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Abstract

Hyaluronic acid (HA) is a biomolecule that has been widely used in the synthesis
of hydrogels, receiving considerable attention due to its unique physiological properties
and functions. HA-based hydrogels have been applied in the biomedical field, especially
in drug delivery, wound healing, cosmetics, and tissue engineering. However, these
hydrogels often face some challenges like their susceptibility to degradation by
hyaluronidase, which limits their application to a certain extent. The objective of this
thesis was to develop HA-based hydrogels using various crosslinkers, with the goal of
creating materials that exhibit enhanced stability and cytocompatibility for potential
biomedical applications. Studies were conducted using polyethylene glycol diglycidyl
ether (PEGDE), ethylene glycol diglycidyl ether (EGDE), and genipin as crosslinkers,
with glutaraldehyde included for comparison as a classical crosslinker. These hydrogels
were not only successfully prepared and characterized (e.g., FTIR, SEM), but this thesis
also represents the first study to explore hydrogels crosslinked simultaneously by
PEGDE and genipin. The prepared hydrogels displayed high swelling capacity and
stability in both water and PBS over time. The swelling behavior of the hydrogels was
influenced by factors such as the formulation composition, degree of crosslinking,
crosslinker length and swelling media. In this regard, greater swelling was observed in
water compared to PBS. The in vitro stability and resistance of HA-based hydrogels to
enzymatic degradation were influenced by the crosslinking density, with the highest
degree of crosslinking producing the most stable and resilient hydrogels. Importantly, the
hydrogel crosslinked by both PEGDE and genipin demonstrated particular high
swellability and stability. Despite their high stability, the developed hydrogels exhibited
significant cytotoxicity, particularly when cells were cultured in direct contact with them.
In this context, further studies are needed to draw more definitive conclusions about the
biocompatibility of these hydrogels and their potential applications in the biomedical

domain.

Keywords: Hydrogel, Hyaluronic Acid, Crosslinking, Cytotoxicity.
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Resumo

O acido hialurénico (HA) € uma biomolécula que tem sido amplamente utilizada
na sintese de hidrogéis, recebendo uma atencdo consideravel devido as suas
propriedades e funcdes fisioldgicas unicas. Os hidrogéis a base de HA tém sido
aplicados na area biomédica, especialmente na administragao de farmacos, cicatrizagao
de feridas, cosmeética e engenharia de tecidos. No entanto, estes hidrogéis enfrentam
constantemente certos desafios tais como a sua suscetibilidade a degradacao pela
hialuronidase, o que limita a sua aplicacéo até certo ponto. O objetivo desta tese foi
desenvolver hidrogéis a base de HA, usando varios agentes de reticulagao, com o intuito
de criar materiais que exibissem uma melhor estabilidade e citocompatibilidade para
potenciais aplicagdes biomédicas. Estudos foram realizados usando éter diglicidilico de
polietilenoglicol (PEGDE), éter diglicidilico de etilenoglicol (EGDE) e genipina como
agentes de reticulagdo, incluindo o glutaraldeido para comparagdo como classico
agente de reticulagéo. Estes hidrogéis ndo foram apenas preparados e caracterizados
com sucesso (FTIR, SEM), mas esta tese também representa o primeiro estudo em
explorar hidrogéis reticulados simultaneamente com PEGDE e genipina. Os hidrogéis
sintetizados apresentaram uma elevada capacidade de hidratacdo e uma grande
estabilidade tanto em agua como em PBS ao longo do tempo. O comportamento de
hidratagéo dos hidrogéis foi influenciado por fatores como a composigao da formulagao
do gel, o grau de reticulagcdo, o comprimento do agente de reticulagdo e o meio de
hidratacdo. Tendo isto em conta, foi possivel observar uma maior capacidade de
hidratacdo em agua em relagdo ao PBS. A estabilidade in vitro e a resisténcia dos
hidrogéis a base de HA a degradagao enzimatica foram influenciadas pela densidade
de reticulagdo, sendo que um maior grau de reticulagdo produziu os hidrogéis mais
estaveis e resilientes. E importante referir que o hidrogel duplamente reticulado por
PEGDE e genipina demonstrou particularmente uma elevada capacidade de hidratagao
e estabilidade. Apesar de apresentarem uma elevada estabilidade, os hidrogéis
sintetizados mostraram uma citotoxicidade significativa, particularmente quando as
células foram cultivadas em contacto direto com estes. Neste contexto, serado
necessarios mais estudos para obter conclusbes mais definitivas sobre a
biocompatibilidade destes hidrogéis e as suas potenciais aplicagdes no dominio da

biomedicina.

Palavras-Chave: Hidrogel, Acido hialurénico, Reticulagdo, Citotoxicidade.
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1. INTRODUCTION

1.1. Hydrogels: nature and classification

Hydrogels are tridimensional (3D) structures, usually made of polymers, formed through
several chemical and/or physical crosslinking strategies. The components of hydrogels
possess excellent hydrophilicity, being able to absorb high quantities of water, resulting
in a “gel-like” material. These have been used for several purposes, especially in the
biomedicine domain, since they have the ability to mimic natural tissues and present a

mechanical strength similar to that of soft tissues .

One possible way to classify hydrogels is based on the type of interactions that
are established among the polymeric chains. In this regard, physical hydrogels are those
formed by non-covalent, reversible interactions. These hydrogels usually lead to dynamic
and responsive properties and present low mechanical strength. Chemical hydrogels are
formed by covalent, irreversible bonds, resulting in stable and robust structures with

higher mechanical strength 4.

Hydrogels can also be classified based on the polymer source, that is, can be
synthetic or natural ®¢. Synthetic hydrogels are prepared from man-made polymers, such
as polyethylene glycol, polyacrylate, polyacrylamide, and others. Meanwhile, due to their
non-bioactive nature, difficulty in degradation, and potential cytotoxicity associated with
the crosslinkers, synthetic hydrogels have limited biomedical applications ”2. Therefore,
several researchers have progressively turned their focus to natural hydrogels, made
from natural, low-cost, abundant, biocompatible, and easily degradable macromolecules,

such as hyaluronic acid, chitosan, alginate, collagen, among others .

In addition, hydrogels can be classified according to their polymeric composition
(Figure 1). There are, therefore, homopolymeric ', co-polymeric '3, and multipolymeric
hydrogels . Homopolymeric hydrogels are polymeric networks derived from only one
monomer species . The homopolymer skeletal structure depends on the monomer
nature and the polymerization approach. Co-polymeric hydrogels derive from polymers
constituted by two or more different species of monomers, with at least one hydrophilic
component, arranged randomly, in block, or alternated configuration along their chain ™.
Multipolymeric hydrogels involve different polymers and the existence of crosslinking
between them, which can be physical or chemical ™. The interpenetrating polymer
networks (IPNs) constitute a type of multipolymeric hydrogel '°. IPNs correspond to an
important hydrogel class, in which two or more polymeric networks coexist in the same

space, but without chemical bonds between them (the networks are intertwined in such



a way that, to be separated, there would have to happen a breaking of chemical bonds,
at least in one of them). In a semi-IPN hydrogel, one component is a crosslinked polymer

and the other is a non-crosslinked polymer 2.
s /,4... 4

S £E

A) Homo-polymeric network B) Co-polymeric network C) Multi-polymeric network

e

- Ix 1* network
ﬁ 2" network

D) Interpenetrating polymer network (IPN)

Figure 1- Hydrogel's classification regarding its polymeric composition 6.

1.2. Crosslinking

The crosslinking processes to form a stable 3D network are divided into two major
categories, namely physical and chemical crosslinking, that offer different advantages .
Physical crosslinking usually results in the establishment of physical interactions within
the network structure, such as hydrogen bonding, ionic interactions, and hydrophobic
interactions. However, covalent bonds may also be formed through physical crosslinking,
as is the case when radiation is applied. On the other hand, chemical crosslinking always
involves the establishment of covalent bonds and is commonly based on molecules (the
crosslinkers) that contain two or more functional reactive groups at the extremities, such

as primary amines, thiol groups, etc. "’.



1.2.1. Physical crosslinking methods

Physical crosslinking is a way to obtain a hydrogel through physical methods, forming a
3D network. Several physical methods can be used to prepare hydrogels, such as those
based on hydrogen (H) bonds 8, hydrophobic interactions ™, thermogelation 2°, polymer
complexation %', and radiation 2%, Except in the last case, the type of crosslinking is
reversible and can be broken by physical stress application, such as agitation and pH
change (physical hydrogels are formed). Physical crosslinked hydrogels can be prepared
at environmental conditions, without the use of crosslinkers that, many times, cause
additional cytotoxicity to cells or may affect the activity of biological molecules

incorporated into the hydrogel #.

Hydrogen bond crosslinking occurs when molecules that have hydrogen-
donating functional groups (such as hydroxyl, carboxyl, or amide groups) and hydrogen-
accepting functional groups (such as ester groups, for example) bind together via
hydrogen bonds. These bonds form an inter or intramolecular network which forms the
hydrogel. The H-bond formation is influenced by temperature °, pH 2, and concentration
27 of the components involved in the process '®. On the other hand, hydrophobic
crosslinking occurs when a hydrophobic polymer is added to the aqueous medium that
self-associates and ends up crosslinking the hydrogel. The addition of salts that reduce

the hydrophobic polymer solubility may also promote crosslinking .

Thermogelation is a crosslinking method that involves a reversible sol-gel
transition in response to temperature changes. Hydrogels formed by thermogelation are
(typically) liquid at room temperature and form a hydrogel when the solution is heated
above the gelation critical temperature. This temperature can be adjusted by modifying
the polymer hydrophobicity or the presence of specific groups, sensitive to temperature,
in the polymer’s structure. In thermogelation, the polymeric chains become more
hydrophobic with the temperature increase, leading to an increase in the intermolecular
interactions and the formation of a hydrogel’s physical network. The gel formation is
reversible, and the hydrogel can return to its liquid state by cooling below the critical
gelling temperature %. This reversibility allows for the incorporation of cells or bioactive
molecules in the hydrogel solution before gelation, which can be performed in situ.
Nonetheless, it is important to note that this process is dependent on gelation
temperature because the gelation temperature can affect the thermal stability and
reversibility of the hydrogel. Thermogelated hydrogels have a variety of applications in

the biomedical area, including drug delivery %, tissue engineering 2°, and wound healing
30



Polymer complexation crosslinking is a technique that involves the interaction
between two different polymers that can form stable complexes by non-covalent
interactions, such as H-bonds, Van der Waals forces, and electrostatic interactions.
Polymer complexation can occur between different types of polymers
(heterocomplexation) or between the same type of polymers (homocomplexation).
Complexation can be used for hydrogel crosslinking, providing different mechanical and
stability properties, depending on the polymers used. Besides that, this technique can
be used to incorporate bioactive compounds, like proteins *', drugs *?, as well as cells 3,
in the crosslinked hydrogel. Polymer complexation is a versatile and promising technique

for hydrogel preparation with different applications in the biomedical domain 2'.

Radiation crosslinking is a process in which the radiation energy is used to induce
covalent bonds between the polymers, forming a 3D network. It relies on the physical
interaction between high-energy radiation and the polymer material to induce
crosslinking. This process can be carried out by different types of ionizing radiation, such
as gamma rays and UV light. In UV light radiation crosslinking, a crosslinker with double
bonds is added to the monomers in solution. Upon exposure to UV radiation, the
crosslinker becomes activated and generates free radicals. These free radicals then
react with the double bonds of the monomers, forming covalent bonds and polymeric
chains. The resulting polymeric chains crosslink, ultimately producing a hydrogel. The
crosslinker quantity and the intensity of the energy source can be adjusted to control the
crosslink network density and, therefore, the properties of the resulting hydrogel .
Radiation crosslinking is a fast and efficient hydrogel crosslinking method since, usually,
it does not require the addition of crosslinking agents, as in the chemical crosslinking
methods. In addition, this process can be performed at room temperature and does not
present contamination risks, since additional chemical agents are not used. However, it
could present limitations regarding the crosslinking process uniformity and the possibility
of damaging any biological components that might be present in the hydrogel, so it is
necessary to take special care with radiation exposure, which could also present risks to

the user’s health %.

1.2.2. Chemical crosslinking methods

Chemical crosslinking refers to the intermolecular or intramolecular joining of two or more
molecules by a covalent bond to form a 3D network. This is achieved through chemical
reactions between reactive groups ?*. In general, chemically crosslinked hydrogels have
better performance and stability than physically crosslinked hydrogels, due to a stronger
binding energy and improved mechanical properties. Hydrogel-forming water-soluble

polymers may have many functional groups such as hydroxyl groups (-OH), carboxylic
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groups (-COOH), and amines (-NH2). The 3D network can be established by covalent
bonding between these functional groups using, for example, glutaraldehyde.
Nevertheless, crosslinker toxicity may limit their applications in tissue engineering. For
example, small crosslinker molecules, like glutaraldehyde, have been reported as toxic
and not recommended to fabricate hydrogels for biomedical applications. There are
many methods to prepare chemically crosslinked hydrogels, such as the use of chemical

agents *, oxidation reactions 3, and click reactions .

Crosslinking with chemical agents is a common technique for hydrogel
preparation, in which one molecule, usually of low molecular weight, is added to the
hydrogel’s precursor mixture to induce covalent bonding formation between polymer
chains. These agents can be bifunctional, which react with two functional groups in the
polymers to form covalent bonds, or multifunctional, which bind to multiple functional
groups in the polymers to create a stronger and more durable crosslinking. Chemical
crosslinking is generally performed in controlled conditions of temperature, pH, and
reaction time, among others, to ensure the bonds' appropriate formation and to avoid

precursor’s or resulting hydrogels excessive degradation .

Oxidation is a chemical crosslinking method in which free radicals are generated
through the oxidation of certain groups (such as unsaturated bonds or other reactive
sites) in a polymer or other organic molecules. These free radicals can then react with
other radicals or molecular species, leading to the formation of covalent bonds between
different polymer chains, which results in crosslinking. Oxidation crosslinking can be
useful to enhance hydrogel’s mechanical properties and stability, as well as to control

the drug delivery kinetic and other molecules incorporated in the hydrogel’s matrix *.

Click reaction is a type of chemical crosslinking that involves a fast and efficient
formation of covalent bonds between the monomers” reactive groups. This technique is
very used in hydrogel preparation, due to its high efficiency and specificity. Some of the
most used click reactions include the Alkyne-Azide reaction %, the Tetrazine-Click
Reaction %, the Diels-Alder reaction “°, and Michael’s reaction *'. In a general way, click-
reaction crosslinking allows for the formation of hydrogels with highly controllable
physical and mechanical properties, in addition to allowing for the incorporation of
different functionalities in hydrogels, such as bioactive groups, proteins, or nanoparticles,

which make them ideal for application in the biomedicine domain .

