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Figure 3.5. Polymerization reaction of acrylamide. Bis-acrylamide acts as a crosslinker between acrylamide monomers.
The pre-polymerization solution is degassed to eliminate oxygen and the chemical polymerization is initiated by APS and
catalyzed by TEMED. Figure adapted from 7.

The optimized procedure adopted in our research for the synthesis of the polyacrylamide hydrogels
is the following: a solution of acrylamide (AA, Sigma-Aldrich) 40 % w/v in water and a solution of
bis-acrylamide (BIS, Sigma-Aldrich) 2 % w/v in water are mixed in the proper ratio with MilliQ
water, according to the desired composition. The solution is warmed in a water bath heated at 37 °C
for five minutes before being degassed for 15 minutes at 0,1 bar. The degassing of the solution is a
mandatory step since the polymerization reaction of polyacrylamide is inhibited by the atmospheric
and dissolved oxygen that acts as a free-radical scavenger. Hydrogels are casted in
polydimethylsiloxane (PDMS, Specialty manufacturing Inc.) gaskets, placed on a Kapton sheet
(Advent research material Ltd) and internally coated with Kapton tape to prevent the inhibition of the
polymerization. Kapton is used to isolate the acrylamide solution form the PDMS which acts as an
oxygen sponge thus inhibiting the polymerization.

To initiate the reaction, 0,1 % v/v of tetramethylethylenediamine (TEMED, Sigma-Aldrich) is added
to the solution, followed by 1 % v/v of the co-initiator ammonium persulphate (APS, Sigma-Aldrich)
(diluted 10 % w/v in water). For stiff hydrogels, APS is more concentrated (20 % w/v in water) in the
solution and the reaction happens faster. APS is very hygroscopic, which means it soon loses its
reactivity when dissolved in water. It must be prepared fresh right before use to maintain its stability

and initiation activity. After mixing, a defined amount of the solution is poured in the molds and
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covered with a glass cover (VWR), previously functionalized on the surface to have pending
methacrylic moieties. The functionalization is achieved on coverslips activated with a Bunsen flame
to increase the hydroxy groups on the glass and using a methacrylated silanizing reagent. The
silanization step is required to ensure a covalent bond between the gels and the glass coverslips. To
increase the adhesiveness, the glass surfaces are covered with a solution of 950 uL absolute EtOH
(pure ethanol), 50 uL glacial acetic acid and 20 pL 3-(trimethoxysilyl) propyl methacrylate (TMSPM,
ABCR Gsbh & Co.) per mL of solution for 15 minutes. The silane groups of TMSPM hydrolyze in
solution into silanols that then react with the hydroxyl groups of the glass. The methacrylate groups
pending, on the other hand, join the radical polymerization of the acrylamide hydrogel granting a
covalent bond between gel and substrate. Residues of the TMSPM solution are removed with three
washes in acetone. The coverslips are air dried before use.

After the polymerization time, which is specific for the gel stiffness (about 10 minutes for softer gels,
17 minutes for stiffer ones), the gels are detached from the molds to avoid dehydration and the
consequent attachment to the mold and placed in MilliQ water inside Petri dishes (Corning) to swell
overnight at room temperature and reach an equilibrium state. Swelling is also important since
unreacted monomers are toxic for cells and can be washed out by diffusion during the swelling step.
For mechanical analysis, 18 x 18 mm square cover glasses are used, and the molds are filled with 240
pL of the solution; for cell seeding gaskets of internal diameter of 18 mm are used, requiring 50 pL.
of solution each. Since there is still some inhibition at the borders of the hydrogels, the resulting gel
diameter is smaller than the theorical one.

After reaching swelling equilibrium, hydrogels are washed once with MilliQ water to remove
unreacted acrylamide and prepared for mechanical tests or cell seeding.

Since the cells are only seeded on their surface, the polyacrylamide hydrogels adopted in our research
constitute bidimensional systems, which are simpler in terms of geometry and interactions compared
to the natural human tissues but still suitable for our experiments.

The advantages of this synthesis procedure are its relative simplicity, the reproducibility, the
versatility in terms of composition, and the fact that it can be completed without the need of special

or expensive equipment in a relatively short time.
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PAA-OH hydrogels

Polyacrylamide has anti fouling properties, which means that cells don’t adhere spontaneously to the
hydrogel surface and a coating with peptides or native proteins is required to ensure efficient cell
attachment. This lack of adhesiveness limits non-specific absorptions of serum proteins but is also
the most relevant drawback of the polyacrylamide system. Several conjugation protocols can be
adopted to functionalize PAA-based hydrogels but usually these include harmful chemicals or
expensive photoactive crosslinkers like sulfo-SANPAH. To simplify the coating method and make
it cytocompatible, a variation in the hydrogel composition was introduced, adding hydroxyethyl-
acrylamide (HEA) to it. The reagent permits to surmount the intrinsically non-adhesive properties of
polyacrylamide with minimal requirements in cost or expertise, since it introduces hydroxy groups (-
OH) in the network that allow the spontaneous coating of the gels with ECM proteins through
hydrogen-bonds 323334,

To synthesize the PAA-OH hydrogels, a solution of acrylamide (AA) 40 % w/v in water, a solution
of bis-acrylamide (BIS) 2 % w/v in water and a solution of hydroxyethyl-acrylamide (HEA, Sigma-
Aldrich) are mixed in the proper ratio with MilliQ water, according to the desired composition. Since
HEA (MW 115,13 g/mol) is a highly viscous solution, it is weighted in an Eppendorf tube under the
chemical hood and the weight is divided by the density (1,11 g/mL) to find the volume. It is then
diluted fresh 1:1 in MilliQ water prior to use and it is added to the composition in order to have 0,1
mM of HEA in the final solution substituting part of the acrylamide. After preparing the pre-
polymerization solution, the following steps of the synthesis procedure are the same as described
above.

After hydrogel swelling and prior to cell seeding, these hydrogels are functionalized with native
proteins. The optimal choice of ECM protein or combination of proteins for gel coating is the one
that best mimics the in vivo microenvironment of the specific cell type adopted for the experiment.
Each cell type has specific integrins with which it binds to the ECM and this has to be considered to
enhance cell adhesion. In our experiments fibronectin was mainly used as cell-adhesive protein.
Fibronectin is a dimeric adhesive glycoprotein composed of two polypeptide chains, linked by
disulfide bonds, largely present in connective tissues. It is fundamental for cell attachment and
migration thanks to the presence of the arginine-glycine-aspartic acid (RGD) cell-binding motif. This
aminoacidic sequence is recognized by cells integrins and induces their adhesion.

A critical step in the hydrogel coating procedure is the drying time of the surface before seeding: if it
is excessive, fibrous structures are formed on the gel and the coating is not uniform. The rigid and
highly adhesive fibers of fibronectin, in turn, bias the mechanical perception of the cell. The

mechanical cues coming from the fiber override those of the gel prejudicing the result of the

25



experiment. Moreover, the cell distribution on the gel surface is not uniform since the cells will tend
to accumulate along the fibers.

The coating takes place under the biological hood. 70 % ethanol solution is used to sterilize the bottom
of each coverslip before placing the hydrogels in a multi-well plate and sterilizing them for 15 minutes
under UV light. A solution 25 pg/mL of fibronectin (human plasma, Corning) in sterile PBS
(Euroclone) is used for the coating; 1,5 mL of solution are added to each gel. Gels are left in
incubation overnight at 37 °C before cell seeding.

Prior to cell seeding, hydrogels are washed with sterile PBS to get rid of the protein excess and

properly dried under the sterile hood to achieve a homogeneous coating and cell adhesion.

