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General Introduction

Regenerative medicine and tissue engineering are defined as an expanding interdisciplinary
field implicated in the restriction of donor shortage and immunological rejection evaluated
as a major public health issue. The concept of tissue engineering consists to develop a
functional scaffold in order to regenerate and enhance the functions of damaged or diseased
tissues and organs. The strategies of tissue engineering requires the following factors: (1) the
isolation of cells from target tissue, (2) the design of biomaterial scaffold providing an
appropriate mechanical environment for cell functions in order to mimic the extracellular
matrix, (3) the use of molecules such as proteins and growth factors for cells survival.
Nowadays, hydrogels have shown a great advancement and progression as scaffolding
materials in tissue engineering. They are defined as three-dimensional hydrophilic polymers
network and characterized by their high water content. Various natural and synthetic
polymers have been employed to generate physical and chemical crosslinked hydrogels.
These hydrogels provide mechanical and physical support similar to the natural extracellular
matrix microenvironment of targeted tissue and allow the cell growth and tissue
regeneration. The main question is how to design a suitable hydrogel scaffold for tissue
engineering. The design of these scaffolds requires various criteria such as biocompatibility,
mechanical strength and biofunctionality indispensable in the regulation of cellular
behaviors. The purpose of this manuscript is focused on the synthesis of two polymers based
hydrogels: Hydrolyzed polyacrylamide as a synthetic hydrogel and GelMA-AAm as a
natural/synthetic hydrogel able to: (i) promote the cell adhesion, (ii) ensure the transport of
nutrients and growth factors for cell survival and proliferation, (iii) have a negligible immune
response and toxicity, (iv) deliver the seeded cells towards the desired damaged site and (v)
control and regulate the structure and functions of engineered tissue. Chronic kidney

disease (CKD) affects 10% of the population worldwide. CKD is the consequence of



General Introduction

glomerular filtration barrier (GFB) dysfunction. The GFB is composed of endothelial cells

which are involved in the maintenance of the filtration barrier. Podocyte provide a barrier

composed of filtration slits between foot processes that prevent the passage of plasma

proteins into the urinary filtrate. The progression of glomerulopathies is the consequence of

podocyte injury. These scaffolds materials were developed to mimic the kidney glomerular

basement membrane in order to restore the main function of the glomerulus kidney.

This thesis manuscript is composed of four chapters:

1.

2.

The first chapter is an overview of various categories of hydrogels, the preparation
methods and the main properties of hydrogels. The application of hydrogels as a scaffold
in tissue engineering and the criteria implicated in the development of efficient hydrogel
scaffold were studied. Moreover, since the extracellular matrix (ECM) provides
mechanical and biological environment involved in the regulation of cells behaviors such
as proliferation and differentiation, the mechanisms of ECM-cells interaction were
developed to better understand the effect of polymer substrates on cells. Furthermore,
the characteristics of the in vivo kidney podocytes and their role on maintaining the
glomerular filtration barrier were investigated as the work consists to develop a scaffold
material having properties similar to the physiological glomerular basement membrane
of the kidney.

The second chapter will describe on details the materials and the methods used to
synthesize the hydrogels scaffolds and to characterize their properties such as the
swelling and the mechanical properties. Furthermore, the effect of substrate mechanical
properties on the podocyte behaviors was investigated by evaluating the morphology,
the proliferation rate, the cytoskeleton organization and the differentiation of these

cells.
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3. The third chapter will be focus on the development of hydrolyzed PAAm hydrogel as a
new scaffolding material which is a key step toward the development of adaptive
implant materials. First, hydrolyzed PAAm hydrogels were synthesized and covalently
crosslinked with various concentrations of Bis-acrylamide that contribute to obtain
various crosslinking polymer network densities and mechanical strengths. The influence
of hydrolyzed PAAm hydrogels mechanical properties on podocyte morphology,
cytoskeleton organization, differentiation and mechanical properties was also evaluated.
The hydrolyzed PAAmM substrates, on which the physiological activities of podocytes were
preserved, were determined. These substrates have shown elasticity within the range of
the physiological stiffness.

4. The fourth chapter will present a novel stable hybrid hydrogels based scaffold composed
of gelatin methacrylate and acrylamide (GelMA-AAm). The combination of biological and
synthetic materials imitates the heterogeneity of native ECM due to the presence of
bioactive cell-binding domain and tunable mechanical properties. The properties of
GelMA-AAm hydrogels and the effect of scaffolds mechanical properties on the podocyte
behaviors were investigated.

Finally, the conclusion part will summarize the main findings of this thesis. Moreover,

perspectives will be proposed as possible for future work.
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Hydrogels: Promising Scaffold for Tissue Engineering

. Introduction:

Extracellular matrix (ECM) is a complex and organized network having a wide variety of
macromolecules. Therefore, each tissue is characterized by their specific ECM structure and
composition which are altered by the diseases. The major components of ECMs are proteins
including laminin, fibronectin, elastin and collagen. These proteins present specific binding
sites that recognize and interact with cell surface receptors and matrix constituents that
form a three dimensional network. ECM regulates the cells behaviors and promotes the
main biological activities such as tissue homeostasis, cellular growth, survival and

differentiation®%3

. The regulation of cells functions is maintained by ECM signals transmitted
to the cells. Cells sense the signals, interpret and respond to the different parameters such
as ECM structure, components and mechanical properties as stiffness and viscoelasticity4’5.
The loss of ECM functions characterized by the modification of its composition and physical
properties induce an alteration of ECM-cells interactions and thus create a
microenvironment leading to the development and progression of several diseases”. Among
these diseases, autoimmune and inflammatory diseases have shown the presence of a
modified ECM. However, the understanding of ECM properties and characteristics helps to
develop and optimize an in vitro cell culture environment to generate a three-dimensional
(3D) model such as biomaterials having requirements close to the in vivo milieu. The 3D in
vitro system can be applied in various biomedical applications such as drug delivery system
and tissue engineering helping to elaborate a new therapeutic target for disease treatment.

Nowadays, tissue engineering strategies consist to develop in vitro biological or synthetic

materials mimicking the native ECM and able to replace and recover the functions of injured
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tissues or organs. Tissue engineering should follow different criteria to be achieved. In fact, a
functional engineered tissue should be characterized by appropriateness mechanical
properties of native tissues and should be incorporated within the physiological
environment. The concept of tissue engineering aims to comprehend the in vivo mechanical
properties of tissues and to study the biophysical environment of cells. The characterization
of ECM properties has permitted the advancement and the progression of substrate used as
an engineered construct. In this chapter, the development of hydrogels study and the
comprehension of ECM mechanical properties and their influence on cells behaviour such as
cell proliferation and differentiation will be discussed and developed. The first part of this
chapter consists to define the concept of hydrogels and to develop their preparation
methods and their properties. Moreover, the application of hydrogels in tissue engineering
field will be elaborated. Then, the chapter will be based on the mechanisms of cells - ECM
interactions and the effect of ECM mechanical properties on the cellular behaviors. The third
part of this chapter will be focused on introducing the podocyte kidney cells. This work will
lead to establish a biomaterial based hydrogel to study the effect of kidney glomerulus

extracellular matrix on podocyte behaviors.

Il. Hydrogels:

1. Definition:

Gels are defined as semi-solid material composed of hydrophilic polymers and dispersed in a
large quantity of fluid. Different types of gels have been identified and classified depending
on the type of the swelling factor employed such as hydrogels, organogels and xerogels. In

this work, hydrogels are the gels of study. They are characterized by their three-dimensional

10
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crosslinked hydrophilic polymer network holding a large amount of water within their
network without dissolving (Fig.1). Recently, hydrogels have been progressed and advanced

as biomaterials in biomedical engineering such as tissue engineering and drug delivery.

Figure 1: Picture of swelled polyacrylamide hydrogel.

“Hydrogel” term was started since 1894 and was previously widely used in many researches

papers, according to Lee, Kwon and Park®. In 1960, polyhydroxyethylmethacrylate (PHEMA)

was considered as a first material crosslinked network having a high water affinity and the
development of this material has been used in many research projects of permanent contact
lens production. “Hydrogel” was considered as a soft material advanced to be used in vivo as

a biomaterial. The history classification of hydrogels was identified by Buwalda et al.”:

e Hydrogel history was started by the development of materials having a high swelling
degree and tunable mechanical properties. These materials were characterized by
random crosslinking polymer network using initiators to induce the chemical
modifications.

e Then, these materials were developed and optimized to respond to the variations of

specific stimuli such as temperature, pH and polymers concentrations. These stimuli

11
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were utilized to induce specific phenomenon including the polymer polymerization and
the drug delivery systems’.

e Finally, the researchers were focused on the development of stereo-complexed materials
such as PEG-PLA interactions® and this category of hydrogels has shown a promising

advancement.

2. Hydrogels as scaffolding materials:

Research studies have investigated the role and the effect of substrate stiffness on cells
behaviour. Generally, the study of cellular processes is directed on non-physiological support

910 Wwith such environment,

as polystyrene which exhibit a high stiffness (1GPa)
unconventional cells behaviors were developed corresponding to a loss of phenotype
differentiation. Thus, these traditional cell culture techniques fail to ensure a milieu to
recapitulate the functional characteristics of cells'!. Recently, experiment researches have
exhibited the significant role of cell’s microenvironment mechanical properties on cellular

behaviors!?1¥14

. Then, new in vitro culture systems were advanced and progressed in order
to establish an appropriate microenvironment for cells and so to mimic a functional unit of
human living organ in vitro environment. Biomaterials, and particularly hydrogels, have
recently shown a great potential in several biomedical fields such as drug delivery

1518 Moreover, since the mechanical properties have

applications and tissue engineering
exhibited a great impact on cells behaviour, these polymer materials have permitted to

develop 3D in vitro cell culture model with tunable elasticity in order to study the effect of

the substrate stiffness on cells®’.

Hydrogels materials are viscoelastic crosslinked polymer networks. They are characterized by

their hydrophilic structure which allows the absorption of high amount of water and

12
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biological fluid, their biocompatibility and their robust mechanical properties similar to living

: 15,18,19
tissues™ ™

. These hydrogels characteristics permit to imitate the properties of native ECM
and then to act as an artificial ECM. Therefore, these materials are considered as a promising
candidate for tissue engineering due to the similarities of native ECM structure and
composition’. Since each tissue requires specific necessities, hydrogels properties can be
modified and adjusted in order to match the features of an organ for tissue engineering
applications. Over the past decade, hydrogels used as biomaterials have been progressed

and have been applied in several applications. Table 1 shows the main properties of

hydrogels as biomaterials.

Table 1: Properties of hydrogels as biomaterials®

Properties

e Biocompatible

e Ease of handling

e Injectable

e High water content

e Mechanical strength

e Chemical modification (e.g. having attached cell adhesion
ligand)

e Addition of cells/drugs

The following sections will be focused on a detailed description of some hydrogels widely
used in tissue engineering. Afterward, the methods of preparation and the properties of

hydrogels will be talked over.

3. Natural and Synthetic Hydrogels:

Hydrogels were classified into natural and synthetic categories depending on polymer

network nature®>?3%* (Table 2).
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Table 2: List of natural and synthetic hydrogels™

Natural Polymers Synthetic Hydrogels
e Collagen e Poly(ethylene glycol)
e Gelatin e Poly(acrylamide)
e Alginate e Poly(vinyl alcohol)
e Hyaluronic acid e Poly(acrylic acid)
e Fibrin e Poly(hydroxyethyl methacrylate)

Natural polymers are biological systems characterized by their intrinsic biocompatibility,
their biodegradability and their specific interactions with the cells due to their bioactive
properties. However, these hydrogels present many disadvantages such as the difficulty of
purification, the immunogenicity and the pathogen transmission. Collagen, gelatin, chitosan,
fibrin and alginate are considered as natural hydrogels and they represent the most essential
components of the extracellular matrix in vivo”. The reproducibility of the structure and the
mechanical properties of this category remains a problem poorly understood®®?’. These
drawbacks can be limited and controlled by using hydrogels based on synthetic polymers.
The synthetic hydrogels including polyethylene glycol (PEG), polyacrylamide (PAA) and
polyvinyl Alcohol (PVA) are more reproducible and can be controlled and modified for tuning
the desired mechanical properties. However, many important factors are investigated as
polymer composition, biocompatibility and mechanical properties to design a material
suitable to be applied in tissue engineeringzs'ze.

Natural hydrogels such as collagen and gelatin and synthetic hydrogels such as

polyacrylamide will be described in this section. In this thesis, these hydrogels will be studied

and investigated as scaffold materials for cell culture.
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a. Collagen:
Type | collagen is the most abundant protein present in human connective tissues
accompanied by a significant amount of collagen type Il, lll and IV. The structure of native
collagen structure is characterized by its triple-helical al- a2 chains having a molecular
weight of 300kDa”®. Glycine, proline and hydroxylproline constitute the major amino acid
sequences of collagen involved in the establishment of triple helix (Fig.2). Collagen protein
plays a crucial role in performing numerous biological activities. These proteins provide
physical anchorage sites inducing the cells attachment and the cell signalling pathway

through the cell-surface receptors such as integrin®.

(b)

Figure 2: (a) Collagen Triple-Helix Structure (b) Ball-and-stick image of a segment of collagen triple helix

Collagen Structure and Stability28 .

Collagen is considered as a natural polymer widely studied for the development of hydrogels
scaffolds. Collagen based hydrogels have been used to mimic the extracellular matrix and

have shown advancement as three-dimensional scaffold for cell culture and tissue

15



Literature Review

engineering due to their biomimetic properties such as biocompatibility and similarity to
native extracellular matrix*°. Collagen scaffold have been used as biomaterials for numerous
applications such as wound cover dressings, osteogenic and bone filling materials®>%
However, one of the main inconveniences of using hydrogels based on collagen type | as a
substrate for tissue engineering is the difficulty to optimize the properties of these materials.
Therefore, the ability to reproduce a scaffold having properties similar to physiological
tissues and thus to establish physiological factors for cell regulation remain a problem. This
problem depends on the variability of collagen | hydrogel origin. Moreover, collagen type |
hydrogels are characterized by their low mechanical strength and low stability. It has been
shown that in the absence of chemical crosslinker agent which may damage the collagen
structure, there is a difficulty to generate a collagen scaffold with high stiffness (> 1 kPa)*.
Collagen type | hydrogels have been used in several applications use for regenerative
medicine. Eric Hess et al. have studied the influence of collagen derived hydrogel on Bone
Marrow Stromal Cells behaviors. It has been shown the ability of these cells to migrate and
to proliferate on these hydrogels. In addition, the osteogenic differentiation was detected on
these biomaterials and this study was elaborated to develop a novel bone graft based on
collagen type | hydrogels. Moreover, Wong et al. have investigated the collagen based
scaffolds properties for brain tissue engineering. Researchers have shown the potential role
of collagen in repairing and regenerating the injured brain by providing a supportive matrix

for cells>,

b. Gelatin:
Gelatin is a natural denatured form of collagen while maintaining the bioactive properties

such as RGD sequences (Arg-Gly-Asp). Gelatin is the result of collagen hydrolysis and is
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considered as a reversible gel dissolving at body temperature. Figure 3 represents the basic

chemical structure of gelatin.

'C|}=NH2
MH=

Figure 3: Basic Chemical Structure of Gelatin®’.

Gelatin hydrogels have been widely used and applied as suitable scaffolding biomaterials in
tissue engineering such as cardiovascular, bone and hepatic tissue engineering due to their
significant characteristics such as biocompatibility, biodegradability and poor
immunogenicity and cytotoxicity®®. Nevertheless, gelatin hydrogels represent many
disadvantages recognized by the mechanical properties and their unstable structure which
lead to a quick enzymatic degradation. These drawbacks contribute to restrict the gelatin
hydrogel applications in tissue engineering field. To improve the mechanical properties and
the stability of these hydrogels, gelatin based hydrogels can be covalently crosslinked with

3637 However, these chemical crosslinking agents are

carbodiimide and glutaraldehyde
cytotoxic and elicit immunological responses. Gelatin methacrylate (GelMA), derivative
form of gelatin, has shown a potential attention as implantable materials in tissue
engineering applications. The preparation of GelMA is based on the reaction of

methacrylic anhydride with the hydroxyl and the amino groups presenting on the side

chains of gelatin. This reaction is carried out in the phosphate buffer at 50°C (Fig. 4).
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Figure 4: Gelatin methacrylate (GelMA) synthesis scheme®

The polymerization of GelMA is performed by UV irradiation using a water soluble
photoinitiator such as Irgacure 2959%°. The photopolymerization reaction contributes to
the development of a covalently crosslinked GelMA polymer network. The
photocrosslinked GelMA hydrogels are characterized by their biocompatibility, their
inherent biological activity due to the presence of cell-attachment sequence and their
tunable mechanical properties. These characteristics provide a platform to study the
cellular behaviors and therefore GelMA hydrogels will be the choice of study as they

. .. . . 20,41
represent good candidates to mimic the native extracellular matrix for cell culture****,

c. Polyacrylamide:
Polyacrylamide (PAAm) hydrogel is a synthetic covalently crosslinked polymer network. PAA
hydrogels have been used as a biomaterial for cell culture and have shown a wide
progression in this field due to their several important advantages. These materials have
formed an important platform to study the cell-substrate interactions depending on material
stiffness. The preparation of PAAm hydrogels is simple and inexpensive. PAAm hydrogels are
biocompatible and non-biodegradable polymers and can be exposed with broad range of
elasticity (0.3 kPa-300 kPa) by changing the acrylamide and bis-acrylamide relative

concentrations. The stiffness variations contribute to study and to more understand the
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influence of substrate stiffness on cellular behaviors such as cell morphology, motility and
differentiation®”. PAAm hydrogels are synthesized by mixing various concentrations of
acrylamide and bis-acrylamide crosslinker. This reaction is initiated and catalyzed using
Ammonium Persulfate (APS) and N, N, N’, N’ Tetramethylethylenediamine respectively

(Fig.5). APS serves as an inducer of a free radical polymerization®.
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Figure 5: Polyacrylamide Matrix Structure®

Furthermore, ECM proteins comprising laminin, fibronectin and collagen type |, IV are
covalently conjugated to PAAm hydrogels surface which serve as ligands for cell attachment.

Sulfosuccinimidyl 6-(40-azido-20-nitrophenylamino) hexanoate, known as Sulfo-SANPAH, is a
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photoactivatable heterobifunctional reagent holding two functional groups: Sulfosuccinimidyl
group reacts constitutively with the primary amine groups of proteins and phenylazide group
forms a non-specific binding with polymerized PAAm hydrogel during the photoactivation.