Chemical crosslinking provides better stability, strength, and stiffness to the
hydrogels, in comparison with physical crosslinking methods, corresponding also to a

versatile process . Considering the aforementioned, hydrogels crosslinked through
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chemical or physical methods offer different advantages and disadvantages, which are

described in Table 1.

Table 1- Advantages and disadvantages of the hydrogels‘ chemical and physical crosslinking processes *.

Crosslinking methods

Chemical Physical
Advantages Disadvantages Advantages Disadvantages
Increased May require complex Simple .
. ) o _ Lower mechanical
stability of the | manufacturing/specialized | manufacturing tabili
stabili
hydrogel equipment processes Y
Better control . Hydrogels sensitive to
Modify the hydrogel's _
of the _ _ Absence of environmental
. chemical properties, . . N
mechanical _ _ toxic chemical conditions
. influencing cell and ]
properties of o _ reagents (temperature, pH, ion
protein interactions .
the hydrogel concentration)
Enhanced Additional cytotoxicity, .
o Less precise control of
compatibility due to the use of Enhanced _
_ _ _ o the mechanical
with cells and chemical agents and biocompatibility .
_ _ properties of hydrogels
tissues crosslinkers

1.2.3. Hydrogel properties

Hydrogels have a wide range of chemical and physical properties that make them
suitable for a variety of biomedical applications. The chemical properties refer to the
chemical composition of a hydrogel, polymer chains” molecular weight, degree of
crosslinking, and functional groups. The physical properties of a hydrogel are referent to
the characteristics related to its structure, such as porosity, swelling behavior, and
degradation kinetics. Within the physical properties, the mechanical properties are based
on the response of the hydrogel to the application of external forces, mainly compressive

and tensile forces, being their elasticity/stiffness and strength the most important .

Elasticity is a mechanical property that is related to the capacity of a material to
suffer deformation in response to mechanical tension and to recover its original form

when the tension is removed (elastic deformation). This is quantified by the




measurement of Young’s modulus, which is a measure of the hydrogel’s resistance to
stretching. A stiffer hydrogel will have a higher Young’s modulus and it will be harder to
deform under a given force, while a more elastic hydrogel will have a lower Young's
modulus and it will be easier to deform. Hydrogel's elasticity is dependent on the
chemical composition of the polymeric network and on the degree of crosslinking.
Hydrogels with higher crosslinking density and higher polymerization degrees are usually
more elastic than those with lower crosslinking degrees and shorter polymeric chains.
Hydrogel’s elasticity is a very important property for many applications, including tissue
engineering and drug delivery, since it may affect cell behavior, in situ controlled drug

delivery kinetics, and general mechanical stability 3.

Hydrogel strength is a more comprehensive mechanical property that also
considers plastic deformation, which is normally expressed in terms of resistance to the
compression or tension forces applied to the hydrogel, depending on the specific test
method used. Hydrogel’s mechanical strength is influenced by several factors, including
the crosslinking density, molecular weight of the polymeric chains, and the presence of

any load in the hydrogel %4

In terms of other physical properties of hydrogels, the porosity, the swelling
behavior, and the degradation kinetics are also relevant. Porosity is a property that
influences nutrients and residual product diffusion, as well as cellular infiltration and
tissue integration. Higher porosity may make cellular migration and tissue integration
easier but also may reduce the mechanical properties and hydrogel stability. So, it is

important to find the ideal porosity for a specific application “.

Another physical property is the swelling behavior. When a hydrogel is placed in
an aqueous solution, it absorbs water molecules in its structure, causing it to increase its
weight and volume. This increase is promoted by the hydrogel swelling behavior
depending on several factors, including hydrogel’s chemical composition, crosslinking
density, pH, and ionic strength of the surrounding solution “°. Swelling behavior is very
important for many hydrogel applications, such as drug delivery, tissue engineering, and
wound healing *°. This physical property can be characterized, by measuring the change
in the hydrogel’s mass or volume as a function of time, in response to changes in the

surrounding solution.

Degradation kinetics refers to how quickly the hydrogel breaks down into the
immersion fluid or is absorbed by the surrounding tissue. This parameter may be affected
by several factors, including the hydrogel composition, the crosslinking method, and the

conditions of the surrounding environment. It is a very important aspect of hydrogel
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development for biomedical applications because it may affect hydrogel’s longevity and

effectiveness in vivo 8.

These mechanical properties play a crucial role in applications where an efficient
cellular penetration and resistance to deformation are necessary, ensuring a suitable

performance in several biomedical applications, mostly in the tissue engineering area “.

1.3. Hyaluronic acid hydrogels

In recent years, natural hydrogels based on hyaluronic acid (HA) have received
considerable attention. HA (Figure 2) is a linear anionic acidic polysaccharide composed
of D-glucuronic acid and N-acetyl-D-glucosamine disaccharide repeating units linked by
alternating B-1,3-glycosidic and B-1,4-glycosidic bonds, that, belongs to

glycosaminoglycans (GAGs) that regulate cellular processes .

HO,C HO
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HO- . ~
OH 1 3 NH 1
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Glucuronic Acid N-Acetyl-D-glucosamine

Figure 2- Chemical composition of HA 47,

In its native form, HA chains are typically presented as long and coiled chains,
adopting a conformation of random spiral in aqueous solutions “2. The coiled structure is
stabilized by intra and intermolecular hydrogen interactions between the hydroxyl and
carboxyl groups of the sugar units. The HA chain’s length and molecular weight can have
significant effects on its activities and biological functions “°. For example, high molecular
weight HA is known to exhibit more viscoelasticity and swelling behavior, making it
suitable for applications such as lubrication of joints, tissue hydration, and wound
healing. On the other side, low molecular weight HA presents less viscosity and is
responsible for different biological effects, acting as a signaling molecule in biological
processes and anti-inflammatory activities *°. HA widely exists in the vitreous, skin,
umbilical cord, and synovial fluid of humans and animals, and was first isolated from the
vitreous humor of bovine eyes in 1934. It has excellent moisturizing properties,

biocompatibility, and biodegradability and has a variety of essential physiological



functions that are strictly related to many human physiological activities, such as
cytokinesis and signal transduction %%, As a crucial component of the extracellular
matrix (ECM), HA can promote cellular adhesion and induce cellular differentiation. For
that reason, HA can be used as a scaffold for cell culture . HA can also be used as an
important signaling molecule in vivo, since it can interact with the CD44, LYVE-1, and
HARE receptors, being, for that reason, frequently used in drug delivery systems, for
targeting delivery *-%. These properties and physiological functions make materials

based on HA highlighted in the biomedicine field.

HA has been widely applied in ophthalmic treatment %% prevention of
postoperative tissue adhesion %, and joint reparation €% among other areas.
Meanwhile, through further research, it is also found that HA itself still has several
intrinsic defects. These defects include being susceptible to degradation by
hyaluronidase and reactive oxygen species, short half-life in vivo and weak mechanical
properties, mainly elasticity, stiffness, and swelling behavior, which limit the in-depth
application of HA-based hydrogels in clinical practice, for orthopedic purposes, skin
hydration and lubrication of joints . To surpass these problems, it is possible to
chemically modify HA through the introduction of carboxyl, hydroxyl, acetylamine groups,
and other reactive groups 4. The selection of suitable crosslinking strategies contributes
to the improvement of their mechanical properties and expands their application in the

biomedical domain.

In recent years, novel HA-based hydrogels with excellent properties have been
developed and their applications in the biomedical area have been gradually extended
to drug delivery %, wound healing °¢, cosmetics ¢, and tissue engineering, especially in

cartilage repair .

1.3.1. HA hydrogels crosslinking

HA is readily biodegradable and exhibits relatively poor stability, which reduces its
application potential. To avoid that limitation, physical and chemical crosslinking
procedures have been developed. Chemical modification of HA macromolecules utilizing
its carboxylic and/or hydroxyl groups allows for the adjustments of the physicochemical
and biological properties of the obtained HA derivatives (Figure 3) for selected

applications 2.
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Figure 3 - Chemical structures of typical HA derivatives obtained from HA with different modification methods.
HAMA — Hyaluronic acid methacrylate; OHA — Oxidized hyaluronic acid; HA-SH — Thiolated hyaluronic acid;
HA-CA — Catechol-functionalized hyaluronic acid; Tyr-HA — Tyramine-modified hyaluronic acid and HA-PBA
— Phenylboronic acid modified hyaluronic acid 6°.

There are several crosslinking agents commonly used to obtain HA hydrogels.
The choice of the substance for the crosslinking procedure depends on several factors,
such as the mechanism of desired crosslinking, biocompatibility, and desired application

%, Table 2 shows examples of processes (chemical and physical) used for the

preparation of HA-based hydrogels and their applications in the biomedicine domain.

Table 2- HA-based hydrogels and their applications in the biomedical domain.

HA-based hydrogels

Crosslinking Type of
. Applications References
agent crosslinking
Divinyl sulfone Tissue engineering 7
Chemical
(DVS)
Drug delivery 72
Tissue engineering 78
Genipin (Gen) Chemical Drug delivery i
Wound healing 4
Glutaraldehyde Tissue engineering 75
Chemical
(GA) Drug delivery 76
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Wound healing 77
Tissue engineering 78
Butanediol .
Drug delivery 79
diglycidyl ether Chemical
Wound healing 78
(BDDE)
Cosmetics 80
Tissue engineering 8
Adipic acid Drug delivery 82
) Chemical
dihydrazide (ADH) Wound healing 83
Cosmetics 84
Tissue engineering 8
Drug delivery 86
Polyethylene glycol Chemical Wound healing &
(PEG) Three-dimensional N
cell culture
Physical Ophthalmology 88
Polyvinyl alcohol . Tissue engineering 8
Physical
(PVA) Drug delivery 8
Hexamethylene Tissue engineering %
diisocyanate Physical
(HMD') DI’Ug delivery %

To prepare HA-based hydrogels with good mechanical stability and prolonged
degradation profile, chemical crosslinking allows for the formation of strong covalent
bonds between the functional groups of the polymeric chains. Among the crosslinkers
listed in Table 2, polyethylene glycol (PEG) and genipin (Gen) have been originating
hydrogels with enhanced properties, like hydrogels with a higher biocompatibility and
swelling behavior in PEG’s case, and hydrogels with a higher elasticity and mechanical
strength in Gen’s case. These unique and versatile properties make them popular
choices in several biomedical applications, including tissue engineering and drug

delivery °'.

1.3.1.1. Glutaraldehyde as crosslinker
Glutaraldehyde (GA) is an organic compound commonly used as hydrogel’s crosslinking
agent formed by substances of natural origin. This is because GA has two terminal

carbonyl groups, which causes this to be reactive towards primary amine groups, and it
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can work as a crosslinking agent for any substance with primary amine groups, such as
chitosan, collagen, among others. However, it is important to notice that GA causes
cytotoxicity in cells and biological tissues. So, GA is frequently used as a control or
reference in studies to compare the effects of alternative methods of crosslinking . This
can include the evaluation of mechanical properties, swelling behavior, degradation

speed, biocompatibility, and release kinetics of encapsulated substances *.

The GA concentration used to crosslink a hydrogel may vary depending on the
application, desired crosslinking density, and the polymer’s nature. According to the
literature, the GA concentrations typically used for hydrogel crosslinking vary from 0.1%
up to 5% (v/v) °*. Lower concentrations, from 0.1% to 1%, are frequently used to obtain
a more controlled crosslinking effect %. These concentrations are suitable for
applications where minimal cytotoxicity or cellular compatibility is required, such as in
tissue engineering or cell culture. Higher concentrations, such as 2% to 5%, can be used
for more extensive crosslinking, especially in applications where higher mechanical
strength and stability are required, like in drug delivery systems ° and wound healing

processes 9%,

HA hydrogels crosslinked with GA (HAGA) are notable for their mechanical
stability and biocompatibility, making them suitable for a variety of biomedical
applications. A study by Calles et al. *°, demonstrated that the use of GA as a crosslinking
agent significantly improved the integrity and the bioadhesiveness of HA hydrogels in
aqueous environments. Crosslinked polymers showed more stability and increased
porosity when the material had swelled. An example of a promising application of HAGA
hydrogels in the biomedical area can be seen in the work reported by Nikjoo et al. ¢,
which showed that HAGA hydrogels were used to assess the feasibility of using spray
drying to produce inhalation powders from such HA hydrogels, including in vitro
biodegradation and aerosolization performance and they revealed being promising

scaffolds for pulmonary sustained drug delivery.

1.3.1.2. Polyethylene glycol as crosslinker

Polyethylene glycol (PEG) is a synthetic and soluble polymer composed of ethylene
glycol repeated units. Even though ethylene glycol monomer is toxic, PEG is not and
possesses a relevant importance in the biomedical area due to its unique combination
of biocompatibility, hydrophilicity, and versatility '®. PEG can crosslink several types of
polymers, like HA, through a variety of mechanisms, including physical crosslinking (for

example, by H-bond) and covalent bonds, originating hydrogels '°.
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In the HA-based hydrogels case, physical crosslinking occurs when PEG and HA
chains link each other through H-bonds. These bonds can be established between the
hydroxyl groups of the two polymers, between the HA’s carboxyl groups and PEG’s
hydroxyl groups, or between the HA’s hydroxyl groups and PEG’s ether groups,
contributing to the 3D network formation, increasing the hydrogel’s mechanical strength.
A covalent bond can be achieved by incorporating reactive groups, such as acrylate,
epoxide, or thiol groups, in PEG’s chains and crosslinking them with HA molecules that
possess hydroxyl and carboxyl groups, with which they react, forming the 3D network
91 A modification of HA can also be performed to promote the crosslinking with PEG’s

chains.