3.2 Synthesis and optimization of degradable PAA hydrogels

With the purpose of implementing a dynamic hydrogel system for mechanotransduction studies, the
polyacrylamide-based hydrogels were further modified by introducing a disulfide-containing
crosslinker, N, N’-bis-acryloylcystamine (BAC), to the composition in replacement for bis-
acrylamide *°.

By doing so, disulfide bonds are introduced in the hydrogel network, which can be reduced to obtain
gradual gel softening. The crosslinks can in fact be cleaved by chemical agents and this determines a
reduction in stiffness of the gel. The reducing agent adopted in our case is glutathione (GSH).

The availability of such system allows to study cell behavior under more physiological conditions.
The usual procedure in a biology laboratory consists in fact in seeding the cells on a stiff substrate
(as a Petri dish, made of polystyrene) to grow them and then detaching them with an enzyme called
trypsin to seed them again on a softer substrate. This step is non-physiological and might alter cell
behavior leading to biased conclusions.

The development of degradable hydrogels allows to overcome the cell detaching step and simulate a
physiological softening, that resembles that of the tissues caused by ageing as well as other diseases.
It has already been proven that detaching and trypsinization of cells may confound interpretation of
the results, especially when working with stem cells, since it can influence their differentiation 7.
Degradable gels are useful to observe the dynamic response of stem cells and for ‘mechanical dose’
studies.

The implemented system belongs to the category of ‘smart’ hydrogels, that are stimuli responsive,
which means that they can change their properties in response to a particular stimulus, for example a

variation of pH, temperature, light, glucose level, or a chemical factor, such as, in our case, GSH.
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‘Smart’ hydrogels allow for interesting new research applications **2°. In our case, the induced
degradation of the system is essential to study what happens to cells when they perceive a gradual

variation in stiffness.

GSH as reducing agent

Reduced glutathione (GSH) is the main intracellular low molecular weight thiol (MW 307.3 Da). It
is synthesized intracellularly from the amino acids glycine, glutamate, and the thiol providing amino
acid cysteine *7%, To reduce the disulfide bonds in the network of degradable hydrogels, introduced
by BAC crosslinker, 10 mM GSH in fresh culture medium is added to the hydrogels for 1 hour at 37
°C. GSH has the function of cleaving the crosslinks in the hydrogels networks, causing their
softening, analyzed as a decrease in the elastic modulus of the hydrogels.

The chemical formula of GSH is reported in the next figure (Figure 3.6), as well as the formula of

BAC before (Figure 3.7) and after the reducing action of GSH (Figure 3.8).
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Figure 3.6. Chemical formula of GSH.
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Figure 3.7. N, N*-bis-acryloylcystamine (BAC) with disulfide bond.
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Figure 3.8. Reduced BAC (non-crosslinking).
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To determine the amount of GSH needed for the complete reduction of the bonds in the hydrogel
network and detect the final stiffness that the gel can reach, the amount of BAC used in its preparation
needs to be considered. A defined concentration of the degradation solution is required to overcome
the concentration of the crosslinks introduced by BAC and reach a complete softening. The amount
of pre-polymerization solution required for hydrogel synthesis varies in consideration to the purpose
of the gel: for mechanical analysis 240 pL of solution are poured in the appropriate mold, while for
cell seeding 50 pL are needed. Considering a percentage of BAC (MW 260,38 Da) of 0,1 % w/v in

the solutions, we can calculate the amount of BAC included in the volumes as:

0,240 mL x 0,1% = 0,0024 mg -> 9,22 umol
0,05 mL x 0,1% = 0,0005 mg -> 1,92 pumol

Considering that 1 mL of GSH 10mM is equal to 10 umol, we can estimate the degradation volume
in 10 mL for mechanical analysis and 2 mL for cell seeding.
The softening reaction is eventually stopped by changing the degradation medium with fresh culture

medium.

Type of functionalization adopted

Another improvement of the degradable system compared to the static hydrogels is the introduction
of an adhesive peptide, carrying the amino acid bioactive sequence GRGDSPC (glycine-arginine-
glycine-aspartic acid-serine-proline-cysteine) (Figure 3.9), derived from fibronectin, in the
polyacrylamide network, that allows to overcome the step of the fibronectin coating of the gel surface
and obtain a uniform functionalization. The active part of the peptide is the moiety RGD, that is
recognized by cells integrins and induces cell attachment and spreading. RGD sequences are found
in several ECM proteins, such as collagen I, fibronectin, sialoprotein and osteopontin *°.

To introduce the peptide in the hydrogel network, we used a maleimide-terminated polyethylene
glycol (PEG) spacer, functionalized with acrylate at the other terminus (Figure 3.10).

RGD moieties are attached at the extremity of PEG by thiol-maleimide click chemistry between the
maleimide group of acrylate-PEG-maleimide and the terminal cysteine of the synthetic peptide
(Figure 3.11). This chemistry is frequently adopted as a functionalization strategy since it ensures a

strong and stable bond “**. Click chemistry reactions are reproducible and controllable: the nature
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of the crosslinker and the hydrogel properties can be designed precisely according to the experimental

aims. The reactions are fast and high yielding and do not produce by-products or side reactions.
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Figure 3.9. GRGDSPC peptide.
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Figure 3.10. Acrylate-PEG-Maleimide.

Figure 3.11. Click chemistry between the maleimide group and the thiol group.

29



For the synthesis of the functionalized hydrogels, 10 % w/v acrylate-PEG-maleimide (MW 4400 Da)
in MilliQ water is mixed with a solution 10 % w/v of the peptide GRGDSPC (CRIBI facility) in
water. The reaction between PEG and RGD is stochiometric, with excess RGD (final molar ratio of
1.1 and final concentration of 10 % w/v) and takes place in 15 minutes. It is carried out at room
temperature.

The pre-polymerization solution is obtained adding acrylamide (AA) 40 % w/v in water, bis-
acryloylcystamine (BAC) and the peptide mix in the proper ratio to MilliQ water, according to the
desired composition. Stock BAC solutions are extremely viscous, and are difficult to solubilize in
MilliQ water, so they are solubilized in acrylamide 40 % in MilliQ water and diluted to a final
concentration of 7 %. The final concentration of BAC is 0,48 %.

For the synthesis of the hydrogels required for mechanical tests the scrambled sequence of the
peptide, GRDGSPC, can been used since it doesn’t change the mechanical properties even though it
lacks biologic activity.

The solution is heated, degassed and then poured in the molds as described for the previous synthesis.
BAC crosslink is longer and more flexible than the BIS crosslink. It has a molecular weight of 260,38
Da, which makes it 1,69 times heavier than BIS: to achieve hydrogels with comparable stiffnesses
using the different crosslinkers, appropriate molar equivalences need to be done %42,

It is also possible to synthesize composite bis-acrylamide-bis-acryloylcystamine gels: these are
partially soluble, giving control over the physical state of the gel before and after solubilization.
Chain length is important for the degradability of the hydrogels since shorter chains present less
crosslinks per chain and this influences the integrity of the gel matrix 3.

To decrease the chain length several approaches can be adopted, for example it is possible to increase
the frequency of chain initiations by increasing the concentration of the chain initiator (APS), of the
catalyst for free radical formation (TEMED) or the temperature which enhances the dissociation of
persulfate to radicals *6. When initiator concentration is increased, the number of active sites available
to react with monomers also increases, favoring the formation of shorter chains.

Keeping in mind these considerations, it is possible to optimize the synthesis procedure of the
hydrogels in order to enhance the solubility and achieve a wide gap between the starting and the
ending stiffness.