Thus, ECM proteins - PAAm hydrogels surface interactions is covalent using sulfo-SANPAH

(Fig. 6).
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Figure 6: (a) The heterobifunctional photoreactive reagent sulfo-SANPAH™. (b) A scheme is shown for ECM
protein conjugation using sulfo-SANPAH™.
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Since PAAm hydrogels furnish for cell culture a physiological environment, Yeung et al. have
worked on PAAm substrates and have studied the effect of substrate stiffness on cells fate.
They have concluded that the surface stiffness has an impact on cells morphology and
proteins expression by showing that the morphology of fibroblast and endothelial cells,
seeded on substrate having elasticity higher than 2kPa, is more spread and promotes the
development of actin stress fibers. Furthermore, the regulation of cell locomotion has been
studied on PAAm hydrogel with variable elasticity. Researchers have observed that the
migration rate of fibroblasts is high on soft substrates comparing to stiff substrates. In
addition, it has been shown that the epithelial cells on these substrates present a highly
lamellipodial protrusion which is the consequence of destabilized adhesion”®. Despite these
advantages, PAAm hydrogels have a limited capacity to interact with the physiological
environment and the presence of unreacted acrylamide within the PAAm hydrogels which is
toxic for the cells will be remained**. Once placed in a basic solution, the PAAmM hydrogel will
turn into hydrolyzed PAAm form. The hydrolyzed PAAm hydrogel are defined as
biocompatible polyelectrolyte holding a large amount of water and biological fluids within its
interstitial space. During the swelling process, the unpolymerized acrylamide will be washed
out from the polymer matrix. Hydrolyzed PAAm hydrogel are capable to exhibit
morphological changes in response to the external stimuli such as pH, electrical fields and
ionic strength*’. In this thesis, hydrolyzed polyacrylamide hydrogel is investigated as a new
scaffolding material which is an important step toward the development of adaptive implant
materials.

The hydrolyzed PAAmM hydrogel surface is functionalized with (3-dimethylaminopropyl)
carbodiimide-HCL (EDC). EDC reacts with the carboxyl groups of hydrolyzed PAAm hydrogel

and induce the appearance of an amino-reactive intermediate which contributes to the
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protein conjugation. EDC is used in combination with N-hydroxysuccinimide (NHS) or sulfo-

NHS in order to create a more stable intermediate by increasing the coupling efficiency*(Fig.

7).
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Figure 7: Hydrolyzed PAAm hydrogels functionalized with EDC and NHS®,
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Table 3 shows a summary of the main characteristics of the hydrogels mentioned above.

Table 3: The characteristics of: Collagen, Gelatin and PAAmM.

Collagen Gelatin PAAmM
Nature Natural Natural Synthetic
Bonding Physical Physical Chemical
Preparation Protein Self-Assembly Protein Self-Assembly Free Radical Polymerization
Methods
Biocompatible (Biological | Biocompatible Tunable mechanical
properties) (Biological properties) properties
Advantages ) ) -
Biodegradable Biodegradable Durable and storage stability
Poor immunogenicity Possibility of control
Weak mechanical Weak mechanical Toxicity of unreacted
Disadvantages p'roF)erties N properties monomers
Limited long term stability | Non-stable
Batch-to-batch variability
Cartilage Cartilage Podocyte
Tested on Bone Bone Brain
Tendons Fibroblast

4. Preparation methods of hydrogels:

The preparation methods of polymers based hydrogels are processed in different ways
according to their applications. Depending on crosslinking types, hydrogels can be classified
into two categories: physical and chemical crosslinked hydrogels. Chemical hydrogels require
the development of covalent crosslinked polymer network. Different methods are applied to
synthesize chemically crosslinked permanent hydrogels including photopolymerization and
chemical polymerization. The crosslinking mechanisms are based on the chemical reaction of
polymer having functional groups as OH, COOH and NH, with the crosslinking agent. Physical
hydrogels do not require the use of crosslinker and are considered as reversible polymer
network. The forces implicated in the development of physical hydrogels are hydrogen
bonding, ionic bonding and hydrophobic interactions. These interactions can be disrupted

with changes in the physical conditions***°

. These chemical and physical methods are
discussed and summarized below (Fig.1).
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Figure 8: Types of crosslinking: Physical and Chemical Hydrogels51

a. Chemical crosslinked hydrogels:
Chemical crosslinked hydrogels are characterized by the presence of covalent interaction
bonds. The polymerization of end-functional group in polymers chain is the common method
to establish covalently crosslinked polymer network. The photochemical and chemical

polymerization will be described below in details.

i.  Photochemical polymerization:
Photoinitiated polymerization process is considered as an efficient method for hydrogels
synthesis. This technique provides many advantages during the hydrogels preparation such
as no need to use catalysts or additives to initiate the polymerization, the crosslinking
density of the polymer network chain can be controlled by changing the irradiation dose and
the presence of contamination will be eliminated. The photopolymerization method has
been widely used for many biomedical applications due these benefits.

Photopolymerization, known also as free radical polymerization technique, is based on the
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presence  of monomers holding appropriate photosensitive functional groups.
Photopolymerization process follows up the subsequent steps: initiation, propagation and
termination. The initiation step is activated by the use of a photoinitiator involved in free
radical generation. These radicals initiate the polymerization by interacting with the
monomer reagent in order to turn it into an active form. Then, the propagation step goes on
to get a polymer radical chain. The termination step is thus accomplished through radical
combination leading to the development of connected polymer network chain®. As
example, many research studies have worked on the photopolymerization of PEG by using
UV irradiations with specific photoinitiator in order to generate radicals which induce the
polymerization. PEG photopolymerization contributes to the development of PEG hydrogels
used as a scaffold for cells delivery involved in tissue regeneration. For example, PEG
hydrogels have been used as a matrix for osteoblasts encapsulation to evaluate their

applicability in promoting bone tissue engineering>>>>>*

. Moreover, GelMA based hydrogels
have been widely used in biomedical research field due to their suitable biological properties
and tunable mechanical characteristics. The photopolymerization is the method of GelMA
hydrogels preparation. The initiation of GelIMA polymerization is induced by the presence of
free radicals generated by the photoinitiator. The propagation of GelMA chain is performed
between the methacryloyl groups. Eventually, the termination step will be occurred

between two propagating chains or between one propagating chain and a second

radical®(Fig. 9).
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Figure 9: Representative reactions during the photocrosslinking of GeIMA to form hydrogel networks™.

ii. Chemical polymerization:
Chemical polymerization is considered as one of the main polymerization techniques for the
development of natural and synthetic hydrophilic polymers based hydrogels. This technique
is based on chemical reaction of bi-functional crosslinking agent with a hydrophilic polymer
holding appropriate functional group such as COOH, OH and NH,% This technique has been
widely utilized to form various chitosan-based hydrogels. These hydrogels are covalently
crosslinked polymer hydrogels and involved in many applications such as drug delivery
systems by releasing bioactive materials and can be used as a scaffold for cell culture due to
their biocompatibility56. For instance, gelatin and albumin based hydrogels were prepared

using dialdehyde or formaldehyde as crosslinking agents. In this thesis, polyacrylamide
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hydrogels are synthesized using acrylamide monomer and bis-acrylamide as crosslinking
agent. This polymerization technique requires the use of Ammonium Persulfate (APS) and N,
N, N’, N’ Tetramethylethylendiamine (TEMED) to induce and initiate the polymerization
reaction of polyacrylamide. In fact, the following steps are involved in the synthesis of
polyacrylamide: (1) The initiation of polyacrylamide polymerization is induced by the
presence of free radicals generated and accelerated by APS and TEMED respectively; (2) The
free radicals provoke the activation of the acrylamide monomers by converting them into
acrylamide free radicals. The activated acrylamide monomers react with the unactivated one
and induce the elongation of polymer chain. Meanwhile, the polyacrylamide chain is also
covalently crosslinked with bis-acrylamide; (3) The termination of polyacrylamide
propagation is achieved when the activated acrylamide monomers are totally consumed”’

(Fig. 10).

H H
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Figure 10: (a) Addition of radical to acrylamide monomer. (b) Propagation of PAAm polymerization.
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b. Physical crosslinked hydrogels:
The physical crosslinking of polymers represents a common technique for hydrogel
synthesis. For instance, the physical interactions corresponding to hydrogen bonding and
ionic interactions will be developed. These techniques are generally processed under mild

conditions.

i.  Hydrogen Bonding:
Hydrogen bonds mechanism contributes to obtain physically cross-linked hydrogels. H-
bonded hydrogel is obtained with the presence of polymers containing carboxyl groups in a
low pH solution as carboxymethyl cellulose (CMC) in HCI solution. The substitution of CMC
sodium with hydrogen of acidic solution promotes the creation of hydrogen bonds within
the polymer. These hydrogen bonds decrease the solubility of CMC in water which

contribute to the development of an elastic physical hydrogeISS(Fig. 11).
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Figure 11: Hydrogel network formation due to intermolecular H-bonding in CMC at low pH59.
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ii.  lonicInteraction:
Physical hydrogels can be developed as well through ionic interactions under physiological
conditions. Alginate, a naturally derived polymer, is a linear polysaccharide copolymer
composed of B-D-mannuronic acid and a-L-guluronic acid. Alginate hydrogel, used as a
matrix for protein release and living cells incorporation, is formed in the presence of divalent
cations such as calcium Ca®* which interact with the carboxylic groups of alginate polymer
chain (Fig.12). The mechanical strength of these ionic crosslinked hydrogels was shown a
variation over time due to the exchange of Ca*" ions with monovalent ions in surrounding
solutions and thus this procedure is considered uncontrollable®. Likewise, chitosan polymer

network is ionically crosslinked and mainly used for drug delivery?®.

Figure 12: lonotropic gelation by interaction between anionic groups on alginate (COO-) with divalent metal
jons (Ca2+)™.
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Table 4 shows the characteristics and properties of physical and chemical crosslinking

hydrogels61.
Table 4: Physical and chemical hydrogels properties
Physical Hydrogels Chemical Hydrogels
e Non-permanent but sufficient to get e Permanent
hydrogels insoluble in aqueous milieu e Nonreversible
e Reversible e Ability to absorb high amount of water

e Water absorbance but network defects
or inhomogeneities may produce due to

the chain loops and free chain ends

In our study, the chemical polymerization was focused on to synthesize the hydrogels

scaffolds.

5. Hydrogels properties:

Hydrogels are characterized by numerous properties such as swelling, mechanical strength
and biocompatibility. For a perfect scaffolding material, these physical properties should be
as similar as in vivo for specific tissue engineering. These properties depend on hydrogel
structure that can be controlled by modifying the synthesis mechanisms and the chemical
compositions®?. The characterization of these properties permits to understand their abilities

to affect cells behaviors and therefore their influence on cells mechanotransduction.

a. Swelling:
Swelling property is the capacity of hydrogels, in an agqueous environment, to uptake a large
amount of water without dissolution since hydrogels are defined as hydrophilic polymers
and characterized by their high water affinity due to the presence of hydrophilic groups

6364 The water molecules are

within the polymer network chains such as -OH, -COOH
attracted toward these hydrophilic and polar groups and form primary bound water. The

hydrophobic moieties also interact with the water molecules and form secondary bound
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water. Moreover, additional water will be absorbed by the hydrogels under the influence of
an osmotic driving force opposed to the network elastic force based on the polymer network
crosslinks. This imbibed water, called free water, contributes to reach the equilibrium
swelling of hydrogels. A balance between the osmotic pressure and the elastic force will be
occurred at the equilibrium swelling. This concept is explained by the Flory-Huggens
theory®. Swelling phenomenon is based on osmotic pressure due to the presence of
unequal ions distribution in the polymer network and the aqueous environment®’. Once
hydrogels are placed in water, the osmotic pressure promotes the expansion of polymer
network and the hydrogels start to be swelled. The equilibrium swelling degree will be
reached when the osmotic forces and the elastic forces of polymer chains are balanced.
Swelling ratio indicates the hydrophilicity and the crosslinking degree of polymer network. It
was shown that the swelling ratio of hydrogels decreases with increasing the crosslinking
density of polymer chains because the polymer structure will become more compacted

5783 Moreover, Vishal et al. have studied the effect of the ionic

limiting the network extent
strength on hydrogel swelling capacity. They have shown that hydrogels placed in a swelling
medium, containing Na* and Cl ions, contributes to decrease the osmotic pressure and thus
the swelling degree due to the presence of counter ions®. The water swelling capacity of
polyacrylamide hydrogel is lower than the hydrolyzed form of polyacrylamide because of the
electrostatic repulsion induced by the resultant anionic carboxyl groups. To obtain a
hydrolyzed form, PAAm hydrogel is placed in a basic solution of sodium hydroxide (NaOH).
The hydrolysis process induces the conversion of amine moieties (R-NH,) of PAAmM network
chain into carboxylate (-COO’) moieties having a high water affinity. Furthermore, Na* ions

present in NaOH solution are attracted toward the COO™ entrapped into the PAAm polymer

chain. Afterwards, the hydrolyzed PAAm hydrogel is placed in deionized water. A counterion
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osmotic pressure will be occurred since the concentration of Na* free ions present into the
polymer chain is not equivalent to the ions in the swelling solution. Na* ions start to diffuse
to the outer solution in order to decrease the concentration gradient and thus the swelling
phenomenon of the PAAm hydrogel is occurred. The equilibrium state of water swelling
degree becomes established where the osmotic pressure and the network elastic forces are
balanced®. Experimentally, the swelling ratio is determined as the ratio of wet weight (Ws)

to dry weight (W,) and is expressed using this following equation:

Where Ws is obtained by measuring the weight of a fully swollen hydrogels (in equilibrium
with water and cell media) and W, is the measurement of a dehydrated hydrogel weight67

(Fig.13).

PAAmM gel
(Dry State)

PAAm hydrogel in Swollen State

Figure 13: Swelling of hydrophilic polymersss.

b. Mechanical properties:
The mechanical properties, characteristics of cell microenvironment, have been shown

critical role in the regulation and maintenance of cell behaviour. Matrix stiffness represents
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a fundamental physical property and affects the cells by modifying their shape, size and
cytoskeleton organization®®. Cell-extracellular matrix (ECM) interactions induce the cells to
respond to the physical properties of the membrane and to react by applying a force in order
to control the cellular functions through actin dynamics and actomyosin contractility. The
tension of this force applied depends on the matrix stiffness. Therefore, each type of cell has

a specific mechanical microenvironment (Fig.14).
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Figure 14: Cells are tuned to the materials properties of their matrix®.

Recent studies have shown that the mechanical properties of the substrate and particularly
the stiffness have a great impact on cells functions including cells migration’®’*, proliferation

2 . . . .
273 Numerous studies have worked on various density of crosslinking

and differentiation
hydrogel in order to clarify the effects of mechanotransduction on cells behaviors. Substrate
stiffness can be assessed by measuring the Young’s Modulus defined as material resistance
to deformation using different characterization methods such atomic force microscopy

(AFM), dynamic mechanical analysis (DMA) and rheology by applying force on a definite

material zone. Researches have used AFM to measure the hydrogels surface elasticity and
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1074 " Actually, the Young’s Modulus of a

thus to evaluate the network crosslinking density
substrate increases with increasing the concentration of crosslinker and therefore the
substrate is considered as a stiff material. Hydrogels, with tunable elastic properties, were
developed so as to create in vitro cell culture model mimicking the extracellular
environment. Notably, polyacrylamide hydrogels have been widely used as biomaterials for
tissue engineering as they present a wide range of adjustable elasticity imitating several
tissues stiffness as neurons ( ~0.5kPa)”, fibroblast ( ~10kPa)’® and osteoblast (>20kPa)’’
stiffness and this stiffness variation depends on polymer network crosslinking density. Most
studies have worked on the stiffness effect on mesenchymal stem cells (MSCs)
differentiation. They have shown that MSCs upregulate the expression of neuronal markers
on soft substrate having an elasticity close to brain tissue whereas these cells express
myogenic and osteogenic markers on stiff substrate with elasticity similar to muscle and
collagenous bone, respectively14. Moreover, the GelMA hydrogels have shown a great
interest as scaffold materials for biomedical applications due to their widely biological
properties and their tunable mechanical properties. Wang et al. have shown that the degree
of methacrylation has a significant effect on the GeIMA mechanical properties. The high
methacrylation degree increases the stiffness of GelMA hydrogels due to the increase of
methacrylic substitutions that induces the network crosslinking’®. According to the

mechanical property, hydrogels were used recently for several biomedical applications such

as drug delivery, wound dressing and tissue engineering.

Table 5 includes different type of hydrogels using as scaffold materials in biomedical
applications. The preparation methods and the mechanical properties of these hydrogels are

also determined.
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Table 5: Hydrogels: Preparation and Mechanical Properties

Method of
Hydrogels Method of Synthesis . Elasticity References
Characterization
. Chemical 79
Gelatin-mTG . Rheology 0,6 kPa—13 kPa Mufeng Hu et al.
Polymerization
Rheol 2 kP
) Chemical eoloey 2 - 80
Gelatin-EDC Polvmerization Qi Xing et al.
y Tensile Stress 196 kPa
Chemical Atomic Force 2 kPa — 10 kPa Jéréme Solon et al.*®

Polyacrylamide

Polymerization
Photopolymerization

Chemical
Polymerization

Microscopy

Atomic Force
Microscopy

Rheology

1 kPa —240 kPa

0,18 kPa — 16 kPa

Raimon Sunyer et
0/ 81

Tony Yeung et al.”®

PEG-GelMA Photopolymerization Tensile Stress 0.2 MPa —0.6 MPa Jia Liang et al.®
PEGMA-
PEGDMA Photopolymerization Rheology 10°Pa—10%Pa Ji Won Hwang et al.®®
PEG-PLLA-DA Photopolymerization Compression Test 1 kPa—13 kPa Yu-Chieh Chiu et al.®*
GelMA Photopolymerization Compression Test 1 kPa —34 kPa Yupeng Sun et al.

c. Biocompatibility:

Tissue engineering concept requires the development of an appropriate biomaterial able to

restore the main tissue functions and to obstruct the immune system by inhibiting the

macrophage response which knocks down the functional properties of implantable

materials. Biocompatibility is defined as the material ability to interact within the

physiological environment without damaging the host tissues. Many studies have suggested

the usage of appropriate extracellular matrix based polymer for cells transplantation.

Therefore, biocompatibility is a main property in making polymer based hydrogels for tissue

engineering applications®. Researchers have studied the central nervous system (CNS)

properties to develop biocompatible hydrogels for neural tissue engineering. It was proved

that the non-biocompatibility of hydrogels with neural tissue induces the neuroimmune
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system to react toward the implanted polymer and thus damages will be produced.
Recently, the development of biocompatible hydrogels for neural tissue engineering has
advanced and has shown that neural cells transplantation encased within a hydrogel might
be protected from acute inflammatory response and thus enhances the cells survival®®.

The evaluation of biological responses allows characterizing the materials biocompatibility.
Inflammation diseases, mechanical damages and immunological rejections are assessed as
side effects of synthetic materials. The toxicity of synthetic hydrogels remains a drawback for
tissue engineering due to the initiators and organic solvents used and due to the presence of
unreacted monomers during hydrogel polymerization which are harmful for tissue cells.
Nowadays, researches start to focus on the development of advanced biomaterials by
controlling their efficacy in order to reduce their side effects.

According to these properties, hydrogel has been used as a promising candidate in tissue
engineering. The application of hydrogels as a scaffold for tissue engineering requires various
main functions including the cell adhesion, the nutrients and growth factors transport ensuring
the cell survival, the delivery of seeded cells toward the desired site and the absence of toxicity.

Therefore, the concept of tissue engineering using hydrogels as matrix will be elaborated.