One of the most used PEG derivates as a crosslinker for biomedical purposes is
the polyethylene glycol diglycidyl ether (PEGDE), which is formed by introducing epoxide
groups at the ends of the PEG’s chains. Crosslinking by PEGDE has been more recently
introduced and showed attractive features in terms of viscoelastic properties and
reduced biodegradation. The incorporation of these reactive groups in the PEG’s chains
is an ideal strategy to promote the formation of ether bonds between the HA chains,
which are very strong chemical bonds, leading to the formation of a hydrogel more
resistant to in vivo hyaluronidase-promoted degradation, that is one of the most limiting
factors of HA-based materials. These properties allowed for the HA-PEGDE hydrogels
to become very useful in several biomedical applications, such as tissue engineering,

drug delivery, etc. 2,

Similar to PEGDE, ethylene glycol diglycidyl ether (EGDE), an epoxy-modified
ethylene glycol (PEGDE monomer), has also been used to crosslink HA to reduce its
biodegradation. EGDE is non-cytotoxic and hydrophilic, and it can form crosslinks in
three different ways, depending on the pH. Under alkaline conditions, EGDE will react
with the hydroxyl groups and under acidic conditions with the carboxyl groups. At neutral
pH, EGDE would react with an amine, but this will not happen as unmodified HA does

not have primary amine groups "%,

The use of PEG as a crosslinker in HA hydrogels normally results in hydrogels
with enhanced mechanical properties, especially in terms of mechanical stability,
increasing its strength and durability, as well as its swelling behavior, being used in a
variety of biomedical applications, including drug delivery, wound healing, and tissue
engineering, mainly in joint lubrication and tissue hydration processes '*. For example,
Hussain et al. developed HA hydrogels with and without PEG and evaluated their

capacity to deliver doxorubicin in a model of bladder cancer '*. Results showed that HA-
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PEG hydrogels presented a more controlled release of doxorubicin compared to HA
hydrogels without PEG. In addition, HA-PEG hydrogels demonstrated higher
effectiveness in the inhibition of tumoral growth and size reduction in comparison to HA
hydrogels without PEG. This study highlighted the HA-PEG hydrogel's capability to
improve drug delivery effectiveness, providing a more controlled and prolonged release
of doxorubicin, which resulted in improved therapeutic results in the treatment of bladder

cancer "%,

1.3.1.3. Genipin as crosslinker

Genipin (Gen) is a natural compound derived from the fruit of the gardenia plant
(Gardenia jasminoides) (Figure 4). Chemically, it belongs to the class of iridoids, a type
of secondary metabolites of a terpene nature, widely dispersed in the plant kingdom.
Gen possesses alcohol, ester, and ether groups in its structure, and has been used as a
low-cytotoxicity crosslinking agent that can establish bonds between macromolecules

and primary amine groups "%.

Genipin

Figure 4 - Origin and chemical structure of genipin 97,

The crosslinking mechanism (Figure 5) involves the attack of primary amine
groups in the olefinic carbon atom in C-3 of Gen resulting in the opening of the ring,
followed by the formation of bonds, with the participation of intermediate species of Gen
% The second reaction, slower, is the nucleophilic substitution of the ester group in Gen
with amine groups, leading to the secondary amide formation '®. In addition, it was
reported that Gen can serve, not just as a crosslinking agent, but also as a therapeutic
agent, due to its anti-inflammatory, antioxidant, and neuro-protective properties '*°.
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Figure 5 - Reaction of genipin crosslinking with primary amine groups """

HA hydrogels crosslinked with Gen have been showing very promising results in
the biomedical area, especially in terms of drug delivery. For example, Pérez et al.
prepared HA hydrogels crosslinked with Gen and evaluated its potential for the controlled
release of the anticancer drug methotrexate (MTX) 2. They compared the drug-release
behavior of Gen-crosslinked HA hydrogels with HA hydrogels without Gen as a control.
Results showed that Gen-crosslinked HA hydrogels exhibited enhanced mechanical
properties, especially in terms of strength, and higher stability in comparison with the HA
hydrogels without Gen. The release of MTX from Gen-crosslinked hydrogels was more
controlled and sustained over time, demonstrating the potential of Gen as a crosslinking

agent to modulate drug delivery kinetics "2

1.3.2. HA hydrogel applications

According to the literature, HA-based hydrogels are non-toxic and non-immunogenic,
both in in vitro and in vivo studies ''*, and have been used in a wide variety of
applications, especially in the biomedical domain, because of their excellent

physiological properties.

1.3.2.1. Tissue engineering
Tissue engineering is a field that combines the domains of biology, engineering, and
materials science and has as its objective the development of new therapies for the

reparation, substitution, or regeneration of damaged tissues and organs .

In bidimensional cell culture (2D), cells are typically grown on flat, rigid surfaces,
such as petri dishes or cell culture dishes. This does not supply the same 3D
microenvironment that cells experience in vivo. The ECM is a complex 3D network of

proteins and other molecules that supply structural support and signaling signs for cells
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in tissues "%, Hydrogels, on the other side, can be projected to have mechanical stiffness,
porosity, and a chemical surface similar to those of ECM, allowing for cells to interact

with the hydrogel’s matrix in a way that resembles the structure of the tissue .

In hydrogel’s cell culture, the cell culture procedure can be considered a limiting
factor for hydrogel application. Depending on the application-level point of view, cell
culture may be held after hydrogel production or simultaneous with the hydrogel’s
fabrication process. The difference between making the hydrogel before cell culture and
simultaneous with cell culture relies on the way cells are incorporated in the hydrogel
and the chosen method/procedure applied to obtain the hydrogel is prepared . In the
first case, the hydrogel is prepared separately, and the cells are incorporated into or
cultured on the hydrogel matrix after its formation. This method allows for the cells to be
incorporated in a homogeneous and controlled way in the hydrogel, but it could present
some challenges in cell distribution and viability, depending on the cell type, the
reactions” type and conditions, and the hydrogel properties . In the second case, the
hydrogel and the cells are incorporated simultaneously, that is, the cells are added to the
pre-hydrogel solution before it solidifies. This method allows for the cells to be distributed
more uniformly in the hydrogel, but it could make it hard to control cellular density and
hydrogel formation at the same time. It is important to say that this also is highly
dependent on the crosslinking strategy, method, and chosen agent . In addition, the
choice between these methods could depend on the hydrogel type and the cell culture
type used. For example, hydrogels that require incubation time to formation, generally
are prepared before cell culture. Nonetheless, hydrogels that can be formed fast, like
thermosensitive hydrogels, can be prepared and combined with cells simultaneously. It
is important to refer that gelation temperature is an important aspect to be considered

because it influences the thermosensitive hydrogel formation time "*°.

HA-based hydrogels have been investigated for their potential use as a matrix in
tissue engineering applications (Figure 6). The hydrogel provides a 3D environment that
mimics the tissues' ECM, promoting cellular fixation, proliferation, and differentiation €.
The HA hydrogels have also the advantage of being biocompatible, biodegradable, and
injectable, and it can be used to support the growth and differentiation of various cell
types, including stem cells "6, HA-based hydrogels can be functionalized with several
bioactive molecules to provide factors that promote cellular differentiation towards a
desired cellular type ''6. Besides that, HA hydrogels can be projected to have specific
mechanical properties that correspond to the target properties, allowing for a better

integration and tissue function where it was implanted 2.
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Figure 6 - Use of HA hydrogels as a matrix in tissue engineering applications 7.

Some of the tissue engineering applications that have been investigated using
HA-based hydrogels involve bone, cartilaginous, and neural tissue engineering
processes. In bone tissue engineering, HA-based hydrogels have been used to promote
the osteogenic differentiation of mesenchymal stem cells ''8. In cartilaginous tissue
engineering, these hydrogels have been used to support the growth and differentiation
of chondrocytes for the repair of damaged cartilage '*°. In neural tissue engineering, HA
hydrogels have been used to support the growth and differentiation of neural stem cells

for the repair of damaged neural tissue 2.

Cell culture with 3D HA-based hydrogels is a promising approach for tissue
engineering and regenerative medicine. HA hydrogels can be used as a matrix to provide
mechanical support and a microenvironment that mimics the ECM in vivo, which
promotes cellular adhesion, proliferation, and differentiation '?'. Besides that, HA
hydrogels can be functionalized with bioactive molecules, like growth factors, allowing
for a controlled release of these molecules, to modulate the cellular behavior '?2. For
example, hydrogels can provide a platform for growth factor delivery, like BMP, cytokines,
and other signaling molecules that can influence cellular behavior and promote tissue
regeneration 22, Besides that, hydrogels can be adapted to control the release of those
molecules, providing a more controlled and sustainable delivery than other delivery

systems, and providing a long-lasting effect over time 22,

1.3.2.2. Drug delivery
Drug delivery refers to the process of administration of therapeutic agents to a patient.

The goal is to deliver the drug to the cells or target tissue in the body, minimizing any
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unwanted collateral effect. Drug administration relying on HA-based hydrogels has won
significant attention in recent years due to its biocompatibility, biodegradability, and
adjustable physical and chemical properties . HA hydrogels can be used as carriers for
the delivery of several types of drugs (Figure 7), including small molecules, proteins, and
nucleic acids '?*. One of the main advantages of using HA hydrogels for drug delivery is
its capability to form a 3D network structure that can provide a controlled release of the

drug for a long period ©°.

Besides drug release and delivery to the target organs, HA hydrogels can carry
growth factors such as bone morphogenetic proteins (BMP) 22, BMPs are a group of
growth factors that are part of the transforming growth factor beta family (TGF- B). These
proteins have a fundamental role in bone formation and regeneration, as well as in other
tissues, like cartilage and muscle. BMP-2 and BMP-7 are among the most widely studied
growth factors and have been used in clinical applications for bone regeneration. They
are normally used in combination with biomaterials, like hydrogels, to promote bone
growth and repair, in case of bone defects or lesions '%. Within the hydrogels, the HA
nanogels are emerging as a promising platform for targeted drug delivery due to their
unique properties and biocompatibility. These are a class of nanocarrier systems based
on biodegradable polymers that can be applied in drug sustained release. These
systems display prolonged blood circulation time, enhanced drug solubility, and selective
accumulation at tumor tissues by enhanced permeability and retention (EPR) effect. With
these properties, HA nanogels represent a versatile and promising approach for targeted
drug delivery, offering the potential for more effective and safer therapies for a range of

diseases '%.
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acts as a vehicle for adipose tissue and bone marrow isolated mesenchymal stem cells (MSC)s and drug
delivery for disc repair '27.

The release kinetics of the drug may be influenced by the crosslinking method,
the crosslinking density, and the composition of the nanogel. In addition, HA nanogels
can be modified with functional or conjugated groups with ligands to increase their
specificity and targeting capability. This allows for the delivery of drugs that target specific

cells or tissues, minimizing the side effects associated with their systemic administration

65

1.3.2.3. Wound healing

Wound healing is a natural process in which the body repairs and restores the damaged
tissue structure and function. It involves a complex sequence of events that are rigidly
regulated by several cells, cytokines, and growth factors . HA hydrogels have been
widely investigated because of their potential in wound healing applications (Figure 8)
due to their biocompatibility, biodegradability, and capability to support cellular growth
and tissue regeneration. HA hydrogels also can be easily functionalized with bioactive
molecules to promote wound healing . Hydrogels can also provide a humid environment
that promotes cellular proliferation and migration, besides protecting the wound against
infections and external factors. In addition, hydrogels can help to minimize the scars,

promoting tissue regeneration and reducing inflammation 2.
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Figure 8 - Schematic illustration of HA hydrogel preparation through copper-free click chemistry,
encapsulation of REG peptides, and its application in wound repair through activating cellular migration 25,

Several studies showed HA hydrogel's efficacy in wound healing promotion. For
example, a study by Hsu et al. reports that the application of a HA-based hydrogel in full-
thickness wounds in mice resulted in accelerated wound healing and higher collagen
deposition compared to control groups 2. Similarly, a study by Poh et al. reports that the
use of an HA hydrogel loaded with bone morphogenetic protein-2 (BMP-2) promoted the
formation of granulation tissue and accelerated wound healing in mice '*°. The same
research group also reports that the use of an HA hydrogel loaded with a nerve growth

factor (NGF) promoted nerve regeneration and accelerated wound healing in mice '*°.

1.3.2.4. Cosmetics

HA hydrogels have been used in several cosmetic applications due to their unique
properties, including their high swelling behavior. They are commonly used in skin
products, such as moisturizers, serums, and masks, to improve the skin’s hydration and
elasticity ¢’. HA hydrogels have also been used as dermal fillers (Figure 9) to treat signs
of aging. Due to its biocompatibility, HA hydrogels are a natural and more secure
alternative to other types of dermal fillers made of synthetic materials. Injectable
hydrogels can be prepared using a variety of natural and synthetic polymers,
recombinant proteins, and peptides. These base materials have been crosslinked in the
presence of cells, biologics, and tissues using chemical reactions or physical
interactions. Such injectable hydrogels formed in situ have been used to deliver various

therapeutic cells or biologics (e.g., growth factors, chemokines for modulating the
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function of endogenous cells) to promote the regeneration of tissues, including bone,

cartilage, and skin 131,
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and biologics in situ

Figure 9 - Use of Injectable HA-based hydrogels as a novel, biocompatible and nontoxic dermal filler 31

1.4. Hydrogel Characterization

Hydrogels can be characterized by different instrumental techniques that evaluate their
chemical composition, structure/morphology, and mechanical properties. Moreover, they
can also be characterized through stability and degradation tests and assays for the

determination of their toxicity and biocompatibility levels.

1.4.1. Instrumental tools for hydrogel characterization

Hydrogels can be characterized using a wide range of analytical methods, such as
scanning electron microscopy (SEM), which is a technique used to visualize the
hydrogel’s morphology and structure at its surface '*>. Atomic force microscopy (AFM) is
a technique that, along with surface topography analysis, is used to characterize the
hydrogel’s stability and mechanical properties, down to the nanometer scale '*3. Nuclear
magnetic resonance (NMR) can be used to study the hydrogel components and to
evaluate the success of the crosslinking process 4. The Fourier transform infrared
spectroscopy (FTIR) is a technique used to analyze the presence of functional groups in
hydrogels, giving information about their chemical structure . The Ultraviolet-Visible
spectroscopy (UV-Vis) can be used to study the functional properties of hydrogels,
including drug release, degradation, and chemical modifications, while also providing

insights into their optical characteristics '*°.

1.4.1.1. Scanning electron microscopy (SEM)
SEM is an analytical technique used to examine the surface of materials, such as
hydrogels. This microscopy technique works by bombarding the sample surface with an

electron beam and detecting backscattered and/or secondary electrons from the sample
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surface. This information is used to generate a highly detailed 3D image of the sample’s

surface, with a high depth of field 2.

In a hydrogel context, SEM can be used to examine the hydrogel’s superficial
topography. For example, SEM can be used to visualize the size, shape, and distribution
of the hydrogel porous and fibrous network. It can also be used to evaluate the uniformity

and consistency of crosslinking inside the hydrogel .