By changing the composition of the gels, it is possible to obtain different stiffness gaps, and to adapt
them to the needs of the cells. By doing so, cells can experience softening in a range that resembles

the one that they undergo with ageing or diseases.
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3.3 Mechanical characterization of hydrogels

Hydrogels are characterized by an elastic or viscoelastic behavior, depending on their specific
composition and structure. The mechanical behavior of polyacrylamide hydrogels can be considered
elastic, showing a complete recovery after removal of an applied stress, and this is due to the strong
crosslinks introduced by bis-acrylamide and bis-acryloylcystamine in their network.

To derive appropriate considerations on mechanotransduction, the determination of the hydrogel
stiffness is a mandatory step. This chapter describes two main techniques adopted to mechanically
characterize the hydrogels: micropipette aspiration, a methodology implemented by our research
group, and rheology.

The first method probes the gel surface for a depth of 100-200 pum. Instead, the rheometer
predominantly investigates bulk behavior and gives also a measure of viscosity.

Both methods are valuable for the mechanical characterization of the hydrogels and provide different
information. We mainly adopted the micropipette for the determination of the stiffness, but also some
considerations on rheometry will be reported.

Apart from these techniques, several others exist: some examples are atomic force microscopy

(AFM), indentation and uniaxial compression tests. These methods are briefly described below.

Atomic force microscopy

AFM is a sensitive characterization method that can be used to probe samples also in wet conditions,
maintaining their hydration. It consists in the indentation of the material with a micrometric tip
mounted on an elastic cantilever of known spring constant. The cantilever undergoes deflection until
a defined indentation force or displacement is achieved. The position and displacement of the
cantilever are recorded by a laser beam system with nanometric precision. The Young’s modulus £
is derived from an elaboration of the recorded force vs displacement curve via linear interpolation.

The cantilever tip can have different geometries, that influence the measure: a spherical shape has a
larger contact area which results in lower pressure on the surface and penetration depth inside the gel
and is more appropriate for softer substrates. The stiffness of the cantilever should be similar to the

stiffness of the material under testing for a proper measure.
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Indentation

Static macroindentation is a simple and fast technique for the measurement of the mechanical
properties of soft hydrogels with no need for expensive equipment or a complex set-up.

It consists in the indentation of a hydrogel sample with a rigid sphere of defined dimensions. The
indentation depth, indentation force and geometrical parameters are derived through image analysis
of the measure with a custom MATLAB program and are used to calculate the elastic modulus of the

hydrogel with the help of a mathematical model.

Uniaxial compression

Uniaxial compression test is a common and simple method frequently adopted to characterize
biological soft tissues. A cylindrical sample is placed between two parallel plates and it is compressed
by applying a uniform increasing force on the surface. The force-deformation curve is recorded by
the instrument and is then converted into the stress (o [kPa])-strain () curve. The elastic modulus of

the material is calculated from the elastic region of the curve using Hooke’s law:

E = (3.1)

™19

With soft hydrogels particular care needs to be taken to ensure a precise geometry of the sample and

a complete contact between the sample surfaces and the plates to avoid biases in the measure.
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3.3.1 Micropipette aspiration

The instrument is composed of a glass capillary tube, with an external diameter of 1 mm and an
internal diameter of 750 pm, connected to a syringe pump and inserted in a support stage, controlled
by motors. The hydrogel sample is cut in a smaller shape and mounted vertically to fit the stage
(Figure 3.12) and the capillary is placed orthogonally against its surface. The gel is kept hydrated in
a Petri dish filled with MilliQ water or PBS.

Figure 3.12. A) Hydrogel sample for mechanical analysis. B) Pictures of the stage used for holding and positioning the
capillary and the sample. Figures adapted from *.

The stage is placed under a microscope and controlled by an application written with the software
LabView, which is also connected to the pressure sensors (Honeywell HSCDRRN160MDAAS and
HSCDRRN600MDAA3). For soft hydrogels the voltage range of the sensors is from -160 mbar to
160 mbar, while for stiff hydrogels is form -600 mbar to 600 mbar. A depression is applied to the
hydrogel by operating the syringe pump and a meniscus in formed inside the capillary (Figure 3.13).
The image of the meniscus is acquired through a camera connected to the microscope and elaborated

by the software DigiCam.
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Figure 3.13. Example of the image of the meniscus acquired for the determination of the aspiration length | through
image analysis on MatLab. a is the internal radius of the pipette.

Through image analysis of the meniscus through a script on MatLab, it is possible to determine the
aspiration length / and to correlate it to the elasticity modulus £ of the gel. The formula in question
is adapted from Zhang et al. ** and considers the applied pressure p and the internal radius a of the

pipette for the determination of E.

E = — (3.2)
0,872—+0,748(—)
a a

When using the instrument, it is important to take care not to enter inside the hydrogel with the
capillary but to stop at the surface, since entering the gel causes the formation of an initial meniscus
prior to aspiration, which alters the result. The detailed set up and function of the apparatus is
described elsewhere 4.

When using the micropipette apparatus, the obtained values of the elastic modulus E are an
approximation since they derive from a mathematical model and not from a direct measure, provided
for example by rheometry and compression tests. A reliable reading of the aspiration length / is
achieved when the ratio //a is between 0,3 and 0,7. To have a reliable measure, at least 6 photos need

to be acquired per sample. The elasticity values are then averaged to obtain the final result.
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3.3.2 Rheology

Rheology describes how a material responds to shear stresses. It is an appropriate method for
characterizing hydrogel mechanical properties since it is quick, sensitive, requires small sample sizes,
and is revealing of differences in architecture such as degree of crosslinking, proximity of the glass
transition, structural homogeneity, and molecular weight *°.

The instrument used for the rheological characterization is the rheometer. It is composed of a heated
plate and a removable head, able to rotate, that comes in different shapes and sizes. The oscillatory
movement of the head permits to measure the tangential elastic modulus G, and to identify its two
components: G, the elastic or storage modulus, that is a measure of the energy stored by the sample,
and G ", the viscous component, or loss modulus, which is related to the energy loss through viscous
dissipations. Their ratio is defined as the tangent loss (tg 8 = G’ /G’).

The phase angle 8 = arctg(G’’/G’) can be also derived and it belongs to the range from 0° to 90°. Its
value gives information on the physical state of the sample: if the solid is purely elastic, the applied
stress and the measured strain are in phase and 8 = 0°; conversely, if the material is a viscous liquid,
the phase shift is maximum and 6 = 90°. Viscoelastic materials have values of the phase angle in
between the boundary conditions.

The rheologic analysis functions through appropriate sequences that can be modified by the user.
The instrument first sets the zero level, then the sample is mounted on the fixed plate and the sequence
is started. The gel approaching parameters need to be set up, which are the highest gap for fast
approaching, the gap lower limit during approach and the force limit.

When the contact with the gel is achieved, the proper analysis starts. It usually consists in a small
amplitude oscillatory test, in which the sample is placed between parallel plates or a cone and the
lower plate, and a small oscillation of increasing amplitude of the upper plate generates shear flow in
the sample. It permits to identify the linear viscoelastic region (LVE), in which G’ and G’ are stable
in a large interval and independent from the amplitude of deformation. From this region a frequency
value is chosen for the subsequent frequency sweep. This consists in the variation of the frequency
of oscillation and permits to derive the elasticity moduli in the frequency domain. The dynamic
moduli are used to derive aspects of gel structure and mechanical behavior such as gel character,
entanglement, the glass transition, and some details of chain architecture *°. This viscoelastic
characterization is valid only if it is performed in the linear viscoelastic region of the material. The
upper limit of the LVE can be identified through a preliminary stress or strain sweep analysis.