6. Hydrogels For Tissue Engineering Applications:

Tissue engineering is a promising process to regenerate and replace damaged tissues or
organs. Tissue engineering concept was suggested by Langer et al. in 1990s as “the
application of engineering and the life sciences principles toward the fundamental
understanding of structure-function relationships in normal and pathological mammalian
tissues and the development of biological substitutes that restore, maintain or improve
tissue function”. Tissue engineering strategy consists to develop and design an appropriate
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scaffold material serving as an extracellular matrix for appropriate tissue cells without
inducing immune responses reactions. Biomaterials such as hydrogels are used as functional
scaffolds for tissue engineering as they provide mechanical support for cells and suitable
biophysical and biochemical signals implicated in the regulation of cell behaviour and
function. Selection and design of the appropriate hydrogel scaffold material for tissue
engineering requires fundamental characteristics such as hydrogels biocompatibility,
mechanical strength and biofunctionality essential in the regulation of cellular behaviors.
Table 6 shows the main characteristics of hydrogel to be designed as a scaffold material for

tissue engineering.

Table 6: Design criteria for hydrogels as scaffolds for tissue engineering

Hydrogels design criteria

e Gel synthesis mechanisms

e Appropriate mechanical properties

e Appropriate diffusion of nutrients and metabolites

e Biological properties

e Biocompatibility

e Promotion of cell adhesion, proliferation and differentiation

The following section will be focused on the mechanisms of interaction between the
extracellular matrix and the cells and on the study of the effect of hydrogels mechanical

properties on tissue functions.

lll. Cell-ECM interaction:

1. Mechanotransduction:

The ECM mechanical characteristics have an important role in the regulation of cell fate and
cell behaviour. Cells sense, integrate and interpret the physical and chemical signals of
extracellular environment. Thus, cells feel the topography®”?® and the rigidity**** of ECM

and therefore produce appropriate physiological responses regulating the cellular activities
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such as proliferation, migration, differentiation and apoptosissg. Accordingly, every living
tissue is determined by a specific elasticity. Previous studies have shown the significant role
of ECM mechanical properties in the progression of breast cancer disease. They have proved
that the stiffness of healthy mammary glands is approximately 150 Pa, while the breast
tumor exhibits a high stiffness of 4 kPa. Moreover, the morphology and the growth rate of
mammary epithelial cells have showed a significant difference depending on stiffness
environment®. Regarding the liver tissue, the stiffness of healthy liver is around 300 - 600
kPa while the stiffness of liver diseases such as fibrosis and cirrhosis increases over 20 kPa®".

Cellular adhesion machinery is composed of specialized transmembrane receptors
associated via the cytoplasmic domain with the actin cytoskeleton. These sites enhance the
ECM — cells and cells - cells interactions in a way to maintain the specific form and
mechanical properties of tissues. Through these active sites, cells recognize the physical cues
which are defined by the mechanical forces applied to cellular membrane. Several studies
have investigated the importance of microenvironment mechanical properties in the

9293949 | fact, cells sense and respond to the mechanical

regulation of cellular behaviors
properties generated by ECM through integrin. Integrin is a transmembrane cell adhesion
protein characterized by the presence of two domains: an intracellular domain in interaction
with the cell cytoskeleton and an extracellular domain binding to the substrate®®?’. ECM
mechanical signals will be transduced into intracellular signals and affect the cells properties
as cells morphology, migration, cytoskeleton organization, differentiation and cells stiffness.
This is called a mechanosensing phenomenon. The mechanosensing definition is the
capability of a tissue or cell to detect the microenvironment applied forces such as

5,93

contractile forces™ . The transduction of ECM mechanical signals is established through

focal adhesion complex characterized by the binding of ECM molecules to a group of
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integrins. Integrins serve as a linker and reinforce the connection of ECM to cells actin
fibers®®. Moreover, the focal adhesion complex is also characterized by the presence of non-
muscle myosin and proteins cluster such as talin® and vinculin'®. In fact, the force
generated by actin polymerization contributes to the requirement of these proteins group
which are able to assemble and to link the integrin to actin fibers and to non-muscle myosin.
These non-muscle myosin proteins are actin-binding proteins that play an important role in
multiple cellular processes such as cell adhesion and migration'®*. They are characterized by
their contractile functions and produce an additional force to match the encountered
mechanical environment (Fig.15). Actually, cells feel the variation of ECM stiffness and react
in a different process. For instance, cells sense the ECM high stiffness which contributes to
the loss of cells ability to respond and to contract against the matrix. Thus, cells produce
additional forces and the number of focal adhesion and so the number of actin fibers
connected to non-muscle myosin will be increased leading to an increase in cell stiffness in
order to go with matrix stiffness. Contrariwise, the cells on a matrix with low stiffness
generate a small force and show a few number of focal adhesion complex and thus actin
fibers. In conclusion, cell responds and reacts to the variation of substrate stiffness which

contributes to regulate the organization of actin cytoskeleton®?.
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Figure 15: Sensation of, and responses to, matrix-generated mechanical signalsm.

Substrate stiffness constitutes as well an essential element to act on cell morphology. In fact,
several studies have investigated the effect of substrate stiffness on cell morphology
behaviour. It was shown that cells on low substrate stiffness exhibit a round shapes whereas
this morphology becomes more spread when the cells sense a substrate having a high

stiffness (Fig.16).

Matrix

Figure 16: Effect of matrix mechanics on cell behavior. Schematic of general changes in cell behavior
observed as matrix stiffness increases'”
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Yeung et al. have worked on fibroblast and endothelial cells and have studied the effect of
substrate stiffness on cells morphology and cytoskeletal structure. As they concluded, cells
are characterized by spread morphology and the presence of actin stress fibers on PAA
substrates elasticity greater than 2 kPa’®. As mentioned previously, ECM mechanical
properties control the differentiation of mesenchymal stem cells (MSCs). Park et al. have
reported the effect of matrix stiffness on MSCs differentiation into a variety of cell lineage
including smooth muscle cells (SMCs) and adipocytes. They have shown that MSCs seeded
on soft substrate differentiate into chondrogenic and adipogenic lineage while the stiff
substrate permits the differentiation of MSCs into SMC lineage. These observations are

comparative with the in vivo environment®.

2. Effect of stiffness on tissue functions:

The extracellular and intracellular microenvironment mechanical properties present the
main feature of tissues and cells. These elastic properties control the cells fate and
behaviour including cells morphology and functions. To mention that the intracellular elastic
properties are defined by the cells ability to develop an internal force depending on matrix
stiffness. This force affects the quantity of polymerized actin, the cytoskeleton organization
and the generation of adhesion complexes. The disturbance of the mechanical environment
disrupts the tissue functions and acts on the progression of several diseases including
malignancy”.
e Numerous in vitro researches have shown the effect of substrate stiffness on cells
behavior such as cells shape and differentiation. Soft tissues as liver, lung, breast and
kidney are considered as part of viscoelastic materials having an elasticity varying from

0.2 to 4 kPa®. It was shown that the control of tissue stiffness permits to maintain the
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specific cells differentiation. Engler et al. have proved that the differentiation of
mesenchymal stem cells (MSCs) depends on substrate elasticity. MSCs cultured on soft
substrate, having a range of elasticity similar to brain stiffness (0.1 — 1 kPa), differentiate
into neuronal cells. Whereas, MSCs differentiate into myocyte-like cells and osteoblast-
like cells on substrates with stiffness corresponding to muscle stiffness ranged from 8 to

17 kPa, and on stiffest substrates (25 — 40 kPa) respectively'®

. Moreover, several studies
have shown that neurons growth is more selective when brain cortical cells are seeded
on soft substrates having a standard elasticity of normal brain (0.15 — 0.30 kPa).
Whereas, these cells grown on stiff substrates (2 kPa) permit the activation and the
proliferation of glial cells such as astrocytes. It has been shown that astrocytes cultured
on soft substrates are less spread and the actin filaments are not well organized
comparing to astrocytes on stiff substrates'®.

Breast cancer is considered one of the most common cancers among women worldwide.
Levental et al. have shown that breast tissue represents a soft material with elasticity of
0.2 kPa. In case of breast tumor, this stiffness exhibits a significant increase and the
breast tissue will become stiffer than healthy breast (>4 kPa)go. Several researches have
studied the effect of matrix stiffness on breast tissue behavior. They have proved that an
increase on matrix elasticity promote the progression of breast cancer accompanied by
the loss of epithelial cells morphology, the development of acini which constitutes a
malignant phenotype and the increase of Rho and extracellular-signal-regulated kinase
(ERK) activities. These features contribute to the development of breast cancer®”’.
Kidney glomerulus has specific mechanical properties which permit to maintain the
fundamental kidney functions and specifically the differentiated state of podocytes

glomerular cells. It has been suggested that glomerular disease is associated with the
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alterations of biophysical mechanical properties. The stiffness of normal healthy kidney
glomerulus has been defined in the order of 2.5kPa. Tandon and colleagues have worked
on HIV-associated nephropathy (HIVAN) mice models to study whether the glomerular
mechanical properties were modified. According to HIVAN disease, they have
demonstrated that glomerular elasticity decreases and therefore the kidney glomerular
become significantly softer with a reduction of 30% comparing to healthy kidney
State108,109.

Liver disease has been investigated to point out the key role of liver mechanical
properties on cellular behaviors. As tissues are specified by their proper mechanical
characteristics, the stiffness of healthy liver tissue is approximatively 0.5kPa. Whereas,
liver injury or fibrosis conditions show a significant increase of tissue elasticity reaching a
value of 15kPa®"*'°. As mentioned previously concerning the effect of matrix stiffness on
cells differentiation, Li et al. have proved that liver cells such as hepatocyte, portal
fibroblasts and stellate cells fail to maintain the differentiated phenotype and the

division of these cells will become uncontrollable as a result of matrix elasticity

increasingm.

In summary, extracellular matrix provides mechanical support system for cell attachment

and migration. Furthermore, ECM provides biochemical and biomechanical signals affecting

the activities of cells including phenotypic modulation, survival and differentiation.

Mechanobiology is defined by how cells sense and respond to the ECM mechanical signals

and how cells exert force and control the mechanical properties of the surrounding

environment.

Kidney diseases are a worldwide public health problem. Renal failure follows several disease

stages including acute and chronic kidney symptoms. Current treatment options are limited
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to dialysis and kidney transplantation; however, problems such as shortage in kidney donors,
graft rejection and other numerous complications remain a concern. To address this issue,
cell based approaches using tissue engineering may provide attractive approaches to replace
the damaged kidney cells with functional renal specific cells; leading to restoration of normal
kidney functions. The objective of this work was focused on the study of the effect of
mechanical properties of polymers based hydrogels on kidney podocyte behavior in order to
develop a membrane mimicking the glomerular basement membrane (GBM) to restore the
kidney functions. The following part will describe the morphology and the function of GBM

and podocyte kidney cells.

IV. Podocytes:

1. Definition:

Glomerulonephritis is a chronic kidney disease characterized by the inflammation of the
glomeruli which is responsible for the filtration of waste products from blood. The
glomerular filtration barrier (GFB) is formed by capillary endothelial cells and podocytes
separated by a glomerular basement membrane (GBM). GBM is the extracellular matrix of
kidney glomerulus. GBM functions as a selective barrier helping to restrict the
macromolecules passage and therefore GBM is involved in the development and
maintenance of the proper functions of the glomerular filtration barrier (GFB). GFB permits
the blood filtration by selecting molecules according to their size and charge. The
electrolytes, cationic molecules and small solutes will be filtered through the slit diaphragm

in order to form urine, while the macromolecules and the anionic molecules will be retained

such as plasma proteinsllz. The research studies have shown that the development of
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kidney glomerular disease is associated with the alteration of GBM composition and
mechanical properties. Genetic and physiological studies have proved that the mutations of
GBM genes (as collagen IV a3 or a5 chain and podocyte-specific proteins that alter cell-cell
junctions), affecting the GBM and the cytoskeleton of glomerular cells, cause the
development of glomerular diseases. Moreover, the mechanical environment is considered
as fundamental factor that determine the cellular behaviors during a healthy and diseased
state. GBM physical properties have shown a significant role in maintaining the
differentiated form of podocyte glomerular cells which maintain the main function of kidney
glomerulus. A healthy kidney GBM is characterized by specific mechanical characteristics
with an elastic modulus of 2.5 kPa. An increase of GBM elasticity has shown a loss of organ
functions in the late stages of disease'®3,

Podocytes are the most differentiated renal epithelial cells of the kidney glomerulus and
represent the essential component for the formation and maintenance of the glomerular
filtration barrier. The complexity of podocytes structure is characterized by cytoplasmic
projections localized and attached on the glomerular capillary basement membrane external
surface known as “foot processes”. These foot processes interdigitate with each other and
form slits diaphragm of specific proteins leading to establish a porous filtration barrier'**
(Fig. 17). Moreover, podocytes foot processes are coated by negative charges due to the
presence of glycocalyx which is composed of several sialoglycoproteins including
podocalyxin. Podocalyxin acts to maintain the podocytes cytoarchitecture by generating an

electronic repulsion between the neighboring podocytes foot processes contributing to

control the glomerular filtration barrier'™.
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Figure 17: Podocytes Imaging*

Podocytes, a functional element for filtering blood in the glomerulus, are influenced by
different signals such as mechanical and chemical signal from GBM. These signals control the
maintenance of slit diaphragm and thus the main podocytes activity. Once podocytes are
damaged or podocytes-GBM interaction is altered, the podocytes connectivity will be
modified and the foot processes will become flattened and fused. This phenomenon is called
foot process effacement which will contribute to lose the slit diaphragm and thus the
filtration barrier. Proteinuria also called albuminuria is the sign of early kidney disease; it is
the result of a massive proteins leakage into the urine during the blood filtration due to the

glomerular filtration barrier dysfunction”.

2. Podocyte Slit Diaphragm:

The maturation of podocytes is determined by their unique architecture, characterized by
foot processes, and by the expression of specific protein markers which are involved in the

development of podocyte slit diaphragm. These proteins such as Nephrin, Podocin, CD2AP,
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WT-1 and Synaptopodin are able to maintain the slit diaphragm integrity and hence the

glomerular filtration functions (Fig. 18). In case of gene mutation or inactivation, the barrier

filtration will be disrupted and causes proteinuria™’.

Nephrin, regulated by NPHS1 gene, is associated with the maturation of podocyte during
the development of kidney glomerulusllg. Many studies have shown that the progression
of glomerular diseases, such as diabetic nephropathy and HIV-associated nephropathy, is
correlated to the downregulation and expression of nephrin'®*?°. Nephrin protein is
composed of three domains: extracellular, transmembrane and intracellular domains.
Nephrin, a signaling protein phosphorylated by Src family kinase, such as Src*** and
Fyn'?12213 " develop a network of cytoplasmic binding proteins which affect podocyte
functions as cell survival and actin organization. The loss of nephrin phosphorylation
activity contributes to the development of podocyte foot process effacement*?.

Podocin, regulated by NPHS2 gene, have a main role in the glomerular filtration and
permeability. The development of nephrotic syndrome was shown mutations in NPHS2
geneslzs. Podocin is an integral membrane protein with a short membrane domain
having a hairpin structure with C- and N- terminal domains localized in the cytosollze.
Podocin interacts with the intracellular domains of slit diaphragm proteins such as
nephrin and P-cadherin. Podocin maintains the integrity of glomerular filtration barrier
and connects the slit diaphragm components to the actin cytoskeletonm.
CD2-associated protein (CD2AP), regulated by CD2AP gene, is an adaptor molecule which
interacts with the intracellular domain of nephrin. CD2AP-nephrin interactions are
implicated in the maintaining of slit diaphragm functions. Researchers have proved that
the CD2AP deficiency contributes to congenital nephrotic syndrome progression

associated with foot process effacement™’. Moreover, recent studies have reported that
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CD2AP is involved in the repression of apoptosis signaling induced by Transforming
growth factor (TGF-B) in podocyte cells. In fact, albuminuria disease is associated with
increasing TGF-B expression due to the absence of CD2AP proteins™®®.

Podocytes are also specified by the presence of specific protein markers involved in
kidney development procedure such as WT-1 and synaptopodin regulated by WT-1 and
SYNPO genes respectively. WT-1 protein acts as a transcription factor, affects cell growth
and apoptosis and interacts with nephrin protein to regulate it and hence to protect the
filtration barrier integrity. WT-1 mutation has been noted a reduction of nephrin
expression and so a low renal development. Synaptopodin is implicated in the
cytoskeleton regulation by controlling RhoA activity, necessary for podocyte foot

processing.
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Figure 18: The glomerulus and slit diaphragm129

Podocytes maintain the integrity and the function of the glomerular filtration barrier. The
damaging of podocytes slit diaphragm represents the hallmark of the development of many
glomerular diseases such as proteinuric kidney disease. Recently, kidney tissue engineering
using hydrogels as scaffolding materials in interaction with podocytes cells has shown a great
advancement in the regeneration of kidney functions. Many researches have been worked
on the development of hydrogels based scaffolds system having similar mechanical
properties of the physiological kidney glomerulus and acting as substitute for glomerular

basement membrane (ECM)**°

. Moreover, these scaffolds materials have been developed to
study the effect of their mechanical properties on the podocytes cells including cell

migration, proliferation and differentiation’. Mufeng Hu et al. have developed of a stable

biomimetic gelatin-mTG substrates based on natural enzyme microbial transglutaminase
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crosslinked with gelatin. They have considered various scaffolds stiffness and investigated
their effect on the regulation of podocytes spreading, migration and differentiation. A high
expression of differentiated podocytes markers was shown on the gelatin-mTG substrates
having elasticity close to the in vivo glomerular basement membrane (GBM). Therefore,
gelatin-mTG is considered as a great platform as an in vitro system to mimic the mechanical
properties of targeted tissue due to their wide range of elasticity’®. Moreover, Addie Embry
et al. have also investigated the podocytes behaviors using polyacrylamide as scaffold
material having various mechanical properties. They have shown that podocytes on
substrates with a range of elasticity close to the GBM physiological stiffness exhibit an in vivo
phenotype. Furthermore, they have studied the effect of renal ischemia and ischemia-
reperfusion injury on the glomerular elastic modulus and have detected a decrease of the
glomerular basement membrane elasticity. Therefore, the glomerular injury is a sign of GBM

elasticity reduction™™.

V. Conclusion:

Hydrogels have received a great attention as scaffold materials in tissue engineering
applications due to their composition, biocompatibility and desirable mechanical properties
similar to the native extracellular matrix of target tissues. This chapter was focused on the
characterization of the various origins of polymers including natural and synthetic polymers
and on the synthesis of these polymers via chemical or physical crosslinking. Furthermore,
the main properties such as swelling capacity, mechanical properties and biocompatibility
indispensable in the development of an appropriate scaffold for tissue engineering were

elaborated. Since the behaviors of cells such as proliferation, migration and differentiation
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are regulated by the surrounding mechanical environment, the study of the mechanisms of
the interaction between the cells and the extracellular matrix known as
mechanotransduction were developed contributing to understand the effect of mechanical
properties such as stiffness on tissue dysfunction. Finally, the kidney cells and specially the
podocytes structure and function were developed as the aim of the work is to establish a
suitable hydrogels mimicking the characteristic of glomerular basement membrane in order

to restore the kidney functions.