SEM provides high-resolution images that can reveal details of micro and
nanoscale. This fact makes SEM the ideal technique for the visualization of the surface’s
structure and hydrogel morphology. Additionally, SEM is a non-destructive technique to
some extent, because it depends on the acceleration voltage of the electron beam and
on the preparation and type of sample, which means that the same sample can be
analyzed several times 2. One limitation of this microscopy technique is that it requires
a high vacuum environment, which means that the samples should be dehydrated or
fixed before imaging. However, these pre-treatment steps of sample preparation can
change the structure and morphology of the samples in the study, potentially affecting

the efficacy of the results 2.

One technique that is frequently coupled to SEM for hydrogel characterization
corresponds to energy dispersion spectroscopy (EDS). EDS is an analytical technique
that can be used to determine the presence and distribution of specific elements, like
metallic ions or particles incorporated in the hydrogel. This can be useful to evaluate the
nanoparticle incorporation or the distribution of elements of interest in drug delivery
systems, for example. So, EDS can complement the hydrogel characterization, providing

information about the elemental composition of the sample 3¢,

1.4.1.2. Atomic force microscopy (AFM)

AFM is another analytical technique that can be used to examine the hydrogel’s structure
and mechanical properties. This microscopy technique works by scanning a probe over
the surface of the sample while measuring the forces between the probe and the sample.
This information is used to generate a 3D image of high resolution of the sample’s

surface %,

In the hydrogel context, AFM can be used to examine the surface topography and
the roughness of the hydrogel. It can also be used to measure the hydrogel's mechanical
properties, like its strength and elasticity and it can provide quantitative measures of the

surface topography and mechanical properties .
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AFM can be operated in multiple modes, such as static mode or dynamic mode,
depending on the specific requirements of the study in progress. In the static mode, the
probe establishes physical contact with the sample, while, in the dynamic mode, the
probe oscillates close to the surface of the specimen, making intermittent contact '**. One
AFM advantage is that it can operate in air or aqueous environments, without the need
of high vacuum conditions, which makes it suitable for hydrogel analysis '*%. One AFM
limitation is that this technique normally provides information only about the sample’s
surface and it cannot be used to examine the hydrogel’s internal structure. In addition,
this microscopy technique requires specialized equipment and experience in use by the

operator, which can limit its accessibility for some researchers 2,

1.4.1.3. Nuclear magnetic resonance (NMR)
NMR is a powerful analytical technique used to study the molecular structure of
compounds, such as the hydrogel components. NMR spectroscopy is based on the

interaction of specific atom's nuclei and a magnetic field %,

When addressing the hydrogels, NMR spectroscopy can be used to study the
chemical composition and molecular structure of the components present in hydrogels,
as well as the successful crosslinking reaction, by using, for example, proton NMR ('H)
and carbon-13 NMR (3C) "%,

NMR spectroscopy can provide detailed information about the hydrogel at the
molecular level, including information about the chemical environment of specific atoms,
the connectivity of different chemical groups, and the spatial arrangement of atoms within
the hydrogel. Through NMR spectra analysis of a hydrogel before and after crosslinking,
it is possible to quantify the extension of the established bonds, production of secondary
products and to determine the structural changes that occur during the crosslinking
process 8. NMR spectroscopy is a non-destructive technique which means that the
same sample can be analyzed several times. It is also a quantitative technique, which
means that the results can be used to determine the amount of a specific component
present in a sample. NMR is a well-established analytical method and is frequently used

in the characterization of complex organic matrices, such as hydrogels '*.

1.4.1.4. Fourier transform infrared spectroscopy (FTIR)

FTIR is an analytical technique widely used in hydrogel characterization. It allows for the
identification of the functional groups in the material’s chemical structure, providing
information about its composition and chemical bonds. In FTIR, an infrared light beam is
used to irradiate the sample, and the interaction of light with the molecules results in the

absorption of energy at specific wavelengths. The resulting absorption/transmittance
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spectrum is recorded and analyzed to identify the characteristic signals of the different

functional groups '*.

The obtained spectrum can be compared with reference spectral databases to
identify the different functional groups in the sample, such as hydroxyl, amines, carboxy
groups, etc. Besides functional group identification, this technique can also be used to
check changes in chemical bonds during the formation or modification of hydrogels. For
example, it is possible to observe the appearance of new signals or dislocations in the

existing signals after the hydrogel’s chemical crosslinking '*.

Attenuated Total Reflection (ATR) is an extremely versatile measurement
technique used in FTIR spectroscopy. It is easy to use and maintain and has plenty of
options so that nearly any sample can be analyzed. In this method, a solid or liquid
sample must be brought near the optical element where light is internally reflected and
where the sample interacts with the evanescent wave. The effective path length for this
interaction depends on several parameters and is typically a fraction of a wavelength '3°.
Because of the small light penetration depth, the ATR technique is ideal for highly
absorbing samples, surfaces, and thin film measurements. Generally, the ATR spectra
are similar to regular transmission; nonetheless, for thick samples when spectra are
recorded at angles greater than the critical one (40°), the wavelength dependence is
observed. Moreover, ATR spectra possess not only absorption features but also
reflection ones. Therefore, ATR spectra cannot be used in a quantitative manner (band

shape analysis, determination of oscillator strengths...) directly .

ATR-FTIR and FTIR are both valuable techniques for characterizing hydrogels,
but they have some differences in terms of their application and advantages. Whereas
FTIR requires thin, almost transparent samples, ATR-FTIR allows for direct analysis of
samples in their native form, without the need for extensive preparation. While FTIR
provides detailed information about the entire sample volume and is suitable for solid
samples or samples with good transparency, ATR-FTIR requires minimal or no sample
preparation, and provides surface-sensitive information, making it ideal for analyzing
soft, wet, or irregular samples, like hydrogels. So, in hydrogel research, ATR-FTIR is

often preferred for its simplicity and ability to handle soft, wet samples '*.

1.4.1.5. Absorption spectroscopy (UV-vis)

Ultraviolet-visible (UV-vis) spectroscopy is an analytical technique that corresponds to a
type of absorption spectroscopy in which UV-visible light is absorbed by molecules.
Absorption of UV-visible radiation results in the excitation of the electrons from lower to

higher energy levels. UV-vis spectroscopy is a versatile tool for characterizing hydrogels,
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providing valuable information about their composition, structure, and behavior because
it can be used to monitor the degree of crosslinking in hydrogels. Changes in absorbance
at specific wavelengths can indicate the formation of crosslinking. This technique: can
be used to measure the concentration of specific components within the hydrogel,
provided these components absorb in the UV-vis range; can monitor chemical reactions
involved in the formation or modification of hydrogels; can be used to study the kinetics
of polymerization reactions involved in hydrogel formation, and, for hydrogels with optical
transparency in the UV-vis range, can provide information about light transmission and

absorption %,

1.4.2. Physical and chemical stability

Physical and chemical stability are two important parameters in the characterization of a
hydrogel because they can affect the performance and lifespan of the material. For that,
the storage conditions of a hydrogel are crucial and must be frequently monitored to

maximize its lifespan 442,

To evaluate the stability of a hydrogel, stability tests are often used, which are
made to determine the lifespan and best storage conditions of a hydrogel. The test
involves the monitoring of the physical, chemical, and biological properties of a hydrogel

over time under different storage conditions .

Parameters, such as hydrogel's appearance, texture and consistency, viscosity,
or loss of gelation, could indicate a loss of physical stability as a function of time and
environmental conditions. On the other hand, chemical stability can be evaluated by
monitoring the production of degradation products as a function of changes in hydrogel’s
environmental conditions. The biological stability, which involves testing the biological
properties of a hydrogel over time, including biocompatibility and sterility, can also be
evaluated *®. Temperature, for example, is a relevant environmental parameter that can
affect the integrity of hydrogels. As such, the hydrogel can be stored at different
temperatures over time to determine the effect of different storage conditions on the

hydrogel’s stability '*.

Indeed, hydrogels must be stored at an appropriate temperature to avoid
degradation and to maintain stability. Moreover, some hydrogels can be sensitive to light
exposure and must be stored in dark containers or protected from light during storage.
Hydrogels can also absorb the humidity in the environment, which can affect its stability
and performance. To avoid microbe contamination, hydrogels must be stored in a sterile
environment or container. In addition, the container must be well sealed to avoid

contamination from the external environment 3. The type and concentration of the used

25



crosslinking agent in the hydrogel can affect its lifespan too. Crosslinking agents that are
unstable or degrade over time can reduce hydrogel’s lifespan '*2. The packaging material
should be compatible with the hydrogel and should protect the product from damage,
contamination, and other environmental factors. The packaging materials commonly
used to package hydrogels include glass or plastic bottles, ampoules, or syringes, which
can be sealed with a lid or stopper to avoid contamination by microbial agents and other

factors %2,

To assess the level of chemical degradation of an HA-based hydrogel, namely
the enzymatic degradation, the use of the enzyme hyaluronidase is often used.
Hyaluronidase is an enzyme that specifically cleaves glycosidic bonds in HA, which is
the main component of ECM. This enzyme leads to the degradation of HA into smaller
fragments, such as oligosaccharides or monomers such as disaccharides composed of
N-acetylglucosamine, and glucuronic acid . This enzyme can be found in the
connective tissues of animals and humans, where it helps to modulate the ECM. Indeed,
in the context of hydrogels, hyaluronidase can be used as a reference enzyme to
evaluate/compare the stability or degradation of HA-based hydrogels. In typical
experiments, the hydrogel samples are normally incubated in a solution containing the
enzyme, which breaks the polymeric chains, leading to the loss of the 3D network (loss
of the hydrogel’s structure). By comparing the behavior and degradation of hydrogel
samples in the presence and absence of hyaluronidase, it is possible to assess the

susceptibility of the hydrogel to enzymatic degradation .

Several methods can be used to detect the hyaluronidase activity in a hydrogel
matrix. For example, enzymatic assays can be performed with fluorescein-modified HA
(or other compounds), and HA, when cleaved by hyaluronidase, results in a detectable
change, such as colorimetric or fluorescent signals . Also, the hyaluronidase activity
can be determined by measuring the cleavage speed of the substrate, through the
quantification of degradation products. It also can be assessed by microscopy
techniques, such as confocal microscopy or SEM, which can be used to visualize the
structural changes in the hydrogel’s matrix after hyaluronidase degradation. These
techniques provide high-resolution images that can reveal the induced changes by
degradation in hydrogel’s morphology and structure . The hyaluronidase concentration
used in all these experiments can vary depending on the configuration and the specific
experimental objectives. Normally, according to the literature, it is used in concentrations

varying between 10 U/mL to 100 U/mL. It is important to optimize the hyaluronidase
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concentration based on the specific composition of the hydrogel, in the desired

degradation rate and sensibility of the detection system %,

1.4.3. Biocompatibility

The evaluation of the biocompatibility of a hydrogel is crucial to guarantee its safety and
adaptation to biomedical applications. For that, several tests are performed, such as the
in vitro toxicity ° and in vivo tests ', first in animals and then in human beings (clinical

trials) ', to achieve this purpose.

In vitro toxicity tests consist of laboratory techniques used to assess the potential
toxicity of a substance, like a hydrogel, using cells or tissues in culture, in a controlled
environment '*°, These types of tests are an important component in the biological
assessment of a hydrogel as they can provide valuable information about the potential
risks associated with its use. These tests can include different assays, such as cellular
viability/cytotoxicity assays (assays to assess the potential of a hydrogel to cause
damage to cells). The cytotoxicity assays commonly used include enzymatic assays (like
the MTT and the resazurin reduction assays), which are colorimetric assays that
evaluate, in an indirect way, the cell viability through the measure of the cell's metabolic
activity, as well as assays that assess the damage to the plasmatic membrane, such as
the LDH assay '*.

For biomedical applications, hydrogels are often used as matrix materials for cell
culture, for diverse studies, since they can mimic a more similar microenvironment to the
in vivo conditions. The determination of cellular penetration and proliferation, and cell
morphology in different hydrogels is an important analysis to assess the biocompatibility
of the material within the organism. This assessment can be performed by in vitro assays
with different types of cells, including fibroblast cell lineage, which is one of the most
common cells in connective tissue '2. To proceed with this analysis, hydrogels are
prepared in formats suitable for cell culture, such as those adequate to be used in wells
of culture plates. Then, cells are incubated with the hydrogel and maintained in culture
under suitable conditions of temperature and humidity and appropriate nutrient
supplementation. After a period of incubation, it is possible to assess the cellular
penetration and proliferation in different hydrogels, as well as the cellular morphology by
optic or electronic microscopy '**. The obtained results can indicate the hydrogel’s
capacity to support cellular proliferation, as well as its capacity to allow for cell
penetration and tissue formation. In addition, cellular morphology can provide
information about the adhesion degree of cells to the material, as well as the possible

occurrence of cell death or morphologic changes associated with cytotoxicity or
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incompatibility of the material with cells '5*. This approach allows for the possibility of
assessing the biocompatibility of hydrogels in a controlled and standardized
environment, besides the possibility of assessing the cellular response to different
formulations and conditions of hydrogel preparation. However, in in vitro conditions, cell
cultures may not completely reflect the complexity of the biological processes that occur
in tissues and live organisms, which can limit the ability to predict the in vivo responses

of tissues to hydrogels "%,

The genotoxicity assays are another type of in vitro assay that measures the
toxicity level of hydrogels at the DNA level. These tests are used to assess the potential
of the hydrogel to cause genetic damage to cells. There are several genotoxicity assays,
being the most common the micronucleus assay, the Comet assay, and the Ames assay.
The micronucleus assay consists of the observation of the cells exposed to a compound
to verify if there is the formation of micronucleus, which are structures that indicate
damage to DNA. The Comet assay is used to measure DNA fragmentation, and the
Ames assay is a bacterial test used to assess the ability of a compound to cause genetic

mutations '%°.

Lastly, other types of assays that are usually used to determine and evaluate the
toxicity of hydrogels in vitro are the immunotoxicity assays, which assess the hydrogel's
potential to cause an adverse immune response. There are several immunotoxicity
assays that can be performed, being the most common the detection of the presence
and quantity of specific proteins by ELISA, such as cytokines involved in immune

processes’®.

Regarding the in vivo toxicity tests, they involve the administration of a substance,
in this case, the hydrogel, to live organisms. This type of test is an important component
of the safety and toxicity evaluation of a material because it can provide valuable

information about the potential risks associated with its use .