The rheometer can be also adopted for compression tests through an appropriate sequence for

hydrogel compression. The sample is secured between the plates and the upper plate is lowered in a
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step wise manner until a total compression of the 20-25 % is reached. The elastic modulus is derived

by correlating the applied stress and the imposed deformation.

3.4 Cell culture

After the mechanical characterization, polyacrylamide-based hydrogels were used for cell seeding to
conduct specific biological experiments. The cell culture procedure is here described.

After overnight swelling, the synthesized hydrogels are placed in a multi-well plate in PBS. PBS is
later removed, and the gels are dried. Cells are detached from the tissue culture plate or flask with
trypsin. Trypsin is then deactivated adding fresh culture medium. Cells are pelleted by centrifugation
and the pellet is resuspended in fresh medium. Cells are counted in a proper chamber, adding 10 uL
of trypan blue to 10 uL of cell suspension and using an automated cell counter machine (COUNTESS
II - INVITROGEN). They are resuspended at the desired density in fresh culture medium and the
solution of the cells is added in each well. Hydrogels are kept in the incubator before fixing the cells

for subsequent characterization.

The cell lines adopted in our experiments are:
e Wi38 LifeAct-GFP cells,
e HMVEC-L cells from pulmonary capillaries,
e Immortalized mammary gland MCF10A cells,

e Human osteosarcoma U20S cells.
The culture medium is specific for each cell line: for Wi38 LifeAct-GFP cells is composed of 10%

fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific), 1% antibiotic (pen/strep) and 1%
glutamine in Dulbecco's Modified Eagle's Medium (DMEM, Thermo Fisher Scientific).
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3.5 Characterization of cell behavior

Polyacrylamide hydrogels are optically clear and this allows to use them in imaging characterization
techniques such as immunofluorescence staining and Fluorometric TUNEL assay. Both techniques
are described below.

Confocal images of the cells undergoing imaging characterization were obtained with a Leica TCS
SP5 equipped with a CCD camera and analyzed using Volocity software (PerkinElmer, version 5.5.1).
Confocal microscopy allows for 3D reconstruction of the cells. The sample is mounted inside the
chamber of the instrument and a laser scans the sample plane by plane, allowing to obtain a clear and
defined image. A drop of immersion oil is poured on the glass on the sample to avoid light diffraction.
For confocal live cell imaging, hydrogels are casted on specific plastic support dishes, with a central
glass coverslip of 18 mm of diameter. To activate the glass, plasma treatment using a plasma cleaner
(ambient air plasma) is required. The dishes are placed in the plasma cleaner and are subjected to one
minute of vacuum, followed by one minute of plasma. The valve is slowly opened to return to
atmospheric pressure. The treatment is followed by silanization for 15 minutes and 4 washes in EtOH
100 % and 2 washes in deionized water.

Two silicone stripes (Speciality manufacturing Inc.) of known height of 127 um are placed on the
glass to create the hydrogel shape and determine its thickness (gels must be very thin to allow the
observation of the cells via confocal microscopy) and a circular shape of Kapton tape attached to a

coverslip of 18 mm of diameter is placed on top of the silicone. Gels are casted inside this mold.

3.5.1 Immunofluorescence

Immunofluorescence (IF) is a robust and reliable method used to analyze the structure of the cells
and the localization of the proteins of interest inside them by coupling them with fluorescent dyes.

It can be performed via an indirect or direct staining. Direct staining comprises a primary antibody
covalently linked to a fluorescent dye that directly binds the antigen of the protein of interest. In the
indirect approach, a primary antibody binds to the protein, and a secondary antibody of different
origin conjugated to a fluorescent dye binds to the primary antibody, allowing the indirect labelling
of the protein. The fluorescence can be quantified using a confocal microscope. For a successful
staining, it is essential to have a specific interaction between the antibody and the antigen within the

molecule of interest.
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We adopted this technique to localize YAP/TAZ transcription factors inside the cells seeded on
hydrogels of different compositions and stiffnesses to discriminate whether they were localized in the
nucleus or in the cytoplasm. YAP/TAZ constitute the biological readout of the mechanobiology
experiments that will be described in the next chapter.

To perform immunofluorescence (IF), the hydrogels with the seeded cells are removed from the
culture medium and washed in PBS, then fixed in paraformaldehyde (PFA, Sigma-Aldrich) 4 % for
15 minutes and washed again 3 times in PBS.

Cells are permeabilized for 10 minutes in 0,3 % Triton X-100 in PBS at room temperature, followed
by three washes in PBS, and then blocked for 1 h in the blocking solution, composed of 10 % goat
serum (GS) with 0,1 % Triton X-100 in PBS (PBS-t). Each gel is placed on a single drop of solution
(50 pL) on parafilm in a humid chamber at room temperature.

The primary antibody (Mouse monoclonal antibody against YAP, Santa Cruz Biotechnology) is
diluted 1:100 in 2 % GS in PBS-t and the gels are dried from the block and placed on the new drop.
The gels are incubated overnight in the humid chamber at 4 °C. After 24 hours, the antibody buffer
is drained and 4 washes in PBS-t are performed. The secondary antibody (Goat anti-mouse 568 Alexa
Fluor, Molecular Probes) is diluted 1:100 in 2 % GS in PBS-t. Hoechst 33 342 (Thermo Fisher
Scientific) is added to the mix (1:500) to visualize the nucleus of the cells. Gels are placed on drops
of 50 pL each of the new solution and incubated in the buffer for 1 hour at 4 °C. They are later washed
4 times in PBS-t. The gels are then mounted on a microscope slide with Prolong (Molecular Probes,
Life Technologies), and closed with a coverslip.

Alexa Fluor 488 conjugated Phalloidin (Thermo Fisher Scientific), diluted 1:100 v/v in 2% GS in
PBS-t, is used to stain actin filaments but is omitted for Wi38 LifeAct-GFP cells, since actin in those
cells is already marked fluorescent.

To preserve the samples and allow their analysis later in time, the gels are sealed with Prolong. Once
ready, samples were imaged using a confocal laser scanning microscope (Leica TCS SP5 equipped
with a 40x oil objective) and analyzed with Volocity software. Samples can be stored at 4 °C for

several days, in order to maintain the fluorescence.

38



3.5.2 Fluorometric TUNEL assay

This assay permits to identify and quantify the apoptotic cells within a population. It measures the
fragmented DNA, which is associated to apoptosis of the cell, by incorporating fluorescein-12-dUTP
at 3’-OH DNA terminus using the Terminal Deoxynucleotidyl Transferase, Recombinant, Enzyme
(rTdT).

Briefly, the procedure is the following: hydrogels with the seeded cells are placed in a multi-well
plate in PBS. PBS is removed and cells are fixed in PFA 4 % in PBS for 25 minutes at 4 °C. After
two washes in PBS, they are then permeabilized with 0,2 % Triton X-100 in PBS for 5 minutes,
followed by two washes in PBS.

For the positive control, cells are incubated with DNase, that makes them all positive to the test. The
gels are placed in the Equilibration Buffer for 10 minutes and then incubated in cold rTdT buffer at
37 °C for 1 hour. For negative control, a control incubation buffer without rTdT Enzyme is used. The
samples are then washed in 2x saline sodium citrate (SSC) buffer and later in PBS. They are then
stained with a solution 1 pg/mL of propidium iodide in PBS for 15 minutes in the dark, washed again
several times in deionized water and PBS and then mounted on support slides to be analyzed under a
fluorescence microscope. Propidium iodide stains the nuclei of both apoptotic and nonapoptotic cells

red. Fluorescein-12-dUTP provides green fluorescence in the nucleus of apoptotic cells only.
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Chapter 4 Biological applications: results and discussion

In this chapter the biological experiments conducted on the implemented polyacrylamide-based
hydrogel systems are reported.