VI. Thesis Objectives:

Chronic kidney disease (CKD) is characterized by a reduced kidney function that will
inevitably progress to end-stage renal disease (ESRD). Podocytes are highly specialized
glomerular epithelial cells which form with the glomerular basement membrane and
capillary endothelium the glomerular filtration barrier (GFB). Podocytes adhere to and cover
the outer urinary side of the glomerular basement membrane. Podocytes foot processes
interdigitate in a zipper-like structure to form sophisticated filtration slits (slit diaphragm)
that act as a selective molecular sieve against many components of the blood. Slit diaphragm
structure is maintained by expressing podocytes-specific markers including Nephrin (NPHS1),
synaptopodin (SYN) and podocin (NPHS2). Damage to the basement membrane or loss of
podocyte markers will lead to a defective GFB encountered in CKD. The aim of this study was
to control the function and the fate of podocyte cells by controlling the physical properties
of the extracellular matrix (ECM) to which podocyte adhere. First, the design of polymers
based hydrogel scaffolds were investigated due to their potential use as a construct to

engineer a functional in vitro glomerular-like filtration barrier. Their most important
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properties relevant to biomedical applications are identified and studied. Simultaneously,
glomerular podocytes were cultured on these polymers based hydrogels and different
methods were evaluated in order to know how podocyte cells sense signals from their
biophysical environment and respond to these signals at the molecular level. Finally, these
hydrogel-based cell culture systems will allow investigating podocyte — extracellular matrix
(ECM) interactions that mimic in vivo setting. This study will allow us: (1) Gaining a robust
fundamental understanding of podocyte cells attachment and proliferation behaviour when
interfacing with scaffolds having various mechanical properties, (2) Modelling the kidney
filtration barrier by an artificial composite layer composed of cells on gel matrix, (3)
Uncovering much needed data on podocyte biology in an environment similar to the in vivo
setting and (4) Establishing in vitro model that mimics in vivo setting in the kidney
glomerulus, this will help in gaining further molecular knowledge on podocyte cellular

behaviour during health and disease states.
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Materials and Methods

This chapter is devoted to the presentation of the materials and the experimental methods

used in this research study.

I. Materials:

Since the aim of this thesis is to investigate the effect of polymers based hydrogels on cells
behaviors such as cells adhesion, proliferation and differentiation, the materials used to
study the mechanical and biological properties of the hydrogels and the cells respectively

will be represented.

1. Fabrication of Hydrolyzed Polyacrylamide Hydrogels:

a. Fabrication of Polyacrylamide Gels:

Acrylamide monomer (AAm, Sigma Aldrich, A8887, 79-06-1, purity >99%) and N, N’-
Methylenbisacrylamide crosslinker (Bis-acrylamide, Sigma Aldrich, M7279, 110-26-9 purity
>99.5%) aqueous solutions having concentrations of 30 wt % and 2 wt % respectively were
prepared and used. The free radical polymerization reaction is initiated by Ammonium
Persulfate (APS, 25 wt %, Sigma Aldrich, 248614, 7727-54-0, purity >98%) and catalyzed by

N, N, N’, N’ Tetramethylethylenediamine (TEMED, Sigma Aldrich, T7024, 110-18-9) (Fig.1).

Six PAAm gels having different crosslinking densities were prepared by mixing 1 ml of AAm, 1
ul of APS and 1 pl TEMED to different Bis-acrylamide concentrations (0.5, 1, 2, 5, 10 and 30
ul). After mixing, the gel solution was poured into a rectangular rubbery mold (6 cm x 2 cm x
0.8 cm) sandwiched between 2 glass slides and left for 3 hours at room temperature to

achieve polymerization.
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Figure 1: PAAm hydrogels polymerization

b. From Gel to Hydrogel: Hydrolysis and Swelling:

After complete polymerization, PAAm gel layers were gently removed from the mold and
soaked overnight in a basic solution of sodium hydroxide (1 M) (NaOH, Sigma Aldrich, S8045,
1310-73-2, purity > 98 %) to hydrolyze the PAAm gel. The hydrolysis reaction converts the
amine moieties (R-NH,) of the PAAm network chains into carboxylate (-COO’) moieties that
are characterized by their high affinity for water. The hydrolyzed gel layers were then placed
in deionized water (DW, MilliQ, conductivity higher than 18 MQ) that was repeatedly
changed for seven days until the equilibrium swelling was reached (Fig.2). The resulting fully
swelled hydrogel layers were gently removed and placed in an excessive amount of

complete cell medium that was repeatedly changed until reaching a new equilibrium.
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Figure 2: Reversible network swelling and shrinking with solvent

2. Synthesis of Gelatin Methacrylamide(GelMA):

Gelatin Methacrylamide was prepared by the reaction of gelatin with methacrylic anhydride
depending on previous described methods® (Fig.3). Briefly, 5g of gelatin (Gelatin from
Porcine Skin, Sigma Aldrich, 48722) was dissolved in 45ml of phosphate buffer saline (PBS,
Sigma Aldrich, P4417) at 60°C. After gelatin dissolution, 1ml of Methacrylic anhydride (MA,
Sigma Aldrich, 276685) was gently added to gelatin solution with a vigorous stirring for 3hrs
at 60°C. Afterwards, the mixture was dialyzed for 7 days against distilled water at 40°C using
dialysis bags with a molecular weight of 12-14 kDa and water was changed regularly. Finally,

the product solution was stored at -20°C for overnight and then freeze-dried for 7 days.

CH, CH, CH,

| | |
Gelatin—NH, + H,C=C—C — 0 — C — C=CH, —> Gelatin— NH—ﬁ—CZCHz

I I
0 0] 0]

Figure 3: Synthesis of GelMA
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3. Preparation of GeIMA-AAm hydrogels:

The GelMA-acrylamide hydrogels were prepared by mixing acrylamide (AAm, Sigma Aldrich,
A8887, 79-06-1, purity >99%) (5% (w/v) and 2.5% (w/v): AAm concentrations) with GelMA
solutions (5% (w/v) and 3% (w/v): GelMA concentrations). This reaction was initiated using
Ammonium Persulfate (APS, 25% (w/v), Sigma Aldrich, 248614, 7727-54-0, purity > 98%) and
catalyzed using N,N,N’,N’ Tetramethylethylendiamine (TEMED, Sigma Aldrich, T7024, 110-
18-9). The solution mixture was poured in glass molds and the polymerization will be
achieved at room temperature for 3hrs. The material was washed with distilled water to

ensure the unreacted elements removal.

4. Swelling Measurement:
After reaching the equilibrium swelling degree in DW and cell media, the swelling degree

was measured. It is defined as the ratio of the network weight in the swollen state over the

dry state. (Equation 1)

5= s WMo (g
Wd

Where W, and W, are the weight of a fully swollen (in equilibrium with DW and cell media)

and dehydrated hydrogels respectively. Measurements were repeated 3 times.

5. Cell Culture:

Human podocytes cell line was purchased from the Faculty of Medicine, University of Bristol,
UK. Immortalized human podocytes were cultured on flasks according to the supplier
protocol®. Podocytes cells were cultured in RPMI — 1640 Medium (Sigma Aldrich, R8758)

supplemented with 1 % insulin-transferrin-Selenium liquid media supplement (Sigma Aldrich,
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13146), 10 % fetal bovine serum (Sigma Aldrich, F7524) and Penicillin Streptomycin solution
(Sigma Aldrich, P4333). Proliferation was induced when the cells were incubated at 33°C and
differentiation was induced by incubating the cells at 37°C. After proliferation, cells were
plated on the hydrogel substrates having various mechanical properties. The substrates were
coated with collagen type | (Sigma Aldrich, C3867, 9007-34-5) using EDC (Sigma Aldrich,
E6383, 25952-53-8) and NHS (Sigma Aldrich, 130672, 6066-82-6) which crosslink with the

carboxylic group.

6. Immunocytochemical characterization:

Podocyte cells cultured on hydrogels for 7 days were fixed with 2% of paraformaldehyde
(PFA) (Sigma Aldrich, P6148, 30525-89-4) for 15min at room temperature. Then, cell
permeabilization was performed using 0.5 % Triton X-100 (Sigma Aldrich, X100, 9002-93-1)
for 15 minutes into the incubator (37°C). Afterwards, the non-specific protein binding sites
were blocked with 1 % of Bovine Serum Albumin (BSA) (Sigma Aldrich, A2153, 9048-46-8)
and 0.5% of Triton-X in PBS during overnight at 4°C. Cells were then incubated overnight at
4°C with a primary anti-podocin antibody (Sigma Aldrich, P0372). The samples were then
rinsed with PBS and incubated with secondary anti-rabbit antibody (Alexa Fluor ® 594, Cat:
ab150080) for 1 hour in dark at room temperature. Nucleus and actin cytoskeleton staining
were done with DAPI (Sigma Aldrich, D9542) and Phalloidin staining (Invitrogen, Cat:
A12379), which were applied for 0.3 — 1 hours in dark at room temperature. Image

acquisition was achieved using Nikon TE2000 microscope.
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7. Cell Proliferation Assay:

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide) test was used to
evaluate podocyte cells proliferation. After 5 days of culture on hydrogels, Img/ml MTT
solution (Sigma Aldrich, M5655, 298-93-1) was added to cells and incubated for 3h at 37°C.
MTT solution was carefully descanted and replaced by Isopropanol (Sigma Aldrich, 19516, 67-
63-0) to dissolve the violet formazan crystals. After 1 hour incubation at room temperature
in the dark, the luminescent signals provided by MTT assay were detected and cell
proliferation was determined by normalizing each luminescent signal from cells cultured on

gels over cells cultured without gel (control).

8. Western Blot:

Cells were lysed in 100 pL of RIPA buffer (150mM NaCl, 5mM EDTA pH8, 50mM Tris-HCI pH8,
1% IGEPAL, 0.35% Sodium deoxycholate, 0.1% SDS, 1X of protease inhibitor mix). Total
protein concentration was measured using the Bradford assay with Bovine Serum Albumin
(BSA) and a protein standard. Equal protein amounts were used for immunoblotting.
Proteins were fractionated by gradient (7-20%) SDS-polyacrylamide gel electrophoresis, and
then transferred onto PVDF membranes (Immobilon). The membranes were then blocked
overnight at 4°C in PBS containing 10% non-fat dry milk and 0.1% Tween 20. Primary
antibodies (podocin) were added for 2 hours at room temperature and secondary antibody
(mouse anti-rabbit from Santa Cruz Biotechnology L0617) for 1 hour also at room
temperature. Proteins were detected using an HRP substrate (Immobilon Forte, Millipore,

WBLUF0500).
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II. Experimental Methods:

The experimental methods used for this purpose are described in this section.
1. Conventional Scanning Electron Microscopy (CSEM):

Scanning electron microscopy (SEM) technique utility is to detect and to visualize the
morphology and structure of materials with a high resolution. This technique is characterized
by the application of a highly energy electron beam on the sample surface which detect the
transmitted signals as secondary electrons signals indispensable to determine the
morphology and the topography of the sample. For SEM images analysis, the samples must
be dried and conductive or coated with a conducting material such as gold for proper
analysis. Furthermore, the analysis must be performed under high vacuum conditions.
Coating procedure reduces beam penetration and allows for a sharper image; however it
may mask elements of interest for X-ray analysis3. The SEM images were managed with SEM
ZEISS EVO HD15 (Fig. 4) using LaB6 as a microscope tip and the images resolution were taken
at 10Kv. For SEM images, the samples were placed in liquid nitrogen (-197°C) for 4h and
subsequently lyophilized. The freeze dried samples were processed in a vacuum system
(LABCONCO®, FreeZone 4.5) at 0.02mBar and -54°C for overnight. The dried samples were
gold sputter-coated to be analyzed. Furthermore, the SEM images for podocyte adherent
cells were performed. Podocyte cells were fixed with 2% of paraformaldehyde (PFA) and
then washed with increased concentration of ethanol (10%, 30%, 50%, 70% and 100%
ethanol). Afterward, the treated samples were immersed in Hexamethyldisilasane (HDMS)
and when the evaporation of HDMS is complete, the samples will be ready for sputter

coating to be analyzed.
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Figure 4: Conventional Scanning Electron Microscopy

2. Environmental Scanning Electron Microscopy (ESEM):

Environmental scanning electron microscopy (ESEM) system is an imaging technique used to
study the uncoated and hydrated biological or synthetic materials characterization. These
materials are examined with an electron beam in a high pressure atmosphere of water
vapor. For ESEM mode, the column is under high vacuum and the specimen chamber is at
higher pressures of 0.1 to 30 Torr (4000 Pa). The ESEM microstructure analysis is occurred by
Gaseous Secondary Electron Detector (GSED). GSED is a detection system of secondary
electron which visualizes the topography images of the detected sample. The resolution
provided by this technique is lower than the conventional SEM. The Quanta 200 FEG
Scanning Electron Microscope is a versatile, high-performance instrument with three modes
(high vacuum, low vacuum and ESEM) to accommodate the widest range of samples of any
SEM system. The Quanta 200 FEGSEM system is optimized as a dedicated OIM (QOrientation

imaging by Electron Backscatter Diffraction) microscope*(Fig.5).
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Figure 5: Environmental Scanning Electron Microscopy

3. Atomic Force Microscopy (AFM):

Atomic Force Microscopy, a highly resolution scanning probe microscopy type, is an
indispensable tool in biological science due to its ability in recording topographic maps of
sample surface (in air and liquid with sub-angstrom (in Z) and nanometer resolution (in X and
Y, more than 1000 times better than the optical diffraction limit) and in measuring forces
with pico-Newton precision. The information is gathered by "touching" the surface with a
mechanical probe, known as tip (Fig.6). Piezoelectric elements facilitate tiny but very

accurate movements enabling precise scanning.
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Figure 6: Tip (A) and cantilever (B) schematics of the MLCT tips (noted as C and D) used in our work (© Bruker
AFM Probe).
AFM has three major abilities: force measurement, imaging, and manipulation. The AFM
consists of a cantilever with a sharp tip at its end that is used to scan the sample surface. The
cantilever is typically made of silicon or silicon nitride with a tip radius of curvature on range
of nanometers. When the tip is approached to the sample surface, forces between the tip
and the sample lead to a deflection of the cantilever according to Hooke's law. The AFM can
be operated in a number of modes (Fig.7). In general, possible imaging modes are divided
into contact modes and "tapping" modes where the cantilever is vibrated or oscillated at a

given frequency’.
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Figure 7: Principle of the AFM imaging modes®

The main AFM application (besides imaging) is force spectroscopy, the direct measurement

of tip-sample interaction forces (known as force-distance curves). For this method, the AFM
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tip is approached to and retracted from the surface as the deflection of the cantilever is
controlled by the piezoelectric displacement (Fig.8). This thesis is concerned mainly with
force spectroscopy, in order to measure the mechanical properties of the sample, such as

the sample's Young's modulus.
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Figure 8: Typical force-curve as a function of sample indentation showing the contact point between the tip
and the sample and the fit performed to calculate the Young’s modulus.

The AFM experimental system used for force-spectroscopy measurements was an Asylum
MFP-3D head coupled to a Molecular Force Probe 3D controller (Asylum Research, Santa
Barbara, CA, USA). Triangular silicon nitride cantilevers C and D (MLCT, Veeco) with a
nominal spring constant of 10 pN/nm, length of 310 um, width of 20 nm, resonance
frequency of 7 kHz, and a nominal spring constant of 30 pN/nm, length of 225 um, width of
20 nm, resonance frequency of 15 kHz, respectively, and half-opening angle of ~19° were
used. The cantilever spring constant was determined using the thermal noise method

available within the MFP-3D software.
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The thermal noise procedure allows calculating either the spring constant or the inverse
optical lever sensitivity (expressed in nanometers/volts), depending on the calibration
option chosen. The spring constant is calculated fitting the thermal data (thermal DC,
thermal Q, and thermal Frequency) after a successful fitting of the simple harmonic oscillator
(SHO) equation. The thermal DC is one of the parameters that control what the SHO fit looks
like, indicating how much the cantilever moves at DC from the drive that is applied to it.
Thermal Q is the quality factor of the SHO peak, obtained by dividing the resonant frequency
by the width of the peak at half the amplitude. Finally, the thermal frequency is the resonant
frequency of the cantilever.

Hydrogel samples were glued to a Petridish with double-faced adhesive tape, and covered
with 0.5 ml of deionized water. After testing a range of loading forces on the hydrogel
surface, the measurements were performed in liquid at room temperature with a maximum
loading force of 5nN corresponding to a maximal indentation depth of 0.3 um. Elastic
deformation was obtained from the recorded force curves as a function of the loading force
applied by the tip. Young’s modulus (E) was calculated for each force from the approaching
part of the curve, using the Hertz model, modified by Sneddon’.

The Hertz model was chosen to fit the force-distance curves since it has been one of the
simplest and most widely used models to quantify the mechanical properties of biological
samples®. This theoretical model approximates the sample as an isotropic and linear elastic
solid occupying an infinitely extending half space and it assumes that the indenter is not
deformable and that there are no additional interactions between indenter and sample. The
Sneddon mechanical modification describes the special geometry of the indenter (conical in
our case). The approach part of the force-curve is composed of two distinct processes:

before tip-sample contact, it is a straight line, after reaching contact point behaves as a
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second order polynomial. Preliminary analysis performed to check the order of the
polynomial the curve undergoes after tip-sample contact demonstrated the behavior of
second order polynomial. Assuming these features, the contact point was determined by the
software where the difference between the recorded data and a theoretical curve is
minimal. The latter was composed of a line and a second order polynomial, before and after
the contact point, respectively. Evaluation at each piezo step along the vertical distance
results in an error function, which has a local minimum at the real contact point. The error
for each piezo step is calculated as a mean squared difference between the recorded data
and the fitted double component curve. The correlation coefficient of theoretical and
recorded data at contact point, was over R = 0.99. Smaller values than R = 0.95 were not

accepted, and not included in the results.

An approach velocity of 6 um/s was chosen, indicating a piezo-extension rate of 3 Hz to
minimize hydrodynamic and viscoelastic artifacts’. The Poisson’s ratio of the cells was
assumed to be 0.5, as suggested for incompressible materials'®. Furthermore, to investigate
cells’ nanomechanical properties on each sample, we repeated the force spectroscopy

experiment using the same preparation’s procedures and parameters.

4. Fluorescence Microscopy and Immunocytochemical characterization:

Fluorescence microscopy depends on the fluorescence or phosphorescence of components
within a specimen or the addition of selective fluorescent probes (fluorophores). Both
intrinsic and added fluorophores are excited with light of a specific wavelength and, if the
fluorophores have been adequately chosen, their emission can be easily differentiated from

the dark background.
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Light emission through fluorescence is nearly simultaneous with the absorption of the
excitation light due to the relatively short time delay between photon absorption and
emission (less than a ps in duration). If emission persists longer after the excitation light has
been extinguished, the phenomenon is known as phosphorescence.

Fluorescence microscopy uses a high intensity light source to excite the fluorescence
specimen, which in turn emits light at longer wavelengths. Therefore, energy is absorbed by
an atom that becomes excited, then the electron jumps to a higher energy level and
subsequently the electron drops back to the ground state, emitting a photon of a lower
energy (Fig.9).