The in vivo toxicity tests can involve several different types of studies, such as
acute, sub-chronic, and chronic toxicity studies, as well as immunogenicity and
carcinogenicity ones. The acute toxicity tests involve the administration of a unique dose
of hydrogel to animals to assess the potential forimmediate adverse effects '*’. The sub-
chronic toxicity studies involve the repeated administration of a hydrogel to animals for
weeks or even months to assess the potential for long-term adverse effects 8. The
chronic toxicity studies involve the repeated administration of a hydrogel to animals over
an extended period, normally from several months to several years, to assess the toxicity

potential in the long term '%°. Lastly, the immunogenicity studies assess the hydrogel

28



potential to cause an immune response in animals, and carcinogenicity studies, are

those that assess its potential to cause cancer ',
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1.5. OBJECTIVES OF THE THESIS

This thesis appears as a preliminary study to develop a new crosslinking strategy to

prepare HA hydrogels with high efficiency, low toxicity, and good physical and chemical

properties for biomedical applications. In particular, it was an important objective to

obtain HA-based hydrogels double-crosslinked using genipin and PEGDE. In this

context, to evaluate the impact of the different hydrogel formulations and preparation

conditions on the final materials, several studies were performed, namely:

(a)

To establish the optimal conditions for HA hydrogels, different crosslinkers
were used, such as polyethylene glycol diglycidyl ether (PEGDE), ethylene
glycol diglycidyl ether (EGDE), genipin and glutaraldehyde (this one was
used as a “classical’ reference for crosslinking); the resulting hydrogels were
tested through swelling and stability studies in different conditions
(temperature and degradation media) over time.

Beyond macroscopic features evaluation, the morphology and topography
of the hydrogels were analyzed by scanning electron microscopy, and the
crosslinking process was studied by ATR-FTIR.

To determine hydrogels’ susceptibility to degradation by the enzyme
hyaluronidase, the carbazole assay was used. This allowed for the
determination of the most stable hydrogel, based on the various crosslinkers
used, in resisting degradation by this enzyme over time.

To evaluate hydrogels’ cytotoxicity, NIH 3T3 cells were cultured in direct
contact with hydrogels; with hydrogel’s extracts and along with transwell
inserts with the hydrogels within, being the results analyzed by the resazurin

reduction assay and confocal microscopy.
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2. MATERIALS AND METHODS

2.1. Cells, materials, reagents, and general equipment

For the preparation of the HA-based hydrogels, the reagents used were low molecular
weight sodium hyaluronate (HA, 0.6-1.0 million DA, Biosynth), polyethylene glycol
diglycidyl ether (PEGDE, Mn = 2000, 95% purity, Sigma-Aldrich), ethylene glycol
diglycidyl ether (EGDE, MW = 174.1944 g/mol, Angene), glutaraldehyde (GA, MW =
100.12 g/mol, 50% aqueous solution, Sigma-Aldrich) and genipin (Gen, MW = 226.23
g/mol, 98% purity, BLDpharm). For the preparation of the HAGA and HA-Genipin
hydrogels, a modification of the HA was performed. For that purpose, Lysine
monohydrochloride (MW = 182.65 g/mol, 98% purity, Merck), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, 191.70 g/mol, 98% purity, ThermoFisher) and
N-Hydroxysuccinimide (NHS, MW = 115.09 g/mol, 98% purity, Sigma-Aldrich) were used.

For the chemical characterization of the starting materials and HA-based
hydrogels, Fourier-transform infrared spectroscopy coupled with attenuated total
reflectance (FTIR-ATR, Perkin Elmer Spectrum Two Spectrometer) and nuclear
magnetic resonance spectroscopy (Bruker AvanceCore spectrometer, 400MHz) were
used. For the hydrogel’s morphology characterization, the scanning electron microscopy
(Bench SEM Phenom Pro X, Phenom World) was used, and all image treatment was
done using Image J software v. 1.54 (NIH, Bethesda, MD, USA).

The NIH 3T3 cells used in the present work were provided by CQM
cryopreservation cell bank (cells were previously acquired to DSMZ, Germany) and the
cell number was then expanded by performing several cell passages when confluency
was reached. For cell culture experiments, Dulbecco's Modified Eagle Medium (D-MEM,
Gibco), phosphate buffered saline solution (PBS, Sigma-Aldrich), 100x
antibiotic/antimycotic solution (AA, Gibco), and fetal bovine serum (FBS, Gibco) were
used along with 100 mm tissue culture dishes, 24-well round bottom plates (Corning,
Costar®). Cells and media were manipulated/cultured in a Laminar Flow Hood (Nuaire,
Model NU-425 class Il type) and an incubator (Nuaire, DH Autoflow Automatic CO- Air
Jacked Incubator) at 37 °C, in a humidified atmosphere with 5 % CO.. Cell imaging
throughout this work was acquired with a widefield and confocal microscopy platform

(Mica, Leica Microsystems).

2.2. Preparation of HA-based hydrogels
HA-based hydrogels were prepared using HA (native or modified with lysine) and

different crosslinkers (Figure 10). Five different types of HA-based hydrogels (Table 3)
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were prepared, considering always a final volume of 1mL when performing the

crosslinking reaction.

Table 3 - HA-based hydrogels and their crosslinking conditions.

HA-based hydrogels

Crosslinking conditions (%w/v)

HA
Crosslinker | Designation | | .tive HALys | GA | PEGDE | EGDE Gen
(%wliv) | (%wlv) | (YowlIv) | (%wlv) (mM)
(Yow/v)
HA1GA4 1 4
Glutaraldehyde
HA1GA8 1
(GA)
HA1GA10 1 10
HA-PEGDE
20 5
Polyethylene 20_5
glycol HA-PEGDE
o 20 10
diglycidyl ether 20_10
(PEGDE) HA-PEGDE
10 10
10_10
Ethylene glyool | oD 20 1
ene glyco
di Iy id Ig’:/h 201
iglycidyl ether
gyerey HA-EGDE
(EGDE) 20 5
20 5
HA1Gen2 1 2
Genipin (Gen) HA1Gen10 1 10
HA1Gen20 1 20
PEGDE and Gen20-HA10-
10 10 20
Gen PEGDE10

=
L

HA

de oo

Crosslinker

- %%

HA Hydrogel

Figure 10 - Schematic representation of the HA-based hydrogels formulation.
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2.2.1. HA-lysine functionalization

To obtain HAGA, HA-Gen, and Gen-HA-PEGDE hydrogels, a functionalization of the HA
with the amino acid lysine was performed, in order to introduce primary amine groups in
the polysaccharide that are necessary to react with Gen and GA since only the polymers

with primary amine groups can be crosslinked by these molecules 161162,

For this purpose, 100 mg of HA was dissolved in 20 mL of PBS buffer (1x; pH =
6). Next, 72 mg of EDC, 44 mg of NHS, and 146 mg of lysine were separately dissolved,
each in 1 mL of PBS, and added to the HA solution. To avoid the intermolecular
amination, and thus to minimize the probability of a concomitant crosslinking process, a
large excess of lysine in respect to the amount of HA was used. The reaction mixture
was then stirred for 24h at room temperature (RT) of 22°C using a magnetic stirrer. After
this time, the mixture was transferred to a dialysis membrane (MWCO 12000 Da) and
dialyzed for the first 12 h against 0.1 M aqueous solution of NaCO;3 and then for 8 days
against deionized water. Finally, the obtained purified solution of the product was
lyophilized (Labconco 4.5L Freeze Drier). The obtained product (HALys) was

characterized by '"H NMR spectroscopy using deuterated water 62,

2.2.2. HAGA hydrogel

To obtain HAGA hydrogels, an adaptation of the method used by Gilarska et al. was
made '%2. A solution of 1% HALys was dissolved in 3mL of 10x PBS buffer (pH = 7.4),
and different amounts of GA was added to the HA solution to obtain variable crosslinker
concentrations (4, 8, and 10% w/v). The solutions were stirred for 30min and then
incubated at 37°C until gel formation (usually 24h) to obtain HA1GA4, HA1GA8 and
HA1GA10 hydrogels.

2.2.3. HA-PEGDE and HA-EGDE hydrogels

The method of Liu et al. '®® was followed. To obtain HA-PEGDE hydrogels, HA was
dissolved at 20% (w/v) in 0.3 M NaOH overnight. To crosslink HA, different amounts of
PEGDE (5 and 10% w/v) and EGDE (1 and 5% w/v) were added, separately, to the HA

solution, and the resulting mixtures were kept at 25°C for 24 h, under stirring (1500 rpm).

2.2.4. HA-Gen hydrogel

To obtain HA-Gen hydrogels, an adaptation of the method used by Gilarska et al. was
made %2, HALys was dissolved at 1% in 10x PBS buffer overnight. To crosslink HALys,
different concentrations of Gen (2, 10, and 20 mM) were added to the HALys solution
and stirred for 30 min. The obtained HA-Gen solutions were incubated at 37°C until gel

formation, usually 24h.
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2.2.5. Gen — HA - PEGDE hydrogel

The process to obtain Gen — HA — PEGDE hydrogel involved two steps: the first one
consisted of the crosslinking between HALys with PEGDE, and the second one consisted
of the crosslinking between the HA-PEGDE hydrogel with Gen. For the first step, HALys
was dissolved at a concentration of 10% w/v in 0.3 M NaOH overnight and then PEGDE
(10% w/v) was added to the HALys solution and kept at 25°C for 24 h, under stirring.
After HA-PEGDE crosslinking, the hydrogel was carefully washed several times with 10x
PBS buffer and an adequate amount of an aqueous solution of 50 mM Gen was added
to the solution to reach a final concentration of 20mM, and stirred for 30 min. The
obtained Gen20-HA10-PEGDE10 solution was incubated at 37°C until gel formation.

2.3. HA-based hydrogels characterization
2.3.1. NMR spectroscopy

For NMR measurements, 250 yL of HALys was previously diluted in 200 uL of distilled
water with vortex homogenization. Then, 50 pL of D,O was added to the sample with
vortex homogenization. '"H NMR measurements were carried out for the samples in D20O.
NMR analysis: '"H NMR (400 MHz, D20O), & 4.79 (residual D.O; reference). For all
samples, the '"H NMR measurements were carried out with water suppression (NOESY-

1D), according to Gilarska et al. %2,

2.3.2. Scanning Electron Microscopy (SEM)

The surface morphology of HA1GA4, HA-EGDE and HA-PEGDE hydrogels was
examined by SEM, using a Bench SEM Phenom-Pro X (PhenomWorld) microscope. The
samples were swelled in distilled water (HA1GA4 and HA-EGDE) or 1x PBS (HA-
PEGDE) until reached their maximum swollen state, at 22°C. Subsequently, they were
freeze-dried before observation (Labconco 4.5L Freeze Drier). The different hydrogel
samples, prepared as previously stated, were swelled in distilled water or 1X PBS for a
certain period at 22°C until the weight was stable. The surface morphology of the
samples was examined by scanning electron microscopy, using a Bench SEM Phenom
Pro X (Phenom World), with the Backscatter Electron Detector (BSD Full), the electron
beam at 10kV, and Map intensity. Images were taken at different magnifications, from
250x to 2000x.

2.3.3. ATR-FTIR Spectroscopy

Attenuated Total Reflectance Fourier-Transform Infrared spectroscopy (ATR-FTIR) was
conducted to characterize HA-EGDE, HA-PEGDE and Gen-HA-PEGDE hydrogels.
EGDE, PEGDE and Gen stock solutions were analyzed by ATR-FTIR to be used as
standards for the HA-based hydrogels characterization. Also, Gen exposed to alkaline

and acidic conditions were analyzed by FTIR to assess the possibility of degradation
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under these conditions, due to a color change of the Gen-crosslinked HA hydrogel from
blue to dark amber color. The spectra were acquired in a range of 4000 to 500 cm™' with

a total of 32 scans per sample.

2.4. Swelling studies

Swelling studies were performed to determine the extent to which the hydrogel absorbed
water or 1x PBS. The HA-based hydrogels in this study were washed with approximately
10 mL of distilled water and stored in 3 mL of distilled water for 24h. After 24h, the gels
were frozen in liquid nitrogen and lyophilized overnight. The lyophilized gels were then
weighed, and the dry weight (mg) was registered. The hydrogel was then submerged in
10 mL of distilled water or PBS and allowed to swell for 48 h. After 48 h, the hydrogels
were removed from the swelling solution, placed on a paper, dabbed gently with the
paper to remove any excess water or PBS, and immediately weighed. The weight
obtained was recorded as the swollen weight (ms). The swelling ratio was determined by
use of the formula (eq.1), according to Pulat et al. 164,

Swelling Ratio (%) = % X 100% eq.1

d

2.5. Stability studies

The stability behavior of the hydrogels was studied in water and PBS (1x, pH=7.4) at
37°C. To perform this study, dried and pre-weighed hydrogel samples were first left to
swell in water or PBS. Swollen gels were removed from the swelling solution at the end
of 48h (except the HA-Gen hydrogels that were removed after 24h), dried superficially
with paper, and weighed. This weight (mm) was recorded as the maximum swollen state
of hydrogels. Then, they were placed into the fresh water and PBS solutions, and
weighting was continued at regular intervals until the hydrogels completely disintegrated
(m¢). The stability ratio (%) was determined using the formula (eq.2), according to Pulat
et al. 1%,

Stability Ratio (%) = % X 100% eq.2

m

2.6. Degradation studies using hyaluronidase

In vitro degradation of HA-based hydrogels was performed by incubating the hydrogels
with hyaluronidase (HAase) at 37°C. Samples of HA-based hydrogels were cut into
defined shapes with similar weight (approx. 10mg), placed in 3mL of a 100 U/mL solution

of HAase, and incubated at 37°C until the hydrogels were completely degraded. Aliquots
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(200 uL) of each supernatant were taken at predetermined time points and replaced with
fresh 100 U/mL HAase solution (200 uL). The collected supernatants were analyzed for
uronic acid content according to the carbazole assay, using D-glucuronic acid lactone as
the standard '%. The degree of degradation was calculated by dividing the amount of
uronic acid released at a given time point (ut) by the final amount of uronic acid collected
when the hydrogel was completely degraded (us), using the formula (eq.3), according to

Segura et al. ',

Degradation Ratio (%) = % X 100% eq.3
f

2.7. Cell culture

For the preparation of the 3D cell culture, NIH 3T3 cells were used. First, cryopreserved
NIH 3T3 cells were thawed, and centrifuged at 300 g for 8 min at 20°C. The pelleted cells
were then resuspended in 1 mL of D-MEM containing 10% v/v FBS, and 1% v/iv AA
(henceforth also referred to as complete medium) and cultured in 100 mm culture dishes
with 10 mL of complete culture medium and maintained in the incubator. The medium
was changed 3 times a week. Before maximum confluency, cells were trypsinized.
Succinctly, the culture medium was removed, and the cells were washed with PBS. After
that, 1 mL trypsin solution (0.25% v/v trypsin-EDTA, ThermoFisher™ LIFEtechnologies)
was added to each culture dish, and incubated at 37°C for 5 min. After cell detachment,
2 mL of complete medium was added to stop trypsin action. Viability and cell density
were determined in a cell suspension aliquot using 0.2% w/v trypan blue (Sigma-Aldrich)
dye and a hemocytometer (Neubauer chamber). These cell suspensions were then used

for the 3D cell culture preparation.