The research activity consisted in optimizing the composition of the hydrogels for specific
applications and determining their elastic moduli via mechanical tests, using the micropipette
apparatus.

Since the aim was to produce a versatile tool for mechanotransduction studies, we designed several
biological experiments using different cell lines and derived different conclusions. The hydrogel
properties, mainly its stiffness, were modulated and adapted to the needs of the cells, to demonstrate

the exploitability of the system in mechanobiology research.

4.1 Implementation of the degradable PAA system to control cell
behavior

To assess the efficacy of the degradable hydrogel system in dictating cell behavior through stiffness,
we conducted a biological experiment using Wi38 LifeAct-GFP cells.

LifeAct is a short actin-binding peptide of aminoacidic sequence MGVADLIKKFESISKEE that is
used to visualize filamentous actin (F-actin) structures in live eukaryotic cells using fluorescence
microscopy.

The purpose of the experiment was to observe what happens when these cells perceive a gradual
softening, and to do so we optimized the hydrogel composition to make it the most suitable for the
cells.

From previous experiments, the ideal range of stiffness would be between 7 kPa and 0,3 kPa, but
starting from these values the range of stiffnesses explored were then widen.

We tested several compositions and evaluated their elastic modulus via micropipette aspiration. The
synthesis procedure was the one adopted for mechanical analysis.

The initial elastic moduli were collected at room temperature at time zero, prior to degradation, then
the gels were equilibrated in warm culture medium for at least half an hour, until a visible color
change from transparent to pink was observed. Hydrogels were then placed in 10 mM GSH
degradation medium for one hour at 37 °C and the elastic moduli were collected again with the same

procedure.
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The evaluated compositions and the measured elastic moduli are reported in the following table

(Table 4.1) and in Figure 4.1.

BAC [%] AA40%[%] PEG RGD[mM]  E TO [kPa] E deg 1h [kPa]
10 mM GSH
0,48 7 3 21,26 +3,38 8,15+ 1,06
0,30 7 3 14,82 + 2,00 2,66 + 0,37
0,20 7 3 13,53+ 1,72 2,51 40,54
0,15 7 3 11,11+ 1,24 2,40 £ 0,54
0,10 7 3 5,77+ 1,02 1,83 +0,38

Table 4.1. Hydrogel compositions tested for Wi38 LifeAct-GFP cells via micropipette aspiration and their elastic moduli
before and after 1 h of degradation in 10 mM GSH (with standard deviations).
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Figure 4.1. Histogram reporting the percentage of BAC and the elastic moduli before and after degradation for each
hydrogel composition.

The elasticity measures were repeated several times and they were consistent with the standard
deviations, proving the system is reproducible by following the synthesis procedure described in
Chapter 3.

The final stiffnesses of the evaluated compositions were all higher than 1 kPa, but the stiffness ranges

obtained were still appropriate to be tested with the cells. In particular, considering the given elasticity
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moduli, we chose to test the compositions with 0,30 % BAC and 0,10 % BAC, since they had an
appropriate initial stiffness to cause cell spreading and they reached a final stiffness soft enough for
the rounding.

We proceeded with the synthesis of these hydrogels for cell seeding, adopting molds of 18 mm of
diameter. The preparations of 1 mL of the pre-polymerization solutions are reported in the following

table (Table 4.2).

Stock BAC  AA 40% [uL] BIS 2% [uL] Peptide Mix =~ MilliQ [ul]

solution [uL] [uL]
0,10% BAC 36,5 138,5 0 132 693
0,30% BAC 109.,4 65,6 0 132 693

Table 4.2. Preparations of 1 mL of the solutions for the degradable hydrogels synthesis.

After the synthesis and one night of swelling, cells were seeded on the hydrogels at the density of
1000 cells per cm?. Since the well for cell culture has an area of 4 cm?, 4000 cells per mL of culture
medium were used.

After 24 hours we selected one hydrogel of each stiffness for the degradation and acquired live cell
micrographs with epifluorescence microscopy.

We observed that cells seeded on the 0,10 % BAC hydrogel were already round before degradation

(Figure 4.2), so the substrate was already too soft to proceed.

Figure 4.2. Hydrogel of composition: 7 % AA, 0,10 % BAC and elastic modulus of 5,7 kPa. Cells are visibly round before
degradation. A) 4X magnification, scale bar: 500 um B) 40X magnification, scale bar: 50 um.

Cells on the hydrogel of composition 0,30 % BAC, 7 % AA and PEG_RGD 3 mM were instead
highly spread, as visible from Figure 4.3.
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Figure 4.3. Hydrogel of composition 7 % AA, 0,30 % BAC and elastic modulus of 14,8 kPa. Cells are highly spread
before degradation. A) 4X magnification, scale bar: 500 yum, B) 40X magnification, scale bar: 50 ym.

We degraded the selected hydrogel adding 10 mM GSH in warm culture medium to it and observed
cell response under epifluorescence (since actin is already marked fluorescent in these modified cells,
allowing the visualization of cell shape and structure).

The pictures were taken at 5 minutes intervals over 2 hours and permitted the observation of the loss
of'adhesion to the substrate. Here (Figure 4.4) are reported only the pictures taken at time zero, before

the addition of GSH, and at the timepoint of 2 hours of degradation.

Figure 4.4. 4) Wi38 LifeAct-GFP cells on the hydrogel before degradation (t=0 min, E=14,8 kPa). B) Cells on the
hydrogel after degradation (t=120 min, E=2,6 kPa). Scale bar: 500 um. Almost all the cells underwent rounding with the
softening.

The degradation was carried out at room temperature instead of at 37 °C. This might have elongated

the time required for the rounding.
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We fixed the cells to conduct immunofluorescence analysis to characterize YAP/TAZ activity by

visualizing Y AP localization under confocal microscopy (Figure 4.5 and 4.6), the biological readout

of the experiment.

Figure 4.5. A) and B) Immunofluorescence images of Wi38 LifeAct-GFP cells
before degradation. Nuclei are stained in blu, YAP in red and actin in green
(LifeAct). Cells are spread and YAP is nuclear since the perceived stiffness is high
(14,8 kPa). The substrate in fact has a high resistance that stimulates cell integrins
to aggregate in clusters and form focal adhesions. The mechanical cue is
transferred from the substrate to the cytoskeleton through the adhesions, reaching
the nucleus. Nuclear pores become permeable to YAP/TAZ that translocate inside
the nucleus and act as transcription factors, regulating gene expression and cell
shape. Scale bar: 50 um.
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Figure 4.6. A) and B) Immunofluorescence images of Wi38 LifeAct-GFP cells
afterl h of degradation. Nuclei are stained in blu, YAP in red and actin in
green (LifeAct). Cells are round and YAP has translocated to the cytoplasm
and returned to the inactive state. The substrate has a low resistance (2,6 kPa)
so focal adhesion maturation is reduced, the actomyosin cytoskeleton is
relaxed and YAP/TAZ are confined in the cytoplasm. Scale bar: 50 ym.

From the IF images it was proved that on stiff substrates YAP locates in the nucleus, while with the

softening Y AP migrates to the cytoplasm and cells return round.
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To confirm that the observed effect is due to the variation in stiffness and not to the action of GSH,
which is in fact safe and inert to the cells, we synthesized gels to use as controls. The results are

reported in the following figures (Figure 4.7, 4.8, 4.9, 4.10).