The basic function of a fluorescence microscope is to irradiate the specimen with a desired
and specific band of wavelengths, and then to separate the much weaker emitted
fluorescence from the excitation light. In a properly configured microscope, only the
emission light should reach the eye or detector so that the resulting fluorescent structures
are superimposed with high contrast against a very dark or black background. The limits of
detection are generally governed by the darkness of the background, and the excitation light
is typically several hundred thousand to a million times brighter than the emitted

fluorescence.
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Figure 9: Energy diagram describing the excitation and emission states™

The schema presented in Fig.10 shows the main components of a fluorescence microscope.

Usually, a mercury lamp is the source of excitation light. The microscope disposes of two

filters: one that lets through only excitation radiation with the specific wavelength to match

the fluorescing specimen and a second one that separates the specific wavelength of

emission from the surrounding radiation.

In this work, a Nikon Eclipse TE 2000-E, equipped with a mercury lamp HG 100W. Images

were recorded with a camera using three plan fluor (10X, 20X and 40X objectives). Two FITC

filters (380-420 and 465-495 nm) were used to detect the DAPI and Phalloidin fluorophores,

respectively.

83



Materials and Methods

Digital

Epi-Fluorescence
Lamphouse

Observation
Tubes

Eyepiece
Filter—
Turret

UV Shield

Objectiv : — Microscope
: Contro
Stage- R Circuit

Condenser

Field
Diaphragm

Base — ‘

Collector Halogen
Lamphouse

Figure 10: Epi- fluorescence microscope set-up12

5. Multiphoton Microscopy (MPM):

Multiphoton microscopy is an ideal method for imaging deeply into biological samples with
micron resolution in three dimensions. Non-linear phenomena also can provide useful
information of the structure and optical properties of a specimen.

Multiphoton excitation occurs when two (or more) photons are absorbed simultaneously
leading to the emission of fluorescence (2PEF) and/or generation of second or third
harmonic (SHG, THG), contrary to 1 photon excitation that results in the fluorescent

excitation of a fluorescent specimen (Fig.11)
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Figure 11: Mechanisms of two-photon excited fluorescence (FIuo-ZP)B.

The excitation using near-infrared wavelengths allows excellent depth penetration (~400nm).
The probability of 2PEF and SHG depends on the square of the light intensity, however the
cross-section for excitation to take place is low and hence a high photon flux is required: the

excitation is confined to a point like volume within the sample (Fig.12)
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Figure 12: Confinement of the 2P excitation to a point like volume (© Cornell University)

The good light confinement in the focal point of the laser (Titanium Saphire, 100fs) provides

an excellent intrinsic optical sectioning of the sample.
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Figure 13: Basic modular components of the multiphoton microscope.

In my thesis work, and in order to record high-resolution images of cells, these were scanned
with a custom-built multiphoton microscope based (Fig.13) on a SliceScope upright
microscope (MPSS-1000P) equipped with a Multiphoton Scan Head (MP-2000), both from
Scientifica LTD. For sample excitation, a Spectra-Physics Tsunami Ti-Sapphire laser operated
in pulsed mode was used (wavelength range 760 to 900nm, typically 870 nm, repetition rate
80 MHz and pulse duration ~100 fs). The laser beam was focused on the sample via a Nikon
CFI75 LWD-16x-W objective (NA 0.8, water immersion). MPM images were created by laser
raster scanning the sample. The two photon excited fluorescence signal was epi-collected

through the objective.

6. Rheology:

Rheology is a technique using for the deformation of viscoelastic materials under stress and
strain. Rheology study permits to determine the viscoelastic properties of materials by
measuring the complex shear modulus. Viscoelastic materials exhibit both elastic and

viscous behaviors, and have the capacity to store and lose energy when it is under small
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deformations. The Rheometer applies a harmonic oscillatory torque to the polyacrylamide

sample in order to measure the viscoelastic properties.

G’, known as the storage modulus, represents the measurement of the storage elastic

energy. G”, known as the loss modulus, determines the mechanical energy lost by the gel

due to the viscous forces acting on it. Finally, the ratio G”/G’ quantifies the balance between
energy loss and storage, so it determines the degree of viscoelasticity of the gel.

In our study, the polyacrylamide gels were tested in 3 distinct methods in order to ensure

linear viscoelastic properties of the samples. These rheometer methods were Frequency

sweep, time sweep, and strain sweep.

e A strain sweep measurement was done by applying a fixed frequency of 1Hz over a range
of increasing stress or strain amplitude. This test was used to detect the region of linear
viscoelastic response. Using 0.1% - 100% as a range of strain amplitude shows a linear
response for numerous samples. It signifies that the Rheometer is accurately
characterizing the properties of the polyacrylamide gel. In addition, obtaining a non-
linear region indicates that the gel was slipping or breaking down.

e A frequency sweep measurement was used to detect the response of the gels to
different frequencies. This test was involved by applying low strain of 5% over a range of
frequencies (0.1 — 10 Hz). The obtained results show that the complex modulus is linear
at lower frequencies. At higher ones, an increase in the complex modulus was shown,
which means that the machine is not able to detect the viscoelastic properties of the gel
material; it is just measuring the motion of the parallel plate system. That’s why all tests
must be run at a lower frequency. Finally, it was indicated that all gels must be detected

at a frequency of 1Hz because this value is in the middle of the linear range.

87



Materials and Methods

e A time sweep measurement was used to determine the stability of the polyacrylamide
gels by applying a constant frequency of 1Hz and strain of 5%. The results demonstrate
that the modulus remains linear for 5min before increasing. The linear range proves that
the hydrogels will not be altered within the first 5min of being removed from the media.
After that, the increasing of modulus indicates that the samples start to dehydrate. As
the hydration plays a critical role in the mechanical properties of the polyacrylamide gels,
5min will be the ideal time to measure the modulus of a hydrogel before dehydration.

Anton Paar Physica MCR 301 rheometer was used to characterize the mechanical properties

of PAAm hydrogels fully swelled in cell media. In this study, a metal plate (Anton Paar PP25,

25mm in diameter) was used to apply an oscillatory force on the surface of the hydrogel to

characterize the viscoelastic properties. A frequency of 1 Hz, strain amplitude of 1 % and a

fixed force of 0.5 N were applied. The rheology measurements were recorded at a

temperature of 37°C.

7. Differential Scanning Calorimetry (DSC):

Differential scanning calorimetry (DSC) is a technique in which the heat flux is monitored
against temperature while the temperature of the sample, in a specified atmosphere, is
programmed. PAAm hydrogels having different degree of crosslinking were analyzed using
Differential Scanning Calorimeter DSC (TA Instruments 2920), equipped with a RCS90 cooling
system. Approximately 1-3 mg of fully water swelled PAAm gel was weighed into standard
aluminum TA pans with a lid. An empty aluminum sealed pan was used as a reference. The
temperature is raised from 0°C to 350°C at a heating rate of 10°C/min under a nitrogen

atmosphere (flow, 10 cm® /min).
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8. Infrared Spectroscopy:

Infrared (IR) refers to that part of the electromagnetic spectrum between the visible and
microwave regions. Electromagnetic spectrum refers to the seemingly diverse collection of
radiant energy, from cosmic rays to X-rays to visible light to microwaves, each of which can
be considered as a wave or particle traveling at the speed of light. These waves differ from
each other in the length and frequency.

Infrared radiation is absorbed by organic molecules and converted into energy of molecular
vibration. In IR spectroscopy, an organic molecule is exposed to infrared radiation. When the
radiant energy matches the energy of a specific molecular vibration, absorption occurs. A
typical IR spectrum is shown below (Fig.14). Band intensities can be expressed as
absorbance.

Because there needs to be a relative scale for the absorption intensity, a background
spectrum must also be measured. This is normally a measurement with no sample in the
beam. This technique results in a spectrum which has all of the instrumental characteristics
removed. Thus, all spectral features which are present are strictly due to the sample. A
single background measurement can be used for many sample measurements because this

spectrum is characteristic of the instrument itself.
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Figure 14: Infrared spectrometer

9. Statistical Analysis:

Thorough the thesis, data are presented as mean * SD. Statistical significance was
determined using one-way ANOVA with post hoc Tukey’s Honest Significant Difference (HSD)
test for multiple comparison procedures. Tukey HSD test was used to find means that are
significantly different from each other, within a set of different samples by comparing the
means of every data group to the means of every other data group. Therefore, it applies
simultaneously to the set of all pairwise comparisons and identifies any difference between
two means that is greater than the expected standard error. Tested data groups are
assumed to be independent within and among the groups and are normally distributed,
presenting homogeneity of variance (there is equal within-group variance across the groups
associated with each mean in the test). P values of less than 0.05 were considered

significant.
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lIl. Conclusion:

This chapter discusses the materials and the methods used in order to achieve the thesis
work. Actually, this section shows the chemical products and the principle of the
experimental methods used to determine the preparation and the mechanical properties of
the hydrogels. Moreover, the materials and the methods concerning the 2D cell culture and
the characteristic of podocyte cells were investigated.

The following chapters will be focused on the study of the mechanical properties of
polymers based hydrogels. Furthermore, the study of the effect of hydrogels mechanical
properties on cellular behaviour will be investigated such as cells attachment, proliferation,

cytoskeleton reorganisation, differentiation and mechanical properties.
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Chapter |lll: Influence of hydrolyzed
polyacrylamide hydrogel stiffness on
podocyte morphology, phenotype and
mechanical properties
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I. Abstract

Chronic kidney disease (CKD) is characterized by a gradual decline in renal function that
progresses toward end-stage renal disease (ESRD). Podocytes are highly specialized
glomerular epithelial cells which form with the glomerular basement membrane (GBM) and
capillary endothelium the glomerular filtration barrier (GFB). GBM is an extracellular matrix
(ECM) that acts as a mechanical support and provides biophysical signals that control normal
podocytes behaviour in the process of glomerular filtration. Thus, the ECM stiffness
represents an essential characteristic that controls podocyte function.

Hydrolyzed Polyacrylamide (PAAm) hydrogels are smart polyelectrolytes materials. Their
biophysical properties can be tuned as desired to mimic the in natural ECM. Therefore, these
hydrogels are investigated as new ECM-like constructs to engineer a podocyte-like basement
membrane that forms with cultured human podocytes a functional glomerular-like filtration
barrier. Such ECM-like PAAm hydrogel construct will provide unique opportunity to reveal
podocyte cell’ biological responses in an in vivo-like setting by controlling the physical
properties of the PAAM membranes.

In this work, Hydrolyzed PAAm scaffolds having different stiffness ranging between 0.6 — 44
kPa are prepared. The correlation between the hydrogel structural and mechanical
properties and Podocytes morphology, elasticity, cytoskeleton reorganization and podocin
expression is evaluated. Results show that hydrolyzed PAAmM hydrogels promote good cell
adhesion and growth and are suitable materials for the development of future 3D smart
scaffolds. In addition, the hydrogel properties can be easily modulated over a wide
physiological range by controlling the crosslinker concentration. Finally, tuning the hydrogel

properties is an effective strategy to control the cells function.
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This work addressed the complexity of podocytes behaviour which will further enhance our
knowledge to develop a kidney-on-chip model much needed in kidney function studies on

both healthy and diseased states.
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Il. Introduction:

The development of an in vitro model for cell differentiation and growth has a prior
importance in understanding the fundamental mechanobiology as well as the medical
application in damaged organs regeneration. However, different types of materials have
been investigated as a support for cell culture in order to study their influence on cell
behavior’. These materials permit the development of microfluidic organ-on-a-chip culturing
systems. The latter can be effectively used to establish an appropriate microenvironment for
cells and also mimic a functional unit of human living organ in vitro. Extracellular matrix
(ECM) has a major effect on cellular behaviour regulation, such as, cell morphology,
proliferation and differentiation. These processes can be substantially altered in response to
the modification of ECM mechanical properties and chemical compositionz. Damage of ECM
associated with the reduction of tissue integrity is a cardinal phenomenon observed in many
chronic illnesses including rheumatoid arthritis as well as chronic kidney diseases”.
Therefore, engineered ECMs are useful as culture systems mimicking in-vivo setting that can
explain how ECMs interact and control cellular processes and tissue integrity in both health
and diseased states”.

Synthetic materials such as Polyacrylamide (PAAm) gel® and Polydimethylsiloxane (PDMS)° as
well as natural biomaterials made of collagen and gelatin are the most commonly used in
biomedical research. Collagen and gelatin represent major component of many connective
tissues, they are characterized by their biocompatibility, inherent biodegradability and
specific biological functions’. However, these hydrogels are limited by a low stiffness (<1
kPa) and short-term stability*. The PDMS presents an acceptable biocompatibility but does

not fully mimic a soft viscoelastic matrix due to its limited scale of stiffness (> 5 kPa)’ .
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Therefore, these materials are not considered as a suitable GBM alternative to study
glomerular filtration barrier functions®’. PAAm gels are advantageous because their stiffness
can be modulated over a wide range from 0.3 - 300 kPa'®. This stiffness variation permits
better understanding of the correlation between the cellular responses and the scaffolds
mechanical properties'’. Nevertheless PAAm gels present many disadvantages in mimicking
the natural ECM. First, PAAm gel has limited capacity to interact with the physiological
environment while the ECM is not just an inert scaffold but a dynamic system. Second, the
presence of unreacted acrylamide residues within the PAAm network can intoxicate the
cells. These important drawbacks can be tackled by using hydrolyzed PAAm hydrogels.

Hydrolyzed PAAm hydrogels are viscoelastic polymeric networks characterized by their

hydrophilic structure'>*?

. These polymers are biocompatible polyelectrolytes capable of
absorbing, holding within their interstitial space and releasing on demand large amounts of
biological fluids. They are extensively used in the development of artificial muscles,

%13 and drug delivery carriers™®. During the swelling process, unpolymerized

sensors
monomers and extractable materials such as unreacted APS, TEMED and their degradation
products are washed out from the polymer matrix. In addition, their swelling degree,
network microstructure and stiffness’’ can be easily tuned as desired covering a wide range
of physicochemical properties. These characteristics make them toxin free and permeable to
small molecules such as oxygen, nutrients, and metabolites that are considered the main
advantages allowing cells survival. Thus, hydrolyzed PAAm can be designed to simulate the
in vivo environment™ and should be regarded as a promising scaffold material.

The glomerular filtration barrier is composed of podocytes and capillary endothelial cells

separated by a glomerular basement membrane (GBM). GBM is considered a soft tissue with

an elasticity of 2.5 kPa®. A decrease in GBM stiffness (<2.5 kPa) is a characteristic of several

100



Hydrolyzed Polyacrylamide Hydrogel

renal diseases®. Podocytes are highly differentiated glomerular epithelial cells and represent
an essential component of the glomerular filtration barrier’”®. Podocyte structure is
characterized by cytoplasmic foot processes that attach to and cover the entire
endothelium. These “foot processes” interdigitate together in a zipper like structure to form

molecular filtration units named “slits diaphragm” **

. Podocytes are the functional element
for filtering blood in the glomerulus. Their sieving function are tightly related to their
differentiation and phenotype state, which are both influenced by the mechanical and
chemical properties of the matrix’. Hu et al. have reported that the effect of gelatin-mTG
substrate stiffness has a great impact on nephrin and podocin expression. These proteins are
essential to form a functional slit diaphragm and are involved in the mechanosensation of
human podocyteszs.

Hydrolyzed PAAm hydrogels are able to hold cell medium, which together with conditionally
immortalized human podocytes give the possibility to develop a 3D-model of glomerular
filtration barrier. However, the optimal mechanical properties of hydrolyzed polyacrylamide
hydrogels that preserve an intact “slit diaphragm” and foot processes structures remain a
key question. Here, we hypothesized that modulating the crosslinker concentration will
produce gels with various stiffnesses®®. When the stiffness is maintained within the GBM
stiffness range, we expect to reach such optimal conditions, which are crucial towards the
development of a kidney-on-chip model.

This work aims at investigating the possibility of using the hydrolyzed form of PAAmM
hydrogel as a new scaffolding material, which is an essential step toward the development of
adaptive implant materials, and studying the effect of matrix mechanical and structural

properties on podocytes morphology and mechanical properties. Different hydrogel layers

covering a wide range of properties were prepared by changing the crosslinker
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concentrations. The swelling degree was measured and the mechanical properties and
macromolecular microstructure were evaluated by Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) respectively. Then, podocytes were cultured on the
hydrolyzed PAAm scaffolds. Their morphology and mechanical properties were evaluated in
order to investigate and understand how podocytes sense and respond to the mechanical

properties of the substrate.

lll. Materials and Methods:

1. Fabrication of Hydrolyzed Polyacrylamide Hydrogels:

a. Fabrication of Polyacrylamide Gels:

Acrylamide monomer (AAm, Sigma Aldrich, A8887, 79-06-1, purity >99%) and N, N’-
Methylenbisacrylamide crosslinker (Bis-acrylamide, Sigma Aldrich, M7279, 110-26-9 purity
>99.5%) aqueous solutions having concentrations of 30 wt % and 2 wt % respectively were
prepared and used. The free radical polymerization reaction is initiated by Ammonium
Persulfate (APS, 25 wt %, Sigma Aldrich, 248614, 7727-54-0, purity >98%) and catalyzed by
N, N, N’, N’ Tetramethylethylenediamine (TEMED, Sigma Aldrich, T7024, 110-18-9).

Six PAAm gels having different crosslinking densities were prepared by mixing 1 ml of AAm, 1
ul of APS and 1 ul TEMED to different Bis-acrylamide concentrations (0.5, 1, 2, 5, 10 and 30
ul). After mixing, the gel solution was poured into a rectangular rubbery mold (6 cm x 2 cm x
0.8 cm) sandwiched between 2 glass slides and left for 3 hours at room temperature to

achieve polymerization.
b. From Gel to Hydrogel: Hydrolysis and Swelling:

After complete polymerization, PAAm gel layers were gently removed from the mold and
soaked overnight in a basic solution of sodium hydroxide (1 M) (NaOH, Sigma Aldrich, S8045,

1310-73-2, purity > 98 %) to hydrolyze the PAAm gel. The hydrolysis reaction converts the
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amine moieties (R-NH,) of the PAAm network chains into carboxylate (-COO’) moieties that
are characterized by their high affinity for water. The hydrolyzed gel layers were then placed
in deionized water (DW, MilliQ, conductivity higher than 18 MQ) that was repeatedly
changed for seven days until the equilibrium swelling was reached. The resulting fully
swelled hydrogel layers were gently removed and placed in an excessive amount of

complete cell medium that was repeatedly changed until reaching a new equilibrium.

2. Swelling Measurement:

After reaching the equilibrium swelling degree in DW and cell media, the swelling degree
was measured. It is defined as the ratio of the network weight in the swollen state over the

dry state. (Equation 1)

5= W ()
Wd

Where W; and W, are the weight of a fully swollen (in equilibrium with DW and cell media)

and dehydrated hydrogels respectively. Measurements were repeated 3 times.

3. Rheology of PAAmM Hydrogel:

Anton Paar Physica MCR 301 rheometer was used to characterize the mechanical properties
of PAAm hydrogels fully swelled in cell media. In this study, a metal plate (Anton Paar PP25,
25mm in diameter) was used to apply an oscillatory force on the surface of the hydrogel to
characterize the viscoelastic properties. A frequency of 1 Hz, strain amplitude of 1 % and a
fixed force of 0.5 N were applied. The rheology measurements were recorded at a

temperature of 37°C.