2.8. Metabolic activity

The NIH 3T3 embryonic mouse fibroblasts were seeded in three separately 24-well
tissue culture plate at a density of 4 x 10* cells/well in 1mL of complete medium and
incubated at 37 °C in 5% CO- for 24h. Three different procedures were used to access
the NIH 3T3 cells' metabolic activity upon exposure to the hydrogels: the direct contact
method, which consisted of exposing the HA-based hydrogels directly with the cells; the
extracts method, which involved exposing hydrogel’s extracts (the solution constituted
by the products released from the hydrogels to the D-MEM) to the cells; and, lastly, the
transwell insert method, that consisted in placing the hydrogels in a transwell insert to be
applied on top of the cell monolayer, in order to avoid direct contact between the

hydrogels and the cells.
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For the first two methods (direct contact and extract method), the HA-based
hydrogels were prepared as previously described and transferred to a 24-well tissue
culture plate, with the assistance of a scalpel and a tweezer, where they were
incubated/stored at 4°C, with 1mL of 1x AA-containing PBS, followed by 1mL of complete
medium, for 24h each, allowing for their simultaneous swelling and sterilization. For the
third method (transwells), the hydrogels were incubated with the AA-PBS followed by the
complete medium, directly in the transwell. Next, in the direct contact method, the
hydrogels were transferred to the 24-well tissue culture plates directly on top of the pre-
seeded cells and incubated at 37 °C in 5% CO-.In the case of the extract method, 100pl
of the solution constituted by the products released from the hydrogels to the D-MEM
(for 24h) was transferred to the 24-well tissue culture plates with the pre-seeded cells.
Lastly, in the transwell insert method, the inserts with the hydrogels were transferred to
the 24-well tissue culture plates with the pre-seeded cells as described above. After an
incubation time of 48 h, the cells were washed, and the metabolic activity was assessed
by the resazurin reduction assay. For this, the 0.1 mg/mL resazurin was diluted in 1:10
in complete medium and added to the cells in the wells %6, The cells were incubated for
2 h at 37 °C incubator after which 100uL were transferred to a white opaque 96-well
plate. Fluorescence intensity was measured using a microplate reader at Aex = 530 Nm
and Aem = 590 nm (VICTOR3 ™ Multilabel Plate Counter). Metabolic activity was

determined using the following formula:

sample

Metabolic Activity (%) = X 100% eq.4

cells control
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3. RESULTS AND DISCUSSION
3.1. HA-based hydrogels

3.1.1. HA-lysine functionalization
In order to promote the crosslinking reaction of HA with Gen, the functionalization
reaction of HA with the amino acid lysine was performed to introduce primary amines

into the polymer chain structure.

Analyzing the "M NMR spectrum of functionalized HA (Figure 11) the
functionalization occurred with success, as can be seen by the presence of the lysine
corresponding signals in the spectrum and by the presence of the protons of the amide
group (8.10 ppm), as a result of the covalent bonding between the carboxyl group from
HA with the amine group of lysine. Based on the integrations obtained for the two L5
protons of the lysine unit and the three protons of the methyl group in the HA backbone,
the substitution degree was calculated as 23.5%. This is in agreement with the results

obtained by Gilarska et al. 12,
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Figure 11 - 'TH NMR spectrum of HALys with lysine unit signals assigned. Molecular structure of the reaction
product in the insert on the top left.
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3.1.2. Hydrogel’s macroscopic features

Hydrogels based on HA were successfully prepared at different experimental conditions
using glutaraldehyde (HAGA hydrogels), ethylene glycol diglycidyl ether (HA-EGDE
hydrogels), polyethylene glycol diglycidyl ether (HA-PEGDE hydrogels) and genipin (HA-
Gen hydrogels) as crosslinkers. In addition, Gen-HA-PEGDE hydrogel was also obtained
by a dual crosslinking strategy, that is, using both genipin and PEGDE as crosslinkers.

Figure 12 shows macroscopic images of the obtained materials.

The HAGA hydrogels (Figure 12, a-c) present a well-defined circular form due to
the shape of the container in which they were prepared, are colorless, and show a gel-
like texture which indicates the formation of a stable polymeric 3D network within the
material, confirming the success of the crosslinking reaction. According to Alavarse et al.
167 the covalent bonds formed between GA and primary amines should have resulted in
a color change to yellow, but instead, the obtained hydrogels were colorless. This can
be due to the complexity of the associated reaction mechanisms (e.g., many equilibrium
structures of GA can exist in aqueous solution) that may affect the hydrogel’s final
characteristics, such as their color. Also, low concentrations of GA were used for

crosslinking, which could probably contribute to the absence of color.

The HA-PEGDE hydrogels (Figure 12, d-f) are very elastic gels, with a defined
3D structure and with a yellowish color due to the high crosslinker concentration (5 and
10%) used for the hydrogel formation reaction. According to Lee et al. %8, HA-PEGDE
hydrogel color is dependent on its crosslinker concentration because increasing PEGDE
concentration enhances the crosslinking density within the hydrogel, which means that
a higher density can lead to a more tightly packed network, which might cause changes
in the optical properties of the hydrogel, such as its color, changing it from transparent to

a yellowish coloration.

The HA-EGDE hydrogels (Mw EGDE = 174.1944 g/mol; Figure 12, g-h) are very
stiff compared to the HA-PEGDE (Mn PEGDE = 2000) hydrogels due to the size of the
crosslinker chains, because the smaller the chain size, the less flexible will be the

network 1%, contributing to a stiffer hydrogel 3.

HA-Gen hydrogels (Figure 12, i-k) have a disc-like form, due to the shape of the
vial used for the preparation of the hydrogels, with a blue color that resulted from the
crosslinking between Gen (its original color is light brown) and the primary amine groups
from HALys '"°. The Gen-HA-PEGDE hydrogel (Figure 12, I) results from a double
crosslinking reaction and presents a brownish color, instead of blue. Gen reaction with

amines is thought to occur via a nucleophilic attack by the free N-electron pair on the
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olefinic carbon of the dihydropyran ring, resulting in ring opening and reclosure to
incorporate the amine nitrogen. Crosslinking then proceeds via polymerization (Figure
A1). The polymerization of Gen at strong alkaline conditions (pH 13.6) is quick, leading
the color of aqueous Gen to change from blue to brownish immediately ''. As a result,
the clear/yellowish HA-PEGDE submerged in the blue Gen solution becomes an amber-

like color after the crosslinking reaction.

a) HA1GA4 b) HA1GA8 c) HA1GA10

e) HA-PEGDE 20_10 f) HA-PEGDE 10_10
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i) HA1Gen2 j) HA1Gen10 k) HA1Gen20

: ‘ -

I) Gen20-HA10-PEGDE10

Figure 12 - HA-based hydrogels. HALys was used for HAGA, HA-Gen and Gen-HA-PEGDE hydrogels
formation, meanwhile native HA (0.6-1.0 million Da) was used for the formation of HA-PEGDE and HA-
EGDE hydrogels.

3.1.3. Characterization by ATR-FTIR Spectroscopy

The FTIR spectra of the different formulations of HA-EGDE and HA-PEGDE hydrogels
(Figure 13, A-E) revealed multiple peaks characteristic of crosslinked HA. The peak at
1600 cm™' corresponds to the HA carbonyl group (C=0) (Table A1 and Figure A5). The
broad peak observed at 1020—1120 cm™ indicates the C—O—C and C-O stretches, typical
of the ether bonds formed during crosslinking with EGDE and PEGDE (Figures A3 and
A4), though absorbance from HA can have partly contributed to the peak. These findings
confirm the successful formation of crosslinked HA gels, utilizing both EGDE and PEGDE

as crosslinkers 72,

The spectrum of Gen powder (Figure A2) showed an absorption peak at 1680
cm', which was assigned to stretching vibrations of the carbonyl group (C=0), and
another absorption peak at 1621 cm™ that was attributed to C=C vibration of the olefin
ring in Gen. The peak that appeared in the region around 2800-3000 cm! was attributed
to C-H stretching vibration. The double peak between 3000 and 3600 cm™' in the Gen
spectrum is most probably due to the overlapping of aromatic C—H and O—-H vibration
bands '3. To test the possibility of degradation of Gen under acidic and alkaline
conditions, Gen was dissolved in 10x PBS (pH=6) and 0.3M NaOH (pH=12). The spectra
of Gen in acidic solution (Figure A6) and in alkaline solution (Figure A7), showed no
differences from the spectrum of Gen powder (Figure A2), meaning that the pH of the
Gen solution is not a factor that influenced in the color change of the Gen-crosslinked

HA hydrogel from blue to dark amber color. Genipin crosslinking with primary amine
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groups is thought to occur via a nucleophilic attack by the free N-electron pair on the
olefinic carbon of the dihydropyran ring, resulting in ring opening and reclosure to
incorporate the amine nitrogen, substituting the C=0 group in the ring. In the Gen20-
HA10-PEGDE10 hydrogel spectrum (Figure 14) it is not possible to see the absorption
peak at 1680 cm™', which was assigned to stretching vibrations of the C=0 group,
indicating that the crosslink between Gen and the primary amine group of HALys
occurred with success. This is in agreement with Slusarewicz et al. """ which reported

genipin crosslinking mechanisms.

The remaining hydrogels (HAGA and HA-Gen) were not characterized by ATR-
FTIR due to lack of starting material (HA native).
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3.1.4. Characterization by Scanning Electron Microscopy (SEM)

SEM images of the HA1GA4 hydrogel (Figure 15) indicated that the HA-based hydrogel
presented a very rough surface, with many pores of large size. The hydrogel pores are
interconnected, channel-free, and sponge-like, as can be seen in the work reported by
Calles et al. . The porosity of materials plays an essential role in the potential
application in regenerative medicine since it is a property that has a significant impact on

the cell adhesion and proliferation as well as on the permeation of nutrients and oxygen.

HA-PEGDE hydrogels (Figure 15) have well-defined porous structures with
interconnected pores and a surface similar to that of a leaf/sheet, as reported in the work
of Liu et al. '®3. Some bright particles can be seen in the images corresponding to salt
crystals from PBS. Based on these results, it is clear that the increase in the crosslinking
density (PEGDE from 5 to 10) leads to the reduction of the hydrogel’s porosity.
Meanwhile, similarly to HA-PEGDE hydrogels, HA-EGDE hydrogels (Figure 15) also
present well-defined porous structures with interconnected pores and a fibrous surface

structure 174,

The remaining hydrogels (HAGA swelled in PBS, HA1GA8 and HA1GA10
swelled in H2O; HA-PEGDE swelled in H20; HA-EGDE swelled in PBS; and HA-Gen and
Gen-HA-PEGDE swelled in both H,O and PBS) were not characterized by SEM due to

the lack of starting material (HA native).
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HA-EGDE 20_5 (water)

HA-EGDE 20_1 (water)

Figure 15 - SEM images of lyophilized HA-based hydrogels after swelling in water and PBS (pH = 7.4) at
different magnifications. Scale: 250x (300 pm), 300x (200 pm), 500x (100 pm), 1000x (80um) and 2000x (30
um).

3.1.5. Hydrogels’ swelling behavior

The swelling behavior of a hydrogel is influenced by several factors, including the
polymer composition, crosslinking length and density, and the nature of the surrounding
environment. So, the choice between water and PBS (phosphate-buffered saline) as the
swelling medium can impact the extent of swelling. In this work, the swelling behavior of

the HA-based hydrogels prepared with different crosslinkers was evaluated.
HAGA hydrogels

Figure 16 presents the swelling ratio (in percentage, S%) in water and PBS as a function
of time for several HAGA hydrogel formulations. Regarding the impact of the hydrogel
formulation on the swelling behavior in water, values were shown to be 1355 + 130% for
the most swollen hydrogel, HA1GA4, and 301 £ 10% for the least swollen hydrogel,
HA1GA10. S% values, in PBS, were determined to be 935 + 150% for the most swollen
hydrogel, HA1GA4, and 352 + 75% for the least swollen hydrogel, HA1GA10. Thus, in
terms of S% trend, one can observe: HA1GA4 > HA1GA8 > HA1GA10, in both water
and PBS media.

It can be observed that the swelling behavior of HAGA hydrogel is different in
water and PBS. HAGA hydrogel exhibited a S% in water that increased rapidly within the
first 5 hours, steadily increasing until 24-25h, after which it stabilized. Meanwhile, the
swelling in PBS tended to stabilize faster, leading to a lower swelling percentage

compared with the swelling process in water. All HAGA hydrogel formulations reached
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an equilibrium state after approximately 20 to 25 hours. This happens because PBS is a
buffer that contains salts such as sodium chloride (NaCl) and potassium chloride (KCI),
which increase the osmotic pressure of the external solution. This reduces the osmotic
gradient between the hydrogel and the surrounding solution, resulting in less water influx
and thus less swelling. Meanwhile, pure water has no solutes, so the osmotic pressure
is lower. This creates a larger gradient for water to enter the hydrogel, causing it to swell
more. In addition, ionic strength is a parameter that can influence the swelling capacity
of a hydrogel. The ions in PBS (e.g., Na*, CI') can shield the negative charges on the HA
chains. This shielding reduces the electrostatic repulsion between the HA molecules,
allowing them to come closer together. As a result, the hydrogel network contracts and
swells less. Meanwhile, in pure water, there are no ions to screen the charges on the HA
molecules. The negatively charged carboxylate groups on the HA chains repel each
other, which pushes the polymer chains apart, leading to an expanded hydrogel structure

and more swelling .