Figure 4.7. Immunofluorescence images of Wi38 LifeAct-GFP cells on 0,30 % BAC hydrogels of @ 18mm. A) Before
degradation (14,8 kPa), B) After 1h in 10 mM GSH (2,6 kPa). Nuclei are stained in blu, YAP in red and actin in green
(LifeAct). Cell rounding and YAP translocation from the nucleus to the cytoplasm are observed after 1 h of degradation.
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Figure 4.8. Control: seeding on pre-softened gels. Hydrogels of composition 7
% AA, 0,30 % BAC were first left to degrade 1h in 10 mM GSH, then washed in
PBS. Cells were seeded directly on the degraded gel (2.6 kPa). From the image
it is visible that cells adhere to the substrate but don’t spread. This proves that
degradation does not remove the adhesive sites (RGD) and that the stiffness
determines cell morphology and YAP localization. In almost all cells in the

image YAP is cytoplasmatic. Nuclei are stained in blu, YAP in red and actin in
green (LifeAct).

Figure 4.9. IF images of cells seeded on non-softening control hydrogels of stiffness 25 kPa (7 % AA, 0,24 % BIS) A)
before GSH, B) after 1 hin 10 mM GSH. Cells maintain a spread shape even after 1 h in GSH. Nuclei are stained in blu,
YAP in red and actin in green (LifeAct).
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Figure 4.10. IF images of cells seeded on non-softening control hydrogels of stiffness 36 kPa (7 % AA, 0,48 % BIS):
A) before GSH, B) after 1 hin 10 mM GSH. Nuclei are stained in blu, YAP in red and actin in green (LifeAct).
From Figure 4.9 and Figure 4.10 it is visible that cells seeded on non-degradable stiff hydrogels
maintain a spread shape even after 1 hour in degradation medium: the result proves that GSH does
not cause cell rounding and that cell morphology is determined solely by the perceived stiffness.
We reproduced the biological experiment under more controlled conditions by synthesizing the 0,30
% BAC hydrogels on specific dishes for confocal microscopy.
We observed the gradual softening with live cell confocal microscopy and we again captured the cells

rounding (40x acquisition, Figure 4.11).

Figure 4.11. Wi38 LifeAct-GFP cells A) before degradation (E=14,8 kPa) and B) after 1 h
in 10 mM GSH (E=2,6 kPa) under confocal microscope. Scale bar: 50 um.
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Validation of the system using U20S cells

Transformed human osteosarcoma cells (U20S) were adopted to validate the degradable system of
composition 0,30 % BAC, 7 % AA and 3 mM PEG_RGD with other cell types.

The cells were seeded on the hydrogels of original stiffness, before degradation, and spreading was
observed. Then 10 mM GSH in warm culture medium was added to them and cells gradually became
round. IF images (Figure 4.12 and 4.13) were collected under confocal microscopy after fixing the

cells to localize YAP/TAZ inside them both before and after 1 h of degradation.
. .

Figure 4.12. IF images of U20S cells seeded on hydrogels of initial stiffness of 14,8 kPa (7 % AA 0,3 % BAC, 3 mM
RGD), A) before GSH, and B) after 1 h in GSH 10 mM (final stiffness 2,6 kPa). Cells rounding and YAP cytoplasmic
translocation are visible. Nuclei are stained in blu, YAP in red and actin in green. Scale bar: 50 um.
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Figure 4.13. IF images of U20S cells seeded on hydrogels of initial
stiffness of 14,8 kPa (7 % AA 0,3 % BAC, 3 mM RGD), A) before GSH,
and B) after 1 h in GSH 10 mM (final stiffness 2,6 kPa). Cells rounding
and YAP cytoplasmic translocation are visible. Nuclei are stained in blu,

YAP in red and actin in green. Scale bar: 50 um.

The obtained results are consistent with the one observed with Wi3& LifeAct-GFP cells and confirm

that the result on this system does not depend on the type of cell lines adopted.
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Brightfield images of U20S cells before and after degradation are also reported (Figure 4.14).

The different level of spreading on the substrate of initial and final stiffness is clearly visible.

Figure 4.14. Brightfield images of U20S cells A) before degradation and B) after degradation. Scale bar: 200 ym.
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4.2 Synthesis of hydrogels for a stiffness range for MCF10A cells

As an application of our non-degradable polymerization system, we synthesized six compositions of
static hydrogels, to obtain a range of stiffnesses, by varying the relative amount of acrylamide and
bis-acrylamide. The compositions adopted and the measured elastic moduli are reported in the
following table (Table 4.3).

These gels were functionalized with the adhesive peptide RGD but static, so the synthesis procedure
is that of the degradable hydrogels, but instead of BAC there is BIS as crosslinker.

BIS 2% [%] AA40%[%] PEG RGD E [kPa]
[mM]

0,03 3 3 0,2
0,06 3 3 1,27
0,15 3 3 2,63
0,12 7 3 15,48
0,24 7 3 25,61
0,48 7 3 35,24

Table 4.3. Compositions and elastic moduli of the hydrogels for the stiffness range.

The elastic moduli were derived by micropipette aspiration. The elasticity measures were repeated
several times and some incongruences emerged, but we were able to identify what had caused them
and to reach a consistent stiffness measure. The main problems encountered were connected to the
measuring technique: to consider the measure reliable the quality of the image of the capillary from
the micropipette apparatus needs to be high and the capillary does not have to enter inside the gel: it
needs to be right in contact with the surface and orthogonal to it, otherwise the measure will be
influenced by the initial meniscus that forms before aspiration.

After univocally determining the stiffness values of the scale of hydrogels, we disposed of an archive
of compositions that might be adopted for different cell lines with different purposes, as a prove of
the versatility of the system. In the following figure (Figure 4.15), U20S cells are photographed on
each composition of the range. Their different level of spreading, influenced by the stiffness, is clearly

visible.
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Figure 4.15. U20S cells on PAA hydrogels of different stiffnesses and compositions. 4) 3 % AA, 0,03 % BIS, B) 3 % AA,
0,06 % BIS, C) 3 % AA, 0,15 % BIS, D) 7 % AA, 0,12 % BIS, E) 7 % AA, 0,24 % BIS, F) 7 % AA, 0,48 % BIS. Scale bar:

30 pm.

Among the available cell types, we selected MCF10A cells to conduct our next experiments. This
cell line is a non-tumorigenic epithelial cell line. It was previously observed that these cells adhere to
the polyacrylamide-based hydrogels functionalized with RGD, but YAP doesn’t activate on a stiff
substrate, suggesting that the substrate does not provide the appropriate mechanical stimuli. To solve
this incoherency, several attempts were made, by adopting two different functionalization strategies
to promote cell adhesion and spreading: peptide functionalization and hydroxyethyl-acrylamide
oxidation followed by native proteins coating.

Using the compositions of the range, we proceeded with the synthesis of hydrogels containing the

laminin peptides and of hydrogels with the protein coatings for cell imaging analysis.
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4.2.1 Peptide functionalization

The hypothesis to explain the inactivation of YAP on stiff hydrogels functionalized with RGD was
that the peptide wasn’t sufficient to determine strong adhesion and cell spreading for MCF10A cells.
It is known in fact that each cell type has specific integrins with which it binds to a substrate. Epithelial
cells have a3 1 and a6P1 integrins, which are specific for the ECM adhesive protein laminin, a large
trimeric basement membrane glycoprotein with many active sites “¢. With this consideration, we
designed a new experiment in which we functionalized our hydrogels with laminin derived, water
soluble, sequences, with active motifs YIGSR and IKVAYV, alone and in combination with RGD, and
used them for the anchoring of the cells.

Hydrogels of two stiffnesses were synthesized for each peptide and their combinations, as reported

in the following table (Table 4.4):

BIS 2% [%] AA 40% [%] PEG_peptide [mM] E [kPa]
0,48 7 3 35,24
0,24 7 3 25,61

Table 4.4. Compositions and elastic moduli of the gels adopted for each peptide and for their combinations
(RGD+IKVAV, RGD+YIGSR).