G=G'+G"” (2)
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G’ is the storage modulus that represents the elastic property meaning the capacity of
membrane material to retain a recoverable elastic energy. G” is the loss modulus and

determined by the loss of energy due to the viscous forces.

4. Differential Scanning Calorimetry (DSC):

Differential scanning calorimetry (DSC) is a technique in which the heat flux is monitored
against temperature while the temperature of the sample, in a specified atmosphere, is
programmed. PAAm hydrogels having different degree of crosslinking were analyzed using
Differential Scanning Calorimeter DSC (TA Instruments 2920), equipped with a RCS90 cooling
system. Approximately 1-3 mg of fully water swelled PAAm gel was weighed into standard
aluminium TA pans with a lid. An empty aluminium sealed pan was used as a reference. The
temperature is raised from 0°C to 350°C at a heating rate of 10°C/min under a nitrogen

atmosphere (flow, 10 cm® /min).

5. Scanning Electron Microscopy (SEM):
Hydrogel microstructure was evaluated using SEM technique. The samples were placed in
liquid nitrogen (-197°C) for 4 hours and subsequently lyophilized. The freeze dried samples
were processed in a vacuum system (LABCONCO®, FreeZone 4.5) at 0.02 mBar and -54°C for

overnight. The dried samples were gold sputter-coated to be analyzed by SEM (ZEISS, EVO |

HD15).

6. Atomic Force Microscopy (AFM):

The AFM experimental system used for force-spectroscopy measurements was an Asylum
MFP-3D head coupled to a Molecular Force Probe 3D controller (Asylum Research, Santa

Barbara, CA, USA). Triangular silicon nitride cantilevers (MLCT, Veeco) with a nominal spring
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constant of 10 pN/nm, length of 310 um, width of 20 nm, resonance frequency of 7 kHz, and
half-opening angle of~19° were used. The cantilever spring constant was determined using
the thermal noise method available within the MFP-3D software. Hydrogel samples were
glued to a Petridish with double-faced adhesive tape, and covered with 0.5 ml of deionized
water. After testing a range of loading forces on the hydrogel surface, the measurements
were performed in liquid at room temperature with a maximum loading force of 1 nN
corresponding to a maximal indentation depth of 0.3 um. Elastic deformation was obtained
from the recorded force curves as a function of the loading force applied by the tip. Young's
modulus (E) was calculated for each force from the approaching part of the curve, using a

1, based on the work of Sneddon?® and further developed for different

modified Hertz mode
AFM tip shapeszg'So, as described elsewhere®'. An approach velocity of 6 um/s was chosen,

indicating a piezo-extension rate of 1 Hz to minimize hydrodynamic and viscoelastic

artifacts>2.

The Poisson’s ratio of the cells was assumed to be 0.5, as suggested for incompressible
materials®. Furthermore, to investigate cells’ nanomechanical properties on each sample,

we repeated the force spectroscopy experiment using the same parameters.

7. Cell Culture:

Human podocytes cell line was purchased from the Faculty of Medicine, University of Bristol,
UK. Immortalized human podocytes were cultured on flasks according to the supplier
protocol®®. Podocytes cells were cultured in RPMI — 1640 Medium (Sigma Aldrich, R8758)
supplemented with 1 % insulin-transferrin-Selenium liquid media supplement (Sigma Aldrich,
13146), 10 % fetal bovine serum (Sigma Aldrich, F7524) and Penicillin Streptomycin solution

(Sigma Aldrich, P4333). Proliferation was induced when the cells were incubated at 33°C and

105



Hydrolyzed Polyacrylamide Hydrogel

differentiation was induced by incubating the cells at 37°C. After proliferation, cells were
plated on the hydrolyzed PAAm Hydrogel substrate having various mechanical properties.
The PAAm substrates were coated with collagen type | (Sigma Aldrich, C3867, 9007-34-5)
using EDC (Sigma Aldrich, E6383, 25952-53-8) and NHS (Sigma Aldrich, 130672, 6066-82-6)

which crosslink with the carboxylic group.

8. Immunocytochemical characterization:

Podocyte cells cultured on PAAm Hydrogels for 7 days were fixed with 2% of
paraformaldehyde (PFA) (Sigma Aldrich, P6148, 30525-89-4) for 15min at room temperature.
Then, cell permeabilization was performed using 0.5 % Triton X-100 (Sigma Aldrich, X100,
9002-93-1) for 15 minutes into the incubator (37°C). Afterwards, the non-specific protein
binding sites were blocked with 1 % of Bovine Serum Albumin (BSA) (Sigma Aldrich, A2153,
9048-46-8) and 0.5% of Triton-X in PBS during overnight at 4°C. Cells were then incubated
overnight at 4°C with a primary anti-podocin antibody (Sigma Aldrich, P0372). The samples
were then rinsed with PBS and incubated with secondary anti-rabbit antibody (Alexa
Fluor®594, Cat: ab150080) for 1 hour in dark at room temperature. Nucleus and actin
cytoskeleton staining were done with DAPI (Sigma Aldrich, D9542) and Phalloidin staining
(Invitrogen, Cat: A12379), which were applied for 0.3 — 1 hours in dark at room temperature.

Image acquisition was achieved using Nikon TE2000 microscope.

9. Multiphoton Microscopy (MPM):

For a high resolution images, podocyte cells were scanned with a custom-built multiphoton
microscope based on a SliceScope upright microscope (MPSS-1000P) equipped with a
Multiphoton Scan Head (MP-2000), both from Scientifica LTD. For sample excitation, a

Spectra-Physics Tsunami Ti-Sapphire laser operated in pulsed mode was used, wavelength
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range from 760 to 900 nm, typically 870 nm, repetition rate 80 MHz; pulse duration ~100 fs.
The laser beam was focused on the sample via a Nikon CFI75 LWD-16x-W objective (NA 0.8,
water immersion). MPM images were created by laser raster scanning the sample. The two

photon excited fluorescence signal was epi-collected though the objective.

10. Cell Proliferation Assay:

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide) test was used to
evaluate podocyte cells proliferation. After 5 days of culture on PAAm hydrogels, 1mg/ml
MTT solution (Sigma Aldrich, M5655, 298-93-1) was added to cells and incubated for 3h at
37°C. MTT solution was carefully descanted and replaced by Isopropanol (Sigma Aldrich,
19516, 67-63-0) to dissolve the violet formazan crystals. After 1 hour incubation at room
temperature in the dark the luminescent signals provided by MTT assay were detected and
cell proliferation was determined by normalizing each luminescent signal from cells cultured

on gels over cells cultured without gel (control).

11. Statistical Analysis:

Data are presented as mean * SD. Statistical significance was determined using one-way
ANOVA with post hoc Tukey’s Honest Significant Difference test for multiple comparisons. P

values of less than 0.05 were considered significant.
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IV. Results and Discussion

1. PAAm hydrogels properties:

The mechanical properties of the hydrogel layers having increasing Bis-acrylamide
crosslinker concentrations (0.5, 1, 2, 5, 10 and 30 ul) are evaluated. The swelling is
characterized by the capacity of hydrogels to absorb and retain aqueous medium. Hydrogel
swelling is induced by osmotic forces generated by hydrophilic COO™ and Na* ions entrapped
inside the hydrogel matrix, while the 3D structure is maintained by the mechanical forces of
the crosslinked network. The swelling degree was measured for PAAm Hydrogels fully
swollen in DW and cell medium. An exponential decrease of swelling ratio from 1914 to 193
and from 54 to 26 with increasing crosslinker concentration from 0.5 to 30 ul was
determined in DW and cell medium respectively (Fig. 1A). Thus, an increase in Bis-acrylamide
crosslinker concentration contributes to a significant decrease in the swelling ratio. The
density of PAAm network evaluated by SEM shows that the highest concentration of Bis-
acrylamide provides a highly connected structure (Fig. 1B). Consequently, the polymer
network becomes more compact and thus less prone to absorb water. This indicates that the
crosslinking density of polymer chain has an influence on the swelling capacity. Previous
studies have investigated the effect of crosslinker concentration of PAAm hydrogel on the
swelling mechanism and have showed that an increase of crosslinking density reduced the

gels capacity to be swelled due to the highly crosslinked polymer network™.
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Figure 1: (A) Representative curve of swelling degree as a function of Bis-acrylamide concentrations (0.5, 1,
2, 5, 10 and 30 pl). (B) Scanning Electron Microscopy images of dehydrated PAAm hydrogels show the
polymeric network density as a function of crosslinker concentrations. The membrane containing the
highest concentration of Bis-acrylamide crosslinker (30 pl) presents a more compacted network than a
membrane having a low concentration of crosslinker (0.5 ul). (Error Bar = Standard Deviation). (C) The
storage modulus of PAAm membranes swelled in cell media was determined as a function of Bis-acrylamide
crosslinker concentrations. (Error Bar = Standard Deviation)

Regarding the macroscopic characterization of mechanical properties, the viscoelasticity of
hydrogels was determined by applying an oscillatory force on the total surface of PAAm gel
fully swelled in culture medium. The elastic and viscous properties are represented by the
storage modulus and the loss modulus respectively. The storage modulus is defined by the
membrane capacity to hold a recoverable energy and the loss modulus is characterized by
the dissipated energy. For a low concentration of crosslinker (0.5 ul), the storage modulus
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was about 274 Pa and increased until 2.5 kPa for a high crosslinker concentration (30 ul) (Fig.
1C). Many studies have worked on the characterization of PAAm hydrogels mechanical
properties. Grattoni et al. have already analyzed PAAm hydrogels having different monomer
and crosslinker concentrations. They have shown that the storage moduli of the hydrogel
increased significantly with the monomer and crosslinker concentrations®. In our work, the
rheology measurements showed as expected, an increase of storage modulus with the
concentration of crosslinker agent. This indicates that a densely connected network requires
more energy to be deformed.

Moreover, the structural characterization of PAAm hydrogels is determined by DSC. The
thermograms (Fig.2) show endothermic peaks for PAAm hydrogels having the lowest and the
highest Bis-acrylamide concentrations. The endothermic peak surface area permits to
determine the transition enthalpies (AH). An increase of AH from 1879 J/g to 1985 J/g with
increasing crosslinker concentrations from 1 to 30 ul respectively is registered. Several
studies have shown that the increase of AH reflects the increase of polymer strength due to

37,38

the significance of intermolecular bonding™ . Thus hydrogels containing more Bis-

acrylamide present higher crosslinking densities.
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Figure 2: DSC curves for PAAm hydrogels having different concentrations of crosslinker. Curve (1)
corresponds to 1 ul of Bis-acrylamide and curve (2) corresponds to 30 pl of Bis-acrylamide.

The local mechanical properties, PAAm hydrogel’s elasticity was evaluated by force-
spectroscopy analysis. Typical images are gathered in Fig. 3A for PAAm gels with different
crosslinker concentrations. For the softest substrates (0.5, 1 and 2 pl), the local distribution
of Young’s modulus is homogenous. Conversely, for the stiffest supports (10 and 30 ul), the
inhomogeneity of the surface is obvious. The maps indicate a presence of large areas having
a very low elasticity comparing to the overall elasticity. For example, the stiffness map of the
substrate with the highest crosslinker concentration showed areas with a stiffness ranging
from 0 to 5 kPa, whereas the overall elastic modulus of this substrate is about 44 kPa.

The histograms of Fig. 3B are plotted from the local measurement of Young’s modulus maps.

The average Young’s modulus values of 0.5, 1, 2, 5, 10 and 30 pl samples deduced from the
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Gaussian fit are 0.67+£0.05 kPa, 0.90+0.06 kPa, 2.1+0.5 kPa, 9.9+4.9 kPa, 18.4+3.2 kPa and
44.317.1 kPa respectively (Fig. 3C). Our data showed an exponential increase in Young’s
modulus with increasing crosslinker concentrations. These results are compatible with
previous studies that have shown an increase in Young’s modulus correlated with increasing

crosslinker concentrations??.
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Figure 3: (A) Polyacrylamide hydrogels Young's modulus maps measured by AFM. White scale bar
corresponds to 5um. Dark red color depicts softer portions, while blue and purple colors show stiffer regions.
Linear color scale bar for (0.5 pl), (1 pl) and (2 pl) goes from 0 to 3 kPa. Linear color scale bar for (5 pl), (10 ul)
and (30 ul) goes from 0 to 30 kPa. Maps are represented by 24x24 pixels, meaning 10 minutes lag. This
resolution was chosen in order to record as much maps as possible, in different sample areas, to obtain the
best possible statistic (B) 1. Elasticity distribution of PAAm hydrogels. Young’s moduli were best fitted with
Gaussian distributions. 2. Evolution of the Young’s modulus (E) as a function of bis-acrylamide crosslinker
concentrations. The Young’s modulus increases with increasing concentration of the crosslinker. Bars
represent the obtained average of the Gaussian peaks fitted on the elasticity value distribution of individual
force maps. Error bars are standard deviation of the mean. * denotes statistical significance of P < 0.05
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Moreover, there is a correlation with the rheology measurements where an increase of
storage modulus was observed. This can be explained by the density degree of the polymer
network characterized by SEM. At this stage, the swelling degree, the polymer network
density and the mechanical properties were perfectly correlated. Typically, the increase of
crosslinker concentration contributes to a highly crosslinked polymer making the hydrogel
stiff and less prone to the swelling. Furthermore, these PAAm hydrogels have a high Young’s
modulus attributed to their highly connected structure with small mesh size that contained
less water. Finally, the network with high connectivity is not homogeneous since they exhibit
large zones having significantly lower Young’s modulus. Contrariwise, the softest hydrogel
presents a more homogeneous network. Therefore, hydrogels present an inhomogeneous
distribution of crosslinking density. The inhomogeneity degree increases with crosslinker
concentration due to the increase of network imperfections establishing less and more
crosslinked regions39.

Our study seeks to determine a substrate having elasticity close to in vivo state. Since the
glomerular basement membrane of the kidney has an elasticity of 2.5 kPa®, the substrates
with elasticity of 0.9, 2.1 and 9.9 kPa are in the range of normal GBM elasticity.

Consequently, we have investigated the effect of all the hydrogels on the cellular behavior.

2. Influence of the scaffold mechanical properties on podocyte cells:
Morphology, Elasticity, Cytoskeleton reorganization and Podocin expression
Podocytes were cultured on PAAm hydrogels covering an elasticity range from 0.6 to 44 kPa
in order to evaluate the influence of support stiffness on their morphology and mechanical
properties. MTT assay was performed to confirm cell growth and survival on the PAAmM

hydrogels. Figure 4 showed that podocytes were able to proliferate on all hydrogels.
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Accordingly, the hydrogel is non-toxic and thus all unreacted acrylamide was removed
during the swelling process. However, we can notice that the proliferation rate of podocyte

cells increased with gel stiffness.
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Figure 4: A) Human Podocyte Cells Line cultured on PAAm hydrogels substrates having different properties (2
and 10 pl Bis-acrylamide respectively). (B) Podocyte proliferation: % of podocytes cover surface as a function
of substrate’s elastic modulus. (Reference: 100% for podocytes seeded on the plate).

Furthermore, multiphoton microscopy and Environmental SEM (Fig. 5) showed that the
morphology of conditionally immortalized human podocytes seeded on PAAm hydrogels was
comparable to the previously described organoid-derived podocytes in culture® as well as
the fully differentiated immortalized human podocyte previously reported34. Typically, the
microscopy images showed the presence of arborized projections that can be described as

“foot processes”. The latter enable possible cell-cell connections (yellow arrows in Fig. 5)

mimicking the “slit diaphragm” responsible for the filtration function of the podocyte layer.
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The two photon excited fluorescence images measured by MPM reveal the cytoskeletal
organization of the podocytes and the interdigitating foot processes with adjacent cells

(yellow arrows in Fig. 5).

Figure 5: Immortalized podocytes showed an arborized morphology and interdigitating foot processes with
adjacent cells (yellow arrow). These images were taken using multiphoton microscopy (A) and
environmental SEM (B) for substrate of 2.1 kPa.

The mechanical properties of support have a clear effect on the morphology and the
cytoskeleton reorganization of podocyte cells, which was characterized by visualizing the

actin network using Phalloidin staining (Fig. 6). On the softest gel (0.67 kPa), the cells
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showed a small spread area. They become more and more spread as the gel Young’s
modulus increases.

The cells mechanosensitivity against ECM is usually explained by the activity of adhesion
molecules and non-muscle myosin that produce support stiffness dependent - forces**. Cell-
ECM attachment involves numerous cytoplasmic linkage proteins including integrins that
connect ECM to actin filaments. Integrin play thus a crucial role in cytoskeleton
reorganization and cell cycle regulation. For a matrix having high stiffness, the cells respond
to mechanical strain by increasing integrin aggregation and therefore an increase in the
formation of actin stress fibers. Therefore, actin cytoskeleton reorganization was analyzed in
podocytes cultured on gels with different elasticity. Importantly, actin network formed a
diffuse cytoskeleton with a random arrangement for soft substrates (0.67 to 2.1 kPa). In
contrast, cells cultured on stiff gels reacted in response to mechanical stress by forming a
dense actin cytoskeleton (Fig. 6A). The latter scenario is opposite to a random actin

cytoskeleton reorganization previously reported on soft substrates'®?%4!

. Finally, the actin
cytoskeleton is also oriented and more dense allowing to apply contractile forces that
counterbalance substrate stiffness>.

Healthy podocytes integrity and phenotype are determined by their ability to express
specific markers such as podocin, nephrin and CD2AP, which are responsible in the
formation of the slit diaphagm™. Also, podocytes express Wilms’ tumor suppressor (WT-1)
which is a nuclear protein involved in the expression of major podocyte markers****. The
expression of podocin was evaluated by immunostaining method (Fig. 6B). As expected,
podocin protein is expressed in podocytes. Importantly, podocin level was found to be

higher in cells cultured on substrates having an elasticity ranging from 0.9 to 9.9 kPa than on

the harder substrates. The expression of podocin proteins has been also evaluated by
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western blot technique. As expected, the level of podocin was higher for the cells seeded on
substrates of 2.1 and 9.9 kPa (Fig.7). This result is consistent with the previously reported
data by Hu et al. who observed the same effect on podocytes phenotype but with gelatin
substrates of a Young’s modulus within the range of 2-5 kPa’. This range seems to be
optimal for podocin expression and, thus, it is considered compatible with the stiffness of
the glomerular basement membrane. Briefly, in this range of gel stiffness, podocytes
upregulated the expression of podocin and downregulated the formation of actin filaments.
Conversely, the stiffest gels upregulated actin stress fibers formation and downregulated
podocin expression. These results showed strong correlation between the mechanical
properties of a substrate and podocyte cell morphology, actin cytoskeleton reorganization,
as well as the expression of podocin. Moreover, Hydrolyzed PAAm hydrogels with an
elasticity ranging from 0.9 to 9.9 kPa seems to be optimal and it is consistent with the

physiological stiffness of kidney glomerular basement membrane which is 2.5 kPa.
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Figure 6: (A) (B) Representative immunofluorescence images of podocytes cultured on PAAm substrates with
an elasticity ranging from 0.6 to 44 kPa. The cells were detected by staining the nucleus (DAPI-blue), the
actin cytoskeleton (Phalloidin-green) and Podocin protein (anti-Podocin-red). Scale bar 50 um. Podocyte cells
sense and respond to substrates stiffness. Cell morphology was found to be elastic modulus dependent.
Podocin expression is highly upregulated on PAAm membranes having elasticity of 0.9, 2 and 9.9 kPa, but
decreased on the stiffest membranes.
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Podocin

Figure 7: Western Blot for the detection of podocin expression on PAAm hydrogels with various elasticity.