This is in agreement with the literature, as Horlay et al. '7° reported that hydrogels,
when submitted to swelling media with different concentrations of salts, result in a
change in their swelling behavior, with the swelling media with higher salts concentration
causing hydrogels to swell less, due to the increase of the osmotic pressure of the
external solution caused by the presence of salts, while swelling media with less
concentration of salts, results in a lower osmotic pressure, leading to create a larger
gradient for the swelling medium to enter the hydrogel, causing to swell more, meaning
that osmotic pressure is a parameter that influences the hydrogel’s swelling behavior. In
addition, Shah et al. 7° reported that besides the influence of the osmotic pressure on
swelling behavior of HA hydrogels, it is also dependent on the ionic strength of the
swelling media because the ions present in the swelling media neutralize some of the
negative charges of the HA molecules through ionic interactions, leading to a reduction
of the electrostatic repulsion and allowing for the polymer network to be more compact
and thus reduce swelling, while without ions to neutralize the charges, the electrostatic
repulsion is higher, which increases the volume of the hydrogel and, consequently, its

swelling capacity.
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Figure 16 - Swelling behavior of HAGA hydrogels in water and 1x PBS as a function of time.

HA-EGDE and HA-PEGDE hydrogels

Figure 17 presents the swelling behavior (S%) of HA-EGDE (A) and HA-PEGDE (B)
hydrogels in water and PBS as a function of time. In the case of HA-EGDE hydrogels,
the S% values, in water, were 3323 + 1189% for the most swollen hydrogel, HA-EGDE
20_1, and 891 = 192% for the least swollen hydrogel, HA-EGDE 20_5. S% values, in
PBS, were 2926 + 607% for the most swollen hydrogel, HA-EGDE 20 1, and 1095 +
133% for the least swollen hydrogel, HA-EGDE 20 _5. Therefore, in terms of S% trend,
it can be observed: HA-EGDE 20_1 > HA-EGDE 20_5, in both water and PBS media.

Regarding the HA-PEGDE, S% values, in water, were 5760 + 1279% for the most
swollen hydrogel HA-PEGDE 20_5, and 1484 £ 227% for the least swollen hydrogel HA-
PEGDE 10_10. S% values, in PBS, were 2402 + 109% for the most swollen hydrogel
HA-PEGDE 20_5, and 524 + 172% for the least swollen hydrogel HA-PEGDE 10_10.
Thus, in terms of S% trend, one can observe: HA-PEGDE 20 _5 > HA-PEGDE 20 _10 >
HA-PEGDE 10_10, in both water and PBS media.

Similarly to HAGA hydrogels, HA-PEGDE hydrogels also have a higher swelling
behavior in water than in PBS buffer due to the osmotic pressure and ionic strength
influence in the swelling studies explained above. In addition, the degree of crosslinking
is also a factor that influences the swelling behavior of a hydrogel. As the degree of
crosslinking increases, the percentage of swelling decreases, because the 3D
hydrogel’s network becomes stiffer and more resistant to the intake of swelling medium,
contributing to a lower swelling behavior. In addition, it can be seen that PEGDE is a
crosslinker agent that provides elasticity to hydrogels. Indeed, as can be seen, it was
this crosslinker that led to the highest swelling percentage values, indicating that PEGDE

is a crosslinker that originates elastic hydrogels '63.
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Figure 17 - Swelling behavior in water and PBS as a function of time. (A) HA-EGDE and (B) HA-PEGDE.
Note: The y-axes on both graphs have different scales.

Comparing the results of the swelling behavior of HA-PEGDE and HA-EGDE, it
can be observed that the swelling behavior in water is far superior than in PBS due to
the presence of salts in PBS. This happens since PBS has a higher osmotic pressure
due to the presence of sodium, chlorine, potassium, and phosphate ions, which affect
the water uptake and the swelling behavior of HA. Not only the swelling of the hydrogel
can be due to the difference in osmotic pressure, but also driven by the possible
interaction of the cations with the negatively charged HA polymer chains. Meanwhile,

hydrogels tend to absorb water, leading to an increase in volume or swelling.

It can be seen that the swelling behavior of HA-EGDE hydrogel tends to stabilize
faster than that of HA-PEGDE hydrogels. This is attributed to the length of the crosslinker
chains. EGDE is lengthwise smaller than PEGDE, which leads to less expansion
capability and, thus less swelling power, with the hydrogel reaching a maximum swollen
state (EGDE chain extension at its maximum) first than when using PEGDE. On the other
hand, PEGDE has longer chains, so it confers more flexibility to the hydrogels, extending
their swelling stabilization time. HA-EGDE hydrogels tend to stabilize their swelling
behavior in both water and PBS after 6h, while the HA-PEGDE hydrogels usually tend

to stabilize later, around the 25h time point.
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Itis clear that the HA-PEGDE hydrogels reached superior values of swelling than
HA-EGDE hydrogels due to the aforementioned length of the polymer chains. Alongside
with the crosslinker chain length, it can also be seen that the degree of crosslinking is a
factor that influences the swelling behavior of the hydrogels. As the degree of
crosslinking increases, the swelling behavior decreases, because the obtained
hydrogels present a denser mesh (higher crosslinking point density), and their network
is more resistant to expansion and to the intake of the swelling medium. For the
hydrogels in the same conditions of crosslinker concentration (HA-PEGDE 20_5 and HA-
EGDE 20_5 hydrogels), it can be seen that the swelling behavior of HA-PEGDE 20_5
hydrogel in water is higher than that of the HA-EGDE 20_5 hydrogel, but lower in PBS,
due to the size of the chains and due to osmotic pressure and ionic strength as described

above.
HA-Gen and Gen-HA-PEGDE hydrogels

Figure 18 presents the swelling behavior (S%) of HA-Gen (A) and Gen-HA-PEGDE (B)
hydrogels in water and PBS as a function of time. Regarding the impact of the hydrogel
formulation on the swelling behavior of HA-Gen hydrogels in water, S% values were 1553
1 174% for the most swollen hydrogel, HA1Gen2, and 692 + 156% for the least swollen
hydrogel, HA1Gen20. S% values, in PBS, were 616 + 175% for the most swollen
hydrogel, HA1Gen2, and 35 * 3% for the least swollen hydrogel, HA1Gen20. Hence, in
terms of S% trend, it can be observed: HA1Gen2 > HA1Gen10 > HA1Gen20, in both
water and PBS media. Regarding the Gen-HA-PEGDE hydrogel, S% values, in water,
were 1385 * 364% for the most swollen state and 947+ 189% for the least swollen state.
S% values, in PBS, were 645 + 228% for the most swollen state and 477 + 134% for the

least swollen state.

It can be confirmed that, similarly to the other hydrogels, the degree of
crosslinking is a factor that influences the swelling behavior of hydrogels, and also that
Gen is a crosslinker agent that provides stiffness to hydrogels as it leads to lower swelling
percentage values. In addition, it can be noticed that this is a highly swellable hydrogel,
because it has a rapid increase in the swelling value in the first 2 hours, starting to

stabilize after that until reaching its maximum swollen state.

Summarizing, the swelling behavior of the hydrogels is influenced by the
formulation composition and swelling media, where lower concentrations of crosslinker

lead to greater swelling. Also, hydrogels swell more in water compared to PBS 76177
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Figure 18 - Swelling behavior in water and PBS as a function of time. (A) HA-Gen and (B) Gen-HA-PEGDE.

It can be observed that, in a general way, independently of the crosslinker used
(GA, PEGDE, EGDE, or Gen), the swelling percentage is lower in PBS than in water due
to the presence of ions that influence the swelling behavior of hydrogels because they
can interact with the polymer network and affect the osmotic pressure. It can also be
noticed that the swelling ratio decreases with the increase of the degree of crosslinking
in both water and PBS, which is due to the change in polymer volume fraction and thus
the size of hydrogel pores '®. In addition, it is also important to note that the crosslinker
length also has a significant impact on the swelling behavior, because the swelling ratio
decreases with the decrease of the length of the crosslinker, in both water and PBS,
which is associated with the crosslinking density, the hydrogel pore’s size, and it's the
hydrogel's mechanical strength. From all the hydrogels prepared, the HA1Gen20
demonstrated to have the less swelling capacity, however, the HA-PEGDE 20 _5

presented to have the most swelling capacity.

3.2. Stability and Degradation Studies
3.2.1. In vitro stability studies

To evaluate how the hydrogel maintains its 3D structure under physiological conditions
over time, hydrogels were subjected to incubation in water and PBS, at 37°C. The results
presented in Figures 19-21 indicate that the stability increases with the crosslinking

density. For the hydrogels crosslinked with the same molecule (such as GA: 4, 8 and
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10%; PEGDE: 5 and 10%; EGDE: 1 and 5% and Gen: 2, 10 and 20mM), as expected,
the HA1GA10 (61 days) is more stable than HA1GA8 (55 days) and than HA1GA4 (40
days); the HA-PEGDE 20 _10 (84 days) is more stable than HA-PEGDE 20 _5 (77 days)
and than HA-PEGDE 10_10 (63 days); the HA-EGDE 20 _5 (91 days) is more stable than
HA-EGDE 20 _1 (70 days); and also the HA1Gen20 (62 days) is more stable than
HA1Gen10 (55 days) and than HA1Gen2 (48 days).

Comparing the different HA-based hydrogels (Figure 19-21), it can be seen that
the most stable hydrogels are the ones crosslinked with EGDE, and the HAGA hydrogels
are the most susceptible to degradation, degrading more rapidly than the others.
Comparing the HA-based hydrogels in the same conditions but with different crosslinkers
(HA-EGDE 20_5 and HA-PEGDE 20_5), it can be seen that the HA-EGDE 20_5 (91
days) is more resistant to degradation than the HA-PEGDE 20 5 (77 days), which
indicates that a hydrogel crosslinked with a smaller chain molecule such as EGDE
(compared with PEGDE) form a stronger and less flexible crosslinking between the HA

chains, making the resulting hydrogel less susceptible to degradation, i.e. more stable.

The Gen20-HA10-PEGDE10 hydrogel (Figure 22) showed the slowest weight
loss rate of all the HA-based hydrogels (106 days). The Gen20-HA10-PEGDE10
hydrogel showed a slower weight loss rate than the HA-PEGDE and HA-Gen hydrogels,
due to sufficient crosslinking because as this hydrogel involves 2 different types of

crosslinking mechanisms, this increases the crosslinking density within the hydrogel '78.

In addition, another different condition was also assessed that consisted of a step
of lyophilization after the swelling study, in order to see if a hydrogel that is dried prior to
the stability study presents different results regarding its stability compared to a hydrogel
without being previously dried and being continuously in the swelling medium. The
results presented in Figure 23 A and B showed that there is no difference between the
hydrogels previously dried and the hydrogels being continuously in the swelling bath,
indicating that an extra step of Iyophilization does not make any difference in hydrogel's
stability %4, For biomedical applications purposes, these HA-based hydrogels could be
commercialized in a dried state, which would increase its lifespan and also its stability,
because its stability time will only start counting from the moment the hydrogel was

hydrated, making lyophilization a very important process in hydrogel’s shelf life '"°.

This stability study was also performed in different media (water and PBS,
pH=7.4), in order to see the influence of the medium on the hydrogel’s resistance to
degradation over time. Results showed that the hydrogel’s degradation is initially more

rapid in water than in PBS, being more uniform in PBS. However, in the long term, there
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is no difference between them, as it can be seen, in a general way, that the hydrogels,
independently of the medium used for the stability test, eventually degrade within the

same time interval for both media.
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Figure 19 - Stability studies, determined by weight loss (%) of prepared hydrogels. (A) swelled and
lyophilized HA-EGDE in water, 37°C; (B) swelled and lyophilized HA-EGDE in PBS (pH=7.4), 37°C; (C)
swelled and lyophilized HA-PEGDE in water, 37°C; and (D) swelled and lyophilized HA-PEGDE in PBS
(pH=7.4), 37°C.
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Figure 20 - Stability studies, determined by weight loss (%) of prepared hydrogels. (A) swelled and
lyophilized HAGA in water, 37°C and (B) swelled and lyophilized HAGA in PBS (pH=7.4), 37°C.

54



>
S
w

i
00 Q
o S

Weigth loss (%)
@
S
Weigth loss (%)

~
S

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (days) Time (days)
HA1Gen2? —®—HA1Genl0 —&—HA1Gen20 HA1Gen2 —®—HA1Genl0 —@—HA1Gen20

Figure 21 - Stability studies, determined by weight loss (%) of prepared hydrogels. (A) swelled and
lyophilized HA-Gen in water, 37°C and (B) swelled and lyophilized HA-Gen in PBS (pH=7.4), 37°C.

120
100

80

Weigth loss (%)

0 20 40 60 80 100 120
Time (days)

—&— Gen20-HA10-PEGDE10

Figure 22 - Stability studies, determined by weight loss (%) of Gen20-HA10-PEGDE10 hydrogel.

A 120 B 120
T T
100 T I 100
H 14 1
g > = g
< 8o + = 80
s £ Py
4 x I @
2 Lz 2
= 60 = 60
B k)
@ 40 ]
2 2
20 20
0 0
40 60 80 100 0 20 40 60 80 100
Time (days) Time (days)
—8—HA-EGDE 20_1H20 HA-EGDE 20_5 H20 —8— HA-PEGDE 20_5 H20 HA-PEGDE 20_10 H20 —8— HA-PEGDE 10_10H20
—8—HA-EGDE 20_1PBS HA-EGDE 20_5 PBS —8— HA-PEGDE 20_5 PBS HA-PEGDE 20_10 PBS —@— HA-PEGDE 10_10PBS

Figure 23 - Stability studies, determined by weight loss (%) in water and PBS at 37°C, of prepared hydrogels
previously swelled and then lyophilized. (A) HA-EDGE and (B) HA-PEGDE.

3.2.2. In vitro degradation studies

To evaluate whether the HA-based hydrogels are biodegradable, the sensitivity of the
gels to hyaluronidase (HAase) was determined. HAase is an endohexosaminidase that
randomly cleaves HA into smaller polysaccharide fragments. For these studies, the
glucuronic acid at the nonreducing end of the fragments that resulted from the enzymatic

digestion was quantified by the carbazole assay, according to Burdick et al '8,
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According to the in vitro degradation tests (Figure 24), in a general way, the HA-
based hydrogels in study present a good resistance against HAase degradation. As
expected, the higher the degree of crosslinking, the more resistant the hydrogel becomes
against HAase degradation, as can be seen for Gen20-HA10-PEGDE10 hydrogel, which
was the hydrogel that showed the most resistance to degradation (864h/36 days), for
HA-PEGDE, that HA-PEGDE 20_10 (672h/28 days) resists the degradation longer than
HA-PEGDE 20_5 (576h/24 days) and HA-PEGDE 10_10 (384h/16 days), for HA-EGDE
hydrogels, that HA-EGDE 20_1 (480h/20 days) hydrogel degraded more rapidly than
HA-EGDE 20_5 (720h/30 days), for HA-Gen hydrogels, that HA1Gen20 (624h/26 days)
resists to degradation longer than HA1Gen10 (480h/20 days) and HA1Gen2 (240h/10
days) and HAGA hydrogels, that HA1GA10 (336h/14 days) are less susceptible to
degradation than HA1GAS8 (288h/12 days) and HA1GA4 (192h/8 days).