The synthesis of the hydrogels with the laminin peptides followed the same procedure as that adopted
with the peptide RGD.

The chosen peptides were the following:

e GRGDSPC (MW 690.27 Da);

e CQAASIKVAV (MW 988.527 Da), of bioactive motif IKVAV. IKVAV is derived from the
a-chain of laminin, it promotes cell adhesion, migration and neurite outgrowth and is a potent

stimulator of tumor growth, metastasis, protease activation/secretion and angiogenesis *’;

e CDPGYIGSR (MW 966.412 Da), of bioactive motif YIGSR. It is found in a cysteine-rich site
of the laminin B chain and is a mediator of cell adhesion. It has many activities related to
inhibition of malignancy, it blocks xenograft growth, experimental metastasis formation in
the lungs and bones and angiogenesis and plays a key role in endothelial cell-to-cell

interactions and tubule formation *%.
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The laminin peptides were used singularly and in combination with GRGDSPC.

After the synthesis, hydrogels were left to swell overnight, then cells were seeded on their surface
and later fixed. The brightfield images of the cells on the differently functionalized substrates are
reported in the following figures (Figure 4.16, 4.17, 4.18, 4.19, 4.20).

Figure 4.16. Brightfield images of MCF10A cells on hydrogels functionalized with RGD peptide. A) 35,24 kPa, B) 25,61
kPa. Scale bar: 30 um.

Figure 4.17. Brightfield images of MCF10A cells on hydrogels functionalized with YIGSR peptide. A) 35,24 kPa, B)
25,61 kPa.
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Figure 4.18. Brightfield images of MCF10A cells on hydrogels functionalized with IKVAV peptide. A) 35,24 kPa, B)
25,61 kPa.

Figure 4.19. Brightfield images of MCF10A4 cells on hydrogels functionalized with RGD + IKVAV peptide A) 35,24 kPa,
B) 25,61 kPa.

s

Figure 4.20. Brightfield images of MCF'10A cells on hydrogels functionalized with RGD + YIGSR peptide. A) 35,24 kPa,
B) 25,61 kPa.

57



As visible from the images, the laminin derived peptides did not favor much cell spreading. Cells in
fact maintained a round shape irrespectively of the stiffness. The best results in terms of cell spreading
were those obtained with RGD functionalization.

Considered that, we decided to increase the amount of RGD in the compositions from 3 mM to 5 mM
to see if the cells could spread more. We synthesized gels with the same compositions as those
reported in Table 4.3, changing only the amount of RGD. Brightfield images of the seeded cells are
reported in the following figures (Figure 4.21).
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Figure 4.21. MCF 104 cells on hydrogels with 5 mM RGD and composition: A) 0,03 % BIS, 3 % AA, B) 0,06 %
BIS, 3% AA, C) 0,15 % BIS, 3 % AA, D) 0,12 % BIS, 7 % AA E) 0,24 % BIS, 7 % AA, F) 0,48 % BIS, 7 % AA.

Cells didn’t spread more than on hydrogels functionalized with RGD 3 mM. New functionalization

strategies might be more appropriate for these cells.
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4.2.2 HEA oxidation and native proteins coating

We compared the results obtained with the peptides functionalization with a different coating strategy
using native ECM proteins, in particular collagen I, fibronectin and laminin, to see if this would lead
to MCF10A cells spreading. To implement this strategy, we used oxidized hydroxyethyl-acrylamide,
which implied the oxidation of the hydroxy groups in aldehyde groups using sodium periodate
(NalO4, MW 213,89 g/mol) (Figure 4.22). The aldehyde groups are meant to ensure a stronger bond
with the proteins and a more stable coating and allow to omit the critical step of drying the hydrogels

before coating.
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Figure 4.22. Oxidation of the hydroxy group to an aldehyde group.

Hydrogels were synthesized following the usual procedure, their composition was modified adding 5
% HEA, previously oxidized with 4 % sodium periodate (Sigma-Aldrich). The oxidation reaction
takes place in water in 4 hours under agitation. The theorical stiffnesses of these hydrogels are 50 kPa

and 13 kPa and the preparations (per mL of solution) are reported in the following table (7able 4.5):

AA 40% [uL] BIS 2 % [uL] OxHEA [pL] MilliQ [pL] E [kPa]
181,3 240 250 329 50
106,3 112,5 250 531 13

Table 4.5. Preparation of 1 mL of pre-polymerization solution for the hydrogels with the two nominal stiffnesses
adopted.

The coating followed the procedure reported for fibronectin in Chapter 3. A solution 25 pg/mL of
fibronectin, one 10 pg/mL of laminin (Sigma-Aldrich) and one 10 png/mL of collagen (Corning) in
cold DMEM were used for the three different coatings adopted.

An immunofluorescence assay was conducted on the stiffer gels with the laminin and fibronectin
coatings to assess the presence of the proteins on the surface (using anti-fibronectin and anti-laminin

antibodies) (Figure 4.23).
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Figure 4.23. A) IF image of the 50 kPa hydrogel with 4 % oxidation
coated with fibronectin, B) image for the control of the staining
background of IF, obtained by omitting the primary antibody, C) staining
on glass coated with fibronectin. Image scaled in intensity to be
comparable to the images on the hydrogels (that have a poorer coating),
D) IF image of the 50 kPa hydrogel with 4 % oxidation coated with
laminin, E) image for the control of the staining background of IF,
obtained by omitting the primary antibody. Scale bar: 200 um.

After assessing the presence of the coating, we proceeded to seed and fix MCF10A cells on the
surfaces. Cell morphology and spreading were observed under the microscope. The hydrogels with 4
% oxidation did not show sufficient signal and the images are not reported. Cells were still round on
the hydrogels coated with the native proteins, as observed also with the laminin peptides.

We tried to increase the number of functional groups introduced by the oxidation (aldehyde groups)
increasing the percentage of NalO4 from 4 % up to 20 %, 50 % and 80 %. We observed that with 50
% NalOg4 the gelation time increased drastically, and this was due to the residual oxidant that inhibited

TEMED: by quadrupling the amount of TEMED the gelation time returned to normal, while
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quadrupling APS didn’t make the polymerization any shorter. Gels with 80 % oxidation were
discarded since NalO4 deposited on the bottom of the solution.

The 50 % oxidized hydrogels gave a visible brightfield signal, with the collected images reported in
Figure 4.24. Anyways, cells were still round on all coatings, indicating that a new coating strategy is

required to increase adhesiveness for these cells.

Figure 4.24. Image of MCF10A4 cells on 50 % oxidized
hydrogel A) coated with fibronectin, B) coated with laminin,
C) coated with collagen I. Scale bar: 100 um.
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4.3 Apoptosis assay for HMVEC-L cells

HMVEC-L (Lung Microvascular Endothelial Cells) are endothelial cells from pulmonary capillaries.
They include cells isolated from small vessels within normal lung tissue that are cultured to be > 90
% pure. They are a mixed population of both blood and lymphatic endothelial cells.

For mechanotransduction studies, these cells are usually detached from the TCPS using trypsin and
seeded on large or small islands. It has been shown that on small islands these cells undergo apoptosis,
since they are not allowed to spread. Apoptosis is a natural mechanism that cells adopt to self-destruct
when they are no longer needed or useful. It causes cells to fragment into apoptotic bodies that are
digested by macrophages without inflammatory reaction.

It contributes to homeostasis and is a defense mechanism since it removes potentially dangerous cells.
It is a controlled process, but it can be pathologically activated in some diseases *-°°.