Besides podocytes morphology, their mechanical properties can be affected by the substrate
stiffness since the latter play an important role in the formation of actin filaments. AFM is a
useful technique to determine the mechanical properties of living cells such as cells stiffness
defined by Young’s modulus measurements. AFM force spectroscopy mode has been applied
to measure the Young’s modulus of the whole cell and to analyze the statistical distribution
of cell elasticity®**’.

Here, AFM was used to provide quantitative measurements of podocytes mechanical
properties as a function of PAAm membranes stiffness. Typical force-volume images were
gathered in Fig. 8. Panels represent the height of the contact point maps recorded during the
force-volume measurement and Young’s modulus maps for podocytes cultured on
hydrolyzed PAAm hydrogels. The Young’s modulus maps of podocytes cultured on the
softest hydrogels (0.5ul and 1ul of Bis-acrylamide) showed a rather homogeneous stiffness

distribution in contrast with the others. The distribution histograms of Young’s modulus

values for the different cases are presented in Fig. 8B.
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Figure 8: Elasticity of podocytes cultured on PAAm membranes. The diaphragms represent the height of the
contact point and to the Young’s modulus map. White scale bar in Young’s modulus maps correspond to 10
pm. Linear brown color bar goes from 0 to 12 um. Dark brown color represents deeper regions, while white
depicts the higher portions of the cells. Linear scale bar goes from 0 to 16 kPa. Dark red color represents the
softer portions, while blue and purple colors show the harder regions. (B) AFM elasticity distribution
indicating podocyte elasticity for cells cultured on different samples. Young’s moduli were best fitted using
Gaussian distributions. (C) Evolution of the cells’ Young’s modulus (E) as a function of hydrogel stiffness. The
Young’s Modulus increases significantly for podocytes cultured on M6 sample. Bars correspond to the
obtained average of the Gaussian peaks fitted on the elasticity value distributions of individual force maps.

Error bars are standard deviation of the mean.
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The average Young’s modulus values represent the evolution of the increase with hydrogel
stiffness. Podocytes cultured on different substrates showed average Young’s modulus of
0.18 + 0.06 kPa, 0.9 + 0.1 kPa, 1.1 £ 0.4 kPa, 1.6 + 0.3 kPa, 1.7 £ 0.4 kPa and 4.3 + 0.4 kPa
respectively. Of note, substrates with Young’s moduli ranging from 2 to 18 kPa did not cause
significant variations in the cells elasticity. In contrast, the stiffest hydrogel produced an
increase in podocyte stiffness. These results are consistent with the distribution of actin
filaments shown in Figure 6, which corroborated the data that the actin cytoskeleton
network have an essential role in determining mechanical stiffness of the cells*. Indeed for
the softest substrates the low values of the Young’s modulus can be assigned to the diffusive
and random distribution of actin. For the stiffest substrates, the actin filaments were
oriented and their sizes were moderately similar. For the substrate with the highest stiffness,
the actin filament bundles were clearly larger to counterbalance the mechanical constraints
exerted over the podocyte. Such increase in actin filaments size can thus explain the

significantly higher Young’s modulus of the podocytes.

V. Conclusion:

In this work, the influence of PAAm hydrogel properties on podocytes was investigated. The
Young’s modulus of PAAm hydrogels was increased from 0.06 until 44 kPa by increasing the
crosslinker concentration. The latter made the gel network more connected and thus less
prone to swelling. The PAAm hydrogel is perfectly biocompatible for the podocytes in culture
and did not alter their proliferation and viability. However, the substrates strongly
influenced podocytes morphology and their mechanical properties. For the softest substrate

having a Young’s modulus of 0.6 kPa, the cells were less spread and were characterized by a
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low level of podocin expression and a reduction in actin stress fiber formation. For the
stiffest substrates E = 18 and 44 kPa, podocyte cells were more spread. The mechanical
stress of substrate induced the formation of actin fibers consequent to a downregulation of
podocin expression. Podocytes cultured on hydrogel with stiffness ranging between 0.9 and
9.9 kPa, which is closer to the elasticity of the glomerular basement membrane provides the
best conditions where normal regulation of podocytes markers e.g., podocin, occurs.
According to the podocyte mechanical properties, regulation of actin stress fibers formation
is optimal for substrates with stiffness ranging between 2.1 and 9.9 kPa. In addition, the
presence of “foot processes” along all the above mentioned conditions makes PAAmM
hydrogel a worthy design to reproduce glomerular-like filtration process. In conclusion, our
results present a new tool that will further contribute to better understand the behaviour of
podocytes during both healthy and diseased states, and far beyond to develop a microfluidic

kidney-on-chip device.
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Chapter IV: Enhancement of Podocyte
Attachment on Polyacrylamide Hydrogel
with Gelatin-based polymers
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I. Introduction:
Recently, tissue engineering and regenerative medicine advancement are based on the
development of a biomimetic extracellular matrix (ECM) providing structural support.
Therefore, the main goal in this field is to design biological substitutes able to restore,

1234 ECM is defined as non-cellular bioactive

maintain and enhance tissue functions
component with well-organized dynamic structure network that provides biological
environment and suitable mechanical support to control and modulate the cells properties
such as proliferation, migration and differentiation>®’. Nowadays, a variety of biological
(such as collagen, gelatin, chitosan and alginate) and synthetic (such as polyethylene glycol,
polyacrylamide) hydrogels are widely used as suitable candidates to recapitulate the native
ECM. Hydrogels are considered as biomaterials characterized by their capacity to hold a
large amount of water essential for an optimal transport of both oxygen and nutrients. The
mechanical properties, recapitulating cell local environment and biocompatibility of the
hydrogel are tunable which can facilitate cell attachment and proIiferation8'9’10’11’12'13.

Biological hydrogels derived from native ECM are recognized by the presence of biological
active sites promoting the cell attachment, proliferation and differentiation. However, their
limited mechanical properties are considered as a main disadvantage for tissue engineering
applications®*. Conversely, hydrogels based on synthetic polymers have robust mechanical
properties’ but the lack of biological active sites remains problem limiting the proliferation
and the migration of the cells. Consequently, the combination of both biological and
synthetic hydrogels, known as biosynthetic scaffolds, will be a promising way to improve the
development of ECM for tissue engineering **"*8.

Gelatin is a biocompatible, biodegradable and non-immunogenic biological polymer.

According to these properties, gelatin-based hydrogels have been used in a wide range of
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biomedical applications such as tissue engineering scaffolds, drug delivery systems and
wound dressing. Gelatin is a natural polymer derived from collagen hydrolysis. After collagen
denaturation, the bioactive properties are remained in the gelatin structure, which is
determined by the presence of cell-binding sequences (Arg-Gly-Asp or RGD sequences)
essential for cells attachment and matrix metalloproteinase degradable (MMP) sequences.
However, these hydrogels have restrictions toward the in vivo applications due to the poor
and limited mechanical properties and undergoes rapid degradation with enzymes like

10192021 "Thys, gelatin-based hydrogels are chemically crosslinked to improve

collagenase
their mechanical properties and to avoid their degradation. For instance, glutaraldehyde22
and diisocyanate23 were widely used as crosslinkers but their cytotoxicity limits their
applications in tissue engineering24. The acrylate modified gelatin, widely known as gelatin
methacrylate (GelMA) are chemically tunable, biocompatible and biodegradable, and
provide an appropriate environment for a wide variety of cells”. GelMA-based hydrogels
contain cell-binding sequence such as RGD sequence and MPP sequence implicated in cells
remodeling. Due to these properties, GelMA-based hydrogels are considered as promising

. .. . . . 26,27,2
material that mimic the microenvironment of natural tissues’®?”/%,

Moreover, the
modification of GelMA hydrogels mechanical properties in order to get a suitable hydrogel
mimicking the target tissue can be performed by incorporating various biomaterials. For this
reason, GelMA hybrid scaffolds have been used as a scaffold material in a wide variety of
tissue engineering applications, including kidney, bone and cartilage tissues due to their
suitable biological properties and tunable mechanical characteristics.

Synthetic polyacrylamide hydrogels have also been also widely used as scaffold matrices for

cell culture with robust tunable mechanical properties. However, the deficiency in biological
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active domains requires their functionalization with ECM proteins such as collagen and
fibronectin®®.

The biological and synthetic polymers based hydrogels limitations can be improved by the
development of novel hydrogels based tissue scaffolds formed by the combination of
biological and synthetic materials in order to imitate the heterogeneity of native ECM. This
study aims to synthesize hybrid hydrogel using acrylamide and GelMA in order to establish a
robust mechanical network with the preservation of the biological properties. The influence
of the polymers concentrations on the mechanical properties of the hybrid hydrogels has
been studied. Furthermore, the biocompatibility, the swelling capacity and the influence of

hydrogel composition on cells behaviors has been also analyzed.

II. Materials and Methods:

1. Synthesis of GelMA:

Gelatin Methacrylamide was prepared by the reaction of gelatin with methacrylic anhydride
(Fig. 1) depending on previous described methods®. Briefly, 5g of gelatin (Gelatin from
Porcine Skin, Sigma Aldrich, 48722) was dissolved in 45ml of phosphate buffer saline (PBS,
Sigma Aldrich, P4417) at 60°C. After gelatin dissolution, 1ml of methacrylic anhydride (MA,
Sigma Aldrich, 276685) was gently added to gelatin solution with a vigorous stirring for 3 H

at 60°C.
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Figure 1: Synthesis of GelMA

Afterwards, the mixture was dialyzed for 7 days against distilled water at 40°C using dialysis
membrane with a molecular weight cut-off of 12-14 kDa. Finally, the resultant GelMA

solution was pre-freeze at -20°C for overnight and then freeze-dried for 7 days.

2. Preparation of GelMA-PAAmM hydrogels:

The GelMA-PAA hydrogels were prepared by co-polymerized acrylamide and GelMA. The
GelMA provide the biological functions needed for cell adhesion and proliferation, while the
flexible polyacrylamide chains reinforced the gelatin network. Acrylamide (AAm, Sigma
Aldrich, A8887, 79-06-1, purity >99%) (5% (w/v) and 2.5% (w/v): AAm concentrations) was
mixed with GelMA solutions (5% (w/v) and 3% (w/v): GeIMA concentrations). This reaction
was initiated using ammonium persulfate (APS, 25% (w/v), Sigma Aldrich, 248614, 7727-54-
0, purity > 98%) and catalyzed by N,N,N’,N’ Tetramethylethylendiamine (TEMED, Sigma
Aldrich, T7024, 110-18-9). The mixture was poured in glass molds and the polymerization

was achieved at room temperature for 3 H.

3. Swelling Measurements:

AAmM-GelMA based hydrogels were incubated in water and phosphate buffer saline (PBS) at

room temperature until the equilibrium is reached. The swelling degree was measured by
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determining the difference between the weight of a fully swollen hydrogel and the weight of

dried samples after freeze-dry for overnight.

4. Fourier Transform Infrared Spectroscopy (FT-IR):

The FT-IR spectra of freeze-dried GelMA-PAAmM hydrogels were analyzed by NEXUS
instrument, fitted with an attenuated total reflection (ATR) accessory. The spectra were

recorded in the frequency range of 500 - 4000 cm™at 4 cm™ resolution.

5. Mechanical Characterization:

a. Atomic Force Microscopy (AFM):

The AFM experimental system used for force-spectroscopy measurements was an Asylum
MFP-3D head coupled to a Molecular Force Probe 3D controller (Asylum Research, Santa
Barbara, CA, USA). Triangular silicon nitride D cantilevers (MLCT, Veeco) with a nominal
spring constant of 30 pN/nm, length of 225 um, width of 20 nm, resonance frequency of 15
kHz, half-opening angle of 17.5°12.5° and a nominal radius of 20 nm were used. The
cantilever spring constant was determined in liquid using the thermal noise method
available within the MFP-3D software. Hydrogel samples were glued to a Petri dish with
double-faced adhesive tape, and covered with 0.5 ml of deionized water. After testing a
range of loading forces on the hydrogel surface, the measurements were performed in liquid
and at room temperature with a maximum loading force of 5nN corresponding to a maximal
indentation depth of 0.3 um. Elastic deformation was obtained from the recorded force
curves as a function of the loading force applied by the tip. Young’s modulus (E) was
calculated for each force from the approaching part of the curve, using a modified Hertz
model, based on the work of Sneddon and further developed for different AFM tip shapes,

as described elsewhere. An approach velocity of 6um/s was chosen, indicating a piezo-
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extension rate of 3 Hz to minimize hydrodynamic and viscoelastic artifacts. The Poisson’s
ratio of the cells was assumed to be 0.5, as suggested for incompressible materials.
Furthermore, to investigate cells’ nanomechanical properties on each sample, we repeated

the force spectroscopy experiment using the same parameters.

b. Rheology:

The mechanical properties of PAAm hydrogels fully swelled in cell media were characterized
using Anton Paar Physica MCR 301 rheometer. In this study, the viscoelastic properties were
investigated by applying an oscillatory force on the surface of the hydrogel using a metal
plate (Anton Paar PP25, 25mm in diameter). The rheology measurements were recorded

with a frequency of 1 Hz, strain amplitude of 1 % and a fixed force of 0.5 N.

G=G’+G” (1)

Where G’ represents the storage modulus that corresponds to the elastic property and G”

represents the loss modulus corresponding to the viscous behavior.

6. Cell culture:

Human podocyte cell line was purchased from the Faculty of Medicine, University of Bristol,
UK. According to the supplier protocol, immortalized human podocytes cell lines were
cultured, proliferated at 33°C and then differentiated at 37°C using a RPMI — 1640 Medium
(Sigma Aldrich, R8758) supplemented with 1 % insulin-transferrin-Selenium liquid media
supplement (Sigma Aldrich, 13146), 10 % fetal bovine serum (Sigma Aldrich, F7524) and
Penicillin Streptomycin solution (Sigma Aldrich, P4333). Cells were collected and plated on
the GelMA-AAm polymer hydrogels having various mechanical properties. For
immunocytochemical characterization, podocytes cells were fixed with 2% of

paraformaldehyde (PFA) (Sigma Aldrich, P6148, 30525-89-4) for 15 min at RT. The
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permeabilization of podocytes cells was performed by using 0.5 % Triton X-100 (Sigma
Aldrich, X100, 9002-93-1) for 15 min at 37°C. Then, the blocking solution composed of 1 % of
Bovine Serum Albumin (BSA) (Sigma Aldrich, A2153, 9048-46-8) and 0.5% of Triton-X in PBS
was used to block the non-specific protein binding sites. Then, cells were incubated
overnight at 4°C with a primary anti-podocin antibody (Sigma Aldrich, P0372) and with
secondary anti-rabbit antibody (Alexa Fluor®594, Cat: ab150080) for 1h in dark at room
temperature. The DAPI (Sigma Aldrich, D9542) and Phalloidin staining (Invitrogen, Cat:
A12379) were used to visualize the nucleus and the actin cytoskeleton, respectively. Staining

images were taken using Nikon TE2000 microscope.

Ill. Results:

Three GelMA-PAAm hydrogels scaffolds of this study having different polymers
concentrations: GelMA3y AAM; 594 GelMAsy AAmsy, and GelMAsy AAmsy, are prepared and
their mechanical and structural properties are characterized. In addition, the interaction

between the scaffolds and podocytes cells in investigated.

1. H-NMR of Gelatin Methacrylamide:

The methacrylation degree of gelatin was determined from *H NMR spectroscopy (Fig.2).
Phenyl alanine signal observed between 7.2 - 7.4 ppm was integrated to 5 protons. Further,
the acrylate signal observed at 5.3 and 5.7 ppm confirms the successful substitution of
methacrylate on gelatin. The ratio between the area of acrylate peak and phenyl alanine was
calculated to determine the degree of methacrylate substitution in gelatin. It was found to
be 36%. Optimal degree of methacrylation is crucial to avoid high degree of crosslinking.

High degree of methacrylation leads to higher crosslinking density which affects cell
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spreading and long term survival. Sutter et al. showed that the degree of methacrylation in
gelatin is tunable by changing the concentration of methyl methacrylate concentration®"?2.

In this study, 1.4 mmol of methyl methacrylate per gram of gelatin was utilized in order to

obtain low degree of functionalization of methyl methacrylate on gelatin as evidenced from

NMR (36%).
GelMA \
[
N\ /N / \
AU WAL W e A
Gelatin

Figure 2: 'H-NMR of gelatin and modified gelatin (methacrylamide gelatin GelMA).

2. FT-IR of hydrogel material:

FTIR spectra of gelatin and polymerized gelatin methacrylate/polyacrylamide hydrogels are
shown in Fig. 3. Characteristic peaks of gelatin amide |, amide Il are observed at 1630 and

1525 cm* respectively.
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Figure 3: FT-IR of pure gelatin and GeIMA-AAm interpenetrated polymer network

Broad peak observed at 3280 cm™ for gelatin corresponds to the O-H and N-H stretching.
Peak observed at 3070 cm™ corresponds to N-H stretching of gelatin. GelMA/polyacrylamide
hydrogel display two broad peaks at 3197 and 3314 cm™ which is also associated with the N-
H stretching vibration of polyacrylamide. Generally, C-O stretching and N-H bending of
polyacrylamide are observed at 1645 and 1604 cm™. Broad peak observed between 1500 -
1650 cm™ for GelMA/AAmM hydrogel is due to the combination of gelatin and PAAm C-O

stretching vibration®.

3. Swelling Characterization:

Swelling property is a main characteristic of hydrogels involved in tissue engineering
applications. The swelling mechanism is defined by the ability of hydrogels to absorb a large
guantity of suitable solvent without dissolving. The equilibrium swelling is reached according
to the osmotic and elastic forces of the material. Many factors are involved in the swelling
mechanisms of polymer network such as crosslink density, molecular weight of polymers

and polymer-solvent interactions. The solvent uptake is correlated with the network
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structure of hydrogels which has an effect on the transport of nutrients and oxygen, through
the hydrogel network. The swelling properties are highly affected by the density of hydrogels

crosslinking network. The swelling ratio degree was calculated using this following equation:

g Ws =Wy (g
Wd

where Wsis the weight of the fully swollen gel (in deionized water and PBS) and W, is the
weight of dry gel. Figure 4 indicates the effect of the concentration of GeIMA and AAm on
the swelling ratio degree. The degree of swelling for GelMA-PAAm hydrogels was influenced

by the change of the GelMA and AAm concentrations.

- AAm 2,5% + GelMA 3%)| 354 [C_1AAM 2,5% + GelMA 3%|
= A AAm 5% + GelMA 3% 7 AAm 5% + GelMA 3%
8. (B AAM 5% + GelMA 5% 7 [ AAm 5% + GelMA 5% |
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Figure 4: Representative histogram of swelling degree as a function of acrylamide and GelMA
concentrations.