Expectedly, a double crosslinked hydrogel as the Gen20-HA10-PEGDE10
demonstrated to be more resistant to enzymatic degradation than the other HA-based
hydrogels because a denser network makes it more difficult for HAase to access and
cleave HA chains because the chemical modification to the HA chains can alter the

recognition and cleavage sites for HAase, resulting in a more resilient hydrogel '78.

It can be concluded that the time for complete enzymatic degradation of the
hydrogels in the presence of HAase depended on the equivalents of crosslinker, with the

highest degree of crosslinking producing the most stable hydrogels '8".
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Figure 24 - Hyaluronidase digestion of HA-based hydrogels. Gels were incubated with 100U/mL of HAase
for the indicated time and the degradation of the gels was determined by the quantification of the released
glucuronic acid residues into the supernatant using the carbazole method.

Importantly, a linear relationship was seen when comparing the concentration of
HA with the concentration of uronic acid (or glucuronic acid) over time (Figure 25),

because the longer the gels are incubated with HAase, the more HA will be degraded
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and the concentration of HA available for the carbazole assay will be higher, so more

uronic acid will be quantified during this assay.

HA-PEGDE 20_5 A-PEGDE 20_10 HA-PEGDE 10_10

HA-EGDE 20_1 HA-EGDE20_5

Figure 25 - Uronic acid vs HA in vitro degradation studies.

3.3. In vitro Cytotoxicity Evaluation

In these experiments, the potential cytotoxicity caused by the HA-based hydrogels was
indirectly assessed using the resazurin reduction assay which measures the metabolic
activity of the cells. For the direct contact method, HA-based hydrogels were prepared
and added to culture wells containing NIH 3T3 cells previously seeded for 24h. Initially,
it was attempted to culture the NIH 3T3 cells in the hydrogel’s surface, but the resazurin
reduction assay (Figure A8) showed very incongruent results. On one hand, the HA-
PEGDE and HA-EGDE hydrogels had a high cytotoxic impact on the cell’s viability, and
on the other hand, the Gen20-HA10-PEGDE10 hydrogel showed a very high positive
impact on the cell’s metabolic activity, having a metabolic activity of 244 + 13%. As shown
in Figure 26, the increase of PEGDE in the HA-PEGDE hydrogels resulted in an
improvement of cell metabolic activity, as can be seen when comparing the hydrogels
with the same HA concentration (HA-PEGDE 20_5 and HA-PEGDE 20_10 hydrogels)
(Figure 27, b and c). In addition, it can be seen that the introduction of Gen in the HA-
based hydrogels led to an increase in the metabolic activity, as shown by the experiments
with the Gen20-HA10-PEGDE10 hydrogel (Figure 27, g) . In all cases, the metabolic
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activity of cells exposed to HA hydrogels was significantly lower than the control values

(cells cultured only with cell culture medium).
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Figure 26 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in direct contact with HA-PEGDE, HA-
EGDE, and Gen-HA-PEGDE hydrogels as measured by the resazurin reduction assay.

According to Figure 27, and the results obtained through the mentioned resazurin
reduction assay, the metabolic activity was relatively low due to the direct contact of the
hydrogel to the cells, with fewer cells adhering to the plate, and no evidence of cell
adhesion to the hydrogels, perhaps due to the absence of cell adhesion-specific ligands
in the hydrogels 82183 As such, another approach to access the hydrogels” in vitro
cytotoxicity was considered which consisted of exposing the cells directly to hydrogel’s

extracts.

a) Cells control

b) HA-PEGDE 20_5 c) HA-PEGDE 20_10 d) HA-PEGDE 10_10
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e) HA-EGDE 20_1 f) HA-EGDE 20_5 g) Gen20-HA10-PEGDE10

Figure 27 - Optical microscopy images of cells control (a) and cells exposed directly with the HA-based
hydrogels ((b-d) HA-PEGDE; (e-f) HA-EGDE and (g) Gen-HA-PEGDE hydrogels).

So, the metabolic activity of cells exposed to extracts of the hydrogels was
analyzed. For this purpose, hydrogels were incubated for 24h in a solution of sterile PBS
with 1% AA, and then incubated with complete medium for another 24h; the solution
constituted by the products released from the hydrogels to the complete medium (i.e. the
extract) was then incubated with the NIH3T3 cells. In this case, as shown in Figure 28,
the metabolic activity of cells was always above 80% of the control value. These
experiments reveal that the apparent toxicity previously observed when the cells were
cultured in direct contact with the hydrogels cannot be attributed to the products of

degradation of these hydrogels 6.
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Figure 28 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in the presence of HA-PEGDE, HA-
EGDE, and Gen-HA-PEGDE hydrogel extracts as measured by the resazurin reduction assay.

Figure 29 shows the metabolic activity of cells in direct contact with HA-Gen and
HAGA hydrogels. As can be seen and as expected, the HAGA hydrogels led to very low
values of metabolic activity because the HAGA hydrogel is a hydrogel crosslinked by GA,
known for its impact on viability '”. The HA-Gen hydrogels showed low metabolic activity
values too, which was not expected because Gen is a molecule that has been used

recently in several studies to improve hydrogel’s biocompatibility 84,
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Figure 29 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in direct contact with HA-Gen and
HAGA hydrogels as measured by the resazurin reduction assay.

To evaluate the effect of Gen on cell metabolic activity, NIH 3T3 cells were
incubated with Gen solutions at increasing concentrations (0.1 — 20mM). As shown in

Figure 30, it can be noticed that the Gen solutions have an important impact on the cell’s
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metabolic activity in the range of concentrations studied. These results clearly show that,
for these conditions, Gen is a cytotoxic molecule '®. In fact, a study by Wang et al. '8
recommended keeping the dosage of Gen below 0.5 mM in most tissue engineering

practices.
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Figure 30 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in the presence of Gen solutions of
different concentrations (0.1 — 20mM) as measured by the resazurin reduction assay.

A different approach to evaluate hydrogel cytotoxicity was further tested that
consisted of the use of transwell inserts. For this purpose, hydrogels (HA1Gen2) were
placed in a transwell insert to be applied on top of the cell monolayer, avoiding direct
contact between the hydrogels and the cells. As can be seen in Figure 31, there is a
difference between the results of the transwell insert method, direct contact, and the use

of extracts.
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Figure 31 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in the presence of HA1Gen2 hydrogel
in transwell inserts as measured by the resazurin reduction assay.

These results showed that the method that conducted the highest metabolic
activity values was the transwell insert method. Nevertheless, this method only
proceeded with one hydrogel type (HA1Gen2), because the inserts are non-reusable
and very expensive, not justifying its use for preliminary tests, such as the one described
in this thesis and, in addition, this method is very difficult to execute, due to the difficult
in maneuver the hydrogels inside the insert. In fact, more studies will be necessary in

the future to allow for more explicit conclusions about hydrogel’s cytocompatibility.
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4. CONCLUSIONS AND FUTURE PERSPECTIVES

HA is a biomaterial that has been widely used in the synthesis of hydrogels and, despite
still presenting several intrinsic defects, such as being susceptible to degradation by
HAase, has received considerable attention due to its unique physiological properties
and functions, which have made it stand out, especially in the biomedicine domain. In
recent years, HA-based hydrogels have been applied even more in the biomedical field,
especially in drug delivery, wound healing, cosmetics, and tissue engineering, and are

being recognized as promising materials in the biomedical area.

The susceptibility to degradation by HAase represents the major limitation when
using HA-based hydrogels. Therefore, to prepare HA-based hydrogels with improved
stability and prolonged degradation profile, several crosslinking strategies have been
used. From these, the use of PEG and genipin as crosslinking agents can be highlighted,

giving rise to promising soft materials.

In this thesis, different HA-based hydrogels were prepared, physiochemically
characterized and in vitro biologically assayed. The idea was to develop a possible new
crosslinking strategy to obtain HA hydrogels with high efficiency, low toxicity, and
enhanced mechanical properties. Indeed, HA hydrogels like the one dually crosslinked

with PEGDE and Gen described in this thesis have never been reported in the literature.

The functionalization of HA with the amino acid Lys was accomplished in order to
attain HA hydrogels crosslinked with GA and Gen, as they only react with compounds
with primary amines. The synthesis proved to be successful by the presence of the amide

group, which indicates the bond between HA and Lys detected in the '"H NMR spectrum.

The preparation of the different HA-based hydrogels, including the dual-
crosslinked hydrogel - the Gen20-HA10-PEGDE10 - was successful. All HA-based
hydrogels exhibited great swelling capacity and good stability in both water and PBS
over time, with Gen20-HA10-PEGDE10 hydrogel standing out for demonstrating to be a
highly swellable hydrogel and having a high stability over time (106 days).

The swelling behavior of the hydrogels was influenced by the formulation
composition, degree of crosslinking, crosslinker length, and swelling media, with lower
concentrations of crosslinker resulting in less crosslinked hydrogels that, independently
of the crosslinker used, led to greater swelling (swelling was higher in water compared
to PBS).

In vitro stability studies showed that hydrogel’s stability increases with the

crosslinking density. In a general way, HA-based hydrogels, independently of the
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medium used for the stability test, always degrade within the same time interval. The
Gen20-HA10-PEGDE10 hydrogel showed a slower weight loss rate than the HA-PEGDE
and HA-Gen hydrogels, due to sufficient crosslinking because as this hydrogel is dual-
crosslinked, it involves two different types of crosslinking mechanisms, leading to an

increase of the crosslinking density within the hydrogel.

To assess the morphology and topography of the hydrogels, SEM was used. The
results reported showed that the HA-based hydrogels have very rough surfaces, with
many pores, which makes them a promising material to be used in the biomedicine
domain, particularly in tissue engineering. In fact, porosity is a property that has a
significant impact on cell adhesion and proliferation, as well as on the permeation of

nutrients and oxygen.

Importantly, the degradation studies of HA-based hydrogels by HAase
demonstrated that the time for complete enzymatic degradation is dependent on the
equivalents of crosslinker used in the process, with the highest degree of crosslinking

producing the most stable hydrogels.

Finally, the cytotoxicity impact of HA-based hydrogels on NIH 3T3 cells was
evaluated using the resazurin assay, revealing a significant cytotoxic effect. The results
indicated low cell metabolic activity and no evidence of cell adhesion to the hydrogels.
Contrary to what is reported in the literature, HA-PEGDE and HA-EGDE hydrogels
exhibited a high cytotoxic impact on cell viability. Surprisingly, HA-Gen hydrogels also
showed significant cytotoxicity, despite Gen's recent use in enhancing hydrogel
biocompatibility '®. Although the Gen20-HA10-PEGDE10 hydrogel demonstrated high
stability and improved properties, its significant cytotoxic impact makes it unsuitable for

biomedical applications.

In the near future, further studies are needed with the HA-based hydrogels,
particularly with the Gen20-HA10-PEGDE10 hydrogel, which was the main focus of this
work, to obtain more definitive conclusions about their cytocompatibility. It is important to
note that this work was a preliminary study, and that deeper and different approaches
are required to advance the application of these hydrogels. To complement this
preliminary work, several studies could be conducted. For instance, analyzing the
mechanical properties of HA-based hydrogels using AFM would aid in designing and
optimizing these materials for biomedical applications, ensuring their safety, efficacy, and
long-term performance. Additionally, rheological studies are essential to confirm their
mechanical reliability and improve interactions with biological systems. These studies

also provide valuable insights into the material's mechanical and viscoelastic properties,
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which directly impact its performance in biomedical applications. A deeper understanding
of HA viscosity would further enhance hydrogel formulation conditions, optimizing the

overall development process.

Also, by optimizing hydrogel formulation conditions through rheological studies,
it is possible to enhance the interaction between HA and the CD44 receptor, which
promotes cell adhesion to the hydrogel, facilitating 3D cell culture. Excessive crosslinking
density can hinder this interaction and lead to poor cell adhesion. With an optimized
hydrogel formation process, it would be feasible to simultaneously carry out 3D cell

culture during the hydrogel fabrication.

Besides the resazurin reduction assay, other methods such as the MTT assay,
Live/Dead assay, and LDH assay could be employed to assess cell viability, offering
alternative approaches to evaluate the cytocompatibility of HA-based hydrogels with NIH
3T3 cells, beyond just measuring metabolic activity. Additionally, a different cell type, like
hMSCs, could be used. Chemically modifying HA hydrogels can influence hMSCs
differentiation into specific lineages, such as osteogenic cells, which are useful for bone

regeneration procedures.

Lastly, one possible alternative is to explore the hemocompatibility of HA-based
hydrogels to assess their potential in tissue engineering applications and even study any

possible antimicrobial properties.
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6. ANNEXES

Table A1 - FTIR peak table of Genipin, HA, PEGDE, and EGDE standards.

Standards Peaks (cm™) Assignment References
C=0 (carbonyl)
1680 stretching vibration
1622 C=C. stre.tchlng
Genipin vibration 173
2800-3000 C-H stretching
vibration
Aromatic C-H and O-
3000-3600 H stretching vibration
O-H and N-H
3400-3449 stretching vibration
2822-2922 C-H stretching
vibration
C=0 (carbonyl)
HA 1622 stretching vibration e
1418 C-O.streftchlng
vibration
1155 C-O-C stretching
vibration
PEGDE and EGDE 1050-1150 C-O-C stretching 72
vibration
CO0CHy COOCH, COOCH,
cho MO CHO
HaOH oy CH,OM N o CHOH HE

Figure A1 - The proposed reversible ring-opening reactions of genipin in aqueous solution. (Reaction that
makes Genipin-HA-PEGDE turns brown) 171,
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Figure A2 — ATR-FTIR spectrum of Gen powder.
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Figure A3 — ATR-FTIR spectrum of EGDE standard.
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Figure A4 — ATR-FTIR spectrum of PEGDE powder.
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Figure A5 - ATR-FTIR spectrum of native HA (0.6-1.0 million Da).
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Figure A6 - ATR-FTIR spectrum of acidic Gen solution (pH = 6).
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Figure A7 - ATR-FTIR spectrum of alkaline Gen solution (pH = 12).
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Figure A8 - Metabolic activity of embryo mouse fibroblasts (NIH 3T3) in direct contact with HA-PEGDE, HA-
EGDE, and Gen-HA-PEGDE hydrogels as measured by the resazurin reduction assay.
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