This programmed cell death is in contrast with necrosis, that is cell death caused by external
conditions and is characterized by a local inflammatory reaction.

The aim of the experiments conducted on those cells was to determine whether the detaching step
using trypsin was a cause of the high apoptosis rate observed on small substrates. To do so we planned
to estimate apoptosis during gradual softening. Since on soft substrates cells are round and don’t
spread, that condition resembles small islands, where cells are confined, and should cause apoptosis.
Since degradation avoids the trypsinization step, less apoptotic cells are expected on soft.

Before performing the experiment on the degradable system, we had to optimize it on static hydrogels
to confirm the high apoptosis rate observed elsewhere '%.

We seeded the cells on the softest hydrogels from the scale of stiffnesses previously discussed for
MCF10A cells (Table 4.6) at low density to isolate the role of cell-matrix interactions as opposed to

cell-cell interactions.

BIS 2% [%] AA40%[%] PEG RGD E [kPa]
[mM]
0,03 3 3 0,20
0,06 3 3 1,27
0,15 3 3 2,63

Table 4.6. Compositions and elastic moduli of the hydrogels adopted for TUNEL assay.
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We performed a TUNEL assay to estimate the percentage of apoptotic cells on soft.

This assay (Fluorometric TUNEL System) allows the detection and quantification of apoptotic cells
seeded on a substrate or grown in suspension, by measuring nuclear DNA fragmentation, a hallmark
of apoptosis. It measures the fragmented DNA by incorporating fluorescein-12-dUTP at 3’-OH DNA
ends using the Terminal Deoxynucleotidyl Transferase, Recombinant, Enzyme (rTdT), that forms a
polymeric tail using the principle of the TUNEL assay. The fluorescein-12-dUTP-labeled DNA can
be visualized directly by fluorescence microscopy.

The result of the assay for the softest hydrogel is reported in Figure 4.25, while the percentages of

apoptosis for each composition are reported in Table 4.7.

MERGE NUCLEI TUNEL

Figure 4.25. TUNEL STAINING — HMVEC-L cells on PAA-RGD hydrogel of composition 3 % AA, 0,03 % BIS, 3 mM
PEG _RGD. Nuclei are labeled in blu, apoptotic cells in green. Scale bar: 100 um.

AA 40 % [%] BIS2%[%]  PEG RGD [mM] E [kPa] Apoptosis [%]
3 0,03 3 0,2 3
3 0,06 3 1,27 2
3 0,15 3 2,63 1

Table 4.7. Compositions of the hydrogels for TUNEL assay, stiffnesses and percentages of apoptosis detected with the
assay.

We were not able to observe higher percentages than 3 % of apoptotic cells. The maximum percentage

of apoptosis observed was too low to drive conclusions.

64



Here (Figure 4.26 and 4.27) are also reported the images of HMVEC-L cells seeded on the hydrogels

from Table 4.7 and on glass. On soft substrates cells are round, on glass they are highly spread.

S
o 30 pm

Figure 4.26. HMVEC-L cells on non-degradable PAA_RGD hydrogels of stiffness A) 0,20 kPa and B) 1,27 kPa.
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Figure 4.27. HMUVEC-L cells A) on non-degradable PAA_RGD hydrogels of 2,63 kPa and B) on glass.
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Conclusions

The aim of this work was the optimization of polyacrylamide-based hydrogel systems that could be
modified and adapted to different cell lines for studies of mechanobiology. The synthesis procedures
adopted in our research are reproducible and can be completed using common equipment available
in any biological laboratory. The implemented systems are also versatile since modifications in the
gel compositions permit to obtain a wide range of stiffnesses and variable mechanical properties. To
properly derive considerations on mechanotransduction, hydrogels were mechanically characterized
with a simple and straightforward technique: micropipette aspiration. Its apparatus is easy to use and
the obtained measures of elasticity are reliable.

The elastic modulus of the polyacrylamide-based hydrogels can be tuned in the range from less than
1 kPa to tens of kPa to induce different mechanical stimuli to the cells, resembling those applied by
natural tissues. In particular, by varying the concentration of acrylamide and bis-acrylamide, we were
able to obtain a scale of hydrogels with stiffness ranging from 0,2 kPa to 35,24 kPa. These hydrogels
can be used to perform experiments with different cell types and to simulate the mechanical cues
provided by specific tissues.

To observe cell behavior under a variable mechanical stimulus, a degradable polyacrylamide-based
system was successfully implemented. The system was validated using different cell lines: Wi38
LifeAct-GFP cells and U20S cells. During gradual softening of the system, cell morphology varies,
changing from a highly spread shape when the perceived stiffness is high (14,8 kPa) to a round shape
when the substrate softens (2,6 kPa). YAP/TAZ were characterized via immunofluorescence analysis
and their translocation from the nucleus to the cytoplasm was detected, linking the complex to the
determination of cell shape through mechanotransduction.

Different functionalization strategies were proposed to overcome the anti-fouling properties of
acrylamide, in particular the adhesive peptide GRGDSPC was introduced in the hydrogels network
to promote cell adhesion. This peptide works well with Wi38 LifeAct-GFP cells, but since each cell
type has different integrins with which it interacts with the adhesive proteins of the ECM, it is not
sufficient to promote MCF10A cells adhesion. In our experiments, we searched for a new
functionalization method to encourage the spreading of these cells on stiff substrates. To do so, we
adopted laminin-derived peptides, but these did not favor cell spreading. The coating of the PAA-OH
hydrogels surfaces with laminin didn’t also stimulate cell adhesion, irrespectively of the presence of
specific laminin-binding integrins on the cells membranes. The result indicates the necessity to find

a new strategy to promote cell adhesion, for example different laminin-derived peptides that are more
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specific and indicated for this cell type. Polyacrylamide hydrogels constitute the most suitable
platform to find the proper solution.

Another biological experiment was reported in this work, using HMVEC-L cells: we performed a
TUNEL assay to quantify the apoptosis on soft substrates, but the detected apoptotic cells were few.
The optimization of this assay is essential for the future research on the influence of cell shape and
spreading on apoptosis.

From these experiments, it is clear that the implemented polyacrylamide-based hydrogel system can
be optimized for a variety of studies and used to gain better insight into cell behavior: its applicability
in different biological experiments evidences its versatility and its value as a tool for
mechanotransduction studies. The research opportunities introduced by it are numerous, since it is a
cheap, versatile and dynamic platform.

In our research we took in consideration as driver of cell behavior the stiffness of the polyacrylamide
substrates, but we know that other factors have an influence as well: adhesiveness of the substrate for
example also contributes to YAP/TAZ activity, but in a way that is subordinated to stiffness: it is
relevant to tune YAP response only at intermediate levels of substrate rigidities .

In the future, other factors, such as growth factors, morphogen signals and cell-to-cell contact should
be taken in consideration since they feed YAP/TAZ activity.

Viscoelastic properties of the substrates should not be neglected since cells are influenced by those
as well. Rheologic measures need to be implemented to properly characterize the hydrogels also under
that aspect.

By increasing the complexity of the system, we’ll be able to determine the paths that guide
mechanotransduction and what goes wrong when they become aberrant, reaching a step closer to the
development of therapeutic solutions for several mechanically driven diseases.

The complete scenario of cell mechanotransduction is needed also for the advancement of material
and tissue engineering. Biomaterials that provide the same mechanical stimuli to the cells as the
natural tissues would allow to study cellular activity and tissue regeneration.

The research here presented is a small step in the fascinating discovery of the mechanotransduction
mechanisms, but it highlights the complexity that hides behind every step in this path, that requires
precision, constant optimization and the development of procedures that are not only functional and

reproducible, but also affordable and versatile.
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