Briefly, the swelling degree increases as the concentrations AAm and/or GelMA decreases.
Gelatin molecule contains multiple arms of methacrylic substitution which can acts as a

crosslinker between GelMA molecules and acrylamide (Fig. 5).
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Figure 5: Schematic simplified view of GELMA-PAAmM sequences: (a) GELMA-GELMA macromolecules; (b)
GELMA-AAmM; (c) AAm-AAm

The increase of AAm concentrations from 2.5% to 5% is correlated with a significantly
decrease of hydrogels swelling degree. Moreover, the increase of GelMA crosslinker
concentrations from 3% to 5% decreases the swelling capacity of hydrogels in both water
and PBS swelling medium. Swelling test shows that the high crosslinking degree of polymer
network hinders the swelling of hydrogels. This phenomenon can be explained by the effect
of GelMA crosslinker on the density of polymer network; the increase of the GelMA
concentrations contributes to a highly covalent crosslinked polymer network density. In
addition, the swelling capacity can be restricted due to the presence of hydrogen bonds
within the gelatin chains. The increase of AAm concentrations also ensures a highly
connected polymer network.
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The density of GeIMA-PAAm hydrogels was evaluated by Scanning Electron Microscopy
(SEM) (Fig.6). SEM results show that GeIMA-PAAm based hydrogels exhibit highly connected
and compacted network structure for the higher concentrations of AAm and GelMA
crosslinker. This confirms the influence of the crosslinking network density on the swelling

capacity.

AAmM 5% + GelMA 3%

AAm 2,5% + GelMA 3%

.
%

Figure 6: Scanning Electron Microscopy for GelMA-AAm based hydrogel having different polymers
concentrations

4. Mechanical Properties:

The composition of hydrogel has an impact on their mechanical properties. Mechanical
characterization of fully swollen network in cell medium was conducted using atomic force
microscopy (AFM). Force curves were measured on GeIMA-PAAm hydrogels having different
concentrations of AAm and GelMA crosslinker corresponding to AAm, se; + GelMAzy, AAmsey, +
GelMA3zy and AAmsy, » GelMAse,. The measurements of hydrogels elasticity were performed.
For all samples, force-volume images, constructed from force curves collected at each point
in a two-dimensional scan, were acquired in relative triggering mode. Typical quantitative
information from these Young’s modulus maps are presented in Fig. 7A, where histograms

were best fitted with a Gaussian. The Young’s modulus values of AAm; sy + GelMAzy, AAmse, +
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GelMAzy, and AAmsy, + GelMAsy, are 4.03 + 0.54 kPa, 11.82 + 0.49 kPa and 24.98 + 3.68 kPa
respectively (Fig. 7B). This means that the hydrogels stiffness increases as the concentrations

of the GelMA crosslinker or the AAm monomer are increased.
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Figure 7: (A) Elasticity distribution of GeIMA-PAAmM hydrogels swelled in cell medium. Young’s moduli were
fitted with Gaussian distributions. (B) Evolution of the Young’s modulus “E” as a function of GelMA and AAm
concentrations. The Young’s modulus increases with the increase of the GelMA and AAm concentrations
Moreover, dynamic shear oscillation measurements were used to characterize the
viscoelastic properties of the hydrogels. The elastic modulus (G’) of GeIMA-PAAm, known as
storage modulus, is characterized by the capability of hydrogels to have a recoverable
energy. The storage modulus (G’) are 1129 + 53 Pa for AAm; sy + GelMA3y, , 1833 + 48 Pa for
The AAmsy + GelMA3y and 2136 + 258 Pa for AAmsy . GelMAsy, (Fig. 8). Therefore, the

increase of the storage modulus (G’) is related to the crosslinker and AAm monomer

concentrations. As a consequence, the high concentration of AAm and GelMA increases the
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viscoelastic properties of the hydrogels. These results are consistent with the work reported
by Van Den Bulcke et al. who's shown that the rheological properties of the gelatin based
hydrogels depend on the monomer and crosslinker concentrations of the polymer
network®. GelMA-PAAmM mechanical properties have shown an adjustable elasticity with a
broad range that permits to mimic the elasticity of glomerular basement membrane.

To sum up, our results have shown a correlation between the swelling properties and the
mechanical properties of GeIMA-PAAm based hydrogels. The increase of monomer and
crosslinker concentrations contributes to the increase of the mechanical properties and

leads to decrease the swelling activity.
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Figure 8: The storage modulus of GeIMA-PAAmMm membranes fully swelled in water was determined as
function GelMA and AAm concentrations. (Error Bar = Standard Deviation)
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5. Podocytes Cells Culture:

The ECM mechanical properties induce and maintain the cells migration, proliferation and
differentiation. The alteration of the elastic environment provides the development of tissue

diseases>*3>3°

. In this study, immortalized podocyte cell line was used to investigate the
effect of hydrogels mechanical properties on podocyte behavior. The podocytes are highly
specialized epithelial cells of the kidney glomerulus that provide a filtration barrier
preventing the passage of plasma proteins37. Research studies have shown the effect of the
glomerular basement membrane (GBM) on podocytes properties. Typically, the stiffness of
kidney glomerulus basement membrane measured by magnetic bead displacement is about
2.4 kPa and the change of GBM stiffness is correlated to the progression of renal diseases
such as nephropathy kidney disease®. GelMA-PAAm hydrogels having various mechanical
properties were developed and used as synthetic extracellular matrix supports for podocyte
cells. The study of the effect of GelMA-PAAmM mechanical properties on podocyte behaviors
has been evaluated.

After 24hrs of seeding cells on GelMA-PAAm hydrogels and exchanging cell medium,
podocyte cells viability was assessed using Live assay (Calcein). Figure 9A shows the adhesion
of podocyte cells on GeIMA-PAAmM substrates and a homogeneous distribution of these cells.
The adhesion of podocytes is related to the presence of gelatin cell-binding sequences
indispensable for cells attachment. To mention that the podocytes adhesion does not occur
on non-functionalized polyacrylamide based hydrogels. In addition, the cell viability test
confirms the non-cytotoxicity of the GelMA-PAAm scaffolds on podocyte cells. Extracellular
matrix mechanical properties have an effect on the cells morphology and cytoskeletal
organization. The actin cytoskeleton of adherent podocyte cells were investigated using
Phalloidin staining (Fig. 9B). Results have shown the effect of GelMA and AAm
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concentrations on cells morphology and actin filaments organization. Podocyte morphology
is not fully spread on the softest substrate (AAm,sy + GelMA3y) while these cells on the
stiffest substrate (AAmsy, + GelMAsy) have exhibited a larger spread area with extended
cytoplasm. The organization of actin cytoskeleton responds to the mechanical stress of the
extracellular matrix through the transmembrane receptors called integrin. Basically, cells
detect the increase of environment stiffness and react by increasing the integrin assembling
which contributes to the development of stress fibers. The visualization of actin filament
shows a dense actin cytoskeleton on the stiffest substrate (AAmsy + GelMAsy) compared to
the softest substrate (AAm; sy + GelMAzy) (Fig. 9B). The podocytes are characterized by the
presence of several proteins implicated in the glomerular filtration barrier such as podocin
and nephrin39. The results have shown a significant expression of podocin for podocytes cells
on the softest substrates (AAm; sy + GelMA3y) and (AAmsy + GelMAsy) while the podocin
expression on the stiffest substrate (AAmsy, + GelMAsy) decreases remarkably. Research
studies have shown that podocytes cells cultured on substrates with elasticity of 3 — 5 kPa
present similarities of actin fibers and focal adhesions to in-vivo ones. Consequently,
depending on swelling characterization and mechanical properties, AAm, sy, + GelMA3zy and
AAmsy, + GelMAsy, are good candidates as matrix substrates for podocytes adhesion,

proliferation and differentiation.
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Figure 9: (A) Podocyte cells stained with calcein for the determination of cells viability. (B) Representative
immunofluorescence images of podocytes cultured on GeIMA-PAAm substrates having various mechanical
properties. The cells were detected by staining the actin cytoskeleton, the nucleus and Podocin protein using
Phalloidin (green), DAPI (blue) and anti-Podocin antibody (red) respectively.

6. Cells Elasticity:

AFM is a useful technique consisting to map different locations of cells and to provide
guantitative measurements known by the young’s modulus parameter of the local stiffness
of the cell surface. Research studies have shown the effect of the cellular biological activities

such as cells adhesion, proliferation, actin filaments organization and differentiation on the
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mechanical properties of the cells and specifically on cells stiffness. In fact, the indentation
responses of cells are mostly affected by the mechanical properties of the cell membrane
and the subcellular components such as the cytoskeleton and the nucleus®’. The mechanical
properties of podocyte cells seeded on GelMA-PAAm hydrogels having different
concentrations of AAm and GelMA were performed by AFM. The results have shown that
the mechanical properties of podocyte cells can be affected by the substrates elasticity.
Podocytes cultured on AAmM; sy + GelMAzy, AAmsy, + GelMA3y and AAmsy, » GelMAsy, have
shown an elasticity of 0.46 + 4.35 kPa, 4.3 + kPa and 11.65 + kPa respectively. Therefore, the
podocyte elasticity increases with increasing the mechanical properties of GelMA-PAAmM
substrates. A correlation between the actin filaments and the cell stiffness was investigated
and has shown a significant decrease on cells elasticity with the dissolution of actin
cytoskeleton. Thus, the results of cell stiffness are correlated with the cell staining results.
Podocytes have shown a dense actin cytoskeleton on the stiffest GeMA-PAAm substrate

which explains the increase of the podocyte cells stiffness.
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Figure 10: Evolution of the Young’s modulus (E) as a function of AMM and GelMA concentrations. Bars
represent the obtained average of the Gaussian peaks fitted on the elasticity value distribution of individual
force maps. Error bars are standard deviation of the mean.

IV. Conclusion:

The development of the polymer network based on the combination of biological and
synthetic polymers improves the mechanical integrity and the cytocompatibility properties.
Here, we investigated the GelMA-AAm hydrogels having different concentration. The
characterization of swelling and mechanical properties of these hybrid hydrogels was
determined and tunable by adjusting the concentrations of the polymers. The study of
podocyte behaviors was conducted on GelMA-AAm hydrogels having different mechanical
properties. The swelling study shows that an increase in the polymers concentrations
contributes to a decrease in the hydrogel water uptake. Moreover, the crosslinking density
of the GeIMA-AAm hydrogel depends on polymers concentrations. This, in turn, also has an
effect on the molecular weight amongst the crosslink points. The GelMA-AAm hydrogels are

biocompatible for the podocytes culture and did not alter their proliferation as well as their
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viability. However, the substrates have an effect on podocytes morphology, cytoskeleton
organization and differentiation. It was determined that AAm; sy, + GelMA3y, and AAmsy, +
GelMA3y, having stiffness close to native glomerular extracellular matrix seems to be optimal
for the podocyte growth. In conclusion, this work provides a new tool to combine natural
and synthetic polymers mimicking the native tissue and having robust mechanical
properties. Furthermore, such environment similar to in vivo contributes to well understand

the behavior of podocytes cells in order to restore the functions of kidney diseases.
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The challenge of tissue engineering is to create an artificial scaffold material mimicking the
extracellular matrix (ECM) in order to regenerate the functions of damaged tissue in vivo.
The ECM properties have shown an importance in the regulation of cellular activities such as
proliferation, migration and differentiation. They provide a mechanical support for cells
adhesion and their physical properties such as stiffness induce the cells to respond and to
react in a various way. Moreover, the cells interact with the extracellular environment and
sense the biochemical cues provided by ECM components such as collagen and growth
factors.

The aim of this work was to design suitable scaffolds materials based on polymers having the
functional similarities of ECM. This involves investigating the role and the impact of ECM on
cellular behavior. Hydrolyzed PAAm and GelMA-AAm based hydrogels were considered as
scaffolds for the glomerular kidney cells known as podocytes.

Hydrolyzed PAAm based hydrogels are biocompatible and characterized by their tunable
mechanical properties. Hydrolyzed PAAm based hydrogels having different mechanical
properties have shown an influence on podocyte behaviors including morphology,
cytoskeleton organization and differentiation. The elasticity of PAAm substrates in the range
of 0.9 — 9.9 kPa close to the in vivo glomerular basement membrane stiffness has shown an
effect on podocyte behaviors similar to those in vivo. For these stiffnesses, the podocyte
cells were less spread with no stress fibers and have exhibited an upregulation of podocin,
the protein marker of differentiated podocytes. While, the podocyte cells on PAAmM
substrates having a high stiffness were more completely spread and expressed stress fibers.
Moreover, the expression of podocin marker was downregulated. Hydrolyzed PAAm based
hydrogel is a synthetic material characterized by the lack of biological properties. This

limitation is regulated by the functionalization of the PAAm surface with adhesion proteins
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such as fibronectin and collagen. Therefore, the synthesis of hybrid hydrogels based on
natural and synthetic polymers is a promising approach to combine the biological properties
such as cell-binding motif and the robust mechanical properties.

The hybrid hydrogel composed of gelatin methacrylate (GelMA) and acrylamide (AAm) was
the choice of study for a suitable scaffold imitating the complexity of natural ECM. The
mechanical properties of GelMA-AAm were studied and tuned by adjusting the
concentrations of the polymers. It was shown that increasing the concentrations of the
polymers contributes to the increase of the polymer network density and substrate
elasticity. Moreover, the effect of the mechanical properties of GeIMA-AAm scaffolds on
podocyte behaviors was investigated. A significant effect was shown on cell adhesion and
proliferation comparing to the non-functionalized polyacrylamide hydrogels with an
adhesion protein. Even, the cytoskeleton organization and the expression of podocin were
detected and have shown that the substrate having elasticity close to the kidney glomerular
basement membrane seems to be optimal for the podocyte adhesion, proliferation and
differentiation.

These scaffolds hydrogels are considered as promising candidates to mimic the glomerular
basement membrane as they offer optimal conditions for podocyte adhesion, proliferation
and differentiation. They represent robust mechanical properties due the presence of
synthetic polymer (PAAmM) characterized by its synthesis in a wide range of elasticity. The
drawback of these synthetic polymers is their lack of biological properties. The combination
of a natural polymer with a synthetic polymer leads to a scaffold polymer having both
biological and mechanical properties.

Organs-on-chips are microfluidic devices for culturing living cells in order to synthesize

minimal functional units recapitulating the physiological functions of tissues and organs. This
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in vitro model provides an in vivo microenvironment by incorporating physical forces such a
physiological level of fluid shear stress, cyclic strain and mechanical compression. The
advantage of organ-on-chip is the ability to develop a disease model for the establishment of
new therapies and to better understand the mechanisms of tissue functions. Kidney
dysfunction is correlated with the leakage of albumin into urine. The selection of albumin is
achieved by the glomerular filtration barrier (GFB). Therefore, the perspective of this study
will be to develop kidney glomerulus-on-a-chip providing an in vitro model to mimic the
complex structure and the function of the GFB. The scaffold materials worked on seeded
with podocytes will be use as the glomerular basement membrane. Then, the selectivity of
glomerulus-on-chip will be tested by adding a physiological concentration of FITC-conjugated
albumin to the media to follow the efficiency of the function of this system by preventing
the leakage of albumin. Furthermore, the hyperglycemia has shown a significant impact on
the progression of kidney disease. Therefore, the in vitro model mimicking the in vivo
microenvironment permits to study the effect of the glomerular filtration barrier in such
diseased environment. This in vitro system will be exhibited to a medium containing a high

concentration of glucose and then their effect on podocyte behaviors will be investigated.
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Abstract

Extracellular matrix (ECM), non-cellular component, regulates and maintains the main biological
activities of cells such as cellular survival, proliferation and differentiation. Recently, hydrogels
scaffolds have shown a remarkable advancement as candidates for tissue engineering and
regenerative medicine. Hydrogels are defined as hydrophilic polymer network having the ability to
hold a large amount of water and biological fluid. Various natural and synthetic hydrogels have been
studied and developed in many tissue regeneration purposes. They provide an appropriate
mechanical support, chemical and biological cues mimicking the native extracellular matrix (ECM).
These artificial matrices characteristics contribute to induce the cellular functions as adhesion,
proliferation and differentiation. The thesis aim was to develop polymers based hydrogels and to
study the effect of their physical properties on podocyte kidney cells. Synthetic hydrolyzed
polyacrylamide based hydrogel (PAAm) was the choice of study where the physical properties can be
tailored and tuned over a wide range. These scaffolds have provided elasticity similar to the in vivo
glomerular basement membrane (GBM) and have shown a suitable candidate for the regulation of
podocyte functions. Moreover, the development of synthetic and biologic hybrid hydrogels was able
to mimic the biological and mechanical properties of native ECM. The combination of gelatin
methacrylate and acrylamide (GelMA-AAm) based hydrogels have been investigated and has shown
tunable mechanical properties mimicking the native kidney GBM elasticity and a significant
attachment of podocytes without any surface functionalization with adhesion proteins. This work
permits to investigate the cellular physiology and to develop kidney-on-chip in order to study the
functions of kidney on both healthy and diseased states.

Résumé

La matrice extracellulaire (MEC) contrdle et maintient les principales activités biologiques telles que
la survie, la prolifération et la différenciation cellulaire. Récemment, les hydrogels ont marqué une
progression remarquable en tant que candidats dans le domaine de l'ingénierie tissulaire et de la
médecine régénérative. Les hydrogels sont des réseaux polymériques hydrophiles ayant la capacité
d’absorber une grande quantité d’eau et de fluide biologique. Les hydrogels présentent un support
mécanique approprié pour les cellules tissulaires et fournissent des signaux chimiques et biologiques
imitant la MEC native. Par conséquent, de nombreux hydrogels de nature biologique et chimique ont
été développés dans le domaine de régénération tissulaire. Les propriétés mécaniques des hydrogels
sont nécessaires pour induire les fonctions biologiques telles que I'adhésion, la prolifération et la
différenciation cellulaire. L'objectif de la these était de développer des hydrogels a base de
polymeéres et d'étudier I'effet de leurs propriétés physiques sur les activités biologiques des cellules
podocytaires. Cette étude consiste de synthétiser et de développer des hydrogels a base de
polyacrylamide hydrolysé (PAAm) ou les propriétés physiques peuvent étre adaptées et réglées sur
une large gamme d’élasticité. Ces matériaux ont fourni une élasticité similaire a celle de la
membrane basale glomérulaire (GBM) in vivo et ont représenté un candidat approprié pour la
régulation des fonctions des cellules podocytaires. De méme, la synthése des hydrogels a la fois
synthétiques et biologiques a pu imiter les propriétés biologiques et mécaniques de la MEC native. La
combinaison des polymeéres a base de méthacrylate de gélatine et d'acrylamide (GelIMA-AAm) a été
synthétisée et analysée. Ces hydrogels ont montré des propriétés mécaniques ajustables imitant
|'élasticité native du GBM du rein et une fixation significative des podocytes sans modification de
surface par des protéines d'adhésion. Ce travail consiste a étudier la physiologie cellulaire et a
développer un systeme microfluidique afin de suivre les fonctions rénales dans les états normales et
défectés.
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